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ABSTRACT

Introduction

The growth hormone (GH)/Insulin-like growth factor-I (IGF) axis is a key
mediator of childhood growth. Current diagnostic tests have poor specificity for
disorders affecting this system, namely the growth hormone stimulation test
(GHST) and IGF-I measurement. Furthermore, advances in genetics and body
composition analysis may provide new approaches to diagnosing disorders

involving this axis.

Aim

To improve the diagnostic evaluation of children with poor growth and possible
GH deficiency (GHD) through novel approaches to 1) modifying the GHST and
diagnostic fasting study; 2) utilising liquid chromatography mass spectrometry
(LCMS) to measure IGF-I and —II concentrations; 3) exploring rare genetic
causes of poor growth; and 4) studying the association between early body

composition and early infant growth.

Methods

I used various approaches including: additional timed GH measurements during
the diagnostic GHST and fasting study; IGF-I and —II measurement by LCMS in
a well-characterised birth cohort; population-based screening for genetic
polymorphisms; focused whole exome testing for rare clinical phenotypes; and

body composition analysis measured using air displacement plethysmography.

Results

Intravenous line placement (IVP) is a stimulus for GH secretion and serial
additional GH measurement after placement will improve the specificity of the
GHST. Similarly, serial measurement of GH in the context of a diagnostic
fasting study will improve the specificity for disease. Nutrition interacts with the
GH/IGF axis, and I have described reference data for body composition to

improve measurement of nutritional status in infancy. In normal infants, there is
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a doubling of body fat in the first two months. Using liquid chromatography
mass spectrometry, I have described reference data for IGF-I and —II at birth and
demonstrated a relationship between these measurements and this rapid
accumulation body fat in early infancy. Using a rare phenotype approach and
chart review to identify potential genetic causes of short stature, we have also
identified a novel /GFIR mutation in a child with a phenotype consistent with

IGF-I resistance.

Conclusions

Diagnosing disorders of the GH/IGF-I axis remain a significant clinical
challenge. I have expanded the clinical approach to evaluating the child with
short stature through refining the approaches to the GHST, diagnostic fasting
study and body composition evaluation. I have also described reference data for
body composition and IGF-I and —II in infancy, and explored potential novel
genetic causes of disordered growth. Future work will focus on studying other
clinical tools in evaluating the child with short stature and predicting the clinical

response to GH treatment.
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OVERVIEW OF THIS THESIS

AIM OF THESIS

The aim of this thesis is to refine the diagnostic approaches to normal and

abnormal growth in childhood, and disorders of the GH / IGF-I axis.

STRUCTURE

Section 1: The Diagnosis of Growth Hormone Deficiency
In the first section, I will explore the potential of modifications to the GHST to

improve specificity for GHD. This will focus separately on children with
possible GHD undergoing insulin tolerance tests (ITT), and on children with

unexplained hypoglycemia undergoing diagnostic fasting studies.

Section 2: Mass Spectrometry and Insulin-like Growth Factor-I
Measurement
GH mediates systemic and local IGF-I production, and IGF-I concentrations are

more consistent in serum than GH. Thus, IGF-I levels are often used as a
screening tool for GHD" 2. However, IGF-I measurement has limitations, most
notably interference in measurement from binding proteins. Radioimmunoassays
have traditionally been used to measure IGF-I concentrations but LCMS
represents an opportunity to remove this interference from IGF-I measurement.
In the second section of this thesis, I will review the literature and describe a
study in which we used LCMS to measure serum IGF-I levels in a pediatric birth

cohort.

Section 3: Genetic Approaches to Disorders of the GH / IGF-I Axis
There have been significant advances in the molecular and genetic understanding

of the GH/IGF-I axis in recent years. In the third section of this thesis, I will
focus on genetic approaches to improving our understanding of disorders of this
axis. Given of the rarity of these disease-causing mutations, multi-centre

collaboration is required to identify and study subjects with specific mutations. I
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will describe a study in which separate collaborations were formed to
demonstrate the pathogenicity of one common population variant, and a separate
study to identify mutations causing a rare clinical phenotype. Although many
investigators were involved in each of these studies, I will highlight my specific

contributions to these bodies of work.

Section 4: Nutrition, Growth and the GH / IGF-I Axis
In the fourth section of this thesis, I will focus on the role of nutrition in

childhood growth and the interaction between this and the GH / IGF-I axis. In
addition to reviewing the interaction between nutrition and the GH/IGF-I axis, I
will investigate the changes in body composition in early infancy and how this
related to growth. The interplay between these new reference data for body
composition in infancy with IGF-I and IGF-II measurement will also be

described in this section.

Conclusion of Thesis
I will conclude this thesis with a summary of the contributions that this research

has made to the evaluation of children with possible disorders of the GH / IGF-I
axis. I will also provide an overview of my own personal development over the
course of this thesis, and describe a number of active research studies that are

building on this work.
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CHILDHOOD GROWTH EVALUATING COMPONENTS GENETIC APPROACH

AND NUTRITION OF THE GH/IGF-I AXIS TO THE GHI/IGF-I AXIS
-
-~
e - Growth
_ - ) = Hormone
-~
'
Hormone
S N P N
~N ) MAPK PI3K Statsb
\ ' \ ERK 1/2 PKB
R ==t ~
h N IGF
N IGF-I ~
~
Section 1 Section 3
Normal Growth and Growth Monitoring Genetic Approaches to Disorders
Improving the Specificity of the GH Stimulation Test of the GH/IGF-I Axis
Section 2
IGF-I measurement by
Mass Spectrometry
Section 4
Nutrition, Body Composition and the GH/IGF-I Axis

Figure 1.1: This thesis evaluates three different approaches to evaluating childhood growth. This
includes: Systemic (measurement and nutrition); Hormonal evaluation of the GH/IGF-I axis; and
Genetic approaches.

GH=Growth Hormone, IGF-I=Insulin-like Growth Factor-I.
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SECTION 1

DIAGNOSING GROWTH HORMONE DEFICIENCY IN

CHILDHOOD
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CHAPTER 1.1: INTRODUCTION

Growth in childhood is a dynamic process that is dependent upon genetic,
psychosocial, nutritional, and medical factors. Disruption of any of these factors
can affect growth, and deviations from normal growth patterns may consequently
be the initial presenting sign of a long list of potential diagnoses. Thus, the
monitoring of childhood growth is a crucial component of routine paediatric care

and represents a valuable screening tool for detecting disease®”.

The growth hormone (GH) / insulin-like growth factor (IGF)-I axis is a key
mediator of childhood growth, and disordered GH secretion or action is
considered as a possible cause of short stature when systemic disease has been
ruled out’. Despite human GH replacement therapy being available since 1956
and synthetic GH being produced since 1978, the diagnostic approach to GH
deficiency (GHD) is limited by tests that have poor specificity for disease™°. For
this reason, GHD has been described as “the most difficult condition to diagnose,

591

but easiest to treat”'’. Deviations from the expected growth pattern may be an
early sign of disease, but can also represent measurement error or normal

variants of childhood growth® ''. This will be reviewed in Chapter 1.2.

Variation in the diagnostic approaches to GHD is a direct result of the absence of
a suitable “gold standard” test. The growth hormone stimulation test (GHST) is
widely used, but poorly specific for disease. This is also true for the random
measurement of GH during hypoglycaemia'?, despite erroneously being
described as a “quick and definitive diagnostic tool” in this setting'’. In Chapters
1.3 and 1.4, T will describe studies in which I have developed and tested

modified protocols to improve the specificity of these tests for diagnosing GHD.
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CHAPTER 1.2: NORMAL GROWTH AND GROWTH MONITORING

Growth is a sensitive indicator of health in childhood. The multifactorial
influences on growth include psychological, systemic and nutritional factors® '*.
Hence the detection of abnormal growth prompts a more detailed systemic
evaluation, requiring the physician to consider and rule out a long list of possible

. 3,15
diagnoses™ .

In this chapter, I will first provide an overview of normal childhood growth
before outlining the clinical approach to children with abnormal growth patterns,

including the diagnostic evaluation of GHD.

1.2.1 THE NORMAL PATTERN OF CHILDHOOD GROWTH

The observed pattern of normal childhood growth depends on the frequency of
measurement. When measured every 6 to 12 months, a smooth and distinct
growth trajectory is seen. This trajectory shows three different growth phases

throughout childhood (Figure 1.2.1A). Weekly measurements unmask a seasonal

16, 17

variation in growth rate (Figure 1.2.1B), whereas daily measurements

»18, 19

demonstrate growth bursts in a pattern of “saltation and stasis’ (Figure

1.2.1C). An understanding of these patterns of observed growth is key to
interpreting interval growth measurements in a particular child. Measurement

20, 21

. s 22, 23
error , as well as diurnal variation™

in height, may introduce further

challenges when small increments in childhood growth are being observed.
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Figure 1.2.1: The observed patterns of linear growth seen when a child is measured six- to
twelve-monthly (A), weekly (B) or daily (C).

Six- to twelve monthly measurements show distinct phases of constant growth throughout
childhood (A). More frequent measurement unmasks seasonal variation, as demonstrated in 7-10
year old children measured three-monthly (adapted from Marshall'®). Saltation and stasis of
growth is seen if daily measurements are used, as shown in a male infant (adapted from
Lampl'®)(C)

1.2.1.1 The Growth Chart
The earliest known longitudinal description of childhood growth was reported by

George Louis Leclerc, who described Philibert Guneau de Montbeillard’s
measurements of his son every six months from his birth in 1759 until he was 18
years of age™ (Figure 1.2.2). The concept of describing an individual’s growth
pattern relative to the population followed, with percentiles being proposed as a
method of describing population anthropometric variation by Francis Galton in
1875%. Henry Bowditch was the first to design a chart of height and weight with
percentiles in 1891°°, and his method has evolved into the growth charts that we
use today”’. Current growth reference standards utilise these charts to describe
linear growth in reference populations. When used in paediatric practice, they
allow for the identification of abnormal growth patterns in a child through

comparison of an individual’s growth measurements with population norms.
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Figure 1.2.2: The linear growth of de Montbeillard’s son (1759-1777), plotted on the modern
Center for Disease Control Growth Chart. This was the first longitudinal description of the
pattern shown in Figure 1.2.1A.

1.2.1.2 Linear Growth Pattern
When measured every six months to one year, growth follows a predictable

pattern that can be described mathematically. This includes rapid but
decelerating growth in infancy and early childhood, which slowly deviates from
a straight line and has the appearance of a decaying polynomial. Growth is
relatively constant and linear through middle childhood and this is followed by a
sigmoid curve through adolescence (Figure 1.2.1)*. There are genetic and sex
differences in the timing of these phases of growth®, but the general patterns

remain consistent.

1.2.1.3 Seasonal Growth
Leclerc also observed that there is seasonal variation!”>° in the rate of childhood

growth. There are between three and six growth spurts each year, each lasting

17, 32

from 13 to 155 days’'. Height velocity peaks in summer/autumn , with
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1723 The difference in rate of

relatively slower growth in winter and spring
growth between these seasons is as high as 30%'’. This can give an appearance
of fluctuating height velocity when followed closely throughout the year.
Marshall demonstrated these observed patterns of growth velocity in children

aged 7 to 9 years, and these data are shown in Figure 1B'.

When considering longitudinal linear growth, the season of measurement can
influence interpretation of growth pattern. Where a child’s height is measured
frequently, seasonal slowing of growth may be misattributed to pathology™. As
will be discussed later, time of day and measurement error can also be of
significance. This is particularly true when small increments in height are being

observed.

1.2.1.4 Daily Growth
Daily height measurements also demonstrate that growth does not follow the

linear pattern shown in Figure 1A. In fact, it occurs in bursts (saltation),
interspersed with periods of stasis (Figure 1C). Lampl et al described this in 31
infants who were measured frequently over the course of 21 months. This group
showed that infant growth only occurred during 5 to 10% of this time with bursts

interspersed by periods of no growth lasting between 2 and 63 days'’.

1.2.1.5 Sources of Measurement Error
Accuracy of measurement is a significant challenge in describing and monitoring

childhood growth. Where minor increments in growth are being detected, small
errors may provide false concern or reassurance. The most common sources of
error are related to equipment or human error.

22,23

People are taller in the morning than later in the day”™ “°, although the magnitude

of this effect varies between studies. In a study of 53 children, Voss et a/
reported that 0.31 cm in height was lost between 09:00 and 11:00 am, with a
further 0.2 cm being lost by 1 pm. Other studies have reported a decrease in

34 35, with reversal of this

29

height of up to 1.5 cm from morning to late afternoon



decrease after an afternoon nap®”. It has been suggested that gentle upward
traction on the child’s mastoid processes would correct for this diurnal variation
in height™>®, but this may just increase the measured height nonspecifically by

approximately 3 mm®.

