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HIV remains a significant global health challenge affecting 1.5 million children worldwide with
just 57% accessing antiretroviral therapy (ART). HIV infection and its treatment are known to
impact growth and development in children. Skeletal maturation is a crucial component of the
overall growth and development and is affected by several factors which include genetic
ancestry and environmental factors such as, chronic conditions, socio-economic deprivation,
and nutrition. In Zimbabwe HIV, malnutrition, and poverty may all impact growth. Understanding
factors that influence growth will help inform ways to mitigate poor growth and development,
improving outcomes in later life.

Skeletal maturation is assessed as Bone age (BA), with the two most widely used methods being
Greulich and Pyle (GP) and Tanner and Whitehouse 3 (TW3), both are based upon assessment
of hand wrist radiographs. BA differs from chronological age (CA), which is calculated from the
date of birth and does not account for an individual’s stage of growth. Until this study, skeletal
maturation had not been assessed in Zimbabwean children nor in children living with HIV
(CLWH) in Africa. No study had been conducted in an African population to determine the best
method to use, nor to determine factors that influence the skeletal maturation process in
CLWH, and no study had assessed BA longitudinally in CLWH. The aim of my thesis was to
describe skeletal maturation in Zimbabwean children and adolescents living with and without
HIV and determine whether HIV and other environmental and lifestyle factors were associated
with differences between BA and CA at baseline and after follow-up. | also aimed to determine
which method of BA assessment is appropriate for use in Zimbabwean children and
adolescents.

| used data from the IMVASK (The Impact of vertical HIV infection on child and adolescent
skeletal development) study conducted in Harare, Zimbabwe, which provided a cohort of 609
peripubertal children living with and without HIV aged 8-16 years. Participants were recruited
from HIV clinics at Parirenyatwa and Sally Mugabe hospitals and schools within the same
catchment area. Hand wrist radiographs were taken at baseline and at one year follow-up. | first
assessed BA using the TW3 and GP method. | used Bland and Altman plots to test the
agreement between BA by both methods and then with CA. | calculated the inter- and intra-rater
reliability and precision. | then determined skeletal maturity deviation (SMD); the difference
between BA and CA and compared differences in means by HIV status in males and females at
baseline and follow-up. | used linear regression models to determine factors (weight for age z-
scores, socioeconomic status, orphanhood, puberty, physical activity, vitamin D and calcium
intakes) associated with SMD both at baseline and follow-up.

The TW3 method was the most precise and appropriate for use in Zimbabwean children and
adolescents aged 8-16 years, as GP was biased by age. The two methods (TW3 and GP) did not
give equal estimates of BA and therefore should not be used interchangeably. At baseline
perinatally acquired HIV infection and being underweight were independently associated with
delays in skeletal maturation in both males and females. After one-year follow-up female and



male CLWH were still falling behind in skeletal maturation although the association was
partially attenuated in males, suggesting that they were not catching up to their fellow HIV
negative counterparts. In addition, in males being underweight and in females, lower levels of
physical activity were associated with delays in skeletal maturation after one year. In CLWH,
delays in initiating ART contributed to delays in skeletal maturation.

In conclusion, the TW3 method of BA assessment should be used in Zimbabwean children and
adolescents aged 8-16years.My findings support the “test and treat” policy recommended by
WHO programmes where ART is initiated regardless of disease or immunological stage. My
results highlight the need for further research to support integration of nutritional and physical
activity interventions into routine health care programmes for CLWH, to help improve growth
and development.
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Definitions and Abbreviations

ART o Anti-retroviral therapy

BA e Bone age

Bt20 ..o Birth to Twenty

CA e Chronological age

CLWH oo Children living with HIV

DXA. e Dual-energy X-ray absorptiometry

GH Growth hormone

GNRH .. Gonadotropin-releasing hormone

GP o Greulich and Pyle

HAZ. .o Height-for-age-z-scores

IGF-Leiiiiiieiiccceis Insulin-like growth factor 1

IMVASK ..o The Impact of vertical HIV infection on child and adolescent skeletal
development

IOTF e International obesity task force

IPAQ .oiieieeeeeereeeeeveeeeaes International Physical Activity Questionnaire

IQR e Inter quartile range

LMIC i Lower middle-income countries

MET .. Metabolic rate

NCD..oiiiiiiceeccrceis Non communicable diseases

PQCT e Peripheral Quantitative Computed Tomography

SES Socio-economic status

SMD i Skeletal maturity deviation

TB e Tuberculosis

TDF e Tenofovir disoproxil fumarate

TW3RUS ... Tanner Whitehouse 3 radius ulna and short bones score

TW3 s Tanner Whitehouse 3

WAZ ..o Weight-for-age z-scores

WHO ..o World Health Organisation
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Chapter 1 Bone anatomy, skeletal development and

introduction to study setting

1.1 Introduction

Skeletal maturity is a measure of the development of the skeleton incorporating the size,
shape and degree of mineralization of the epiphyses and physeal plates of a bone to define their
proximity to full maturity (1). The process of skeletal maturation is influenced by several factors
which include genetic ancestry, socio-economic status, nutrition, and disease patterns. Risk
factors that may influence skeletal maturation adversely including HIV infection and its
treatment, and poor micronutrient status and these are particularly relevant to Zimbabwe, the
country in which this PhD is based. Studies assessing skeletal maturation in children living with
HIV (CLWH) are important to increase knowledge on growth in CLWH and to assess impact of

treatment on growth.

Bone age (BA) is the assessment of skeletal maturity; it differs from chronological age
(CA) which is calculated from the date of birth and does not necessarily reflect an individual’s
stage of growth; for example, two eleven-year-olds can differ vastly in their developmental
stage, such that they would have different BA’s. BA is commonly assessed using hand wrist
radiographs. Methods to assess BA should be reliable and practical, and adaptable for use in
different populations. The two most widely used methods are the Greulich and Pyle (GP) and
the Tanner and Whitehouse 3 (TW3) methods, both based upon assessment of hand wrist
radiographs (2, 3). The use of these methods in African populations is questionable given that
these methods were developed decades ago. Moreover, there has been a lack of diversity
among the populations used to develop atlases on which the two methods are based. In this
chapter | will provide a background description of bone anatomy, skeletal development,

maturation and factors influencing skeletal maturation in children and adolescents.
1.2 Anatomy of bone

1.2.1 Overview of the human skeleton

The adult human skeleton has 206 bones, divided into 80 bones of the axial skeleton
(bones of the head and trunk) and 126 bones of the appendicular skeleton (bones of the limbs).

Four categories of bones make up the human skeleton namely the long, short, flat, and irregular
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bones which differ in the way they develop and in their anatomy. The skeleton has several
functions which includes provision of structural support for the rest of the body, providing levers
for the muscles by permitting movement and locomotion and protection of vital internal organs
and structures. The skeleton also has an important role in providing maintenance of mineral

homeostasis, haematopoiesis and acid base balance.

Long bones are made up of two main regions the diaphysis and the epiphysis (Figure 1.1).
The diaphysis is the tubular shaft between the proximal and distal ends of the bone. At the end
of each long bone is a wider section called the epiphysis. The metaphysis is where the diaphysis
and the epiphysis meet. During growth the epiphysial plate is contained in the metaphysis. The
diaphysis is composed primarily of cortical bone, whereas the metaphysis and epiphysis are

composed of trabecular meshwork bone surrounded by a relatively thin shell of compact bone
(4).

Articular cartilage

Froximal ——
epiphysis r’

Metaphysis — Spongy bone
Epiphyseal line
Red bone marrow

4#7 Endosteum
|
|

Cortical bone

Medullary cavity

Yellow bone marrow

Diaphysis — # 7]

Pariostaum

Nutrient artery

Metaphysis —| I|

Distal

epiphysis J e \
~ jL Articular cartilage

Figure 1.1 Anatomy of a long bone (Anatomy and Physiology

http://cnx.org/content/col11496/1.6/) with permission
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1.2.2 Gross anatomy of the hand and wrist

The hand and wrist have a total of 27 bones (Figure 1.2). The wrist contains the distal end
of the two bones of the forearm, radius and ulna and eight irregularly shaped carpal bones
namely the scaphoid, lunate, triquetrum and pisiform on the proximal row and trapezium,
trapezoid capitate, and hamate on the distal row. The scaphoid and lunate articulate with the
radius to form the radio-carpal joint. All the carpals in the distal row articulate with the
metacarpals. The metacarpals articulate distally with the proximal phalanges. Each of the
metacarpals is numbered, associated with a digit, and consists of a base shaft and a head. The
bones of the fingers are called the phalanges, only the thumb has a proximal and distal phalanx,
and the rest of the digits have proximal, middle, and distal phalanges making them fourteenin
total. Although the phalanges are small, they are classified as long bones as they contain a
shaft, distal head, and proximal base. The radius, ulna and short bones (phalanges and
metacarpals) are formed by endochondral ossification and the carpal bones by
intramembranous ossification. Maturation occurs earlier in the carpals than the long and short

bones.

DISTAL PHALANX ------ -PHALANXES

PROXIMAL PHALANX ----

METACARPAL ------ N [---- METACARPUS

TRAPEZOID-... X ML AKX J | .- HAMATE
TRAPZIUM _~].--~TRIQUETRUL
CAPITATE ™~ | L= CARPUS
SCAPHOID -~ R ‘ PISIFORM

LUNATE -~ .
. ULNA
RADIUS PAUL JARRETT 2016

Figure 1.2 Hand and wrist anatomy (https://murdochorthopaedic.com.au/our-surgeons/paul-

jarrett/patient-information-guides/hand-wrist-anatomy/) with permission
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1.2.3 Growth plate

The growth plate, also known as the physis, is a cartilaginous area of elongation in a long
bone that allows for endochondral ossification of the skeleton (Figure 1.3). This is located
between the shaft of the bone and the secondary ossification centres at the ends of long bones
where longitudinal growth takes place. The growth plate contains one cell type called the
chondrocyte which is at different stages of differentiation (5, 6). The chondrocytes pass through

three zones resting, proliferative, and hypertrophic zone, in a coordinated stepwise process.

Resting zone: the replication of chondrocytes at this zone is at a slow rate and these act

as the stem-like cells that replenish the pool of proliferative chondrocytes (6).

Proliferative zone: replication at this zone is at a high rate and these line up along the

long axis of the bone (5).

Hypertrophic zone: at some point the chondrocytes stop replication and differentiate
into hypertrophic chondrocytes. During this process the chondrocytes increase in height by 6-
10-fold, making an important contribution to longitudinal growth (5, 7). The hypertrophic
chondrocytes secrete type X collagen into the cartilaginous matrix and the matrix begins to
calcify and produce factors that attract the invading bone cells and blood vessels. Shortly
before the blood vessels invade the chondrocyte lacuna hypertrophic chondrocytes undergo
apoptosis (7). Parts of the matrix and the dead cells are removed leaving some vertical columns

of remaining calcified cartilage.

Proliferation and differentiation of chondrocytes, secretion of extracellular matrix,
calcification of the hypertrophic zone, invasion and differentiation of osteoblast, and formation
of blood vessel repeat continuously in the growth plate throughout the growth process. During
puberty the processes are accelerated and stop at the end of the puberty resulting in

completion of longitudinal growth.
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Figure 1.3 Structure and dynamics of an epiphyseal plate in a growing long bone (Saladin et al

2007

1.3 Skeletal development

Skeletal development involves the formation, growth and maturation of bones, a process
which begins in utero and continues through adolescence until maturity is reached. The process
encompasses several components including increase in size, changes in shape, mineralisation
and maturation, beginning in the sixth or seventh week of embryonic life and continuing until
about twenty five years of age although there are variations in individuals (8). Bone ossification
is by two pathways intramembranous and endochondral ossification and each of these
processes begins with a mesenchymal tissue precursor but differs on how the tissue transforms

into bone.
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1.3.1 Intramembranous ossification

Sheets of mesenchymal connective tissue are replaced with bony tissue during
intramembranous ossification and this process produces flat bones of the face, most cranial
bones, and the clavicles. Mesenchymal cells in the embryonic skeleton begin to differentiate
into specialised bone forming cells, others will differentiate into either capillaries and some into
osteoblasts. An ossification centre will be formed by early osteoblasts that appear in a cluster.
Osteoblasts secrete osteoid, contributing to the mineralisation process, uncalcified matrix
which eventually calcifies as mineral salts are deposited on it thereby entrapping the
osteoblast. Entrapped osteoblasts transform into osteocytes, which are crucial for bone growth
and renewal and are the most abundant constituting 90 to 95% of all bone cell (9). Trabecular
matrix and periosteum are then formed, and compact bone develops superficial to the

trabecular bone. The crowded blood vessels condense into red bone marrow.

1.3.2 Endochondral ossification

The development of long and short bones is by endochondral ossification, with prior
cartilage formation and this process takes longer than intramembranous ossification. At six to
eight weeks in utero mesenchymal cells differentiate into chondroblast (cartilage cells). The
cartilage, which is avascular, is a flexible, semi-solid matrix that surrounds and isolates
chondroblasts to form chondrocytes. A mixture of cells invade the centre through penetration of
capillaries establishing the primary ossification centres (Figure 1.4) (10). Cartilage and
chondrocytes continue to grow at the ends of the structure which will eventually become the
epiphyses. This increases the structures length, with bone replacing cartilage in the diaphysis
whilst remodelling inside the medullary cavity is also happening. Cartilage remains at the
epiphyses and the joint surface as articular cartilage by the time the foetal skeleton is fully

formed.
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Figure 1.4 Development of endochondral bones Schematic diagram showing the events
leading to replacement of an embryonic cartilage model by bone (Setiawati and

Rahardjo 2019)

1.3.3 Skeletal maturation and secondary ossification centres

Secondary ossification centres develop at different time points after birth and gradually
encroach on the growth plate, such that by the time skeletal maturity is achieved, the cartilage
is replaced by bone (except at the articular surfaces) (11). This process completes at the end of
puberty, followed by a period of mineral accumulation after which the bones will be fully mature
and longitudinal growth stops. In order to allow the complete ossification process, osteoclasts
and osteoblasts are directed, by blood vessels, into the new cartilage tissue (12). There are
many ossification centres within the skeleton with each individual bone of the hand, foot,
elbow, knee, and pelvis having several ossification centres. These are visible on the radiograph
when they begin to mineralise and the age of appearance of the individual ossification centres is
a useful assessment of the stage of skeletal maturity. In most healthy children, this established
sequence of ossification in each bone of the hand, is remarkably constant and the same for
both sexes. The objective measure of skeletal maturation is known as BA (i.e., numerical
description of the degree of skeletal maturation) assessed from a hand wrist radiograph. The
hand and wrist are used to assess skeletal maturation because they contain many small bones

(27 bones, radius, ulna, metacarpals, and phalanges), each with its own ossification centres
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that passes through the stage of enlargement and shaping of the ossified area, acquiring one or
more epiphyses and finally reaches its adult form with epiphyseal fusion which marks the
attainment of final adult height (13). The ossification centres of the distal radius appear at one
year and that of the ulna may appear at 5-6 years. Variations come in the relative times the
appearance of the ossification centres occur and hence skeletal maturity looks at the number
of centres present and the stage of development of each. Skeletal maturity differs from skeletal
growth in that growth refers to the quantitative increase in size or mass and maturation refers to

the sequence of changes that lead to a highly organised specialised and mature state (1).

1.3.4 Stages in the assessment of skeletal maturation

The first centre of ossification to appear is that of the capitate and the hamate of the
carpal bones and these appear at two months in girls and about four months in boys (14). The
other ossification centres progressively appear. During the pre-pubertal stage assessment of
skeletal maturation is primarily based on the size (width) of the epiphysis in relation to the
adjacent metaphysis as shown in Figure 1.5A-C (15). This stage of development is characterised
by ossification centres for the epiphyses becoming as wide as the metaphysis by increasing in
width and thickness. Contours of the epiphyses overlap, or cap, the metaphysis during puberty

(Figure 1.5D). The pisiform and the sesamoid become recognisable afterwards (Figure 1.5D-F).

During late puberty, the fusion of the epiphyses to the metaphysis in the long bones of the
hand tends to occur in a characteristic pattern: 1) fusion of the distal phalanges, 2) fusion of the
metacarpals, 3) fusion of the proximal phalanges, and 4) fusion of the middle phalanges (15).
After puberty, all carpals, metacarpals, and phalanges are completely developed, their growth
plates are closed, and at that stage the assessment of skeletal maturity is based on the degree

of epiphyseal fusion of the ulna and radius (Figure 1.5E and F).

Itis important to consider that maturation is not linked to time in a chronological sense.
Children may pass through the same chronological time span but at different rates of
maturation. The ultimate height potential of an individual may be predicted using the extent of
skeletal maturation observed in an individual. The more delayed an individual is in skeletal
maturation the longer time they may have before epiphyseal fusion prevent further growth which

means an extended window of opportunity to catch up on growth (16).
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Figure 1.5 Image showing the different stages towards epiphysial fusion of the bones of the

hand wrist with particular emphasis on the radius by Farirayi Nyakoko

1.4 Linear growth

Linear or longitudinal growth refers to the increase in height over time and has been
recognised as a reliable indicator for a child’s general health. This longitudinal growth and
development of bone occurs during childhood and adolescence at the growth plates where
cartilage proliferates in the epiphyseal and metaphyseal areas of long bones. Linear growth can
be divided into four main phases, foetal, infancy, childhood and pubertal, and the mechanism
underlying the control of growth in each phase are distinct although each of the phases exist as
part of a continuum. There are variations in the pattern of growth during the course of life such
that rapid growth is observed during foetal and infancy phases, slows down during childhood

until puberty when the growth spurt occurs (17). A child’s growth is compared with that of his or

27



Chapter 1

her peers by using relevant growth charts as a reference point like those developed by the World
Health Organisation (WHO) (Figure 1.6 and 1.7). The WHO growth standards were developed to
harmonise growth assessment tools from widely different ethnic backgrounds and cultural
settings. Zimbabwean children aged 0.5 to 4.9 years were reported to have height-for-age z-
scores significantly below the WHO child growth standards (18). Growth potential is genetically
determined, and growth pattern is influenced by several factors that include endocrine,
environmental and nutritional factors (19). Sex-specific patterns in the tempo of growth, the
timing of the adolescent growth spurt, overall size, and the age of skeletal maturity are well

known with differences evident as early as in utero (20).
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Figure 1.6 Height-for-age z-scores reference for boys aged 5-19 years (World Health

Organisation 2007)
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Figure 1.7 Height-for-age z-scores reference for girls aged 5-19 years (World Health

Organisation 2007)

1.4.1 Control of linear growth and maturation

1.4.1.1 Endocrine control

There are various regulators that influence chondrocytes in the growth plate that help
determine the rate of proliferation and maturation which include GH, insulin-like growth factor |
(IGF-1), thyroid hormones, eostrogen and androgen. The GH is produced by the pituitary gland
and secreted into the blood stream, when it reaches the liver, it stimulates the hepatic
production of IGF-1 which in turn stimulates chondrocyte proliferation and hypertrophy at the
growth plate (21). The GH can also stimulate the local production of IGF-1 at the growth plate to
stimulate growth in a paracrine/autocrine fashion and may directly stimulate growth at the
growth plate by recruiting the resting zone chondrocytes into the proliferative zone. The IGF-I
increases bone formation by stimulating the differentiation and activity of osteoblasts involved

in altering the length of long bones through endochondral ossification (21, 22).

With the onset of puberty pulses of gonadotropin-releasing hormone (GnRH) are released
into circulation which triggers production and release of sex steroid hormones, i.e. oestrogen
and testosterone. Increased oestrogen triggers GH and IGF-I production to initiate the growth

spurt and stimulating the closure of the growth plate through accelerating the depletion of the
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resting chondrocytes in the growth plate a hallmark of skeletal maturation (7, 23, 24). In males,
the primary source of oestrogen is through the conversion of testosterone through a process
called aromatisation by an adrenal enzyme called aromatase. A deficiency in aromatase results
in little or no growth spurt in individuals (25). Testosterone may also directly stimulate bone
growth, and unlike the effect of oestrogen, is not associated with an increase in GH. In children
with precocious puberty, premature oestrogen exposure therefore leads to premature
epiphyseal fusion and decreased final height and, conversely, in individuals with

hypogonadism, a lack of oestrogen leads to delayed epiphyseal fusion and tall stature.

The thyroid gland produces thyroid hormones ,5,3'-triiodothyronine (T3) and thyroxine
(T4), which are important regulators of metabolism and an important stimulator of normal linear
growth. Thyroid hormones support linear growth by promoting the recruitment of resting
chondrocytes into a proliferative zone, as well as stimulating chondrocyte hypertrophy (Figure
1.3). Thyroid hormones also indirectly stimulate growth by modulating the production of GH and
IGF-1 (26). Hypothyroidism delays longitudinal bone growth and endochondral ossification,
while thyrotoxicosis, which results in excessive production of thyroid hormones, accelerates
both processes. Nonetheless, both hypothyroidism and thyrotoxicosis eventually lead to short
stature. Poor growth and skeletal maturity delay is seen in children with GH deficiency and

hyperthyroidism (7).

1.4.1.2 Nutritional control

Many macro- and micronutrients are essential for growth and development of the

skeleton.

Macronutrients: Inadequate dietary intake of nutrients results in negative consequences
on growth and development with protein and energy malnutrition potentially leading to poor
linear growth (27). Protein and amino acids are recognized as the main nutrients involved in
linear growth. Proteins play a permissive role in growth, since they fulfil the metabolic demand
of amino acids, required for tissue growth, and increase levels of hormones, such as insulin and
IGF-I, which stimulate endochondral ossification (19). Amino acids are critical for normal

growth and matrix formation by chondrocytes.

Micronutrients: Micronutrients are vitamins and minerals required by the body in very
small amounts but essential for growth, development and functioning of the body. Deficiencies
in micronutrients as a result of inadequate dietary intake, poor absorption or due to some
medical conditions may cause abnormalities in nutrient metabolism, which may or may not be
reversible especially if they occur during critical periods of growth like childhood and

adolescence. Calcium and vitamin D are some of the key micronutrients for bone development
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and growth, calcium plays a major role in skeletal mineralisation and 99% of it is found in bone
(28). Vitamin D is required for calcium absorption and utilisation and inadequate intake may
result in decreased calcium absorption and risk of rickets in children a condition associated
with poor growth hence delayed skeletal maturation (29). Because the micronutrients are
essential elements itis important that recommended amounts are introduced through diet and
the requirements are high during childhood and adolescents for growth and development. The
recommended daily calcium intake varies between 700-1200mg/day (30). Vitamin D deficiency
is associated with stunting and being underweight and overweight in children (31, 32). Amongst
other micronutrients required for growth are zinc, phosphorus, vitamin C, vitamin K, magnesium
and iron and these are needed by children and adolescents, deficiencies of which affect

skeletal development and growth (33).

Poor absorption or inadequate intake of bone forming minerals like calcium and zinc may
contribute to linear growth retardation. Other micronutrients are important for organ and tissue
function and integrity and with the exception of vitamin D that can be synthesised in the skin
from sunlight most of these micronutrients have to be supplied through diet (27). Vitamin D
influences endochondral ossification by stimulating cellular maturation through the vitamin D
receptor. Low dietary calcium intake was linked to late puberty, low BMI, and relatively high
rates of stunting in The Gambia (28, 34-37). Figure 1.8 summarises the determinants of growth

from foetal growth through to puberty.
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Figure 1.8 Determinants of growth (https://www.slideshare.net/slideshow/l4-
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1.4.2 Foetal growth

Major organs are formed during the first trimester due to rapid growth and differentiation
and these continue to rapidly grow throughout the second and third trimester with the crown

rump velocity of 62cm/year in the second trimester and 48cm/year in the third trimester (38).

Adverse intrauterine conditions such as maternal HIV infection may lead to intrauterine
growth retardation through several mechanisms. Poor nutritional status Poor nutritional status
as aresult of HIV induced wasting is an established risk factor for adverse pregnancy outcomes
such as preterm birth, low birth weight, intrauterine growth retardation (39) and will likely
increase the risk of mother to child transmission of HIV (40). Additionally, morphological
changes in the placenta that contribute to delivery before 37weeks (41) may impair nutrient
absorption and oxygen transport critical for the growth and development of the foetus. These

adverse intrauterine conditions may have a lasting impression on skeletal growth during the
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early years of life, such that the individual’s ability to attain full genetic potential may be
compromised, although some catch-up growth is possible (42). The population studied in this

PhD consists of children with vertically acquired HIV.

1.4.3 Infant growth

Infant growth is the next stage of growth and is the period of fastest growth rate. Infants
triple their weight and gain an average of 25cm height gain during the first year of life exhibiting
patterns of growth consistent with their genetic backgrounds during this phase (38). Assessing
growth and skeletal maturation during this period may help identify underlying growth and
development issues and allow for early intervention of the growth process such as nutrition

screening.

1.4.4 Childhood growth

This next phase of growth predominates from 3 years of age continuing until the onset of
puberty (43). Height velocity during this stage is relatively constant at 4-8 cm/year on average
and the lowest is usually in the immediate pre-pubertal period because levels of the GH and IGF
are low at this stage and more resources being directed to the development of reproductive
organs and other physical changes associated with sexual maturation. Growth assessments

should also be conducted during acute care visits, as illnesses can impact growth.

1.4.5 Pubertal growth

This period is characterised by changes which include growth acceleration, alterationin
body compaosition, appearance of secondary sexual characteristics and ultimately deceleration
and cessation of skeletal growth (38, 44). Gonadotropin-releasing hormone (GnRH) neurons of
the hypothalamus control the initiation of puberty. When the GnRH is released in a pulsatile
manner it stimulates the release of FSH and LH from the anterior pituitary gland which in turn
acts on the gonads to stimulate the synthesis and release of sex steroid hormones
(oestrogen/progesterone and testosterone) and support gametogenesis (formation and
development of oocytes/sperm). Sex steroids exert negative feedback on the hypothalamus and
pituitary gland to ensure circulating levels remain stable. Arise in FSH stimulates an increase in
oestrogen synthesis and oogenesis in females while in males it activates Sertoli cells in the
testes, triggering the onset of sperm production. Conversely, a rise in LH stimulates an increase
in progesterone production in females while in males, it stimulates Leydig cells in the testes to
produce testosterone. Hormonal changes caused by rises in FSH and LH allow for the physical

changes of puberty to begin. The first sign of puberty in girls is breast development, and the final
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marker of puberty is menarche. In boys, testicular enlargement is the first sign of puberty
followed by an increase in growth velocity and subsequent spermarche. Puberty was classified
into five stages by Marshall and Tanner in both boys and girls based on the somatic changes in

breast, pubic hair, and genital development (Figure 1.9) (45, 46).

The onset and duration of puberty differs between adolescents living in different
environments with varying nutrition status and environment (47). The average age of onset of
puberty defined as reaching Tanner stage 2 ( testicular enlargement in boys and breast
development in girls) was reported at 12.5 years and 12.7 years in boys and girls respectively, in
the Birth to Twenty cohort in South Africa (48). In The Gambia, later timing of puberty in boys was
reported at 16.1 years (37). Additionally, later age at menarche was reported in African
populations at 14.90 years in The Gambia (49), 13.2 years in Mozambique (50), and 15.26 years
in Nigeria (51). In the studies conducted in Mozambique and Nigeria, a structured questionnaire
was used, and the participant was asked to recall the timing of their menarche. In contrast, the
study in The Gambia only enquired whether menarche had occurred with a yes/no answer
recorded, no specific timing details were asked thereby leading to less precise data. However,
menarche was occurring earlier at 12.25 years in the USA, (black girls at 12.0 years and white
girls at 12.7years) (52). There are many factors that affect menarche such as body mass index
(BMI), family size, socioeconomic status, parental educational level, occupation of parents,
loss of parents, child sexual abuse, physical stress, tea consumption, and passive
smoking, genetic factors, race, environmental conditions, nutrition, physical activity,
geographic location, urban or rural residence, health status, psychological factors, blindness
(53-59). In Zimbabwe chronic conditions like HIV have been associated with later age at

menarche (60).

Although there are variations between individuals and populations, the pubertal growth
spurt occurs on average at age 9-10 years in girls and 11-12 years in boys. Pubertal development
usually lasts 3-4 years though as with any stage of growth, the length can be dependent on
environmental influences such as chronic illnesses, nutritional intake, physical activity and
body compaosition (49). Additionally, during adolescence 20% of final adult height and 50% of

the adult weight is gained on average (47).
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Figure 1.9 Tanner pubertal stages (Tjahynto et al, 2023)

1.4.6 Final adult height and skeletal maturity

When the epiphyseal plates fuse i.e. when skeletal maturation is reached, growth will
have been completed and final adult height is reached. Final height in the maximum height an
individual may reach and is achieved as a result of a combination of several factors which
include the genetic potential, environmental factors, hormonal factors, nutrition and overall
health. The genetic potential for height is determined by the genetic make-up inherited from
both parents however, whether a person reaches their genetic potential is also affected by other
factors like environment, nutrition, and disease patterns. Stunted children are not likely to reach
their full genetic potential for height even if they experience catch-up growth (61). About 20% of
the variation in adult height in high income countries is due to environmental factors with the
proportion likely larger in low-income countries because of socio-economic differences and
disease patterns such as HIV and poor nutrition causing delays in growth (62). Studies in Africa
have demonstrated high prevalence of low height for age Z-scores, weight for age Z-scores and
BMI for age Z-scores and the children may not attain their genetic potential for adult height.
People living with HIV had a significantly reduced final adult in America (63, 64). Understanding
factors which impact skeletal growth and maturation will provide an opportunity for intervention

before skeletal maturity is reached.
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1.5 Impaired linear growth

Assessment of growth and maturation is important because it helps healthcare workers
monitor a child’s development and health to ensure they are progressing within the normal
expected range. On the growth standards, children who cross percentiles down wards show
impaired linear growth (Figure 1.10) (17). The monitoring will help identify any growth disorders
and guide treatment and interventions to promote normal growth. There is growing evidence of
the long-term consequences of childhood stunting (poor linear growth) which include short
adult height, impaired health and impaired educational and economic performance later in life
(65, 66). Long term follow up of 1338 adults studied as children in 1969-1977 was conducted in
Guatemala (67). Being stunted at 2 years was associated with less schooling, a lower test
performance, a lower household per capita expenditure, and an increased probability of living in
poverty. Specifically, stunting was associated with a lower age at first birth and, in women, a

higher number of pregnancies and consequently children.