Children under the age of two years should be measured supine by two
observers, using a moveable footplate. The infant should be placed on a stable
surface. Over the age of two years, a wall mounted stadiometer should be used””.
Growth charts have been developed using this mode of measurement, and there
is an approximately 0.7 cm difference between a supine and standing 2-year-
old”’. If a child under the age of two years is measured using a standing
stadiometer, their recorded height percentile will be lower as the growth chart
has been developed based upon supine measurements. After two years of age,
the change in position of measurement results in a reduction in the expected
height at each percentile. Juxtaposition of growth charts before and after two

years of age demonstrates this effect, and is demonstrated in Figure 1.2.3°%*'.

Additional recommendations regarding technique are made in an effort to
minimise inter-observer variation. Shoes should be removed and the child should
stand against a wall with head, shoulders, buttocks and heels touching the wall.
The child’s head should be in the Frankfort plane, where the upper margin of the
ear canal and lower margin of the orbits are on the same horizontal plane®” **,
Similar recommendations are made for the supine infant, but this can be difficult

to achieve. To improve reliability, a minimum of two measurements within 4

mm of each other should be taken, and the average recorded®.

Regular calibration of equipment is recommended to minimise this potential
source of measurement error. The importance of this is highlighted by a study by
Voss et al in 1990. This group evaluated 230 different measurement devices in
active use in hospitals, schools, and primary care centres in the United Kingdom.

They used the devices to measure a 100 cm rod and showed that measurements
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ranged from 90 to 105.2 cm, and that microtoises tended to be fixed too low

(resulting in an overestimation of the child’s height)*.

Despite closely following these recommendations, height measurement is often
inaccurate. Inappropriate or damaged equipment™, use of length instead of
height, incorrect technique® and/or child movement may all contribute to
unreliable measurements. Training and standardisation of equipment can

improve accuracy and facilitate improved growth surveillance®',

GIRLS BOYS
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Figure 1.2.3: There is a reduction in expected height when the child’s position changes from
supine to standing. This figure demonstrates this reduction by juxtaposing the CDC supine 0-2
year and standing 2-20 year growth charts for boys and girls at 2 years (Adapted from CDC***").

1.2.2 THE MEDICAL ASSESSMENT OF FALTERING GROWTH

The differential diagnosis for faltering growth may include systemic illness,
psychosocial deprivation, endocrine disorders (e.g. thyroid dysfunction, adrenal
insufficiency) and familial growth patterns (e.g. constitutional delay in growth
and puberty). Screening laboratory tests are indicated in all patients where an

aetiology is not identified”. These tests are shown in Table 1.2.1.

Table 1.2.1: Recommended screening tests for children with unexplained short stature®

\ Test \ Patients
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Full Blood Count All

Erythrocyte Sedimentation Rate All

Creatinine All

Electrolytes All

Bicarbonate All

Calcium All

Phosphate All

Alkaline Phosphatase All

Albumin All

Thyroid stimulating hormone, thyroxine | All

IGF-I All

IGFBP-3 All

Celiac disease screen All

Bone age x-ray All

Karyotype Boys with genital abnormalities
All girls

Skeletal Survey If body proportions suggest skeletal
dysplasia, or height significantly
below family target

Using this approach, up to 5% of children with unexplained short stature are
identified as having an underlying cause’. However, in one study of 1373
patients, only 2% of patients with short stature had all of the recommended tests
performed'®, and it has been suggested that this screening approach in the
absence of symptoms may not be cost effective’”. This study estimated the
laboratory cost at over $100,000 for each new diagnosis identified by these tests

alone.

1.2.3 GROWTH HORMONE DEFICIENCY

GH is a key mediator of childhood growth, and deficiency usually presents with
short stature. An exception to this is in infancy, where GH plays a less prominent
role in mediating growth. In infants with GHD, microphallus or hypoglycaemia

are often the presenting clinical features'”*® (Chapter 1.4).

As will be briefly described here, and recur as a theme throughout this thesis, the
diagnostic tests for GHD have poor specificity for disease. Many normally

growing children without GHD will appear to have this condition if these tests
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47499 thus the tests should be considered

are relied upon to make a diagnosis
“confirmatory” rather than “diagnostic”. However, there are also conditions
where patients with neurosecretory dysfunction (NSD) may pass a stimulation

test but have GHD"*' (see 1.2.4.3).

1.2.3.1 The cost of a GHD misdiagnosis
Between 30 and 50% of children treated with GH do not show a significant

improvement in growth, indicating that the misdiagnosis of GHD is
unfortunately common®. This difficulty in making the correct diagnosis is
further highlighted by the variation in the reported prevalence of GHD from 1 in
2,000 to 1 in 30,000 children. This emphasises the need to improve the
diagnostic tests for GHD, as unnecessary treatment with GH has significant costs

for society, the family and, importantly, the child.

Recombinant GH is expensive and this cost is borne by society, either through
taxes or health insurance costs. The estimated cost varies according to brand of
medication used (Table 1.2.2), dosing schedule®®, IGF-I response to treatment’’
and weight. In the U.S., the cost is estimated at $15,000 per year for a 30 kg
child, which can increase to over $50,000 in a pubertal adolescent®® >’
Consequently, GH generates almost $2 billion in annual sales revenue®. When
used in the absence of GHD (i.e. idiopathic short stature), it has been argued that
the cost of 4 cm additional growth achieved by treatment of one child could

provide 200,000 vaccinations against measles for children in developing

- 61
countries .

Table 1.2.2: Price Comparison for growth hormone products in Ireland in 2015 (per milligram)®.
Note that the total annual cost does not include discarded growth hormone at the end of each vial.

Formulation Cost per mg Cost of 1 mg daily
over one year

Genotropin (Pfizer)

Go Quick 5.3 mg €21.75 € 7,938.75

Go Quick 12 mg € 26.53 € 9,683.45

Miniquick € 28.65 €10,457.25

Norditropin (Novo Nordisk)

SimpleXx 15mg | €30.23 | €11,033.95
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SimpleXx 10 mg € 38.33 € 13,990.45
SimpleXx 5 mg € 38.48 € 14,045.20
Saizen (Merck Serono)

20 mg € 30.51 €11,136.15
12 mg € 30.51 €11,136.15
8 mg € 30.51 € 11,136.15
6 mg € 30.51 € 11,136.15
Zomacton (Ferring)

10 mg [ €21.80 | €7,957

GH is administered by daily subcutaneous injection, which may cause
discomfort to the child®’. Long-term surveillance studies have shown conflicting

64, 65 and

data regarding a potential increased risk of mortality, malignancy
stroke®®®. Other possible risks of treatment include intracranial hypertension,
slipped capitulum of the femoral epiphysis™’, and exacerbation of scoliosis;
although the latter two of these are considered to be secondary to increased linear
growth. Although generally considered to have a good safety record, the
Pediatric Endocrine Society and European Society for Paediatric Endocrinology
have recommended continued surveillance of children and adults who have been
exposed to GH treatment’'. Given this background of concern for potential risks
associated with treatment, avoiding treatment in children for whom there is

minimal benefit would be preferred. However, the currently available diagnostic

tools often do not accurately identify these children.

1.2.4 THE DIAGNOSTIC APPROACH TO GROWTH HORMONE DEFICIENCY

Current consensus guidelines for diagnosing GHD include the interpretation of
height both absolutely and relative to the heights of the parents and siblings,
height velocity, bone age, serum IGF-I and serum insulin-like growth factor
binding protein 3 (IGFBP-3), and GHST’®>. Each of these tests has poor
specificity for diagnosing GHD, making it extremely important to accurately
measure children and to only investigate children with a clinical phenotype

suggestive of GHD. The diagnostic steps are summarised in Figure 1.1.4.
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Figure 1.1.4: Current diagnostic approach to the child with suspected GHD

1.2.4.1 IGF-I Measurement
IGF-I is a 70 amino acid polypeptide” with structural similarities to insulin

73,74
The somatomedin hypothesis linking GH with hepatic IGF-I production and
subsequent cellular growth was proposed in 19577, but has undergone numerous
revisions. The current understanding of the complex relationship between GH,
IGF-I and growth includes: GH-independent IGF-I mediated prenatal growth;
GH-dependent postnatal growth mediated by interplay between hepatic IGF-I,
IGFBP-3 and Acid Labile Subunit (ALS); and local autocrine and paracrine GH-
dependent IGF-I production and action’®. Despite circulating levels being
comprised predominantly of hepatic IGF-I, local autocrine and paracrine action
of IGF-I can maintain normal linear growth in the absence of hepatic IGF-I
production’’. Therefore, despite the established role of IGF-I measurement in the

screening for GHD, it is possible that circulating IGF-I does not reflect IGF-I

action at the growth plate.

The potential role of serum IGF-I measurement by radioimmunoassay to identify
children with GHD was first proposed in 1977 by Furlanetto’®. Copeland ef al
subsequently showed that IGF-I concentrations increase following GH
administration””. Spontaneous GH secretion was then shown to be associated
with serum IGF-I concentrations®. IGF-I and IGFBP-3 concentrations were then

2, 81

identified as a useful screen for GHD in children with short stature™ °', and
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young adults with childhood onset GHD who were being evaluated for persistent
GHD at completion of linear growth'. The reported sensitivity and specificity of
low IGF-I concentrations for GHD are shown in Table 1.2.3. The gold standard
test used for the diagnosis of GHD in most of these studies was the GHST,
which, as will be described later in this chapter, has limitations. Regardless, the
sensitivity of IGF-I measurement ranges from 34 to 86% and specificity from 22

to 97%.

Limitations and potential areas for optimising IGF-I measurement will be
explored throughout this thesis. Interference by IGFBPs provides a significant
challenge for assays and the potential for mass spectrometry to advance this field
will be studied (Section 2). Nutritional status influences growth and IGF-I
concentrations, and I will study this association with measures of body
composition in infancy (Section 4). In addition to this, unique cellular aspects of

IGF-I production and action will be discussed in Section 3.

1.2.4.2 IGFBP-3 Measurement
IGFBP-3 is a member of the IGF superfamily of proteins, which contains five

other IGFBPs. It binds IGF-I with higher affinity than the IGF-I receptor, and
prolongs IGF-I half life as well as modulating free bioactive IGF-I availability™.
ALS and IGFBP-3 bind approximately 75% of circulating IGF-I in a ternary
complex, with other IGFBPs contributing in smaller proportions to IGF-I
83, 84

binding ™ ™. IGFBP-3 is expressed in numerous tissues, and differential local

expression has been suggested to have an IGF-I independent role in colon®,

88, 89 90
%, and breast™ cancers.

oesophageal®™ "', prostate
Similar to IGF-I, IGFBP-3 concentrations reflect GH activity. Concentrations are
elevated in acromegaly’', and reduced in adults with GH receptor deficiency’>.
IGF-I treatment of adults with GH receptor deficiency does not normalise
IGFBP-3 concentrations, demonstrating that IGFBP-3 production is dependent
upon GH rather than IGF-I">. In addition to GH, other factors can increase

IGFBP-3 concentration and these include parathyroid hormone, 1,25-
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dihydroxyvitamin D, insulin’, interleukin-1>°, and tumor necrosis factor
9% 9 98 .

alpha”. Factors such as androgens’’, estrogens”, and glucocorticoids® can

decrease IGFBP-3 concentrations.

IGFBP-3 measurement has an established role in the screening of short children
with suspected GHD® °, where low concentrations are suggestive of disease.
However, the reported sensitivity and specificity of this approach varies from 22

to 97% and 60 to 100%, respectively' ™ (Table 1.2.3).

1.2.4.3 Profiles of GH Secretion
GH is secreted in a pulsatile pattern, with increased amplitude of these pulses

occurring during puberty. In childhood, these pulses are periodic and occur
approximately every 200 minutes'®. This pulsatile secretion represents a

diagnostic challenge when trying to determine if a child has GHD.

The practice of performing 24-hour GH profiles has fallen from favour due to the
labour-intensive nature of the test and limited additional information provided.
Despite this, it has been suggested that some children with sufficient peak GH
concentrations may have reduced spontaneous secretion'’”, termed NSD. This
may be more common in children following cranial irradiation, and has been
reported in that context in children who have been treated for acute

50, 103, 104

lymphoblastic leukaemia . It is possible that NSD may be missed if the

GHST is relied upon to make the diagnosis in GHD'”

, although some studies
have also shown no increase in the diagnostic yield by doing this 24-hour GH
profile'®. As previously mentioned, IGF-I concentrations can correlate with
spontaneous GH secretion®’. NSD may be considered in at-risk children with a
suggestive clinical phenotype and low IGF-I concentrations, despite normal

stimulated GH concentrations and normal nutritional status (Chapter 4.2).