Furthermore, being stunted in childhood may increase the risk of developing
cardiovascular disease in adulthood (66, 68-72). Stunting was related to early changes in
cardiovascular function where stroke volume, arterial function, and cardiac output were lower
in stunted children than in non-stunted children in a South African study of 775 children aged

10-15 years (73).

Given these known associations between poor growth and impaired cognitive
development or morbidity and mortality, it is imperative to promote weight and height gain in
children with growth failure especially in LMIC’s. Whilst evidence on interventions to improve
linear growth and the subsequent health outcomes is scarce in LMIC’s, faster linear growth at
age 2 years was associated with a reduced risk of short adult stature and poor educational
attainment (74). Therefore, it is vital to focus on improving childhood nutrition and promote

linear growth from an early age as there are lifelong benefits to individuals and their families.

Some chronic diseases and malnutrition can delay skeletal maturation and the onset of
puberty. Chronic conditions like HIV are known to impact growth. CLWH have been reported to
have poor growth early in life (75). Poor growth in HIV is caused by identifiable illnesses and
secondary comorbidities which accompany HIV infection. Severely impaired growth among
vertically acquired HIV-infected children in Africa may be partially attributable to the generally

later treatment of HIV, often at more advanced disease stages (76).

Clinical diagnosis of poor growth may also be familial short stature or constitutional delay
of growth. The two are similar in that the child is healthy and grows normally although below the

normal standards for height. In familial short stature the children are born of smaller parents

36



Chapter 1

which may include either one or both parents being short and will eventually attain less height in
comparison to children of taller parents. In these children BA will approximate CA as the
children will be growing at an appropriate rate during childhood. They also attain sexual
maturation and pubertal growth spurt at the ages they are expected to. In constitutional delay of
growth there is a delay in the tempo of growth (fast or slow growth) where one requires more
time to complete the growth process caused by growth plates not yet fused. The children
usually are delayed in reaching adolescence. BA is expected to advance 1 year for each
calendar year and for these children, BA tends to progressively deviate from the CA meaning

that they fail to reach their maximum height potential (20)
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Figure 1.10 Impaired linear growth (//www.scribd.com/doc/172390973/Growth-Chart-Boys-2-
to-20)

1.6 Sexual dimorphism, skeletal maturation and puberty

The pattern of bone maturation process is similar in individuals but the rate of maturation
differs by sex and ethnic groups attributable to differences in the timing of pubertal onset
(20). Skeletal maturation in healthy children begins accelerating earlier in females than in males

(2, 77). In females the acceleration of skeletal maturation may occur even before puberty as
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estrogen is higher in females than males before puberty(13, 78-80). The onset of puberty usually
occurs two years earlier in females than in males (79) corresponding to a BA of approximately 11
years in females and 13 years in males (20), and triggers rapid production of sex hormones
which are crucial in the regulation of skeletal maturation and growth (81). Therefore, females
are more advanced in skeletal maturation than males from birth and the trend continues
throughout childhood and adolescence, plus the process of skeletal maturation lasts longerin
the males than in the females by about 2 years (45, 46, 77). These sex differences were first
reported in 1925 by Pylor where centres of ossification in the epiphyses of the metacarpals and
phalanges appeared in the females during the first year and nearly all by the end of the second
year, whilst in the males most appeared late in the second year (82). The same study reported
results from 82 radiographs of females and 64 radiographs of males aged 12-22 years showing
fusion of the epiphyses and the diaphysis taking place 3 to 4 years sooner in the females than in

the males.

A positive correlation between the severity of skeletal advancement (measured as BA-CA)
and the severity of pubertal advancement (assessed as the normal age at pubertal onset[12
years] minus the CA at onset of puberty) was reported raising the possibility that skeletal
maturation might provide the timing of the onset of puberty (83). This was a study conducted in
boys with congenital adrenal hyperplasia, CAH (n=13) and familial male-limited precocious
puberty, FMPP (n=22), two conditions that accelerate maturational tempo, and boys with
idiopathic short stature, ISS (n=18) in which maturational tempo is sometimes delayed. All the
participants were on various treatments for their conditions. In contrast, a study of 30 healthy
boys in the USA found no significant correlation between skeletal maturation and pubertal onset
(84). The findings differ with typical physiological expectations, and the discrepancy may be
compounded by the small sample size hence not adequately powered to identify an

association.

1.7 Factors that influence skeletal maturation

There are many factors that influence the rate of skeletal maturation, and these include
genetic variation, nutrition, socio-economic deprivation, and certain diseases. These are
thought to contribute to the variations in skeletal maturity within and between populations (77).
Because of the different genetic and environmental factors, populations from differing
geographical locations will differ in mean skeletal maturity at any given age and in the pattern of

skeletal maturity increments from one age to the next (77).
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1.7.1 Race and ethnicity

The rate of overall growth and skeletal maturation has been shown to vary in different
ethnic groups. Black children were taller and grew at a faster rate than their white counterparts
in a UK study of approximately 18000 children of different ethnic groups (85). Similarly children
of Asian and African ancestry had older BA when compared to European childrenin a large
multiethnic population-based cohort (n=5325) in the Netherlands aimed at assessing the
influence of ethnicity on skeletal maturation (86). Although there were more European (83.5%)
children than those of African (10.3%) and Asian (6.2%) descent, the differences were still
evident. An earlier study conducted in 765 children aged 0-19 years from the USA classified the
participants into four ethnic groups i.e., as white, black, Asian, and Hispanic (the Hispanic were
Mexican Americans, and the Asian group were from China, Japan, Cambodia, Vietnam and The
Philippines) (87). The age groups were categorised as early childhood (0-3 years), middle
childhood (4-8 years), late childhood (8.5-13 years), and adolescence (up to 18 years). Greater
delays in BA were seen in African children, Hispanic females and in Asian and American males.
However, the study focused on recruiting trauma cases and since males are generally more
inclined to engage in risky behaviours, this led to a higher number of males than females
participating, potentially introducing selection bias. In another study conducted in the USA of
534 White and Black American children of European and African descent aged 0-19 years,
variations in skeletal maturation were seen by ethnicity (88). Prepubertal American children of
European descent had significantly delayed skeletal maturation when compared with those of
African descent; and post pubertal European American males had significantly advanced
skeletal maturation when compared with post pubertal African American males. In contrast,
Black boys were delayed in skeletal maturation when compared to white boys whilst the girls
showed the same pattern and timing of skeletal maturation in a longitudinal study conducted in
607 South African children aged 9-20 years (89). These studies show differences in the pattern
of growth by ethnicity although the differences differ by geographic location potential reflecting
the influence of socio-economic status (SES). This literature further supports the use of
standardised growth charts or development of skeletal maturity standards specific to different
ethnic groups to avoid misdiagnosis of growth-related conditions like advanced or delayed

growth and development.

1.7.2 Socio-economic status

Some authors have concluded that it is not the ethnic differences but rather the SES of a
given population that determines the rate of skeletal maturation (90). Delayed skeletal
maturation was reported in low SES status groups in a large Sudanese study of 1683 children

aged 3-25 years (91) and high SES status was associated with an advanced skeletal maturation
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in a Moroccan population of 623 children aged 6-19 years (92). In contrast, there were no
skeletal maturity differences between different SES groups exceptin the 10-11-year-old boys
and girls in a longitudinal growth cohort of 507 children aged 8-16 years followed annually over
fouryears in Portugal (93). The authors could not explain why the differences were observed in
that age group, however, that may be consequences of measurement error as BA was assessed
manually. There were variations in the measurement of SES in the different studies as there is

no standard measure of SES.

1.7.3 Nutrition

Overweight children have accelerated linear growth and undergo accelerated sexual
maturation at an earlier age than children with normal weight (94). Hence several studies
reported advanced skeletal maturation in overweight children (95-97). The aromatase activity of
adipose tissue is thought to increase the total amount of oestrogen in circulation hence the
advanced development of overweight children. BA was more advanced in African American
children than White children and this was accounted for by their greater adiposity as they had
higher BMI SDS (BMI standard deviation score) than the White children in a study of 252 African
American and White children aged 5-12 years (98). These findings were also confirmed in a
smaller study in Italy that compared skeletal maturation in 25 obese and 25 normal children
(mean CA 10 years), obese children were more skeletally advanced than the normal weight
children (99). Although a study conducted in China to verify the association between
accelerated skeletal maturation and obesity was of much younger children aged 3.1-6.6 years, it
was a relatively larger survey of 1330 preschool children (100). The children were classified into
four groups according to the International Obesity Task Force (IOTF); underweight, normal,
overweight, and obese. The study reported an increased risk of accelerated skeletal maturation
in obese participants confirming the association between obesity and accelerated skeletal
maturation. Accelerated skeletal maturation results in a decreased final height as it accelerates
the early closure of the epiphyseal plate terminating growth prematurely (100, 101). In contrast,
a Malawian study reported no relationship between BMI and skeletal delay in a study to
determine if skeletal delay was related to nutrition status as measured by BMI (102). Normal
BMI was defined as 20 to 25kg/m? and only eight children were in the normal range the rest were
undernourished (BMI<20kg/m?). The authors suggested that the negative results were
potentially due to the small sample size over a wide age range, or the inaccuracy of the GP
method in BA assessment. However, the normal range for BMI (20 to 25kg/m?) used in this study
is not ideal for children and adolescence as according to the IOTF mentioned above, different
age groups have different ranges of normal BMI. The fact that BMI is weight adjusted for height

and skeletal maturation has a fixed relationship with height (as the process of skeletal
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maturation is occurring height is increasing) it would be more ideal to use weight for age Z-

scores instead of BMI.

Because malnutrition encompasses both over- and under-nutrition, and poor
micronutrient status, itis essential to study the association between under-nutrition (highly
prevalent in Africa) and skeletal maturation to assess the growth and development in these

children as studies described above focused on over-nutrition.

Few studies have measured BA in populations with micronutrient deficiencies. In Italy,
low calcium intake was associated with lower mean BA and delayed pubertal growth in 50 girls
aged 11-14 years, selected from the lowest and highest ends of the calcium-intake distribution
(103). The participants were asked to record all they consumed on selected days and the mean
consumption of food products per day was converted into calcium intake (mg/day) using the
National Food Composition Tables. These data were then used to categorise participants into
low or high calcium intake groups. Girls with a low calcium intake (n=22) had a lower mean BA
of 11.96+0.30 years than those with a high calcium intake (12.98+0.14 years). Again in,
Afghanistan, malnourished (defined as having z-scores of <-2 for weight-for-age, height-for-age
and BMI) children had delayed skeletal maturity, more so in boys in a study of the effect of
vitamin D supplementation and dietary nutritional intake on skeletal maturity and bone health in
socio-economically deprived children (29). In this study a total of 565 hand wrist radiographs
were analysed. Calorie intake rather than vitamin D influenced skeletal maturity as children with
high calorie intake had better height velocity and less delayed skeletal maturity. The authors
highlighted the importance of overall calorie intake in the diet rather than micronutrients.
However, concluding that vitamin D is not essential for skeletal maturation based on the
supplementation overlooks the role of sunlight in vitamin D synthesis. Vitamin D is not solely
obtained from dietary intake; a significant amount is synthesised by the body when there is
exposure to sunlight. This means that while dietary sources of vitamin D are important, they are

not the only means of obtaining this vital nutrient.

Unlike in the above studies, energy intake rather than micronutrients influenced the rate
of skeletal maturity in a study that introduced three supplements to a group of infants and
toddlers aged 12 -18 months (104). The children received either a high energy and micronutrient
supplement, a low energy and micronutrient supplement, or a low energy supplement. After 12
months of supplementation the group receiving the high energy and micronutrient supplement
had advanced BA compared to the other two groups. No difference in BA was seen between the
group receiving the low energy and micronutrient supplement and the group receiving the low

energy supplement alone.
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Itis essential to understand whether it’s micronutrient deficiency, macro-nutrient
deficiency or both that are related to skeletal maturity delays, regardless itis likely to be

population dependent.

1.7.4 Physical activity

Studies of the effects of physical activity on skeletal maturation are limited therefore, the
importance of physical activity in relation to directly influencing growth and biological
maturation is unclear. However, it has been established that regular physical activity enhances
the accrual of bone mineral content and is linked to positive health outcomes and
multidimensional benefits in children and adolescents (105). Conflicting results have been
reported on the effects of physical activity on growth. A much smaller study in the USA reported
that linear growth in 20 preschool children recovering from malnutrition was greater in children
in the active group (practicing more physical activity) than the control group (practising less
physical activity) (106). This study had a small sample size therefore not adequately powered to
make a sound conclusion. In contrast, prepubertal growth was not adversely affected by sport
at competitive level in a much larger study of 184 children aged 9-13 years (107). Rather, stress
and intensive physical activity are amongst the environmental factors that could alter the
optimal pattern of growth. Skeletal maturation was delayed by 1.3 years in a study of 255
rhythmic gymnasts studied during the 13" European Championships in Greece aged 11-23
years (108).

1.8 Challenges and Disease patterns in Africa

1.8.1 Health care economies

Africa faces one of the most challenging economic environments with the largest number
of low income or lower middle-income countries (LMICs) in the world (Figure 1.8). LMICs have
more poverty, inequality, adversity and double burden of under and over nutrition. There is poor
infrastructure and limited resources compounded with conflict in some countries and poor
access to health services. These contribute to high levels of food insecurity and malnutrition.
Moreover, the burden of disease in Africa is dominated by infectious diseases e.g. Tuberculosis
(TB), malaria, and HIV whilst the region is undergoing epidemiological transition leading to an
increased prevalence of non-communicable diseases (NCDs) (109). The malnutrition and

infectious disease burden all contribute to poor growth and hence delayed skeletal maturation.
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Figure 1.11 World Bank Group classification by income level (29 July 2024,
https://blogs.worldbank.org/en/opendata/world-bank-country-classifications-by-

income-level-for-2024-2025)

1.8.2 HIV

The Acquired Immune Deficiency Syndrome (AIDS) epidemic has been around for four
decades with an estimated 84 million people infected and caused death of 40 million people
with developing countries having experienced the greatest morbidity and mortality (29). It was
first recognised in 1981 when an increasing number of young homosexual men succumbed to
unusual opportunistic infections and rare malignancies later identified as caused by a retrovirus
termed Human Immuno-deficiency Virus type 1(HIV-1) (30). HIV-1 is transmitted through body
fluids like blood and sexual fluids through sexual, percutaneous and perinatal routes. Following
transmission, HIV targets the CD4+T-cells which get depleted progressively because of

increased damage and reduced production.

1.8.2.1  Pathophysiology and stages of HIV

HIV replication is characteristic of the retroviridae family marked by single stranded RNA
genome and replication through reverse transcription and integration. However, HIV has
developed several accessory genes that can influence its replication. Some of these genes
seem to confer abilities to establish persistent infection and to control exuberant replication
that may more rapidly cause disease and death in the host. The number of copies per ml of

plasma HIV-1 RNA defines the viral load. Higher levels of HIV- RNA levels are associated with
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more rapid decline of CD4+ T-cells (Figure 1.12). Viral load monitoring is critical to assess the
efficacy of antiretroviral therapy (ART). Acute HIV infection causes very high plasma viral loads
in the first few months accompanied by a dramatic depletion of CD4+ T-cells. World Health
Organization (WHO) definition of virologic failure requires 2 consecutive HIV-1 RNA levels >1000
copies/mL measured 3 months apart after a minimum 6 months of ART, with adherence support

in the interim (31).

CDA4+T cells are fundamental to the development of a specific immune response to
infection particularly intracellular pathogens. As the primary target of HIV, their depletion
severely limits the host response capacity. The CD4+ T-cell count is the most significant
predictor of disease progression and survival. Previously commencement of treatment was
based on CD4 count however that has been abolished with the adoption of the test and treat
approach by WHO. Lower CD4 counts are associated with greater risk of disease progression.
CD4 counts from 350-500 cells/mm3 are associated with risks of <5% across all ages and HIV-
RNA strata, while the risk of progression to AIDS increases substantially at CD4 counts <350
cells/mm3, the greatest risk increase occurring as CD4 counts fall below 200 cells/mm3 (32).

The stages of HIV infection are shown in Figure 1.13.
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Figure 1.12 Time course of untreated HIV infection. Progression of CD4 T-cell counts during
course of the diseases are denoted by the blue line. Progression of viral loads is

denoted by the red line
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Figure 1.13 Stages of HIV infection (33)

1.8.2.2

Epidemiology of HIV

Stage 3: Acquired
|mmun0dEﬁCiencv e A person can survive this
Syndrome (AIDS)

This is the time during
which the virus
reproduces at low levels
and is seemingly dormant
The duration of this stage
varies from person to
person

At the end of this stage
the viral load increases
while the persons immune
system is deteriorating

®  This stage is the most
severe due to a variety of
opportunistic infections
attacking the body

phase for an average of 3
years

In 2022, 39 million people were living with HIV worldwide, of these 37.5 million were

adults and 1.5 million children (0-14 years) (110). About 29.8 million of all people living with HIV

were accessing ART, although coverage of ART substantially lags behind in children: 77% of

adults versus 57% of children (110). Eastern and Southern Africa have the highest burden of HIV

infection with 20.8 million people currently living with HIV (83% on ART). Evidence in the region

is suggesting a stabilisation of the epidemic (110). One of the first manifestations of perinatally-

acquired HIV infection to be recognised in children was poor growth (111). The prognosis of HIV

infection has changed from premature death to it being a lifelong manageable chronic condition

although there is increasing recognition that, despite ART, HIV has adverse effects on multiple

organ systems in children resulting in long-term multisystem comorbidities (112, 113). The

successful roll-out of ART has dramatically reduced morbidity and mortality in children with

perinatal infection. There has been increased numbers of CLWH reaching adulthood and life

expectancy of people living with HIV has improved in developing countries and is gradually

approaching that of people living without HIV (114-116).
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1.8.2.3 HIV and comorbidities

There are other health conditions that often occur alongside HIV in children that may
significantly affect their growth and development. HIV increases the risk of active Tuberculosis
(TB) as it weakens the immune system making children susceptible to TB infection. Diagnosis of
HIV/TB co-infection in children is still challenging, with the overlapping clinical manifestations
of the two often leading to missed or late diagnosis (117). HIV alters the pathogenesis of TB
increasing the risks of developing active TB. With the depletion of CD4+ T cells in HIV, the risk of
TB increases. Both conditions can lead to nutritional deficiencies due to decreased appetite,
gastrointestinal symptomes, chronic inflammation increased metabolic demands all of which
hinders growth and development in children. Consequently, the risk of developing malignancies
is higher in children living with HIV and several factors like immunosuppression and viral
coinfection lead to the high rates of cancer. A higher prevalence (4.7%) of HIV related
malignancies was reported in Tanzania in a study of 721 children aged 0.17-17 years (118)

compared with 0.013 in the general paediatric population in the USA (119).

1.8.2.4 HIV and growth

Children and adolescents have the greatest cumulative negative exposure to the direct and
indirect effects of HIV infection and its treatment on skeletal growth and development. In children
HIV infection is usually vertical i.e., acquired during the antenatal, perinatal or breastfeeding
period. In early childhood the infection contributes to disturbances in linear growth and weight
gain with poor growth being reported in 50% of CLWH (111). Impaired growth is one of the
sensitive indicators of morbidity and mortality in CLWH (120). Growth disturbances in the
context of HIV infection are multifactorial; poor growth is thought to be attributable to secondary
infections and complications that accompany HIV infection. A higher prevalence of stunting was
reported in Zimbabwean CLWH (35%) when compared with the HIV-negative (5%) children in a
cross sectional study of 174 children aged 6-16 years living with and without HIV (114). Similar
results were also reported in a much larger study of 609 Zimbabwean children living with and
without HIV aged 8-16 years with CLWH more likely to be stunted, underweight and have delayed
puberty than the HIV-negative children (121). Children infected intrauterine or intrapartum were
six and four times more likely to be stunted than HIV unexposed and uninfected children
respectively in a large trial of 14110 infants enrolled in the Zimbabwe Vitamin A for mothers and
babies trial conducted before availability of ART (122). The trend is the same evenin high income
countries with 184 CLWH being significantly shorter and lighter than 1403 HIV-negative children
and the growth differences increased with increasing age in a European collaborative study
involving eight European countries (123). HIV is therefore associated with poor growth and

delayed puberty which has implications on bone mass accrual and achievement of PBM.
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A holistic approach that emphasises adequate nutrition and physical activity is essential
to optimise growth in CLWH. Deficiencies in macro- and micronutrients can hinder growth and
exacerbate the effects of HIV. Additionally, CLWH experience a range of barriers toward engaging
in physical activity, such as side effects of antiretroviral therapy, depression, bodily pain, and the

presence of opportunistic infections, despite the benefits of an active lifestyle (124).

1.8.2.5 HIV treatment and growth

Drugs used in ART include 1. Nucleoside Reverse Transcriptase Inhibitors (NRTI) e.g.
Tenofovir, Zidovudine and Lamivudine, 2. Non-nucleoside Reverse Transcriptase Inhibitors
(NNRTI) e.g. Nevirapine and Efavirenz, 3. Protease Inhibitors e.g. Lopinavir/ritonavir and 4.
Intergrase Inhibitors e.g. Dolutegravir. In Zimbabwe ART regimens usually consist of a
combination of three drugs, two nucleoside reverse transcriptase inhibitors (NRTI) and one
protease inhibitor (Pl) or non-nucleoside reverse transcriptase inhibitor (NNRTI). However, most
patients will access an NNRTI based regimen since this is significantly cheaper than a Pl-based
regime. Tenofovir disoproxil fumarate (TDF) remains the first NRTI to be used in the treatment of
HIV-1 infection, though it has been superseded in higher income countries (125). Although TDF
use is generally safe and has excellent efficacy for maintaining virological suppression the ART
regimen has been associated with greater bone loss in adults and poor bone accrual in children
(126, 127). However, some studies have reported that TDF does not impair bone accrualin

CLWH (128).

Early or immediate initiation of ART has many benefits which include prevention of poor
growth and pubertal delay in children (129). Only recently (2016) guidelines for initiation of ART
were changed in Zimbabwe such that immediate ART is now recommended for all regardless of
age or disease stage (130). The age at which to start adult dosing in adolescents can be difficult
to determine as stunting and wasting are common among adolescents living with HIV. It is
recommended that those under the weight of 25 kg should use paediatric dosing guidelines
(130). However, many children were initiated on ART in older childhood or adolescence as a
result of late HIV diagnosis (131). Although children remained stunted after one year of ART
initiation there was evidence that WAZ and BAZ increased after one year in a cohort of 385 newly
diagnosed children CLWH aged 6-15 years in Zimbabwe (132). Weight improved in the first year
of ART and height improved much more slowly over the five-year period of a South African study
of 159 children aged 0-5 years initiated on ART at the beginning of the study (133). Although
Initiating ART in later childhood leads to a substantial delay in puberty and menarche, the
children benefit from the prolonged window of opportunity for growth provided for by the
delayed puberty (134). Although the benefits of ART have been celebrated the long-term effects

of HIV infection and prolonged use of ART in growing and developing children is not yet
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understood. CLWH are experiencing a range of multisystem morbidities as a result of their
infection and/treatment and reportedly HIV infection is challenging skeletal development (111).
Itis not clear whether use of TDF has long team effects on skeletal maturation and this PhD will

explore associations between TDF use and skeletal maturity delays.

1.8.2.6 Skeletal maturation in children living with HIV

There are limited published studies that have reported skeletal maturation in CLWH.
Perinatally infected CLWH taking ART had delayed skeletal maturation of over two years relative
to CAwhen compared with the control group whose BA and CA were almost similar at baseline
in a Brazilian study conducted (135). This was a 4-year longitudinal study of children aged 5-11
years, 30 CLWH and 30 HIV-negative. Hand wrist radiographs were taken at two time points
(baseline and after four years). After four years, the differences in BA and CA were smaller than
at baseline. Although the authors attributed the positive change to ART but these children had
already been taking ART at the beginning of the study. Hence it may have been a case of children
catching up on skeletal maturation. Earlier studies had reported delayed skeletal development
even in children established on ART (136). In a cross-sectional study carried out in India,
perinatally infected CLWH aged 8 to 14 years had delayed skeletal maturity despite
administration of ART (137). Both of these studies were limited by a small sample size of 60
participants (135, 137) and the Indian study lacked a comparator group without HIV (137). None
were conducted in SSA. There is a need for further longitudinal studies with a more robust study
design, encompassing children of differing maturities who are living with and without HIV, to
confirm these findings. There are limited studies in high income countries that have studied
skeletal maturation in CLWH. One longitudinal study conducted in USA in 333 children reported
a delay in skeletal maturation in adolescents living with HIV who had haemophilia and were on

inhibitory antibodies when compared to those not on inhibitors (138).

1.8.3 Malnutrition

Globally, Africa has the highest burden of malnutrition (Figure 1.14), with an estimated
148.1 million preschool children stunted (poor linear growth) in 2022 and 58% of them living in
African countries (139). Many studies have reported the effect of under-nutrition on pubertal
timing, growth and height-for-age z-score (HAZ) but very few have reported skeletal maturation
as the outcome. Adequate nutrition is required for normal growth and development.
Malnutrition refers to deficiencies excesses orimbalances in a person’s intake of energy and/
nutrients (140). Two broad groups are encompassed in malnutrition which is 1) undernutrition

that covers stunting, wasting, and underweight and micronutrient deficiencies and 2) over
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nutrition that covers overweight, obesity and diet related non-communicable diseases. Children
are said to be stunted, underweight and wasted if their HAZ, weight-for-age z-score (WAZ) and
BMI z-score is more than 2 standard deviations below the WHO child growth standard median
(141). In adolescents’ malnutrition results in delayed puberty. Ensuring good dietary quality and

diversity therefore allows children to grow and develop to their full potential.

1.8.4 Demographic background to Zimbabwe

This PhD focusses on a study of children living in Harare, Zimbabwe. Zimbabwe is a land locked
country in Southern Africa that shares its boarders with Zambia, Botswana, South Africa, and
Mozambique (Figure 1.8). It has a population of 16 million people with 10 provinces and 63
districts. The country is classified as an LMIC by the World Bank and the majority of people in
Zimbabwe live below the poverty datum line which is the amount of income of consumption
expenditure deemed necessary for a person to meet the basic needs of living (142). The past
two decades have seen a decline in the health care system in the country characterised by a
mass exodus of health workers, inadequate funding, inadequate infrastructure, economic and
political instability (143). The HIV/AIDS pandemic has dramatically reduced the life expectancy
and quality of life in Zimbabwe through disease-induced morbidity and mortality (144). The
prevalence of HIV in Zimbabwe is at 11% and amongst the 1.3 million people infected, 750 000
are children aged 0-14 years. Furthermore, the prevalence of stunting in Zimbabwe is 23.3%
(2019) (145) . Children followed from birth to 24 months had poor growth compared with WHO

standards and this was attributed to under-nutrition (122).
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Figure 1.14 The burden of malnutrition in the World (2018 Global nutrition report) The greatest

burden of malnutrition is found in Africa
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Chapter 2 Literature review of bone age assessment
methods and their application to different

populations

2.1 Introduction

Bone age (BA) is expressed in years that correspond to the level of maturation of bonesii.e.
skeletal maturity (see Chapter 1) and is assessed using radiographic techniques. It differs from
chronological age (CA) which is calculated from the date of birth of an individual. To date there is
no gold standard method of BA assessment although there are two most widely used methods
Greulich and Pyle (GP) and Tanner Whitehouse 3 (TW3). GP developed a method for BA
assessment based on radiographic features of the hand and wrist over a century ago (2). The
Tanner Whitehouse method (TW) was developed two decades later as TW1, modified to TW2 and
later TW3 also based on hand wrist radiographs (77). Other methods have been proposed over
the years, but none have been used as widely as the GP and TW3 methods. The manual, operator
dependent methods of BA assessment are most commonly used however, automated methods
such as BoneXpert®(Visiana, Harsholm, Denmark) have been developed and are mostly utilised
in high income countries. The software for the automated methods is expensive, and most
African countries would rather channel the resources to more demanding health care
programmes. Other imaging modalities like computed tomography, dual energy X-ray
absorptiometry, MRI and ultrasound have been investigated in addition to the plain radiographs.
An ideal method of BA assessment would be specific to the different populations considering the
different ethnicities, SES and disease patterns which affect the process of skeletal maturation.

The purpose of this chapter is to explain the choice of method for my thesis.

2.2  Why the hand and wrist?

Although many body areas such as the knee and pelvis (146-149) have been studied over
the years to define a standardised and universal method, the bones of the hand remain the most
commonly used in BA assessment. BA assessment of the hand and wrist has been available

much longer, as early as 1937 (150), than that of other areas such as the knee where reference
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data were collected in 1955 (151). In addition, hand wrist radiographs are the most convenient
for BA assessment because so many bones are present in such a small area that can be easily
radiographed in a single image (Figure 2.1 ) (15). The changes or features identified on these
radiographs are referred to as maturity indicators, which appear in a specific and irreversible
sequence as bones progress toward full maturity. Consequently, the number of maturity
indicators visible in the hand exceeds those found in other regions used for skeletal maturation
assessments, such as the knee joint, which includes the distal femur and proximal tibia. This
provides a more comprehensive view of skeletal maturity across various bones (15). Figure 2.2
shows the maturity indicators of the radius as outline by the GP and TW method (The rating A for
Tanner Whitehouse is not shown in the diagrams and is only used when there is no sign of
secondary ossification present). Hand wrist radiographs were studied to enable the
determination of the CA at which the different maturity indicators appear (2) to allow the creation

of the atlas by indicating the skeletal age assigned to that maturity indicator.