Table 1.2.3: The sensitivity and specificity of IGF-I and IGFBP-3 measurement for GHD.
Adapted from'”, MPHD=multiple pituitary hormone deficiency

Author Population GHD Diagnosis IGF-1 IGFBP-3

Limit (Sens |Spec |[Limit |Sens |Spec
(Z) %) (w0 [(Z) ) (%)
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Blum 132 patients with GHD (116 | Clinical diagnosis of -1.6 97 95
1990’ isolated GHD, 16 MPHD), GHD
mean age 11.2y (range 0.25-
34.4).
Hasegawa | 59 children with GHD Peak GH < 5 ng/ml -1.6 92 69
1994'%
Bussieres |43 prepubertal children with | Peak GH <10 ng/ml -1.6 72 95
2000'” GHD (28 isolated GHD, 15
MPHD)
Nunez 104 children with GHD (aged | Peak GH < 7 ng/ml -1.7 69 76 -1.7 50 69
1996 3-16 years)
Boquete 34 children with GHD (23 Peak GH <7 ng/mlon2 | -1.7 68 97 -1.8 90 60
2003'"° isolated GHD, 11 MPHD) stimulation tests
Cianfarani | 33 children with GHD (32 Peak GH <10 ng/ml -1.9 73 95 -1.9 30 98
2002'" prepubertal) Abnormal MRI brain
Positive growth
response to GH Rx
Mitchell 318 patients with GHD (aged | Peak GH < 5.2 ng/ml -2 62 47 -0.5 61 68
1993 0.9 to 25.4 years) Height Velocity <-0.8
Z
Das 134 children with GHD Clinical diagnosis of -2 86 100 -2 79 86
2003'3 (mean age 5.2y, range 0.1- GHD
16.9)
Lissett 244 children with childhood- | Peak GH < 3 ng/ml -2 86
2003 onset GHD
Rikken 63 children with GHD Peak GH < 7.5 ng/ml -2 65 78 -2 53 81
1998'"
Tillmann | 60 children with GHD (17 Height<-2 Z -2 34 72 -2 22 92
1997'' isolated GHD) Height Velocity <-2 Z
Delayed Bone Age >2y
Weinzimer |72 children with brain tumors | Height velocity <-2Z | -2 73 -2 50
1999'"” and GHD Peak GH < 7 ng/ml

1.2.4.4 GH Stimulation Testing

The GHST comprises the administration of a pharmacological stimulus for GH
secretion and the subsequent serial measurement of GH concentrations. Various
stimuli for GH secretion are used in the clinical evaluation of GH reserve, of
which insulin induced hypoglycaemia is often considered to be the gold
standard''®. There are variations in protocols used for the timing of GH
measurement during the insulin tolerance test (ITT), with most recommending
measurement of GH concentrations at baseline and 30, 60 and 90 minutes
following insulin administration. Other protocols recommend additional
measurements within the first forty minutes following insulin administration'""
21 Other commonly used pharmacological stimuli include clonidine, arginine,
levodopa, and glucagon'**. Similar to the ITT, protocols used for each of these

stimuli include the serial measurement of GH after administration'>-'2!.

A peak GH concentration below an arbitrary threshold between 5 and 10 ng/ml is
generally used to determine if a child has GHD, but this approach is problematic.
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These thresholds were developed using GH measurements by polyclonal assays,
and measurements using these may not be consistent with modern monoclonal
assays' . There is even assay variability in GH measurements between
monoclonal assays, so results may vary between hospitals depending on the

124

specific assay used by the laboratory ~*. Another factor that may influence result

interpretation is inter-individual variation in GH pharmacokinetics, resulting in

. . . 125
measured serum GH concentrations not necessarily reflecting secreted GH .

When considering all of these issues, it is conceivable that these tests do not
correlate well with response to GH treatment. The sensitivity of a stimulated GH
peak concentration below 10 ng/ml for detecting prepubertal children who will
have a height increase by 0.5 SDS within one year of GH treatment is 82%.
However, specificity for these parameters is 24%'>°. Even lower peak GH
concentrations also do not correlate well with growth response to treatment'**"'**,
Almost a quarter of normally growing children without clinical features of GHD
have a peak GH concentration of less than 7 ng/ml during GHST, and almost
half will have a peak serum GH concentration of less than 10 ng/ml*’. Although
the sensitivity of these tests for GHD is favorable, many normal children without
GHD will be characterised as having disease based on a low peak GH
concentration on stimulation testing alone*’*. Thus, GHST result should be
interpreted in the clinical context and should not be considered in isolation to
diagnose GHD’*. Tt should also be noted that these tests are not benign and
mortality has been reported with the inappropriate management of
hypoglycaemia following insulin or glucagon administration as part of a
GHST'”.

Despite their poor reproducibility’*” '*'

and the aforementioned challenges in
interpreting results, the GHST remains central to diagnosing GHD’*. Questions
surrounding most aspects of GHSTs are debated amongst endocrinologists.
These include when and how they should be performed, priming of peripubertal
patients with sex steroids' >, assays used, and interpretation of GHTS results are
issues that remain unresolved. Multiple surveys of practice have highlighted
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variations in each of these areas® ' In 1995 only a third of
endocrinologists believed that GH response to stimulation testing correlated with
response to therapy'>, and more recent studies show that this hasn’t changed.
Only half of clinicians in 2010 reported that they would continue to use GHST if

insurance providers did not insist on these prior to approving therapy'>>.

1.2.4.5 Variation in Approach to diagnosing and treating GHD in Ireland
Given the aforementioned challenges in interpreting the diagnostic evaluation of

the child with possible GHD, significant variations in clinical practice have been
described through international questionnaire-based studies'** > *® 37 T have
performed a similar survey in Ireland, and shown variable approaches to each
step of the diagnostic and therapeutic approaches to GHD (Appendix A). This
includes differences in: number of failed GHSTs required to diagnose GHD; GH
secretagogues used; sex steroid priming; diagnostic approach to GHD in

neonates; criteria used to select GH brand used; criteria for stopping GH

treatment; and retesting after completion of treatment®.

1.2.5 SUMMARY

While monitoring childhood growth is a central component of general paediatric
health surveillance, the interpretation of growth is complicated by measurement
error, as well as daily, seasonal and annual growth variation. Medical causes of
poor linear growth will be identified in 5% of cases by the recommended
baseline laboratory screening. Evaluating for GHD is recommended in the subset
of the remaining 95% with a suggestive clinical phenotype. IGF-I and IGFBP-3
measurement, as well as GHST play important roles in this evaluation but can
often lead to the misdiagnosis of GHD. In this thesis, I will explore potential

areas in which this diagnostic approach may be refined.

In the following chapters of this Section, I will describe novel interventions to
improving the specificity of the GHST for diagnosing GHD in children with
short stature (Chapter 1.3) and unexplained hypoglycemia (Chapter 1.4).
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CHAPTER 1.3: IMPROVING THE SPECIFICITY OF THE GROWTH
HORMONE STIMULATION TEST THROUGH SERIAL GROWTH

HORMONE MEASUREMENT AFTER IV CATHETER PLACEMENT

Publication

Hawkes CP, Mavinkurve M, Fallon M, Grimberg A, Cody DC. Serial GH
measurement after intravenous catheter placement alone can detect levels above
stimulation test thresholds in children. J Clin Endocrinol Metab.
2015;100(11):4357-63. (Appendix B)

The GHST comprises a pharmacologic stimulus causing GH secretion, and serial
serum GH being measured. In order to demonstrate GH sufficiency, one of these
serum GH measurements should be greater than a predefined arbitrary threshold

concentration. This is described in more detail in 1.2.4.

As early as 1968, Kaplan et al identified “excitement alone” as a stimulus for GH
secretion that can complicate provocative testing'>". In their study of 134
children, 53 of whom had hypopituitarism, 18 (22%) of the children without
GHD had a fasting GH concentration of greater than 9 ng/ml prior to receiving
insulin. The GH concentration prior to insulin administration was higher than the
peak concentration after insulin induced hypoglycaemia in eight of these. Of
note, none of the children with hypopituitarism had a stimulated peak GH

concentration of greater than 2.2 ng/ml in this study.

The hypothesis was that intravenous line placement (IVP) stimulates GH
secretion and may deplete GH reserve in some children undergoing subsequent
ITT. Consequently, frequent measurement of GH concentrations after IVP may
identify GH sufficient children who would be missed if ITT measurements alone

were used.
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1.3.1 AiM

The aim of this study was to determine if measurement of GH at baseline, 15 and
30 minutes after IVP would identify additional GH sufficient patients, not
identified by subsequent ITT. The secondary aim was to determine if this was

also relevant for cortisol response to ITT.

1.3.2 METHODS

The ITT protocol was modified at Our Lady’s Children’s Hospital Crumlin
(OLCHC), Dublin, Ireland to include additional serum GH measurements in the
thirty minutes following IVP but prior to insulin administration. All children
undergoing ITT at OLCHC between January 2013 and December 2014 were
included in this study. This study was approved by the Institutional Review
Board of OLCHC.

1.3.2.1 Baseline Evaluation
IGF-I was measured by enzyme-labeled chemiluminescent immunometric assay

(Immulite 2000 XPi, Siemens Healthcare Diagnostics, Berlin, Germany). Z-
scores were reported according to laboratory standards using chronological age
and gender reference data. GH, cortisol and IGFBP-3 concentrations were also
measured by enzyme-labeled chemiluminescent immunometric assays (Immulite
2000 XPi, Siemens Healthcare Diagnostics, Berlin, Germany). Bone age x-rays
were performed and these were interpreted by paediatric radiologists using the

standards of Greulich and Pyle'™.

1.3.2.2 Insulin Tolerance Test Protocol
According to protocol in this institution, all prepubertal patients with a recorded

bone age over 10 years underwent sex steroid priming prior to insulin tolerance
test. Variations in practice regarding sex steroid priming have been reported, and
similar criteria to those used in this study for sex steroid priming are used in
many centres internationally'*®. Sex steroid priming for males consisted of one

100 mg dose of intramuscular testosterone ten days prior to the test, and for
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females consisted of oral ethinylestradiol 10 mcg daily for three days prior to the

test.

Children fasted for 12 hours prior to undergoing ITT. Ethyl chloride topical
analgesia spray was used prior to insertion of an intravenous catheter. If
placement was unsuccessful, this procedure was repeated with the use of
analgesia spray. One intravenous line was placed 30 minutes prior to insulin
administration, and this was used for insulin administration as well as GH and

cortisol sampling.

Serum GH and cortisol concentrations were measured at the time of IVP and
again 15 and 30 minutes later (t= -30, -15, 0). Intravenous insulin (0.1 u/kg) was
administered 30 minutes after IVP (t=0) and GH, cortisol and glucose
concentrations were measured at 15, 25, 35, 60 and 90 minutes following insulin
administration (Figure 1.3.1). A glucose concentration of less than 45 mg/dL

after insulin administration was required for test to be included in this study.

Insulin

IV Placement Admlnllstered

(with topical analgesia) 1

1
1
V v GH, Cortisol and Glucose Measured
[Fast for 12 Hours ]t ¥ 7 T 7 T ]
3 45 0 15 30 45 6 75 90

Figure 1.3.1: The protocol for insulin tolerance testing used in this study, with additional
measurements prior to insulin administration marked.

1.3.2.3 Retrospective chart review procedure
Medical records were reviewed and weight, height, pubertal stage, parental

heights, and comorbidities were recorded. IGF-I and IGFBP-3 concentrations,
and bone age results were recorded. Puberty was defined as breast Tanner stage
> 2 in females or testicular volume > 4 ml in males. Patient information was
tabulated anonymously and maintained on a password-protected file on a secure

SCrver.
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1.3.2.4 Statistical analysis
Patients were categorised according to the indication for ITT. Children

undergoing initial evaluation of possible GHD were assigned to Group 1.
Patients treated with GH who had completed linear growth and were undergoing
ITT to determine if they had persistent GHD were assigned to Group 2. Peak
stimulated GH concentrations of Groups 1 and 2 were analysed separately, but
peak stimulated cortisol was analysed in both groups together. This distinction
was made because many guidelines use different thresholds for stimulated peak

9,118, 140

GH concentrations in these two patient groups , whereas the threshold for

peak stimulated cortisol concentrations is similar in both groups.

Height and weight z-scores at the time of stimulation test were generated using
the World Health Organization standards'*', using STATA/SE version 12.0
(StataCorp, College Station, TX, USA). All data analyses were performed using
SPSS 22.0 (IBM, NY, USA). Figures were generated using Prism 5.0 (GraphPad
Software Inc, CA, USA) and Adobe Illustrator 16.0 (Adobe Systems Inc.,
California, USA).