Phalanges

Phalanges

Metacarpals

Carpals
B | (Cgpitate, 2: Hamate
3: Triquetral, 4: Lunate
5: Scaphoid, 6: Trapezium
7: Trapezoid

Figure 2.1 Radiographic image showing the anatomy of the hand
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The effective radiation dose received by the hand during the procedure is less than
0.00012mSv which is equivalent to less than 20 minutes of the average natural background
radiation which typically ranges from 1.5 to 3.5 mSv per year on average worldwide in areas that
do not have elevated doses (152, 153). Sources of background radiation include cosmic,
terrestrial and exposure to internal radiation. Notwithstanding that dose levels are not constant,
they are affected by altitude, geological formations in the rocks and soils where radioisotopes
and radionuclides like uranium and thorium are found. Therefore, the health risk of the radiation
exposure of hand wrist radiographs for BA assessment is very minimal. Some authors do not
favour the use of the hand alone as a measure of skeletal maturity, as they argue it is not a
representation of the whole skeleton (15). Nonetheless, the hand and wrist has been widely
accepted by clinicians and researchers worldwide to assess skeletal maturity as a pragmatic

solution.

The left hand is usually used rather than the right hand as most people are right-handed
therefore that side is more is likely to be injured than the left (154). This was specified for physical
measurements at the international agreement for the unification of anthropometric
measurements to be made on living subjects drawn up at the Monaco and Geneva conferences
in the early 1900’s (2, 155, 156). However, discrepancies between the two sides for BA
assessment were found to be insignificant to constitute a source of error in a study that

compared left- and right-hand radiographs of 450 children (157).
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Figure 2.2 Maturity indicators for the radius as defined by Greulich and Pyle and Tanner and

Whitehouse Il. (Camerron et al 2022)

2.3 Greulich and Pyle

2.3.1 Historical overview

The GP atlas was a continuation of the Brush foundation study under Professor TW Todd in
1929 who began preliminary studies on long term investigation of human growth and
development (150). It was later revised by Greulich and Pyle in 1950. The study enrolled three-
month-old infants in Cleveland Ohio and thereafter three months to 14-year-old children were
added into the program in each successive year until 1942 when the project terminated. All
children enrolled were born in the USA, were white and almost all were of northern European

ancestry.

Radiographs of the left hand and wrist, shoulder, elbow, hip, knee and foot were taken
alongside other measures of height, weight, clinical history at three-month intervals in the first
year, every six months from 1 to 5 years, and every year thereafter (2). There was a systematic
selection of radiographs for the atlas. From individuals with the same CA, 100 serial radiographs
were gathered e.g. 9-year-olds with a maximum deviation of 2% from the defined age. The
radiographs were then sorted from the least mature to the most mature. Each standard film was

selected if most representative of the central tendency. Only radiographs for age 19 in males and
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18 in females were not selected systematically but rather depicted a fully mature hand and wrist

(2). The atlas is divided into male and female standards.

2.3.2 Bone age assessment using the Greulich and Pyle method

The atlas consists of 31 and 27 radiographic image templates in males and females
respectively which illustrate different phases of bone maturation between 0 to 18 years in
females and 19 years in males. For every standard there is a bone specific BA assigned with a
short description of the corresponding radiographic features. The characteristics of the maturity
indicators are outlined in the appendix of the atlas. A given radiograph is compared with the
standard of the nearest CA and same sex in the atlas. The next step is to compare the radiograph
to the adjacent standards younger or older than the nearest CA and the radiograph is then
assigned a skeletal age equal to that of the nearest age standard that appears to resemble it most

closely.

2.3.3 Strengths of the Greulich and Pyle method

The GP method is more commonly used, as it is straightforward and quick therefore ideal
to be applied clinically (158). It can be easily taught to new leaners such that they quickly achieve
accuracy and inter observer variation that is comparable to that of an experienced reader (159,
160). In a survey conducted 40 years ago in England, 76% of paediatricians used the GP atlas
(161). While these observations are now considered outdated, as automated methods of BA
assessment have since been adopted in the UK, where paediatricians are no longer trained in BA

assessment, these manual methods are still in use in developing countries like Zimbabwe.

2.3.4 Limitations of the Greulich and Pyle method

A standard radiograph is provided in the atlas for each age group and when the standard
films are studied serially, the method assumes a fixed appearance with subsequent
development of the centres of ossification. The centres appear visibly in a certain order.
However, there is evidence of a wide range of normal variation in the pattern of ossification and
that the variation is genetically determined, even from studies conducted before the atlas was
developed (162). If illness or deprivation affects one maturity indicator to a greater degree than
the other, these maturity indicators would translate to different skeletal ages. In addition, relating

skeletal age to CA is a problem as maturation is distinct from growth and requires a separate
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scale of measurement. Another limitation is that the time interval between two standard films is
too long (one year between most standards). Because | have to compare the radiograph to the
adjacent standards younger or older than the nearest CA when assessing BA using the GP

method itis impossible to be blinded to the CA possibly introducing an observer bias.

Other limitations emanate from the lack of diversity in ethnic groups used in the
development of the atlas. The reference population was limited to White Americans and were
believed to be children from families of above average in terms of SES as they were recruited
upon the request of a paediatrician (2). Consequently, the method was established from
children born between 1931 and 1942, hence the method may not be applicable to children
nowadays because of evidence of secular trends in growth and maturation. Children are growing
and developing faster, with greater average height and accelerated biological maturation (163,

164).

2.4 Tanner Whitehouse 3

2.41 Historical overview

As an alternative to the GP method the TW method was formulated, and the method uses
a bone specific scoring technique where the appearance of each bone segment is evaluated,
scored, and compared to a set of bones at different stages of maturation. The rationale for
developing a bone scoring method was based on dissatisfaction with GP method that was based
on CA. Therefore, the aim was to develop a method that does not refer directly to age. The first
published bone specific method was the Acheson Oxford method in 1957, derived from 500
Oxford pre-school children (165). The hand and knee were used for assessment. Maturation was
measured in Oxford maturity scores 1, 2, 3,..., where a unit was awarded to a bone as each
distinct shape change made itself manifest. The sum of those units for each bone at any stage of
development would be the measure of skeletal maturity. However, combining the individual
bone scores to indicate overall maturity of a child raised questions as carpals and epiphyseal
ossification do not occur atthe same rates in all children. These limitations prompted the works
of Tanner and associates in developing the Tanner Whitehouse (TW) method. Tanner and his
colleagues noted the long bones were more than the carpals in number and the weighting on the
final score may favour long bones from short bones therefore the second and fourth fingers were

omitted from the final calculations. The scores were then weighted such that the carpals and

56



Chapter 2

long bones each contributed 50% of the final maturity score. Using the radiographs of 3000 White
British healthy boys and girls the technique was used to arrive at population standards which
then related to CA. A series of eight maturity indicators were defined for each bone and nine for
the radius. Unlike the GP method they evaluated the maturity indicators in relation to their
appearance within the full passage of each specific bone from immaturity to maturity and not in

relation to chronological age (CA).

The TW method, first known as TW1 (166) was developed in the 1930’s and skeletal
maturation was evaluated using the “20 bones” score. TW1 was later modified to TW2 (167) in
1983 using additional data collected in the 1950s and 1960s in western Europe. TW 2 was
developed such that there were three different ways of BA assessment distinguished: 20 bones
score, RUS score (radius, ulna, and short bones only) and Carpal, limited to carpus bones only.
Afurther update was conducted in 2001, namely TW3 (168), when scoring of the radius, ulna and
short bones (RUS) was separated from the carpal bones (168). Each bone of the hand is assigned
a grade from A to | with each grade having a specific numerical score for males and females
separately. Figure 2.3 demonstrates the maturity indicators of the radius from grade B to | as
described in the TW3 atlas. The numerical scores are summed up to obtain the overall maturity
score. The atlas used by the TW3 method is sex specific. According to the TW3 method, the BA of
a child progresses at a rate of one year for every one year of their CA with normal variations
ranging from 0 to 2.0 BAyears per 1 CAyear. This applies at ages 3to 15 yearsin girls and 3to 16
years in boys (168).

2.4.2 Strengths of the Tanner Whitehouse 3 method

The advantage of the TW3 method is that the development of every bone and epiphysis can
make its own contribution to each assessment such that small increases of maturity are
recorded thereby increasing the precision of the method. Evaluation of aradiograph can be made

regardless of the pattern or order in which ossification is occurring.

2.4.3 Limitations of the Tanner Whitehouse 3 method

The TW method is more complex and requires more time for assessment than the GP (7.9
minutes vs 1.4 minutes respectively) (169, 170). The method assesses BA up to 15 years for girls
and up to 16.5 years for boys which is taken as full skeletal maturity according to atlases, such

that in children who have chronological ages above these may be reported as having delayed BA
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when they are not. In legal and forensic cases where BA assessment is used to determine BA the

age after CA 16.5 years will always be underestimated.

2.4.4 Comparison of Tanner Whitehouse 3 and Greulich and Pyle method

As indicated in the previous sections of this chapter the GP and TW3 differ in several ways
(Table 2.1). The bones of the hand ossify at different rates and the ability of TW3 to assess
ossification centres separately makes it ideal for use hence being described as more objective
and reproducible compared with GP, which, as explained above, makes a single assessment of
the appearance of the whole hand/wrist (171). GP BA is stated in whole or half years whilst the
TW3 grades as 0.1, 0.2, 0.3 years etc. Historically, the GP was preferred than the TW3, with only
20% of paediatricians using the TW3 in comparison to 76% using the GP. However, considering
the current landscape, it remains to be seen whether these historical trends hold true today in

LMIC’s where manual methods are still predominantly employed (161).
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Figure 2.3 An image showing maturity indicators of the radius at different stages for the TW3
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method, adapted from Tanner et al 2001.
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age assessment
GP TW3
Age range Boys 0-19 years Boys 0-16.5 years
Girls 0-18 girls Girls 0-15 years
Original population USA British

Time for assessment

Requires less time

Time consuming

Approach Assesses whole hand assesses individual
ossification centres
Image Hand wrist radiograph Hand wrist radiograph
Latest version 1959 2001
Time interval between 2 one year 0.1 years

standards

2.5 Automated methods of bone age assessment

Modern radiology departments especially in high income countries perform BA
assessments frequently and often these are done by different people. It becomes increasingly
difficult to maintain high standards of BA assessment with an uncertainty on the reliability of
the grading. The manual methods of BA assessment are still based on the subjective evaluation
of hand wrist radiographs, and the reliability is based on the availability of expert and well-
trained individuals to grade the hand wrist radiographs. BonXpert™is a computerised and
automated method of BA assessment introduced to address these challenges. The
computerised system makes use of technologies from medical image analysis statistics and
machine learning based on the TW3 methodology (172). Using the hand wrist radiographs there
is automatic reconstruction of the borders of 15 bones and computation of intrinsic BA from the
radius ulna and 13 short bones. The intrinsic BAs are transformed into the GP and TW BA (Figure
2.4). Some studies conducted to compare BonXpert™ and manual GP methods of assessment
have reported a high correlation between the two methods (6, 173), although a measure of
corelation will only refer to the presence of a relationship and will not show whether there is
agreement between the two methods. Even though the studies demonstrated that BoneXpert™
allows for standardised and less variable results (173, 174), hand wrist radiographs with

abnormal bone morphology and poor image quality are automatically rejected by the
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BoneXpert™ system (175). Despite the advantages of the automated method of BA assessment,
the software is too expensive for low resourced settings like Zimbabwe (where a radiographer
earns on average $500 USD per month and the software costs between $15000-$20000 USD)

hence the manual methods of BA assessment will remain the method of choice.

Y Bonelpert - Versicn 2510.2 (<) Visiana 2013

_Intray  Search DoneXpert

Figure 2.4 BoneXpert automated method of deriving BA
(https://thesamson.org/download/58/14.30_Wed_- Bone_Age_Review_CG.pdf)

2.6 Inter and intra observer variability

It is necessary to quantify observer variability as part of quality control. Interobserver
variability is the difference in the measurements between observers whilst intra observer is the
difference in repeated measurements by the same observer. In a survey earlier reported in
section 2.4, 25% of the Paediatricians conducted BA assessment themselves and in 75% of the
centres where the paediatricians work, BA assessment was performed in the radiography
departments by radiographers/radiologists (161). Only in 50% and 32% of the centres that used
the TW3, and GP method respectively was there one or two members of staff assessing BA.
These results indicates that BA assessment is not undertaken by any one experienced
individual. BA assessment methods are subject to inter- and intra- observer variability (176);
therefore, it is important that BA assessment aims to minimise intra- and inter observer

variability. An earlier study compared inter observer variation for TW2 and GP methods on
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hand wrist radiographs in the casualty department by two observers who were “relatively
inexperienced”. TW2 was found to be more reproducible than GP although they did not quote
the magnitude of the difference (177). A later study which also compared inter observer
variation with BA assessment performed by three different operators found a significant
difference between inter observer variation of 0.96 years (GP) and 0.74 years (TW2) using the
two methods (169). Experience on the use of these methods is an important factor as it will
reduce the observer variability. Beunen showed a 9% improvement in TW2 intra-observer
agreement with increased experience (seven years) (178). In this study the originator of the TW
method rated two sets of radiographs with two different observers, one who received no
training and had self-taught himself the method and the other who was taught by the originator
of the method and had 7 years’ experience. The small differences in the inter observer variation
for the two methods resulted in some authors opting for the GP method than the laborious and
time-consuming nature of the TW method (177). Furthermore the differences in the observer
variability resulted in some authors suggesting against interchangeable use of the methods

preferring the TW method instead (3).

2.7 Clinical applications of bone age assessment

BA is used to determine skeletal maturity which reflects developmental stage, growth
potential and in some populations is predictive of future adult stature. Endocrinologists and
paediatricians usually request BA assessment in children to: 1) evaluate clinical conditions
associated with generalized growth abnormalities, 2) monitor response to medical treatment by
serial measurements of BA, and 3) determine the growth potential of children by estimating final
standing height. Many diseases and disorders, particularly those that cause growth problems
show a characteristic relationship (correlation) between CA and BA where BA may be more or
less than the CA (Table 2.2). Deficiencies in thyroid hormone or GH cause severe delay in growth
indicated by BA. The trend is the same in conditions that impair growth due to metabolic disorder
or undernutrition. Other related indications for BA estimation are to manage diseases that affect
GH, precocious puberty, adrenal gland disorders, genetic growth disorders such as Turner
syndrome, and syndromes that affect the skeleton such as achondroplasia. Growth failure may
be a consequence of chronic systemic or organ-specific disease, which BA may help identify and

monitor (171).
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In monitoring treatment, or the course of a disease, serial measurements of BA can be
conducted to show how BA changes with time and/or treatment. Methods to predict adult height
have been developed with the most used being that developed by Tanner (168). The child’s
height, BA and CA are used. Prediction of adult height is often needed in very tall or very short
children to determine appropriate interventions that may help address the growth issues. BA is
delayed in children with idiopathic short stature by 1.5 to 2 years at 8-11 years of age and in
children born small for gestational age by 1-2 years up to the age of 8 years (179, 180). Parameters
such as height velocity, menarche, muscle mass and bone mineral density correlate better with

BA than with CA (152).

2.71 Other uses of bone age

Although the European Society for Paediatric Radiology (ESPR) does not recommend the
use of BA assessment (as assessed by GP method) as a tool to determine CA, BA is still being
used in forensic and legal investigations when there is need to verify or determine an
individual’s CA (181). The ESPR agrees with Tim Cole a Professor of Medical Statistics, with
extensive expertise in the assessment of growth, who has investigated how appropriate BA is
for judging whether an individual is younger than 18: “It turns out that the amount of
information it contains depends on the age claimed by the individual (as opposed to their
simply being under 18). In some circumstances BA is informative but usually it is not. The issue
here is the size of the standard deviation (SD) of the difference between BA and CA, which is 15
months or more. So, the confidence interval around the CA estimated from BA is £30 months
(i.e. £2 SDs), arange of 5 years. This lack of precision impacts on the value of BA as evidence,
and renders it uninformative except in extreme cases” (182). BA is useful when the CA may be
in doubt or intentionally falsified, for example, child labour, sexual assault and prostitution. In
high income countries many asylum seekers and unaccompanied minors arrive without valid
documents to prove their ages (158). Therefore, it is necessary to assign CA so that children
receive their rights and adults are not treated as minors hence the use of BA assessment. In
some instances, BA will be used to accept or deny international immigration. Countries differin
how they handle asylum seekers, with the US immigration and Customs Enforcement
suggesting consideration of CA estimation based on BA but should not be used as complete
evidence (183). Some researchers have recommended the use of BA assessment and dental
age assessment such that countries like Sweden have introduced a new system that includes

dental and skeletal age for CA determination (184-186).
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BA assessment is also used to help guide sporting decisions and resources for elite
athletes. Some sports prioritise tall stature hence young boys who want to participate
competitively have BA assessment done to decide how much time and resources to investin

early sports training (187).

Table 2.2 List of conditions, medications and circumstances in which bone age may be less

than chronological age

Conditions, circumstances and

medications that cause delay in bone age

Conditions/disease Endocrine

¢ Hypothyroidism

e Growth hormone deficiency

e Panhypopituitarism

e Hypogonadism

e Cushingdisease

e Constitutional delay (late bloomer)

Non-endocrine

e Congenital heart disease

e Chronic kidney disease

e Juvenile idiopathic arthritis

¢ [nflammatory bowel disease

e Liverdisease

e C(Celiac disease

e Cysticfibrosis

e Severe asthma (likely from
corticosteroid use)

¢ Immunodeficiency states, including
HIV infection

e Active tuberculosis

e Anorexia

Circumstances e Malnutrition
e Failure to gain weight as a result of
disease

¢ Inadequate bone mineralization

e Female athlete triad (leading to
hypogonadism)

e Neglect and abuse
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Medications ¢ Glucocorticoids (including high-dose
inhaled corticosteroids and oral
budesonide in sensitive

e children)

¢ Amphetamine and
dextroamphetamine (modest effect)

e GnRH analogues (depot leuprolide
and histrelin)

e Aromatase inhibitors

Genetic e Trisomy 13, 18, and 21 syndromes
e Turnersyndrome

e Klinefelter syndrome

e Russell-Silver syndrome

Adapted from Creo etal 2017

2.8 Clinically defined delayed and advanced bone age

When BA is compared to CA in the clinical setting there are three possible outcomes,
delayed BA, BA appropriate to CA or advanced BA (Figure 2.4). Delay and advancement are

defined by BA being two standard deviations below or above CA respectively.

2.9 Use of bone age assessment methods in different populations

Methods to assess BA should be reliable and practical, being adaptable for use in
populations of different races and ethnicity. Because there was a lack of diversity among the
populations used to develop BA methods, their use in different ethnic groups, other than those
in which they were derived, is debatable. Data for GP and TW methods were originally obtained
from White USA and UK children respectively. Literature documents ethnic variations in growth
patterns (188). As discussed in Chapter one, section 1.7, many factors such as genetic ancestry,
SES, and disease patterns contribute to the variations in growth and development hence skeletal
maturation across diverse populations. Therefore, atlases derived from the original GP and TW3
studies may not accurately represent the BA of individuals from other ethnic groups and/or
geographic locations. When applying the GP and TW3 methods to children and adolescents of
different ethnic backgrounds, the population specific variations should be considered to have an

accurate assessment of BA. There is evidence that many African countries have a high
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prevalence of undernutrition and other environmental risk factors which may adversely influence
skeletal maturation (189). Therefore, it would be ideal to have population specific reference data
for BA assessment. As previously mentioned in section 2.3.2 many clinicians prefer using the GP
asitis quick and easy to complete, therefore many more studies have been conducted assessing

the applicability of the GP in different populations than the TW3.

For a method to be appropriate for use in a certain population BA should approximate CA
i.e., the difference between BA and CA (SMD) should be zero in otherwise healthy children. The
method can then be said to be applicable to that population. If the differences are negative, there
is underestimation and if positive there is overestimation. However, there is heterogeneity in
literature in terms of authors perception of the applicability of methods of BA assessment in
different populations around the world. For example Mora et al found an average SMD of -0.01
years for males and 0.11 years for females in 274 participants in a study of African American
children aged 0-19 years (88). They feltin their conclusion that the GP method was not applicable
in African Americans. Interestingly Zhang et al in another population of 349 participants aged 0-
18 years SMD on average was -0.02 years in males in the same direction as Mora et al and 0.03
years in females and the authors concluded that it was applicable in that setting. Similarly,
Moradi et al concluded that the GP was applicable in the Iranian population with an average SMD
of -0.4 years in boys and 0.04 years in girls. There is no consensus to what applicability is and
how much SMD is one allowed to have before one says the population you are studying in

inherently different from the refence population from which the GP was first arrived at.
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Figure 2.5 The relationship between bone age and chronological age in boys (top) and girls

(bottom) as assessed by the Greulich and Pyle method (Gaskinet al 2011)

For a method to be appropriate for use in a certain population BA should approximate CA
i.e., the difference between BA and CA (SMD) should be zero in otherwise healthy children. The
method can then be said to be applicable to that population. If the differences are negative, there
is underestimation and if positive there is overestimation. However, there is heterogeneity in
literature in terms of authors perception of the applicability of methods of BA assessment in

different populations around the world. For example Mora et al found an average SMD of -0.01
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years for males and 0.11 years for females in 274 participants in a study of African American
children aged 0-19 years (88). They feltin their conclusion that the GP method was not applicable
in African Americans. Interestingly Zhang et al in another population of 349 participants aged 0-
18 years SMD on average was -0.02 years in males in the same direction as Mora et al and 0.03
years in females and the authors concluded that it was applicable in that setting. Similarly,
Moradi et al concluded that the GP was applicable in the Iranian population with an average SMD
of -0.4 years in boys and 0.04 years in girls. There is no consensus to what applicability is and
how much SMD is one allowed to have before one says the population you are studying in

inherently different from the refence population from which the GP was first arrived at.

2.9.1 Greulich and Pyle method in White children

Several studies that have reported the use of the GP method in populations other than
those populations in which it was developed (Table 2.3) (190-194). However, some of the
studies concluded the method should be used with caution as significant differences between
BA and CA were reported either underestimating or overestimating CA in the same population
in different age groups (195-199). For example in a study of Turkish males the GP mean BA was
delayed in between the ages of 7-13 years and then BA was advanced between 14-17 years
hence the conclusion that the GP method should be applied with some modifications (197). In
another Turkish study of 333 males and females aged 11-16 years, BA was underestimated in
the 11-14 year age groups and overestimated in the 15-16-year-olds (198). Similarly, advanced
BA was reported in females from birth until 13 years of age and delayed BA in males from birth
until 13 years of age after which point BA was advanced in males between 13 and 17 years of
age in a study in 406 Scottish children (199). These studies show that there is variation in the
applicability of the same method with underestimation and overestimation of BA in the same
population. This demonstrates age-related bias in the use of GP method in different
populations which may pose as a limitation in the use of the method for BA assessment. In
contrast, earlier studies not reported in Table 2.3 had also reported the applicability of the GP in
the girls at all age groups with an age-related bias in the boys (87, 200). In a French population
GP overestimated BA in all males and females except boys who are 12 years and girls who are
11 and 18 years old (201). In this study no pattern or explanation can be drawn from the
overestimation reported and the results may be a result of measurement error. A few studies
concluded that the GP method was not applicable to the White children (88, 200). These results

indicate variability in the applicability of the GP method for BA assessment which may be an
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indication that modern adolescents are maturing earlier than the cohorts in which these
methods were originally derived. Therefore, population specific reference data for BA
assessment should ideally be developed to ensure accurate interpretation of growth and

development particularly in the context where the findings have significant legal implications.

2.9.2 Greulich Pyle in Asian and Hispanic children

The GP method was reported to be applicable in Korean, Israeli and Iranian children
(Table 2.4) (202-204). The Iranian study was of 412 children aged 6-18 years and the GP method
reported an SMD of -0.4 years in boys and 0.04 years in girls (203). Similarly, the study in Korea
concluded that the method was applicable and the study was conducted in 212 participants
aged 7-12 years (202). However, the limited age range of the study population makes it difficult
to draw conclusions for the general population as the authors did. In contrast the GP was not
applicable in Indian populations with SMD differences of slightly below -0.7 years in males and -
0.3 years in females. As discussed in section 2.9 it is unclear how much SMD should be there
for the method to be said itis applicable. In some studies applicability is reported in some age
groups and not others based on the magnitude of the difference between BA and CA. For
example, in a study of Asian- and Hispanic- Americans BA approximated CA in Asian girls from
0 to 13 years, underestimated CA in Asian and Hispanic boys aged 0-13 years and
overestimated in boys from 13 to 18 years (87). In a meta-analysis conducted of studies
conducted in Asian populations, delays in skeletal maturity were noted in boys during early
childhood and middle childhood and during adolescence skeletal maturity was advanced (158).
A delay in BA as assessed by the GP method in Middle Eastern males and Iranian males and in
Southeast Asian children (Indonesian and Indian) and Asian-American males has been

documented (194, 202, 205, 206).
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Table 2.3 Summary of studies conducted using the Greulich and Pyle and Tanner Whitehouse 3 in White populations from the year 2000 to date

Author Year Country of origin Sample Agerange Sex Study design Method of Mean SMD (years)
size (years) bone age
assessment
Males Females
tMartrille et al 2023 France 94 0-8y M/F cross sectional GP 1.27
tMartinho et al 2021 Portugal 441 10-17y F cross sectional GP 0.19
Alcina et al 2017 Spain 1150 0-18y M/F cross sectional GP 0.33 0.01
Maggio et al 2016 Australia 360 0-25y M/F cross sectional GP 0.24 -0.14
Gungor et al 2015 Turkey 535 10-18y M/F cross sectional GP 0.64 -0.53
Zabete et al 2015 France 190 10-19y M/F cross sectional GP -0.19 -0.54
*Mansourvar et 2014 America 46 10-16 Y M cross sectional GP 0.04 -0.98
al
Paxton et al 2013 Australia 406 0-18y M/F cross sectional GP -0.13 0.31
Hackman et al 2013 Scotland 406 0-21y M/F cross sectional GP 0.1Y 0.2Y
Santoroetal 2012 Italy 535 7-15y M/F cross sectional GP -0.1 0.4
Santos et al 2011 Portugal 230 12-10y cross sectional GP 0.12 0.02
Calfee et al 2010 USA 12-18y cross sectional GP 0.98y 0.66
Zhanget al 2009 America 327 0-18y cross sectional GP® 0.01 -0.15
Buken et al 2007 Turkey 492 11-19y M/F Cross sectional GP 0.13 0.54
Schmidtetal 2006 German 649 1-18Y M/F cross sectional GP -0.49y -0.39
Van Rijn et al 2001 Netherlands 572 5-20y M/F cross sectional GP 0.28 0.14
Mora et al 2001 American 260 0-19y M/F cross sectional GP 0.09 -0.14
*kocKoc et al 2001 Turkey 225 7-17y M cross sectional GP -0.2
Alshamraniet al 2019 UK 2-15y cross sectional Bone expert GP0.13 GP-0.07
TW30.02 TW3-0.43
Pinchi et al 2014 Italy 307 6-20y M/F cross sectional TW3
Buken et al 2010 Turkey 324 11-16y M/F cross sectional TW3 0.19 0.19
Schimidt et al 2008 German 92 12-16y M/F Cross sectional TW3
Freitas etal 2004 Portugal 507 8-18y longitudinal W2
Buken et al 2009 Turkey 333 11-16y M/F cross sectional GP and TW3 GP-0.02 GPO0.66

TW3-0.18 TwW3-0.21
SMD skeletal maturity deviation calculated as bone age minus chronological age, #study did not report SMD by sex, tstudy reported SMD in females only, *study reported SMD in
males only
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2.9.3 Applicability of the TW3 method

Fewer studies have reported the applicability of the TW3 method when compared to the
GP method (Table 2.3). The TW3 method has been applied in Turkish, Chinese, German and
Italian populations with the already mentioned methodological limitations for children above 16
years (202, 207-210). The Turkish study was conducted in 333 children aged 11 to 16 years to
determine the accuracy of the TW3 method in BA estimation for forensic age determination
(207). The mean differences between BA and CA for both males and females were similar with a
delay of 0.19 years. However, sex differences were reported in a study of 392 British children
aged 2 to 15 years, BA by TW3 underestimated CA in females by an average of 0.43 years and in
the males SMD was not significantly different (211). The study used BoneXpert derived BA when
using the TW3 method. Similarly, sex differences were noted in Saudi Arabia, but
underestimation of CA by BA was seen in the males (-0.22 years) and not the females. Itis
difficult to explain differences in the results by use of automated methods of BA assessment
because in Saudi Arabia both the automated and manual methods were used and in the males
the results from both were conforming. These variations in in the performance of the methods
in different populations further illustrate the need to derive population specific methods. An
Italian study also reported the TW3 method having the highest number of participants (40%)
with BA approximating CA when they compared to GP. The study sought to measure the
proficiency of the two methods in predicting the CA. The percentages of participants who were
correctly classified, underestimated and overestimated were collected. Correct classification
was considered as BA-CA of £ 3 months. A much larger study of 17 401 Chinese children aged
1-20 years, BAwas more advanced than CA, in boys aged 6 years and older and girls aged 10

years and older (212).

The limitations in the use of the TW3 method in older children have been demonstrated in
an Australian study where the TW3 method was appropriate for the children below 16 years and
not in the older children especially to establish the age of majority which is 18 years (209). The
study was conducted in 360 participants aged 0 to 24.9 years. The threshold set by the method
of a BA of 15 years for females and 16.5 years for males is reached at different CAs by different
individuals. Therefore, in populations with delayed maturity the method is limited. Similarly,
larger deviation between BA and CA were seen after the age of 15 in an Italian study of 307

children aged 6-20 years further demonstrating the limitations of the method. This literature
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further highlights the need to assess the applicability of BA methods in African populations; this
work is needed to ascertain the best methods to use as there are ethnic and sexual differences

apparent in other settings.