1.3.3 Results
During the study period, 97 patients underwent 99 ITTs. Two tests were

repeated, as the initial test did not induce hypoglycaemia below 45 mg/dL and
were not included in the analysis. Of the 97 patients, 76 were evaluated for a
possible new diagnosis of GHD (Group 1) and 21 had been treated for paediatric
GHD, completed linear growth, and were evaluated at transition for adult GHD
(Group 2). The demographics of the patients who underwent testing are shown in
Table 1.3.1. In the children in Group 1, mean (SD) baseline IGF-I z-score was -
1.2 (0.9) and bone age was delayed by 1.4 (1.9) years.

45



Table 1.3.1: Demographics of the patients undergoing insulin tolerance testing in this study.
Continuous variables presented as mean (SD). *Children classified as having hypopituitarism
have two or more anterior pituitary hormone deficiencies. CNS=Central Nervous System,

SGA=Small for Gestational Age

Group 1 (Initial | Group 2 (Transition)
Evaluation) (n=76) (n=21)
Age (years) 10.9 (3.7) 17.1(1.2)
Male (%) 58 (76.3%) 16 (76.2%)
Pubertal (%) 24 (31.6%) 21 (100%)
Comorbidity
None 48 (63.2%) 11 (52.4%)
Hypopituitarism* 4 (5.3%) 1(4.8%)
CNS mass or malignancy diagnosis 4 (5.3%) 5(23.8%)
SGA 3 (3.9%) 0
Genetic Syndrome or Dysmorphism 8 (10.5%) 0
Other Dx (not associated with GHD) 7 (9.2%) 4 (19%)
Height z-score -2.46 (0.96) -0.73 (0.88)
Weight z-score -1.75 (1.37) -0.08 (1.27)
Midparental Height z-score -0.29 (0.78) 0.22 (0.73)
Midparental Height z-score minus Height z-score 2.18 (0.85) 0.22 (0.73)

Serial GH measurement following IVP and prior to insulin administration
increased the number of children passing the stimulation test from 8/76 (10.5%)
to 19/76 (25%) if a threshold of 7 ng/ml were used (Table 1.3.2). Many patients
in Group 1 had peak stimulated GH concentrations above thresholds of 3 ng/ml,
5 ng/ml and 7 ng/ml fifteen minutes after IVP (Figure 1.3.2), demonstrating that
this measurement might identify additional children with sufficient GH

secretion.

Of the 11 children with peak GH concentrations > 7 ng/ml after IVP only, all
were being investigated for isolated GHD and none had a coexisting risk factor
for deficiency such as CNS malignancy or hypopituitarism. Three of these
children had peak GH concentrations at the time of IVP, five peaked fifteen
minutes later and five were 30 minutes later (Figure 1.3.3). Only one of these
children had peak GH concentrations > 7 ng/ml at more than one of these time
points. This group had a mean (SD) age of 11.6 (3.9) years, IGF-I z-score of -1.3
(1), IGFBP-3 z-score of 0.8 (1.3), midparental height z-score of -0.04 (0.8),
height z-score of -2.4 (0.9), weight z-score of -2.1 (0.8), bone age delay of 0.6
(2.1) years, and peak cortisol on ITT of 20.6 (3.5) mcg/dL. These were not
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significantly different than the age (10.2 (3.8), p=0.4), IGF-I z-score (-1.2 (0.9),
p=0.6), IGFBP-3 z-score (1 (1), p=0.9), midparental height z-score (-0.3 (0.8),
p=0.3), height z-score (-2.5 (1), p=0.9), weight z-score (-1.7 (1.4), p=0.6), bone
age delay (1.6 (1.9) years, p=0.2) or peak cortisol on ITT (18.7 (5.7) mcg/dL,
p=0.2) of the other children in Group 1.

Table 1.3.2: The number of tests with peak stimulated growth hormone concentrations greater
than 3 ng/ml, 5 ng/ml and 7 ng/ml following intravenous line placement, insulin administration,
or both.

Group 1 (Initial | Group 2 | All
Evaluation) (Transition) (n=97)
(n=76) (n=21)
Peak GH 2 3 ng/ml
None 30 11 41
Intravenous line Only 13 1 14
Insulin induced hypoglycaemia Only 18 7 25
Both 15 2 17
Peak GH 2 5 ng/ml
None 48 12 60
Intravenous line Only 10 3 13
Insulin induced hypoglycaemia Only 11 6 17
Both 7 0 7
Peak GH 2 7 ng/ml
None 57 13 70
Intravenous line Only 11 2 13
Insulin induced hypoglycaemia Only 5 6 11
Both 3 0 3
Peak Cortisol 2 18 mcg/dL
None 31 9 40
Intravenous line Only 2 2 4
Insulin induced hypoglycaemia Only 33 7 40
Both 10 3 13

47



¥

3 il

Number with Serum Growth Hormone Above Threshold >
g

Group 1 (Initial Evaluation)

* Growth Hormone
hreshold

* =3 ng/ml

Number with Serum Growth Hormone Above Threshold  [O)

Group 2 (Transition)

All Patients

Growth Hormone
Threshold

*

Number with Serum Cortisol Above Threshold

Cortisol Threshold|
% 216 meg/dL

% 23 ng/ml & 218 meg/dL
# >5ng/ml & & 25ng/ml . © 220 meg/dL
20d . | e 27ngm © 27 ng/ml

-3 30 30 60

o A5 o 5 25 %5 60 s 0 5 25 35 5 G5 o ERETN .
Time from Insulin Administration (minutes) Time from Insulin Administration (minutes) Time from Insulin Administration (minutes)

Figure 1.3.2: The number of patients with growth hormone (A, B) or cortisol concentrations
above the defined thresholds in the 30 minutes following intravenous line placement (Time -30
to 0) and following insulin administration (Time 15 to 90 minutes, shown with a grey
background). The intravenous line was placed at time -30 minutes, and insulin was administered
at time 0 minutes.
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Figure 1.3.3: The serum growth hormone concentration profiles in children in Group 1 whose
peak growth hormone concentration was > 7 ng/ml at 0 (A), 15 (B) and 30 (C) minutes from
intravenous line insertion without a subsequent peak > 7 ng/ml after insulin administration. Each
symbol and line represents the growth hormone profile in one patient. Note that one patient had
growth hormone concentrations > 7 ng/ml at each of these time points and is represented in each
diagram.

Serial measurement of GH concentrations after IVP in Group 2 had a less
significant effect on the number of patients reaching a predefined threshold GH
concentration. The number of patients passing the test increased from 9/21
(42.9%) to 10/21 (47.6%) if a threshold of 3 ng/ml was used, or from 6/21
(28.6%) to 8/21 (38.1%) if a threshold of 7 ng/ml was used (Figure 1.3.2, Table
1.3.2). The total number of patients in both Groups 1 and 2 combined with a
peak stimulated cortisol concentration of >18 mcg/dL increased from 57/97
(58.8%) to 61/97 (62.9%) with serial measurement before insulin administration.

This represents an increase in specificity of 6.5%.
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Peak GH concentration after IVP did not correlate closely with peak GH after
ITT (Group 1 R* = 0.05, Group 2 R* = 0.002). In contrast the peak cortisol
concentration prior to insulin administration was more closely related to the peak
cortisol concentration during ITT (Group 1 R* = 0.26, Group 2 R* = 0.41)
(Figure 1.3.4).

A

w

17 4 O Insulin Tolerance Test, non transition

A Insulin Tolerance Test, transition

Peak Serum Cortisol After Insulin (mcg/dL)
g0
o
>
o
)
Peak Serum Growth Hormone After Insulin (ng/ml
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Peak Serum Cortisol Before Insulin (mcg/dL) Peak Serum Growth Hormone Before Insulin (ng/ml)

Figure 1.3.4: Peak cortisol (A) or growth hormone (B) in the 30 minutes prior to insulin
administration plotted against the peak after administration of insulin.

1.3.4 DISCUSSION

We have demonstrated that many children undergoing evaluation for GHD can
have a peak GH concentration greater than 7 ng/ml within 30 minutes of IVP,
even without pharmacologic stimulation. The subsequent insulin induced
hypoglycaemia during ITT does not always replicate this peak stimulated GH
concentration. As a result, serial measurement of GH concentration following
IVP may identify additional children with GH sufficiency who would not have
been detected by ITT alone. Similar additional serial measurements of cortisol
do not add significantly to the identification of children with adrenal sufficiency

using the ITT.

The hospital environment and IVP may represent stressors to the child

undergoing GHST, and stress may be a stimulus for GH secretion'*. Some
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authors have recommended that patients be admitted the night before a GHST, in
order to acclimatise to the environment and to optimise the utility of the test'*.
However, this is often impractical due to limited hospital resources. Most centres
perform these tests in the outpatient setting, often completing two separate tests

6213 'We have shown that frequent GH measurement after IVP

on the same day
should be considered in the context of GHSTs being performed as a day

procedure.

Thirteen children (11/76 in group 1 and 2/21 in group 2) in this study had a peak
GH concentration greater than 7 ng/ml following IVP without a subsequent
response of similar magnitude to insulin-induced hypoglycaemia. Although we
have performed this analysis only in children undergoing ITT, it is likely that
this phenomenon is seen with IVP prior to the administration of alternative GH
secretagogues. It is not clear if a stimulated GH surge prior to ITT will reduce
the likelihood of subsequent response to ITT and there are children in this study
with peak GH concentrations above the thresholds following both sequential
stimuli. However, it is possible that a GH peak can have a negative effect on
subsequent stimuli. In adult volunteers, sequential stimuli of GH secretion can
result in an attenuated response to the second stimulus, although this is less
pronounced when insulin induced hypoglycaemia is the second stimulus'**.
Similarly, the GH response to frequent bouts of heavy exercise is attenuated
when the duration between these is reduced to less than one hour'**. Possible
mechanisms for the reduction in GH response to a second stimulus include
depletion of immediately releasable pituitary GH by the first stimulus, or an
effect of GH autoregulation. GH inhibits GHRH production through direct
negative feedback and indirectly via the production of somatostatin and IGF-I'*,
both of which exert negative feedback on hypothalamic GHRH production and
pituitary GH exocytosis'*.

While a large proportion of children categorised as having GH insufficiency on
GHST will not respond to GH treatment, there are also children who have
sufficient GH secretion and respond well to GH treatment. It seems likely that
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the children who responded to IVP with a GH level greater than 7 ng/ml are truly
GH sufficient, but this assumption cannot be verified because there is no gold
standard test for GHD. In this centre, a stimulated GH threshold of greater than 7
ng/ml was used to determine whether or not GH was prescribed. Thus, we cannot
determine whether additional GH measurement reduced the sensitivity of the
provocative test for GH responsive short stature. We also note that 37% of the
children in this study did not have a peak cortisol concentration greater than 18
mcg/dL. This may be due to the heterogenous group of patients included, many
of whom had hypopituitarism or a CNS malignancy. In addition, we note that
many children without adrenal insufficiency will have a peak stimulated cortisol

of less than 18 mcg/dL on ITT'?.

The additional benefit of serial GH measurement following IVP shown in this
study may be ameliorated by variations in practice elsewhere. As previously
mentioned, the specificity of a single GHST for GHD is poor and many centres
perform two tests to improve this specificity. The use of a second stimulation test
in the patients described in this study may have detected more of the children
with peak GH concentrations above the threshold following IVP. At the time of
this study, there was no consensus regarding sex steroid priming prior to GHST
in prepubertal children but the practice of using this for children with bone ages
greater than 10 years is consistent with many centres'*° and the recent Pediatric
Endocrine Society guidelines’®. Sex steroid priming in younger prepubertal

children may increase the specificity of the GHST for GHD'**

, and it is possible
that serial GH measurement following IVP would provide less additional benefit
if sex steroid priming was used in all prepubertal children undergoing GHST.
Thus, the results of this study should be interpreted in the context of serial
measurements after IVP with a single stimulation test in a centre where sex
steroid priming is only used in limited circumstances. Specifically, we report that
serial GH measurement after IVP detected 13 children (13.4%) with a peak
stimulated GH concentration of greater than 7 ng/ml, but it is not known if these
children would have otherwise been detected in combination with a second

GHST or sex steroid priming.
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In conclusion, we advise caution when performing GHSTs, as delays in GH
measurement may increase the number of patients misclassified as having
insufficient GH secretion. If the GH secretagogue or stimulus is administered
immediately following IVP, it is important to ensure that there are frequent
additional measurements in the first 30 minutes following placement and
administration of the GH provocative test substance. Also, if there is any delay in
administering the intravenous stimulus following IVP, the frequent sampling of

GH in the first thirty minutes following IVP should be performed.