2.9.4 Implications of the different studies on applicability

The results on the applicability of the different methods in African populations are
discussed in detail in section 2.10. Given the secular changes in skeletal maturation and the
different geo locations and different ethnic groups the use of these two commonly used methods
becomes questionable considering there is no gold standard. Some studies have attempted to
construct smoothing maturity score curves from the skeletal maturity scores (SMS) of the TW
method to set up reference values of converting SMS to BA specific to their populations. In Japan
a healthy population of 1457 children aged 3-18 years had TW2 bone ages estimated and the 50
percentile skeletal maturity scores obtained (213). They determined smoothed RUS maturity
curves applying the cubic spline function to the 50™-centile scores. The score at each 0.1 year of
CA was obtained and allocated as a given RUS skeletal age on the maturity curve. The set of
scores and ages were termed the Japanese TW2 RUS maturity standard (TW2-J RUS). The authors
compared the TW2-J RUS standards to those of the British, Belgian, Chinese, and Indian
populations, and Japanese children rapidly progressed through puberty attaining the adult stage
1-2 years earlier than the other groups of children. In China the smoothed maturity score curves
were obtained using the LMS (lambda, median and Sigma) method which provides a way of
obtaining normalised growth centiles standards (212). The reference values for Chinese children
differed with those of the TW3 standards showing relative advancement of Chinese children to
the reference population after the age of 6 years for males and 10 years for females. Before

applying these methods in different populations specific references are often needed.

2.10 Studies of bone age in black African populations

To date, studies in populations with African heritage living in high-income countries such
as the United States that have been studied have mostly used the GP method (158). The
advanced BA was seen only in prepubertal African American children who had advanced BA of
0.09+0.66 years compared to prepubertal European American children who had delayed BA of
0.17+0.67 years in a study of 534 children aged 0-19 years. Furthermore, 10% of prepubertal

African American children had BA 2 SD above the reference data in the G&P atlas compared to
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8% of European American prepubertal children (88). Larger SMD was of 1.87 years was reported
by Mansourvar et al. in a study of 184 children between 8 and 15 years of different ethnicity
(194). The authors concluded that the GP was not reliable for assessment of African American
children. These studies indicate that African populations living in high-income countries have
advanced BA relative to CA whilst delayed BA is reported in African populations living in Africa
(discussed fully in the next section 2.11.1). In contrast, only one study reported BA
approximating CA (-0.02 years in males and 0.03 years in females) in African American children

in a large study of 1390 children aged 0-18 years of different ethnicities.

2.10.1 Cross sectional studies in Black Africans living in Africa

Cross sectional evidence in African populations living in Africa have reported variable
SMD. A South African study of 131 African males aged 13-22 years was conducted in
adolescents who presented for treatment of trauma and were in reasonably good health (214).
BA was assessed using the GP method and the children were divided into two groups, the 13—
19-year-olds consistent with the GP age categories with an upper limit of 19 years and 20-22-
year-olds. The mean difference between BA and CA for the 13-19 years olds was 0.2 years and
for the 20-22-year-olds was 2.1 years. The mean SMD for the 13-19-year-olds may seem small
but further analysis reveals that in 57 of the 61 children aged 18 -21 years BA was below CA
indicating that skeletal maturation was still ongoing in individuals at ages beyond the stipulated
age of maturity of 19 years by the GP method. In 74% of the males aged 13-22 years BAwas
below CA and 26% had BA above CA (214). The authors concluded that the GP method is not
directly applicable to African male South Africans because of the magnitude of the differences
between CA and BA. There was another study conducted in Black South African children only

that | did not have access to the full article.

Earlier on in Malawi 139 participants aged two to twenty-eight years were studied to
describe the differences between BA and CA using the GP method (102). The study excluded
participants who were skeletally mature. The mean differences between BA and CA for females
was 1.5 years and in males 1.7 years with BA less than CA in 85.6% of the participants. The
delays in BA were attributed to nutritional deficits as measured by BMI, although as discussed
in chapter one section 1.8.3, the definition of BMI was not ideal for children. The authors
recommended use of the GP method with caution, considering the large SMD. Similarly,

delayed skeletal maturity in the African populations was found with mean differences between
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BA and CA in males and females of 1.56 and 0.97 years respectively in a much larger study of
665 females and 1018 males aged 3-23 years in Sudan, East Africa (91). Delayed BA was
consistent across all age groups inthe males but in the females aged 13-18years BA was

advanced.

These results may be indicating the genetic and environmental differences of the
populations under study from the population in which the GP atlas was derived from. This
suggests the need to robustly assess any population to be studied and determine the method
best suited for that population. They also highlight the importance of a gold standard for BA
assessment that is ethnicity specific. The differences between BA and CA noted in the studies
reflects on whether this is a problem with the GP as a method or it reflects a true biological

phenomenon where the children are truly delayed.

2.10.2 Longitudinal studies of Black Africans living in Africa

To my knowledge there is one longitudinal study conducted in Africa studying skeletal
maturation. There are not many recent longitudinal studies of BA assessment, even in non-
African ethnic groups, as hand wrist radiographs of study populations were discontinued after
the realisation (in the mid 1950’s) that medically unnecessary radiographs should be avoided
(197). However, with technological advancements and constant improvements in the practice
of radiography in relation to radiation protection, the amount of radiation received during a
hand wrist radiograph is very minimal, equivalent of 20 minutes of background radiation as
mentioned in section 2.2. The South African study aimed to describe the skeletal maturation of
607 urban, male and female, black and white African adolescents aged 9-20 years (89).
Singleton children born in 1990 in Soweto Johannesburg were recruited and at 9 years old the
children were recruited into the Bone Health sub study to investigate factors affecting the
acquisition of peak bone mass. Hand wrist radiographs were taken yearly together DXA scans.
The study presented longitudinal data on skeletal maturation utilising the hand wrist
radiographs which were assessed using the TW3 RUS. Mean growth curves for RUS bone scores
were presented analysing the sex and ethnic differences in patterns of skeletal maturation.
Skeletal maturity was on average 1.9 years earlier in girls than in boys, and although the black
boys reached skeletal maturity six months later than their white counterparts, the black and
white girls reached skeletal maturity at the same age. The growth curves showed that skeletal

maturation starts to accelerate later in black girls than in white girls so that they develop faster.
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In black boys’ skeletal maturation accelerates later but then develop at a similar rate as the

white boys hence maturation is achieved at a later CA.

2.11 Comparison of Greulich and Pyle and Tanner Whitehouse 3

Several studies have compared the GP and the TW (either TW2 or TW3) but none have
been conducted in African populations. In studies that have compared the two methods
variable results have been found. In some studies, the two methods do not give equal estimates
of BA with the TW3/TW2 method being reported as the most appropriate method for use. In a
historical large and well established study conducted in 1971 in 1009 children aged 7-18 years
in Denmark the overall BA estimates were closer to CA when using the TW2 method than the GP
method (196). However, the TW2 method was reliable for younger children such that BA
estimates in girls older than 13 years and boys older than 15 years showed a larger deviation
from CA showing the limitation of the TW as a method which was discussed in section 2.4.2.
Again Bull et al in 1999 found similar results in 362 British children aged 2 to 18 years although
the study was smaller and did not exactly report the actual differences between BA and CA (3).
They did report agreement between the methods using Bland and Altman plots, a method that
is preferred in analysing the agreement between two methods. Therefore, in their conclusion
the TW2 and GP gave different values for BA which are significant in clinical practice and in
essence TW2 would be the preferred method for BA assessment when performing serial
measurements on an individual. In addition, a more recent Chinese study of 390 participants
aged 3-6 years concluded that BA assessment by the TW3 method gave more reliable results as
the BA estimates were closer to CA than GP BA estimates (208). These results indicate that the

two methods cannot be used interchangeably.
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Table 2.4 Cross-sectional studies of bone age studies in Black African populations living in Africa and high-income countries

Method of bone age Author Year Population Sample size Age range Design Mean SMD
assessment
Studies of African populations living in Africa
Males Females
GP only Olaotse et al 2023 Botswana 140 5-18y cross sectional 0.5 0.64
Tsehay et al 2017 Ethiopia 108 10-22y cross sectional 0.72 0.98
Elamin et al 2017 Sudan 1638 3-25Y cross sectional 1.56 0.97
*Dembetembe et 2012 South Africa 131 13-22y cross sectional 0.20(13-19y)
al 2.10(20-21y)
Lewis et al 2002 Malawi 139 1-28y cross sectional 1.60 1.80
TW3 only Hawley et al 2011 South Africa 244 9-10y cross sectional 0.66 1.00
Studies of African populations living in high income countries
African
Zhangetal 2009 American 349 0-18 -0.02 0.03
African
Mansourvar 2014 American 47 8-15y 1.87
African
Mora 2001 American 274 0-19y -0.01 0.1
Garamendi 2004 Moroccans 114 13-25 -1.7
African
Ontel 1996 American
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However, in some studies both methods could be used to estimate CA for their
populations as SMD by TW3 method was almost equal to zero and GP BA tended to
overestimate CA although the differences were not statistically significant in a study of 307
Italian children aged 6 to 20 years, (215). In this study accuracy was measured (the degree of
closeness of measurements of a quantity to that quantity’s true value) and found the accuracy
similar for both methods. Accuracy was measured as the (true negative + true positive)/N and
most studies do not measure the accuracy of the methods of BA assessment. Similarly, both
methods could be used in Turkish study of 333 children, aged 11-16 although their population
did not have a wider age arrange than the Italian study (198). Interestingly in Saudi Arabia both
methods were giving equal estimates of BA in females and notin males in a study of 440
participants aged 1 to 18 years (216). There were other studies that could have contributed to
the wider literature on the comparison of GP and TW3 but either the papers were not accessible

or only the abstract had English translations (191, 217-219).

2.12 Risk factors for delayed bone age and development

As discussed in Chapter one section 1.7, many factors influence the process of skeletal
maturation thereby delaying growth and development in children and adolescents. This delay
will be assessed using BA in this thesis. However, there are few data concerning factors
associated with a delay or advancement in skeletal maturity in children and adolescents,
particularly in LMIC populations where growth is most impacted by early life factors such as
nutrition and childhood infections and illnesses. One study in South Africa utilised the
longitudinal data from the Birth to Twenty (Bt20) cohort to investigate the biological and
environmental factors associated with SMD (difference between BA and CA) at age 9-10 years
(220). The analysis was of 244 participants with complete anthropometric and questionnaire
data at birth, two, four and 9/10 years was conducted. These time points were selected to
represent early-childhood, mid-childhood and early adolescence. The males and females had
delayed skeletal maturity of 0.66 years and 1.00 years respectively. Being taller and heavier at 2
years predicted less SMD at age 9/10 years, independent of current size and body composition
in males. In females, greater attained height and weight at 2 years predicted more advanced
skeletal maturation at 9/10 years although the effect was mediated by current body
composition (fat mass, lean mass). Having greater lean mass at 9/10 years and attaining

puberty at the time of skeletal maturity assessment was associated with less SMD. In another
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study, 196 infants from the Bt20 cohort in South Africa and 467 children from the Fels
longitudinal study in the United States of America who were appropriate for gestational age
were studied. They found that a greater increase in weight at age 0-2 years was associated with
advanced skeletal maturation at age 9 years after accounting for birth weight and BMI at age 9
years (221). Across the two cohorts the magnitude of the effect of greater attained weight was
similar with an SDS increase in weight from 0 to 2 years resulting in BA advanced by
approximately 0.2 years. There was no indication that the positive effect of infant weight gain on
the rate of skeletal maturation differed in boys and girls or by birth weight after testing for
interaction. However, this study utilized data from two different countries and geographic
locations, which may reflect growth trajectories associated with distinct ethnicities. Comparing
these trajectories is challenging due to the significant differences in socioeconomic status
(SES) and environmental factors between the two cohorts. Also, the methods of BA assessment
were different with the Fels method used in the Fels cohort and TW2 in the Bt20 cohort. Itis
unclear how these methods compare to each other; do they give equal estimates of BA or not?
In essence, these two studies described above indicate the role of early life exposures in

determining the rate of skeletal maturation.

In Tasmania a study was conducted to describe factors associated with SMD in children
aged 7-17 years (222). Participants were obtained from a case control study investigating the
role of growth, bone strength, sports participation, risk taking, and coordination in the aetiology
of upper limb fractures. The authors found that body composition, grip strength, diet, ever
smoking, and inhaled corticosteroid use may be determinants SMD and thus affect fracture risk
in children. Previously in the same population the association between SMD, bone density and
upper limb fractures had been investigated (223). SMD was positively associated with
measures of bone strength and negatively associated with upper limb fractures. The authors
highlighted the importance of SMD and how it may give additional information regarding bone

health and fracture risk in children.

In a much larger African study of 1633 males and females in Sudan aged 3-18, poor

nutrition and low SES were strongly associated with a delay in skeletal maturation (91).
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2.13 Rationale, Hypothesis, Aims and Objectives

2.13.1 Rationale

The study of skeletal maturation provides valuable insights into the growth and
development of a child, and clinicians can make predictions of the potential final adult height
which is important in identifying and managing growth related issues. Skeletal maturation in the
Zimbabwean population has not been studied. It is not known which of the two most used
methods of BA assessment (GP and TW3) is more applicable to the Zimbabwean children and
adolescents. Studies on BA assessment conducted in Southern Africa looked at GP method of
assessment and two studies from the same study population used the TW3 method. These
studies conducted in Africa have been limited by a lack of comparison of the two methods to
ascertain which is more applicable. Comparison of the two methods has an advantage of better
understanding the method of choice when assessing skeletal maturationin an African
population. Most clinicians would prefer to use the GP method for age estimation as itis quick
but there is need to study how it compares with the TW3 in African populations to choose a
method that is more precise in estimating BA. Most studies validating methods of skeletal

maturation measurement have been performed in high income countries.

In addition, no study has been conducted in CLWH in African populations whether
longitudinal or cross sectional. Although there are other cross sectional studies conducted in
HIV negative children in Africa, only one studied skeletal maturity longitudinally in an African
population which focused on a younger age highlighting the paucity of skeletal maturity datain
Africa (89). Therefore, my study will provide longitudinal analyses of skeletal maturation in
children living with and without HIV which has been lacking in Africa. Furthermore, there are
limited studies that have looked at factors associated with skeletal maturity delays, such that
only one study conducted in South Africa has determined factors associated with skeletal
maturation (220, 222). Considering the different factors that influence skeletal maturation
discussed in section 1.8, itis imperative to study factors associated with skeletal maturationin
the Zimbabwean context to understand the growth and development of children and
adolescents in the country. Zimbabwe is challenged by chronic conditions amongst them HIV,
low income, multi-morbidity and poor nutrition, all of which influence the process of skeletal
maturation. The study focused on children from the IMVASK (The IMpact of Vertical HIV

infection on child and Adolescent Skeletal development) study which consists of Zimbabwean
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peripubertal children, living with HIV and without HIV, followed up over one year with hand/wrist
radiographs taken at baseline and follow-up. The IMVASK study was completed in 2021 in

Harare, Zimbabwe.

2.13.2 Hypothesis

The main hypothesis is that HIV infection and treatment, demographic and lifestyle factors
(undernutrition, physical activity) predict delayed skeletal maturation and slower progression in
skeletal maturation. This hypothesis means the CLWH develop slower than their HIV negative
counterparts and may not attain full adult height. The secondary hypothesis is that the TW3
method is more precise and applicable than the GP method when assessing BA in Zimbabwean

children.