1.3.5 CHAPTER CONCLUSION
The poor specificity of the GHST is well established, and have caused many
endocrinologists to question whether or not these tests should even be

149-151
performed

. Any modification of this test that improves specificity is
welcome, and will facilitate the diagnostic evaluation of children with suspected
GHD. This study has been instrumental in the modification of the GHSTs at
OLCHC and Children’s University Hospital Temple Street. All institutions in
Dublin now measure serial GH concentrations after placing IV lines in children

undergoing GHST.
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CHAPTER 1.4: EVALUATING CHILDREN WITH HYPOGLYCAEMIA FOR

GROWTH HORMONE DEFICIENCY

Publications
Hawkes CP, Stanley CA. Pathophysiology of neonatal hypoglycemia. In: Polin
RA, Fox WW, Abman SH, editors. Fetal and Neonatal Physiology: Expert
Consult - Online and Print (In Press). 5 ed: Elsevier/Saunders, 2016. p. 1550-60
(Appendix C).

Hawkes CP, Grimberg A, Dzata VE, De Leon DD. Adding glucagon-stimulated
GH testing to the diagnostic fast increases the detection of GH-sufficient
children. Horm Res Paediatr. 2016,85(4):265-72 (Appendix D).

Presentation
Hawkes CP, Dzata VE, Grimberg A, De Leon DD. Integrating growth hormone
testing with hypoglycaemia investigation. American Pediatric Society / Society

for Pediatric Research, May 2014, Vancouver (Appendix E).

GH does not play a significant role in regulating prenatal growth, and length at
birth in infants with congenital GHD is within the normal range. This is not the
case for IGF-I, where infants with IGF-I resistance or deficiency can present

152, 153

with prenatal growth restriction . Thus, identifying the infant with

congenital GHD is a challenge.

The two largest studies of infants with GHD have characterised the clinical
phenotype'> *°. Bell et al included 169 infants with GHD who presented with
hypoglycaemia in their study, over 90% of whom also had additional pituitary
deficiencies and abnormal pituitary MRI evaluations'”. Herber et al described 29
children with GHD and demonstrated that hypoglycaemia is more common in

those presenting before 6 months of age, than after the first 6 months of life*®. As
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the child becomes older, persistent impaired fasting tolerance is seen but

hypoglycaemia becomes less problematic'>*.

Given that neonatal hypoglycaemia may be the only presenting sign of children
with congenital GHD, the diagnostic evaluation of infants with unexplained
hypoglycaemia should include consideration of this potential underlying
diagnosis. The diagnostic tests for GHD in infants are even more challenging
than in older children. IGF-I measurement in this age group is of limited utility

124

with current assays (Chapter 2.2) ~". GH measurement during hypoglycaemia has

been suggested, and even erroneously described by Bell as “a quick and

17913

definitive diagnostic too The specificity of such an approach has

subsequently been shown as close to 30%'°.

Hypoglycaemia in childhood can have numerous causes, and can even represent
normal physiology in the first few days of life. In this chapter, I will provide an
overview of the physiologic mechanisms for maintaining normoglycemia,
highlighting the broad differential diagnoses for hypoglycaemia, which include
GHD. I will then describe a study in which I have modified the local diagnostic
evaluation of children with unexplained hypoglycaemia and suspected GHD to

improve the specificity for GHD.

1.4.1 OVERVIEW OF GLUCOSE HOMEOSTASIS

Clinical hypoglycaemia is defined as a plasma glucose concentration low enough
to cause signs or symptoms of impaired brain function. Recognition may be
difficult when the patient cannot communicate symptoms (e.g., infants and
neonates), but identifying hypoglycaemia is critical in the prevention of
complications. The brain has a very high rate of metabolism and depends on a
constant supply of glucose. Because the brain has little or no stores of glycogen,
interruption of glucose delivery can have devastating consequences, including

- L 1554157
seizures and permanent brain injury .
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As shown in Figure 1.4.1, the first stage of defence against hypoglycaemia is
suppression of insulin secretion by pancreatic islets as plasma glucose
concentrations fall below 80 mg/dL">*'®* The second stage is secretion of
counter-regulatory hormones to stimulate glucose release from liver glycogen
stores when plasma glucose concentrations fall to ~65 mg/dL (glucagon release
from pancreatic islets and sympathetic discharge as reflected by a rise in plasma
epinephrine). Plasma cortisol and GH concentrations also rise as glucose falls to
~60 mg/dL'* '**. While increases in these hormones do not affect glucose levels
acutely, they are required for long-term glucose homeostasis. The third stage of
response to hypoglycaemia is the impairment of brain function itself at a glucose
threshold of ~50 mg/dL. The glucose thresholds shown in Fig 1.4.1 come
primarily from studies in adults, but they have been shown to also apply to
children'® ', In addition, observations of responses to hypoglycaemia in
infants and children with various hypoglycaemia disorders suggest that glucose

thresholds are essentially the same across all ages'®*'®’,

100 mg/dL
Hormone thresholds Symptom thresholds

Insulin
suppressed

70 mg/dL

1 Glucagon :|
1 Epinephrine
) Neurogenic
Cortisol
f 1 GH :'— symptoms

1 50 mg/dL

Neuroglycopenic

Endpoint for
symptoms

provocative tests

Figure 1.4.1: Glucose thresholds for neuroendocrine and neuroglycopenic responses to
hypoglycaemia.

This demonstrates the progressive physiological responses to falling plasma glucose
concentrations, and the thresholds for symptoms of hypoglycaemia (Adapted from Cryer et al'**
168199 "The threshold used for ending provocative fasting studies and for performing laboratory
evaluation of the fasting fuel response to hypoglycaemia is 50 mg/dL, demonstrated by the
dashed line.

The importance of correctly detecting, diagnosing and treating infants with

disorders of hypoglycaemia is emphasised by longitudinal follow up studies
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demonstrating adverse complications. Kaser et al'” used data from a statewide
fourth-grade school exam and found that children who had a single plasma
glucose level below 40 mg/dL during the neonatal period had a 50% lower odds
ratio for proficiency for both literacy (0.43, 95% CI 0.28-0.67) and mathematics
(0.51, 95% CI 0.34-0.78). Those with a single plasma glucose level below 35
mg/dL had even lower odds ratios for proficiency, (0.49, 95%CI 0.28-0.83) and
(0.49, 95%CI 0.29-0.82), respectively. Even infants with a single glucose below
a cutoff as high as 45 mg/dL had a reduced odds ratio for proficiency in literacy
(0.62, 95% CI 0.45-0.85), although not mathematics (0.78, 95% CI 0.57-1.08).
Koivisto et al'”' followed neurodevelopmental outcomes in 151 newborns with
blood glucose concentrations below 30 mg/dL. They found that only 38% of
infants who had a hypoglycaemic seizure had normal development at 4 years,
compared with 80% of asymptomatic infants with glucose concentrations in this

range.

Thus, in newborns, the brain is sensitive to hypoglycaemia and early diagnosis of
the causative aetiology and initiation of the correct treatment of infants with
disorders of hypoglycaemia is of great importance. Incorrectly diagnosing a child
with GHD in this context, for example, may result in treatment with GH but risk

persistent recurrent hypoglycaemia.

1.4.2 IMPROVING THE SPECIFICITY OF THE DIAGNOSTIC FAST FOR GROWTH
HORMONE DEFICIENCY

GH plays an important role in the regulation of substrate use in the fasting state.

Prolonged fasting results in an increase in frequency and amplitude of GH

bursts'’? and GH secretion increases as blood glucose falls below 60 mg/dL'"

174 176-178

. GH promotes lipolysis'” and reduces utilisation of protein and

179

glucose . It also induces insulin resistance through direct downstream effects

180, 181

on insulin signaling , as well as indirectly by increasing non-esterefied free

fatty acid concentrations'””. Consequently, hypoglycaemia can be a presenting

feature of GHD'® 1>+ 182,
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The standard approach to determining the aetiology of hypoglycaemia includes
the measurement of the fuel and hormonal responses in the “critical” lab sample

drawn during hypoglycaemia'®" '**

. Where possible, these serum markers are
measured during opportunistic hypoglycaemia, but a structured diagnostic
fasting study may be required. Although GH concentrations increase as blood
glucose concentration falls (Figure 1.4.1), low GH concentrations during
hypoglycaemia are commonly seen at the time of drawing the critical sample

. 12, 185-18
even in the absence of GHD ~ 7

The evaluation of GHD as a potential cause of hypoglycaemia is complicated by
the lack of a reliable and specific gold standard test for this condition, as also
discussed in Chapters 1.2 and 1.3. Glucagon is used clinically to assess the
inappropriate availability of glucose stores (glycogen) during hypoglycaemia. In
a child with hypoglycaemia, an inappropriate rise in glucose concentration

following glucagon administration may be consistent with hyperinsulinism'*> '**

or hypopituitarism (in the newborn period)'®.

Glucagon is also a GH
secretagogue, and serial measurement of GH concentration following glucagon
administration is used as one of the GHSTs of GH sufficiency in children with
suspected GHD'*°. When intramuscular glucagon is used to assess GH secretion,
peak GH concentrations are generally seen between 90 and 120 minutes
following administration'®" ', Although glucagon is administered at the end of
many fasting studies to evaluate glycogen stores, the routine serial measurement

of GH following this glucagon administration is not performed as part of this

fasting study.

1.4.2.1 AiM

The aim of this study was to determine if, in the setting of a diagnostic
evaluation of a child with unexplained hypoglycaemia, serial measurement of
GH concentrations following glucagon administration would improve the

positive predictive value of the diagnostic fasting study for GHD.
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1.4.2.2 METHODS

This study was performed at The Children’s Hospital of Philadelphia (CHOP).
All children presenting to this hospital between July 2012 and March 2015 were
eligible for inclusion. Only children with unexplained hypoglycemia for whom
there was a clinical concern for GHD as a possible diagnosis had the modified
diagnostic fasting protocol performed (described below). This study was

approved by the Institutional Review Board at CHOP.

Protocol
Given the poor specificity of GH measurement during hypoglycaemia for

GHD", a clinical protocol for incorporating serial GH measurement after
glucagon administration during hypoglycaemia was developed. The only
additional intervention in this clinical protocol beyond the standard diagnostic
fasting study was the serial measurement of GH following glucagon

administration.

At the CHOP, the evaluation of children with unexplained hypoglycaemia

185,193,194 ' The maximum fasting time used in

includes a diagnostic fasting study
this evaluation is age dependent. Children aged less than 1 month fast for up to
18 hours, between 1 and 12 months for up to 24 hours, and over 1 year for up to
36 hours. The monitoring protocol depends on the clinical scenario, but generally
includes blood glucose monitoring during the fast using a bedside glucometer
(Nova StatStrip point-of-care glucose monitor, Nova Biomedical Corporation,
Waltham, MA, USA) every 3 hours until blood glucose is less than 70 mg/dL,
hourly until less than 60 mg/dL and every 30 minutes until less than 50 mg/dL.
Betahydroxybutyrate is also measured at the bedside every 3 hours using a
handheld meter (PrecisionXtra, Abbott Laboratories). The study is ended when a
confirmatory glucose concentration of less than 50 mg/dL is recorded, if beta-

hydroxybutyrate concentration exceeds 2.5 mmol/L, or if the maximum pre-

determined fasting time is reached.
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A full diagnostic blood draw is taken at the end of the fast. This includes
measurement of glucose, free fatty acids, beta hydroxybutyrate, insulin,
ammonia, lactate, basal metabolic profile, acylcarnitine, c-peptide, carnitine,
IGFBP-1, cortisol and GH. At the end of the diagnostic fast, glucagon is
administered intravenously at a dose of 1 mg for all patients, and glucose is
measured every 10 minutes by bedside glucose meter. Dextrose is administered
if blood glucose does not rise by at least 20 mg/dL within 20 minutes. However,
if glucose concentration rises by at least 20 mg/dL, then blood glucose checks
are continued for a further 20 minutes before the fast is ended. If at any point
during the glucagon test the child is unwell, dextrose is administered. The
administration of dextrose at the end of the fast consists of a 2 ml/kg bolus of

10% dextrose and the child is provided a meal containing 40g of carbohydrates.

In addition to the standard protocol, additional GH concentrations were
measured in patients in whom there was clinical suspicion of GHD. GH
concentrations were measured at 30, 60, 90, 120, 150, 180 and 210 minutes
following glucagon administration (Figure 1). Where there were clinical
limitations to the blood volume that could be drawn, the 90 and 120 minute

specimens were prioritised.

59



Diagnostic Fast
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Time from Glucagon Administration (mins)

Figure 1.4.2: Protocol for additional growth hormone measurements after glucagon
administration, in the context of a diagnostic fasting study

Laboratory Measurement
GH was measured by a solid-phase, two-site chemiluminescent immunometric

assay (Immulite 2000, Siemens, Berlin, Germany), plasma glucose by an oxidase
colorimetric reaction (Vitros 5600, Ortho Clinical Diagnostics, New Jersey,
USA) and betahydroxybutyrate by a D-3 hydroxybutyrate dehydrogenase
colorimetric reaction (Vitros 5600, Ortho Clinical Diagnostics, New Jersey,
USA). IGF-I was measured by radioimmunoassay after acid ethanol extraction
(Esoterix Laboratories, Texas, USA) and IGFBP-3 was measured by
radioimmunoassay (Esoterix Laboratories, Texas, USA). Where relevant, assay-

specific z-scores for age and gender were reported.

Statistical Analysis
The threshold GH concentration considered to represent GH sufficiency varies

between centres and generally ranges from 5 to 10 ng/ml1">”'®_ In our centre, we

use 7 ng/ml as the threshold for GH sufficiency. In this study, we also describe
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overall data if thresholds of 5 ng/ml or 10 ng/ml were used, as varying GH

concentrations are considered to demonstrate sufficiency in different centres.

Height and weight z-scores at the time of stimulation test were generated using

141 . .
. Unless otherwise stated, continuous

the World Health Organization standards
variables were presented as median (IQR). All data analyses were performed
using SPSS 22.0 (IBM, NY, USA). Figures were generated using Prism 5.0
(GraphPad Software Inc, CA, USA) and Adobe Illustrator 16.0 (Adobe Systems

Inc., California, USA).

1.4.2.3 RESULTS

Twenty-nine patients were enrolled in the study. Median (IQR) height z-score
was -2.3 (-3.3, -1). Of these patients, six had a final diagnosis of GHD and were
treated with GH. The remaining patients had a diagnosis of hyperinsulinism
(n=9), ketotic hypoglycaemia (n=13) or mitochondrial disorder (n=1). Out of all
children included in this study, 4 (14%), 3 (10%) and 1 (3%) had GH
concentrations above thresholds of 5, 7 and 10 ng/ml respectively at the end of
the diagnostic fast. The additional GH measurement after glucagon
administration identified 24 (86%), 19 (66%) and 15 (52%) children with GH
concentrations exceeding these thresholds, who would have been missed if
baseline GH concentration alone was used. The demographics of the patients

included in this study are shown in Table 1.4.1.
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Table 1.4.1: Demographic data, diagnoses, critical sample measurements and serial growth
hormone concentrations following glucagon administration are shown.
Note that n represents the number of datapoints available for GH measurement at each timepoint.

All data are presented as median (IQR).

Demographics

Male, n (%) 16 (55%)
Age, years 1.8 (0.7,3.4)
Height z-score -2.3(-3.3,-1)
Weight z-score -1.2 (2.3, -1)
Duration of fast, hours 15 (9.8, 20)
Final Diagnosis:

Hyperinsulinism 9 (31%)
Ketotic Hypoglycaemia 13 (45%)
Mitochondrial Disorder 1 (4%)
Growth Hormone Deficiency 6 (21%)
Concentrations at end of fast

Glucose, mg/dL 45 (42,51.5)
Cortisol, mcg/dL 16 (10.3, 20.5)
Betahydroxybutyrate, mmol/L 2.4(1.5,2.75)
GH measurements (ng/ml)

Baseline (n=29) 2.6 (1,3.5)
30 minutes (n=16) 2.5(1.6,8.2)
60 minutes (n=18) 4.9 (2.4,10.7)
90 minutes (n=27) 5.6 (4.2,12.9)
120 minutes (n=27) 4.4(2.5,10.2)
150 minutes (n=21) 5122,11)
180 minutes (n=7) 3.2(1.2,11.6)
210 minutes (n=3) 3.6(2,4.9)

Number of subjects who exceeded threshold on testing

GH > 5 ng/ml at Baseline 4 (14%)
GH > 5 ng/ml after Serial Measurements 25 (86%)
GH > 7 ng/ml at Baseline 3 (10%)
GH > 7 ng/ml after Serial Measurements 19 (66%)
GH > 10 ng/ml at Baseline 1 (3%)
GH > 10 ng/ml after Serial Measurements 15 (52%)

Of the 29 patients in this series, only three (10%) had GH concentrations above 7

ng/ml at the end of the fasting study and all three of these children also had GH

measurements above this threshold again on serial testing. The percentage of

samples with GH concentrations above 5 ng/ml, 7 ng/ml and 10 ng/ml at each

timepoint is shown in Figure 1.5.3.
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Figure 1.5.3: The percentage of children with growth hormone concentrations greater than or
equal to thresholds of 5, 7 or 10 ng/ml at the time of glucagon administration at the end of the
diagnostic fasting study (n=29), or 30 (n=16), 60 (n=18), 90 (n=27), 120 (n=27), 150 (n=21), 180
(n=7) or 210 (n=3) minutes later.

Of the 26 (90%) patients with GH concentrations less than 7 ng/ml during
hypoglycaemia, 10 (34%) also had peak GH concentrations below this threshold
on serial measurement after glucagon administration. Of these ten children
without GH concentrations above 7 ng/ml, nine underwent additional GH
stimulation testing using arginine and clonidine. Six were diagnosed with GHD
and treated with GH. Two children were diagnosed with hyperinsulism and one

with ketotic hypoglycaemia.

Characteristics and diagnostic evaluation of the ten patients with suboptimal
peak GH concentrations are shown in Table 1.5.2. Additional diagnostic
information on cases 7 and 8 from this series is provided, as the diagnosis may
be unclear from the data presented in this table. Although Case 7 had normal
growth factor concentrations, it should be noted that IGF-I concentrations are
sensitive to nutrition'*® and, during infancy, do not reliably identify infants with
GHD due to low IGF-I concentrations being normal in infancy'**. This infant

also had low random GH measurements on days 3 (1.11 ng/ml) and 14 (0.334
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ng/ml) of life, also supporting the diagnosis of GHD'. Case 8 had a diagnosis
of focal hyperinsulinism based on a known pathogenic ABCC8 mutation and
previous fasting evaluations consistent with hyperinsulinism. The diagnostic
evaluation presented in table 1.4.2 was from an evaluation after the focal lesion
had been removed and the hyperinsulinism had resolved. Although his peak GH
concentration did not exceed the threshold of 7 ng/ml, his linear growth pattern
was not consistent with GHD and a decision was made to observe his growth

rather than initiate treatment.

Table 1.4.2: Details of the ten children with peak growth hormone concentrations less than 7
ng/ml after fasting study and glucagon administration.

*Additional clinical data supporting diagnosis of GHD: Height velocity 3 cm/yr, bone age
delayed by 2 years (-2.3 SD from mean), improved growth and no further hypoglycaemia
following GH treatment.

GH = Growth Hormone, GHD = Growth Hormone Deficiency, HI = Diazoxide Responsive
Hyperinsulinism, KH = Ketotic Hypoglycaemia, Al = Adrenal Insufficiency, NA = Data not
available, NP = Test not performed

Patient 1 2 3 4 5 6 7 8 9 10
Age, yrs 7.5 1.2 5.3 1.8 1.4 5.1 0.1 2.6 6.1 0.7
Sex male male female  |male female |female |male male female  |male
Height, z-score -1.2 -0.81 -2.33 -2.2 -4.1 -0.75 -0.02 -2.47 -3.6 -0.94
Midparental Height, z-score [-0.43 NA -0.68 0.24 -0.87 -0.46 NA NA -0.48 0.25
MRI Brain and Pituitary normal |NP NP normal |NP NP abnormal |NP ectopic  |normal
corpus neuro
callosum hypophys
is
Fast Duration, hours 24 15 20 17 10 16 4 13 14 10
Critical Sample
Glucose (mg/dL) 41 45 49 47 43 51 46 53 45 52
Betahydroxybutyrate 2.9 1.2 2.2 2.9 2.5 4 0.1 2.5 0.8 2.3
(mmol/L)
Growth Hormone, ng/ml 3.6 1 1.1 2.4 3.5 3.5 0.8 24 0.1 3.2
Cortisol, mcg/dL 20.8 14.4 28.9 9.3 14.3 40.7 14.9 16.3 6 20.6
Peak GH after glucagon|5.4 52 55 5.1 4.7 5.7 43 4.7 0.3 6.6
(ng/mL)
Peak GH on repeat GH|7.1 4.6 6.5 3.7 8.2 1.9 6.2 0.4 1.5
stimulation test (ng/mL)
Thyroid function tests normal  |NP normal |normal |normal |NP normal |normal  |normal |normal
IGF-I z-score -1.4 NP 0.1 -0.9 -3.1 NP 0.7 -1.5 -2.6 -0.7
IGFBP-3 z-score -1.6 NP -0.74 -0.18 -1.6 NP 0.77 -0.73 NP -2
Diagnosis GHD* HI KH GHD GHD KH GHD Resolved |GHD, Al |{GHD
focal HI

A receiver operating characteristics curve showing the effect of adding serial GH

measurements to the diagnostic fasting test for children with hypoglycemia
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suspected GHD is shown in Figure 1.5.4.. Adding serial GH measurements
increased the area under the curve from 0.77 (95% CI 0.57-0.96) to 0.83 (95%
CI10.63-1).
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Figure 1.5.4: Receiver-Operating Characteristics curve demonstrating an increased area under
the curve when serial GH measurements are used in addition to baseline GH measurement during
hypoglycemia.

1.4.2.4 DISCUSSION

We have shown that serial measurement of GH following the administration of
glucagon in the context of a fasting study can be a useful adjunct in children
suspected of having GHD. GH measurement during hypoglycaemia has poor
specificity for GHD and by adding serial GH measurements following glucagon
administration, the number of children identified with peak GH concentrations
above the arbitrary threshold of 7 ng/ml increased by 16 (55%). This resulted in
a more focused evaluation of GH secretion in a smaller number of children than

would otherwise have been performed.

The poor specificity of GH measurement during hypoglycaemia has previously

been described. In a study including 84 children evaluated for unexplained
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hypoglycaemia, only 30% had peak GH concentrations above 7.5 ng/ml'>. In our
study, there was a lower number (10%) of children with peak GH concentration
above 7 ng/ml during hypoglycaemia. However, additional GH measurements
were only performed in children for whom there was clinical suspiction that
GHD was the etiology of their hypoglycaemia, and this selection bias may have
contributed to the discrepency in results between our baseline results and

previously reported data.

One limitation to adapting our clinical protocol was the blood volume required
for additional GH measurements in small infants with unexplained
hypoglycaemia. Serial glucose measurement during the diagnostic fast, in
addition to the critical sample can limit the blood volume that can be extracted
for further testing. Previous studies suggest that the peak GH concentration
following glucagon administration (glucagon stimulation test for GH reserve)
generally occur after 90 and 120 minutes'” "> % ' Where necessary, GH
samples were prioritised at 90 and 120 minutes in this study, and we have shown
that these are the most useful measurements in this context to identify GH
sufficient children (Figure 1.5.3). Although not evaluated in this study, we note
that cortisol responses to glucagon administration occur later, at 150 and 180

191, 199

minutes . This should be considered if future studies of this test are be

adapted to evaluate cortisol response to glucagon in this context.

The mechanism of glucagon-induced GH secretion is not clear. Fluctuations in
blood glucose following glucagon administration may contribute to GH
secretion, although recent studies suggest that this may not be necessary - 2.
Glucagon administration increases noradrenaline secretion””', which may play a
role in stimulating GH secretion. However, alpha adrenergic blockade does not
prevent glucagon-induced GH secretion®”. Although fasting increases GH

. 203,204
secretion™

, it is not clear if allowing the patient to feed while measuring GH
concentrations after glucagon administration would affect the ability of the test

to identify children with GH concentrations above the stimulation threshold. A
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large proportion (17/27) of children in this study had an appropriate stimulated

GH response to glucagon despite being allowed to feed.

We do not know if the serial GH response noted in this study would have been
seen if glucagon was not administered. Hypoglycaemia is a strong stimulus for
GH secretion in the absence of additional pharmacological stimuli, and this is
utilised in the commonly used insulin tolerance test of GH secretion. However,
unlike the induced hypoglycaemia in the insulin tolerance test, Hussain at al
have shown that the GH response to spontaneous hypoglycaemia in children is
blunted'®. This makes the GH concentrations seen in this study more likely to be
secondary to glucagon administration rather than hypoglycaemia alone. We also
acknowledge that an intramuscular injection of glucagon may result in higher
detectable concentrations of GH relative to intravenous glucagon®, possibly as
a result of an additional painful stimulus increasing GH secretion®”. As
intramuscular or subcutaneous glucagon are more potent stimuli of GH

. 205, 207, 208
secretion™ 7.

, it 1s possible that modifying the protocol to utilise these
routes of administration would further improve the specificity for GHD.
However, this route of glucagon administration is not routinely used in
evaluating the glycaemic response to hypoglycaemia in our practice. Thus, we

are unable to compare different routes of glucagon administration in this study.

It is important to note that many normal children will be characterised as having
GHD on GHST alone**, and these results should be interpreted in the clinical
context. Depending on the GH stimulus and GH concentration threshold used,
the proportion of normal children who do not reach the “sufficient” threshold can
be as high as half*’. In this study, only children suspected as having GHD at the
time of diagnostic fasting study underwent this additional serial GH
measurement. Given the poor reliability of the GHST, we do not routinely
perform GHST in children with peak GH concentrations below 7 ng/ml where
the laboratory tests performed during hypoglycaemia indicate that an alternative

diagnoses are more likely.
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In conclusion, we have shown that additional GH measurements after glucagon
administration following a diagnostic fast can improve the identification of
children with stimulated GH concentrations above test thresholds. This test can
be performed in addition to the diagnostic fasting study, and does not require
prolongation of the fast. We also recommend that children with insufficient
responses to glucagon in this setting should further have GHD confirmed by
standard GHSTs if there is clinical suspicion of GHD.

1.4.3 CHAPTER CONCLUSION

Although short stature and impaired linear growth are the most common
presentations of GHD in children, hypoglycaemia may be the only clinical sign
in infancy. Correct diagnosis in this population is of critical importance in
preventing adverse developmental complications of recurrent hypoglycaemia.
Conversely, incorrectly attributing hypoglycaemia to be caused by GHD in this
population may put the infant at risk through failure to treat the true underlying
diagnosis. In this chapter, I have described a protocol with the potential to steer
the physician away from an incorrect diagnostic path through increasing the
specificity of the hypoglycaemia evaluation for GHD. This protocol has been
adopted by The Hyperinsulinism Center at The Children’s Hospital of
Philadelphia, the largest referral centre for children with hypoglycaemia in North

America.

Additional approaches to evaluating children for GH sufficiency, relevant to
neonates who may have hypoglycaemia, will be discussed in subsequent sections
of this thesis. Specifically, I will discuss IGF-I measurement in infancy in
chapters 2.2 and 2.4, and will explore the utility of body composition

measurement in evaluating growth in these children in chapter 4.2.
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SECTION 2

INSULIN-LIKE GROWTH FACTOR MEASUREMENT WITH

MASS SPECTROMETRY
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CHAPTER 2.1: INTRODUCTION

As discussed in Section 1, the GHST alone has poor sensitivity and specificity
for diagnosing GHD. Serum IGF-I concentrations are relatively constant in
serum and mirror spontaneous GH secretion®. Consequently, IGF-I

8,9, 72

measurement has a role in the diagnostic evaluation of GHD and in the

monitoring of treatment efficacy’®**?!% in children receiving GH replacement

therapy.

IGF-I circulates bound to binding proteins and this prolongs its serum half-life.
Immunoassays are the mainstay of current IGF-I measurement, but these are
subject to interference from circulating binding proteins. In Chapter 2.2, T will
review IGF-I measurements in infants and demonstrate wide variability in the

reported normal concentrations in this age group between assays.

I will then begin to explore mass spectrometry as a possible solution to binding
protein interference. My interest in using mass spectrometry to overcome assay
interference started with a clinical study where I showed that, in vitamin D
intoxication, 25-hydroxyvitamin D interferes with the radioimmunoassay (RIA)
for 1,25-dihydroxyvitamin D measurement (Appendix G)*''. This study will be
briefly summarised in Chapter 2.3, before I explore the utility of mass
spectrometry in IGF-I measurement in infancy, and report reference data for this

in Chapter 2.4.

This section of the thesis focuses on laboratory measurement of IGF-I. Genetic
causes of abnormal IGF-I concentrations will be explored in Section 3, and the
interaction between nutrition and the GH / IGF-I axis will be reviewed and

explored in Section 4.
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CHAPTER 2.2: CHALLENGES IN THE MEASUREMENT OF INSULIN-

LIKE GROWTH FACTOR-I

Publication

Hawkes CP, Grimberg A. Measuring growth hormone and insulin-like growth
factor-1 in infants: what is normal? Pediatr Endocrinol Rev. 2013;11(2):126-46
(Appendix F).

Infants with isolated GHD have a normal weight and length at birth. In the
neonatal period, hypoglycaemia or a small penis may be the only clinical feature

. 13, 46
of disease

(Chapter 1.4). IGF-I measurement is generally part of the first line
screen for GHD, but there is wide variation in the reported IGF-I concentrations
in normal infants'**. Similarly, random GH measurement has been suggested as a
screen for GHD in infancy'”’. In this chapter, I will systematically review the
reported reference data for IGF-I and GH measurements in the first two years of

life with an emphasis on assay variability.

2.2.1 THE GROWTH HORMONE / INSULIN-LIKE GROWTH FACTOR-I AXIS IN
INFANCY

GH secretory patterns differ between neonates and older children'. Higher GH
peaks are seen in the term neonate than the older child. These peaks become less
pronounced within the first four days of life, and the frequency of secretory
pulses also halves over the same time period*". Even higher GH levels are seen
in preterm infants, but the pulsatile pattern of release is similar to that of the term
infant*'*. Sleep is not a stimulus for GH secretion until three months of age*'
216 byt feeding and insulin release stimulate GH secretion at this early stage

before sleep entrainment®'”.

The role of GH in the fetus is poorly understood. Although GH is detected in the

fetal pituitary gland as early as ten weeks’ gestation, and the GH content of the
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pituitary gland increases with gestational age” ", GH is not required for normal

intrauterine growth"’.

Unlike GH, IGF-I plays a major role in fetal growth. IGF-I levels increase 2-3
fold from 33 weeks’ gestation to term,”® and cord blood levels of IGF-I
positively correlate with weight, length and head circumference at birth™'
(Chapter 2.4). Postnatal IGF-I production is involved in both somatic and brain
growth, independent of gestational age and caloric intake**. Postnatally, IGF-I
concentrations and bioavailability correlate with increased growth in low

birthweight** and preterm infants**.

Diagnosing GHD in infancy remains a challenge. A combination of clinical
phenotype, stimulation testing, imaging and baseline IGF-1, IGFBP-3 and GH

d’>212:225:226 Normative data for GH and IGF-I concentrations

levels can be use
are limited in the non-GH deficient child under 18 months of age. This can be a

challenge when interpreting IGF-I measurements in this age group.

2.2.2 ASSAYS USED IN MEASURING GROWTH HORMONE AND INSULIN-LIKE

GROWTH FACTOR-I

2.2.2.1 Growth Hormone Assays
Two isoforms of GH are present in serum, as a consequence of alternative

splicing during transcription. These two isoforms differ by the presence of 15
amino acids in the larger 22-kDa isoform. The absence of these amino acids in
the 20-kDa isoform makes it more likely to dimerise. This isoform represents 5-
10% of circulating GH and is less biologically active than the 22-kDa isoform®*’.
Human serum contains hetero- and homodimers, as well as multimers, of these
isoforms®*®, This heterogeneity in circulating GH complicates its measurement,

as assays may recognise different isoforms and protein structures differently™*”

230
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Bioassays and radioreceptor assays have been developed to determine the
biological activity of GH in a serum sample, but they are insensitive and time
consuming and thus, not widely used in clinical practice®’. Commercially
available immunoassays are generally used to measure serum concentrations of

GH, and the particular assay used may differ between centres® " >,

The two main types of immunoassays are the competitive immunoassay and the
sandwich type immunoassay. In competitive assays, labeled GH is added to
serum and competes with the sample’s unlabeled GH for binding sites on an
antibody-coated platform. The concentration of bound labeled GH can be used to
determine the concentration of unlabeled GH in the sample. Sandwich type
immunoassays use two different antibodies that bind to different epitopes of the
GH molecule and are detected using radioactive, enzyme linked or

chemiluminescent labels>>

(Chapter 2.3.1). The method of detection determines
the specific assay type: RIA; Enzyme-linked ImmunoSorbent Assay (ELISA) or

Chemiluminescent assays (ECL).

Another difference between assays is the type of antibodies used. The antibodies
can be directed at one epitope (monoclonal) or multiple epitopes (polyclonal) on

233

the GH molecule™. This will restrict the comparability of results between

assays, as polyclonal assays tend to recognise more isoforms and yield higher

233
results™".

2.2.2.2 IGF-I Assays
Free IGF-I represents a small percentage of total IGF-I in the serum, with the

majority forming a 150-kDa ternary complex with IGFBP-3 and acid labile
subunit (ALS). Some IGF-I also circulates in binary complexes with the various
IGFBPs*". In order to utilise immunoassays to measure IGF-I, IGF-I must first
be separated from the complexes, and this process can result in significant inter-
and intra-assay variability. The most commonly used technique for separating
large molecular weight molecules involves ethanol extraction. While this

dissociates IGF-I from its binding proteins and precipitates large molecules from
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the sample, IGFBP-1 and IGFBP-4 do not precipitate well and may affect
results™”. Other techniques such as IGF-II saturation can be used to saturate the
binding sites on the IGFBPs and thereby reduce the unmeasured IGF-1*>*,
This can be combined with ethanol precipitation to further reduce the

interference of binding proteins in IGF-I measurement.

Like the GH assays, antibodies used for IGF-I measurement can be polyclonal or
monoclonal. Where IGF-II saturation has been used, cross reactivity of the

antibody with IGF-II must be very low or the results will be falsely elevated.

Liquid chromatography mass spectrometry (LCMS) is a new method of
measuring IGF-I (and —II) that is not affected by binding protein interference®®
(See 2.4.3.5 for details). This method is becoming increasingly available and

may represent the future of IGF-I measurement®*>*',

2.2.3 MEASUREMENTS OF GROWTH HORMONE AND INSULIN-LIKE GROWTH

FACTOR-I IN CHILDREN AGED (0-18 MONTHS

2.2.3.1 Literature Review Methodology
A PubMed search was performed for “growth hormone” OR “IGF-I” in

November 2012, limited from birth to 18 months. Titles were used to identify
articles that were likely to include GH or IGF-I measurement in the fetus or
infant less than 18 months of age. Abstracts were then read to determine if these
articles included GH or IGF-I measurement of healthy children, and full articles
were then accessed to determine a) assay used and b) reported values of GH

and/or IGF-I concentrations.

Initial PubMed search identified 4451 articles. 525 articles were identified as
relevant from screening titles. GH was measured in 44 of these articles in healthy
children less than 18 months of age, while IGF-I was measured in 113. Relevant

articles that reported mean values with standard deviations were included in this
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review. Unless otherwise stated, values in this manuscript are presented as mean

+ 1 standard deviation.

2.2.3.2 Growth Hormone
Due to the pulsatile nature of GH secretion, timing is important in the

interpretation of GH measurements. Except for the first 15 days of life, random
GH measurement is of limited utility. Most studies in which this has been
reported have shown a mean GH concentration below most accepted cutoff
values for GH stimulation tests. This appears to be consistent regardless of assay

used (Table 2.2.1).

Random GH measurement within the first 15 days of life may, however, be
clinically useful. There is a GH surge at birth, and the lowest reported mean
umbilical cord GH measurement in all assays was 9.2 ng/mlI*****. Cord GH
concentration is higher in pregnancies complicated by preeclampsia®**. Random
GH rises further on day two**> >
mean values of 53.4 + 30.8 ng/ml IRMA)** or 21.8 + 11.2 ng/ml (IFMA)***. By

day 15, the mean falls to 5.5 = 3.7 ng/ml (IFMA) *** and by 3 weeks a mean of

and remains elevated up to day five, with

8.7 + 8.1 ng/ml (RIA)**® was shown. Assay variability makes comparison of
values difficult, but a temporal trend is observed in all studies. By one*** and
two”*® months of age, low mean random GH values consistent with those seen in

older children are seen.

Serial measurements of GH have described the secretory pattern of GH in
infancy. Pulsatile secretion is also present during this early period of raised GH
levels. When GH was measured every 20 minutes for 6 hours on the first day of
life (by RIA with a polyclonal antibody), values ranged between 9 and 191
ng/ml. Five to six bursts of GH release occurred within the six hour study
period®”. Similarly, GH measurement every thirty minutes for 12 hours in
infants ranging in age from 8 to 40 hours varied from 4.1 to 105 ng/ml using a

double antibody RIA*". In slightly older infants, aged between one and four
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days, GH burst frequency was 7.7 over a 6 hour period*'*. This is similar to the

frequency seen in infants on day one of life.

With such a wide range of GH concentrations found on serial measurement in
infancy, it would be clinically useful to identify a time when GH secretion is
likely to peak. This would allow for optimally timed single sample measurement
to identify GH sufficiency in infants where there is a clinical concern regarding
possible GH deficiency. At two days of age, mean circulating GH concentrations
measured by RIA after five minutes of active sleep, quiet sleep and waking were
33.4+7,52.8 + 11 and 43.5 + 36 ng/ml, respectively. These high mean values
were not seen between four and eight days of age, with respective values of 9.1 +
1.1, 9.5 + 1.3 and 8.3 + 1.2 ng/L noted”, and may represent the higher GH
levels in the first few days of life. Sleep entrainment of GH secretion does not

215 :
When GH concentrations were measured

occur until after three months of age.
by RIA following 30 minutes of sleep and 30 minutes of wakefulness at different
ages within the first six months of life, mean sleep and waking values were
similar until three months of age. Mean awake/asleep GH concentrations were
20.6 £10.9/17.6 £9.1 ng/ml at 1-4 weeks, 17.1 £ 11.6/ 17.4 + 10.7 ng/ml at 1-
3 months, 6.5 + 3.4/ 15.1 + 13.1 ng/ml at 3-6 months and 6.2 + 3 / 16.6 + 9.7

ng/ml at 6-12 months®"’.
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Table 2.2.1: Random GH Measurement within the first 18 months of life

Author Timing  |Population |Number |Assay -2SD |Mean |+2SD
(ng/ml)
ELISA
Leger Umbilical |Term infants |44 Solid phase two-site 1 19 37
1996>! Cord Immunoradiometric assay
(Elisa-hGH, CIS bio
International)
Setia Umbilical |Term infants|50 Solid phase 1 16.2 31.4
2007* Cord immunoradiometric assay
Binder Day 2-4  |Term infants [269 hGH-ELISA 16.6
2010°% (Mediagnost, Reutlingen,
Germany). Polyclonal Ab
against 22kDa rhGH in
rabbit. Measured from
dried bloodspots on filter
paper
Radioimmunoassay
Desgranges |Umbilical |Term infants |18 Radioimmunoassay 4.2 17.4 30.6
1987°% Cord Double-antibody
incubation
Geary Umbilical |Term infants|1197 Radioimmunoassay — 0 10.5 27.5
2003 Cord (Hybritech Europe, Liege,
Belgium)
Kitamura |Umbilical |Term infants |54 Radioimmunoassay 17.8
2003>* Cord (Daiichi Rasioisotope
Laboratories, Tokyo,
Japan)
Cornblath |Umbilical |Term infants {20 Radioimmunoassay 0 66 210.4
1965 |Cord
Laron Umbilical |Term infants |9 Radioimmunossay 34
1967°*  |cord
Cornblath |Day 1 Term infants |15 Radioimmunoassay 0 52 130.6
1965
Laron Day 1 Term males (36 Radioimmunoassay 38.4
1966>*°
Laron Day 1 Term infants (9 Radioimmunoassay 69
1967°*
Laron Day 1 Term 25 Radioimmunoassay 50
1966*4 females
Cornblath |Day 2 Term infants |13 Radioimmunoassay 0 72 184.6
1965
Laron Day 2-3 Term males (36 Radioimmunoassay 76.6
1966>*°
Laron Day 2-3 Term 25 Radioimmunoassay 54
1966*4 females
Cornblath |Day 2-6  |Term infants (20 Radioimmunoassay 0 32 70.6
1965
Laron Day 4-5 Term males (36 Radioimmunoassay 19.3
1966>*°
Laron Day 4-5 Term 25 Radioimmunoassay 26.2
1966** females
Cassio 3 weeks |Term infants |12 Commercial liso-solid 0 8.7 249
1998%4 phase radioimmunoassay
(Technogenetics, Milan,
Italy)
Cornblath |3-4 weeks |Term infants (8 Radioimmunoassay 0.8 16 31.2
1965*
Cassio 4 months |Term infants |8 Commercial liso-solid 0 2.8 5.8
1998%4% phase radioimmunoassay
(Technogenetics, Milan,
Italy)
Cassio 7 months | Term infants |10 Commercial liso-solid 0.2 2 3.8
1998%4% phase radioimmunoassay
(Technogenetics, Milan,
Italy)
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Table 2.2.1 (continued)

immunometric assay
(Immulite 1000 human
GH kit, DPC, Los
Angeles, CA, USA)

Author Timing Population |Number |Assay -2SD |Mean |+2SD
(ng/ml)

IRMA
Chiesa Umbilical [AGA Term|87 IRMA (CIS Bio 14.6 18.2 21.8
2008>° Cord neonates International, Schering

S.A)
Cance- Within AGA Term|64 Immunoradiometric assay |0 534 115
Rouzaud |first 5 days|infants Protein binding to a first
1998%7 of life antibody was revealed by

a second '*I-labelled

antibody (ELISA kit, CIS-

Bio International, Gif-sur-

Yvette, France)
Leger 6 months 12 Solid phase two-site 0 34 8.2
1996 Immunoradiometric assay

(Elisa-hGH, CIS bio

International)
Leger 12 months 37 Solid phase two-site 0 2.7 7.1
1996 Immunoradiometric assay

(Elisa-hGH, CIS bio

International)
Immunofluorometric Assay
Pagani Day 5, (8-|AGA Term|26 Immunoflurometric assay. |0 21.8 442
2007 9am) infants Direct sandwich

technique.

AutoDELFIA hGH Kit

(Wallacoy, Turku,

Finland)
Pagani Day 15, (8-|AGA Term|26 Immunoflurometric assay. |0 55 12.9
2007 9am) infants Direct sandwich

technique.

AutoDELFIA hGH Kit

(Wallacoy, Turku,

Finland)
Pagani Day 30, (8-|AGA Term|26 Immunoflurometric assay. |0 1.8 4.2
2007 9am) infants Direct sandwich

technique.

AutoDELFIA hGH Kit

(Wallacoy, Turku,

Finland)
Chemiluminescent immunometric assays
Chanoine |Umbilical [AGA Term{90 Chemiluminescent 0 9.2 35
2003>* and|Cord neonates immunoassay (Beckman
2002*% Coulter, Fullerton, Calif,

USA)
Gesteiro  |Umbilical |Term infants|115 Cheminuminescent 0 16.7 36.3
2009> Cord immunometric assays

(Diagnostic Products

Corporation, Flanders,

New Jersey) Ref No

LKGHI1
Osmanagao |Umbilical |AGA 50 Two-site 7 11.6 16.2
glu 2005*** |Cord chemiluminescent enzyme

immunometric assay

(Immulite 1000 human

GH kit, DPC, Los

Angeles, CA, USA)
Osmanagao |Umbilical |SGA 60 Two-site 1.8 11.6 21.4
glu 2005*** |Cord chemiluminescent enzyme

immunometric assay

(Immulite 1000 human

GH kit, DPC, Los

Angeles, CA, USA)
Osmanagao |Umbilical |LGA 50 Two-site 12.2 21.2
glu 2005 |Cord chemiluminescent enzyme|3.2
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2.2.3.3 Insulin-Like Growth Factor-I
Serum IGF-I levels reflect spontaneous 24-hour GH secretion® and, unlike GH,

2% IGF-1 measurements are sensitive to

random levels are relatively stable
extraction methods and assays used. Many studies identified in this review did
not provide details regarding the extraction methods used, and this may account
for the variation in reported values in studies where the same assay was used to
measure IGF-I levels in children of similar ages and stature®®. Tables 2.2.2,
2.2.3 and 2.2.4 summarise the IGF-I values reported in studies including healthy

children aged less than 18 months.

Factors that may affect IGF-I concentrations in cord blood include ethnicity,
maternal smoking, and some antenatal medication exposure. Chinese infants

1

have higher IGF-I concentrations than Caucasian infants®®' while Caucasian

infants may have a higher IGF-I concentration than African American infants®*,
Maternal smoking may be associated with lower IGF-I levels in cord blood, even
where infant sizes are similar®®. Selective serotonin reuptake inhibitor use in

pregnancy may be associated with lower umbilical cord IGF-I levels®®*

. Many of
these studies, however, involved small sample sizes and statistical significance

was not demonstrated.

In studies where infants and children were categorised according to weight, the
group of larger children consistently had higher IGF-I concentrations regardless
of assay used. Some studies have shown that girls have higher IGF-I
concentrations than age-matched boys with a similar weight, at birth, as well as
at 12 and 24 months of age®* ***% While the etiology of this difference in
IGF-I concentrations between sexes is not clear, it may be related to differences
in body composition between males and females that are not captured in weight
measurement. At birth, girls have been shown to have a greater proportion of

body fat than boys, even when boys are heavier™*"".
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Table 2.2.2: Assay Specific IGF-I measurement in umbilical cord blood

Author Timing |Population Number| Weight |Assay Extraction -2SD |Mean |+2SD
(kg) (ng/ml)
ELISA
Akram Umbilical |SGA 12 <2.5 ELISA (Mediagnost, 5.77 1635 [6.93
20117 cord Germany).
Akram Umbilical [AGA 21 >3.5 ELISA (Mediagnost, 8.86 |14.08 [19.6
2011°"" cord Germany).
Jayanthiny |Umbilical [Term 200 Enzyme linked 59 139 72
20117 cord Infants immunosorbent assay
(Catalogue No. EIA-2947,
DRG International, Inc.,
USA)
Rohrmann |Umbilical |African 75 3.2 ELISA (Diagnostic 0 723 156.3
2009 cord American (2.5-3.9) |Systems Laboratory)
Infants
Rohrmann |Umbilical [Caucasian |38 3.5 ELISA (Diagnostic 0 90.6 |208.2
2009 cord Infants (2.7-4.3) |Systems Laboratory)
Radioimmunoassay
Bankowski |Umbilical |[Term 12 3.53 Radioimmunoassay Acid 130
2000°" cord Infants (2.8-4.2) Chromatography
Beltrand Umbilical |Highest 78 3.18 Radioimmunoassay 0 85.6 182.8
2008 cord antenatal (2-4.4)
growth
tertile
Beltrand Umbilical [Middle 78 2.97 Radioimmunoassay 0 65.7 137.1
2008 cord antenatal (1.7-4.3)
growth
tertile
Beltrand Umbilical |Lowest 79 2.8 Radioimmunoassay 0 61.6 180.6
2008 cord antenatal (2-3.6)
growth
tertile
Bennett Umbilical |Term 32 Radioimmunoassay 41 113 185
1983*" cord Infants
Halhali Umbilical 20 3.2 Radioimmunossay . Acid ethanol 19 |123 227
200077 cord (2.5-3.8) |(Nichols Institute extraction
Diagnostics)
Klauwer Umbilical |Term 138 33 Radioimmunoassay Acid extraction |19 (61 103
1997°" cord Infants (2.2-4.4) Excess IGF-1I
Leger Umbilical |Term 44 2.9 Radioimmunoassay using |Acid 13 |85 157
1996>! cord Infants (1.5-4.3) |polyclonal IGF-I chromatography
antiserum
Simmons  |Umbilical 120 3.5 Radioimmunoassay Ethanol 8.7 |57.1 105.5
19957 cord (2.3-4.5) |(Ciba-Geigy, Basel,
Switzerland)
Vatten Umbilical 609 Radioimmunoassay 10 |64 118
20027 cord (Mediagnost, Tuebingen,
Germany)
Wang Umbilical (Males 62 3.2 Radioimmunoassay 14.9 |84.3 153.7
2005 cord (2.4-4)  |(Daiichi Radioisotope
Laboratory, Tokyo, Japan)
Wang Umbilical [Females |57 3.1 Radioimmunoassay 20 (952 170.8
2005 cord (2.3-3.9) |(Daiichi Radioisotope
Laboratory, Tokyo, Japan)
Wiznitzer™ [Umbilical |AGA 20 33 Radioimmunoassay 16 |80 144
cord (2.3-4.3)
Wiznitzer™™ [Umbilical |[LGA 40 43 Radioimmunoassay 5 139 273
cord (3.6-4.8)
IRMA
Baik Umbilical |Term 30 IRMA (Diagnostic 0 543 128.5
2006 cord Infants Systems Lab)
Chiesa Umbilical |Term 87 3.19 IRMA (Immunotech) 0 99 203.7
2008>° cord Infants (2.6-3.8)
Christou Umbilical [AGA 96 3.2 IRMA (Diagnostic 0 43.4 109.6
2001°% cord (3.1-3.3) |Sys