2.13.3 Study Aim

The overarching aim of my PhD was to describe skeletal maturity and explore the
determinants of skeletal maturity delay attwo time points in children and adolescents living with

and without HIV.

2.13.4 Study objectives

Methodological evaluation (objectives addressed in chapter 3)
1. To determine which method of BA assessment (GP and TW3) is applicable forusein
peripubertal children in Zimbabwe.
2. Todetermine the agreement between the two methods.
3. Todetermine the inter- and intra-rater reliability and intra- and inter operator precision

for each method.

IMVASK cross sectional analyses (objectives addressed in chapter 4)
1. Describe the differences between BA and CA at baseline (i.e., skeletal maturity deviation
[SMDYJ)
2. Determine the factors associated with SMD at baseline (HIV status, weight for age z-
scores, pubertal stage, orphan status, vitamin D and calcium intake, physical activity)
3. Examine which HIV characteristics are associated with SMD in CLWH in Zimbabwe at

baseline (age at ART initiation, CD4 count, viral load, TDF exposure).
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IMVASK longitudinal analyses (objectives addressed in chapter 5)
1. Determine the skeletal maturity deviation (SMD) at follow up independent of the SMD at
baseline
2. Determine baseline factors (SES, pubertal stage, physical activity, vitamin D and
calcium intake), associated with SMD at follow up, independent of SMD at baseline
3. Determine baseline HIV characteristics associated with SMD at follow-up independent

of SMD at baseline

2.14 Conclusion

This chapter narrates the literature on the different methods of BA assessment and their
use in different populations. Although many studies have been conducted, studies in African
populations are limited, and no study has compared the two different methods in SSA.
Considering that Africa differs in SES, disease patterns, genetics and ethnicity with the
populations in which these methods were extensively studied, it is imperative to investigate
patterns of skeletal maturation in SSA. The following chapter will describe the study population

and methods
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Chapter 3 Study participants and setting

3.1 Introduction

The IMVASK study is one of the largest musculoskeletal cohorts in SSA which began data
collection from May 4, 2018, to January 21, 2020 (224). It was a prospective cohort study on the
impact of vertical HIV infection on child and adolescent skeletal development in Harare,
Zimbabwe. Children and adolescents with and without perinatal HIV infection aged 8-16 years
were recruited and followed up after one year. CLWH were recruited from HIV clinics at the two
main public sector (tertiary referral) hospitals in Harare (Parirenyatwa and Sally Mugabe
Hospital). Both hospitals have paediatric HIV clinics that provide HIV care and treatment to more
than 2,000 children (224). Although HIV care is increasingly decentralised to a primary care level
across the country, most children in Harare continue to receive care within the HIV clinics in
these healthcare facilities. The CLWH were enrolled in the study if they had been established on
ART for at least two years. Systematic quota-based sampling was used to recruit children
stratified by age and sex. Therefore 50 females and 50 males were recruited into three age groups
(8-10 years, 11-13 years, and 14-16 years). Most of the participants were school going children
(98%) and the rest were not attending any school. Participants were excluded if they were acutely

unwell, not residing in Harare and unaware of their HIV status.

A comparison group of children without HIV were enrolled in three primary schools and
three secondary schools randomly selected from the schools in the same catchment area as
Parirenyatwa and Sally Mugabe Hospitals. Children aged 8-12 years were selected from primary
schools and older children 14-16 years from the secondary schools. Children aged 13 years were
sampled from both primary and secondary schools. The number of children selected in each
school was proportional to its size giving each child an equal chance of being sampled. Quota-
based sampling was used to sample 50 males and 50 females in each of the three age groups.
All children underwent HIV testing after enrolment and those in schools who tested positive were
considered forenrolmentinthe HIV cohort by stratified random sampling, using school registers.
These children were aged between 8 and 16 years. Total enrolment was 609 (303 CLWH). The
IMVASK study protocol, baseline DXA and pQCT (peripheral Quantitative Computed
Tomography) results have been published (121, 224, 225). My PhD study included children with

baseline and follow-up hand wrist radiographs.
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Recruitment in HIV clinics

631 children attending HIV clinics

1 with acute illness
20 unaware of HIV status
52 on ART <2 years
72 not living in Harare

h 4
490 elligible to participate
486 identified from HIV clinics
4 identified from schools

185 did not consent

h 4

h 4

303 enrolled into the study

24 with no baseline hand/
wrist radiographs

y
279 with baseline hand/wrist
radiographs
152 boys, 151 girls

Recruitment in schools

536 assessed for eligibility

15

4 living with HIV

> 17 not 8-16 years

not living in Harare

Y

500 eligible to participate

> 193 did not consent

A

307 enrolled into the study

[

15 with no baseline hand/

wrist radiographs

A

291 with baseline hand/wrist
radiographs
151 boys, 155 girls

Figure 3.1 Flow diagram to show participants included in the IMVASK bone age study

3.2 Ethics Approval

Study information was explained to participants and guardians by trained research

assistants and/or study nurse. Written informed consent was given by guardians for study

participation and HIV testing. The children provided age-appropriate written assent. Ethical

approval was granted by Parirenyatwa Hospital and Faculty of Medicine and Health Sciences

joint research ethics committee (JREC/11/18), Sally Mugabe Hospital ethics committee (ref:

170118/04), the Medical Research Council of Zimbabwe (ref: MRCZ/A/2297), the Ministry of

Primary and Secondary education of the Government of Zimbabwe (Harare: reference

C/426/Harare). For the purposes of the PhD approval was also sought at the University of

Southampton Faculty of Medicine Ethics Committee (ERGO Il 62773) retrospectively.
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3.3.1 IMVASK data collection
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Data collection included socio-demographics, anthropometry measurements, lifestyle

factors pubertal status and BA measures at baseline and one-year follow up. The list of the

measured variables is shown in Table 2.1.

Table 3.1 Measured variables in the IMVASK study

Bone age assessment
Bone age

Anthropometry

Height (standing and sitting)
Weight

BMI

Socio-demographics
Chronological age

Sex

School attendance
Orphanhood/guardianship
Socio-economic status
Clinical history

History of fractures and trauma
Age at HIV diagnosis

WHO HIV disease stage
ART regimen and duration
Steroid use

Lifestyle and behaviour
Physical activity

Dietary intakes (vitamin D and calcium)

Smoking, alcohol, and recreational drugs
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Instrument used

TW3 and GP

Seca

Seca

Questionnaire
Questionnaire
Questionnaire
Questionnaire

Questionnaire

Questionnaire

Medical records
Medical records
Medical records

Questionnaire

Questionnaire
Questionnaire

Questionnaire
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Pubertal stage
Tanner staging Tanner staging
Laboratory tests
Viral load GeneXpert

Alere PIMA CD4
CD4 count analyser

WHO- world Health organisation, ART-Anti-Retroviral Therapy

3.3.2 Chronological age

Baseline CA was calculated from the date of birth to the date the baseline hand wrist
radiograph was taken and follow up CA up to the date the follow up hand wrist radiograph was

taken.

3.3.3 Imaging of the hand/wrist

Hand wrist radiographs used for BA assessment were taken of the non-dominant side by
atrained radiographer. In my study, | utilised the non-dominant hand instead of explicitly using
the left hand, as recommended by the GP atlas and the TW3 scoring method. This choice was
made because the non-dominant hand is typically used less frequently, making it less
susceptible to physical stress and trauma (226), thereby ensuring a more accurate assessment
of skeletal maturation. For most individuals, the non-dominant hand is the left hand; however,
by using the non-dominant hand, | was also able to accommodate those who are left-handed.
A digital radiography (Siemens, Germany) system was used, and images were in DICOM format.
The non-dominant hand was positioned with the palm facing downwards in contact with the
imaging plate (Figure 2.6). The axis of the middle finger was in direct line with the axis of the
forearm. The upper arm and forearm were in the same horizontal plane. The central ray of the X-
ray beam was directed on the distal end of the third metacarpal and a tube to film distance of
76 cmwas used. A lead apron was used to shield the gonads of the child. The standard
exposure parameters for a hand radiograph were used which are 50kv (kilovoltage) and 3mAs
(miliAmps second). The radiation dose to the subjects was estimated to be less than 2uSV

(micro-Sieverts) equivalent to 20min of the average background as indicated in section 2.2.
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Figure 3.2 Animage showing a participant positioned for a hand/wrist radiograph during the

IMVASK study (with permission)

3.3.4 Bone age assessment and Training

| assessed BA using both TW3 (RUS) and GP methods. | was trained to do BA assessment
for the two methods, TW3 and GP at the University of Sheffield, Sheffield, United Kingdom. The
training was funded through the UKRI Global Impact Acceleration funding awarded to Professor
Celia Gregson for Musculoskeletal knowledge exchange between Zimbabwe and Bristol. The
training was given by Professor Amaka C Offiah a Professor of Paediatric Radiology who is an
expert in BA assessment. The training was according to the protocol outlined in the GP and TW3
atlas as outlined below. For the purposes of learning the techniques for the two methods | used

100 radiographs available at the time from the IMVASK study, and the steps outlined below.

Firstly, Prof Amaka Offiah took me through the steps of rating radiographs by both
methods. | then went through the following steps as a learning procedure
1. larranged Radiographs in serial order
2. |systematically examined each radiograph, considering one bone at atime in the
following order: radius, ulna, metacarpals |, lll, V, proximal phalanges |, Ill, V, middle

phalanges |, lll, V, and distal phalanges |, Ill, V., | referred to the provided text for each
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bone and the definitive rating criteria to observe how the assessment criteria were
applied.

I made notes on any problems encountered.

| discussed the problems with Prof Amaka Offiah

She re rated the radiographs and we made comparisons

Differences were then discussed, and some radiographs were re rated

N o o M w

The process was repeated using different sets of 30 radiographs

Training was conducted in Feb/Mar 2019. | further disseminated the knowledge gained to

other radiographers in Zimbabwe.

However, data for the inter-rater reliability between me and Prof Amaka Offiah got lost
when my laptop crushed, therefore no longer available. This is a limitation of my study, aslam
unable to present data on the consistency and agreement between the two of us. Therefore, in
training the next radiographer there was no benchmark whether the same standards were

applied as during the first training of me by Prof Offiah.

3.3.41 Bone age assessment using Tanner Whitehouse 3 method

The TW3 (RUS) method of assessment was based on comparison to a sex-matched TW3
atlas to determine the level of maturity for 13 selected regions of interest representing specific
bones of the hand and wrist (168). The specific bones included radius, ulna, metacarpals|, lll,
V; proximal phalanges |, I, V; middle phalanges lll, V; distal phalanges |, lll, V. Each bone was
categorised into specific stages of development labelled from A to | in the atlas (Figure2.7). A
numerical score is assigned to each stage of development for each individual bone in the atlas.
Using the pictorial and descriptive standards presented in the third addition of the Tanner
Whitehouse manual, the above bones were given the alphabetical rating hence the
corresponding numerical score. The numerical scores were summed to give a total maturity
score ranging from 0 to 1000. Each maturity score gender matches a certain BA via a lookup
table provided for by the atlas. The corresponding BA was recorded together with the sex, date

of birth and date of examination into an excel file.
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sl

Medial «—

s tnneml

Prosmo)

Radius

BOYS' SCORES

RUS 16

RUS 21

K5 30

RUS 39

Stage B
(i) The centre is just visible as a single deposit of calcium, or
more rarely as multiple deposits, The border is ill-defined,

Stage C
(i} The centre is distinet in appearance and oval in shape, with
a smooth, continueus border.

Stage D

(i) The maximum diameter is half or more the width of the
metaphysis.

(ii] The epiphysis has broadened chiefly at its lateral side, so that
this portion is thicker and more rounded, the medial portion
more tapeclng,

(iii} The centre third of the proximal surfece is flat and slightly
thickened and the gap between it and the radial metaphysis
has narrowed to about a millimetre.

Stage E

(i} A thickened white line has appeared just inside the distal
border of the epiphysis; this represents the edge of the palmar
surface and the newly appeared hone distal 1o it is the edge of
the dorsal surface.

GIRLS' SCORES BOYS' SCORES -

Stage F
RIS 59 (i) The proximal horder of the epiphysis is now differentiated
into palmar and dorsal surfaces; the palmar surface is visible
as a broad. irregularly thickened white line at the proximal
cdge of the epiphysis.

RUS 30 (i} Both ends of the epiphysis, but particularly the medial one,
have grown outwards and proximally since the last stage so
that the proximal border now conferms to the shape of the
metaphysis along most of its extent,

RUS 23

RUS 44
Stage G
RUS 87 {i} The dorsal surface now has distinet lunate and scaphoid
articular edges joined at a small hump.

{ii} The medial border of the epiphysis has developed palmar and
darsal surfaces for articulation with the alnar cpiphysis; cither
the palmar or the dorsal surface may be the one that projects
medially, depending on the posi of the wrist.

{iif) The proximal border of the epiphysis is now slightly concave,

RUS 56 Stage H
RUS 138 {il The epiphysis now caps the metaphysis on one (usually the
medial) or hath sides,

Stage |

RIS 213 {il Fusion of the epiphysis and metaphysis has begun, A line may

still be visible, composed partly of black areas where the
epiphyseal cartilage remains and partly of dense white arcas
where fusion is preceeding: or the line may have disappeared.

GIRLS" SCORES

RUS 78

RUS 114

RUS 160

RUS 118

Figure 3.3 Animage showing the TW3 standards for the radius for stages B-I (Tanner et al 2001)
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3.3.4.2 Bone age assessment using the Greulich and Pyle method

| used the protocol for BA assessment as described in the Greulich and Pyle atlas (2). The
atlas has a description of radiographic features that correspond to the assigned BA for each
standard. The characteristics of the maturity indicators are outlined in the appendix of the atlas.
Firstly, a given radiograph is compared with the standard of the nearest CA and same sex in the
atlas. The next step is to compare the radiograph to the adjacent standards, i.e. younger or older
than nearest CA. The radiograph is then assigned a BA equal to that of the nearest age standard
that appears to resemble it most closely (Figure 2.8), a hand wrist radiograph of a 14-year-old is
compared with the standard of the same CA (male standard 25) and an adjacent older standard
(male standard 26) of the GP atlas. The hand wrist radiograph most resembles the standard of

the same CA (male standard 25).

Greulich-Pyle atlas: Hand radiograph to compare  Greulich-Pyle atlas:
Male standard 25 with atlas standards Male standard 26
(Skeletal age: 14 years) (Chronological age: 14 years) (Skelatal age: 15 years)

Figure 3.4 Animage showing comparison of a hand radiograph for a 14-year-old (middle) using

two different GP atlas standards as shown on both sides (Schmidt et al 2008)
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To check whether my ratings were reliable, inter- and intra-rater reliability and precision
were calculated. | randomly selected and rescored 52 (20%) IMVASK baseline radiographs (of
children without HIV) at least three months later than the initial score to calculate the intra-rater
reliability and precision (measured as co-efficient of variation). To determine inter-rater reliability
and precision, all radiographs (n=252) were re-scored by a second trained assessor (Evangelista

Benno). The second assessor was also a fully trained radiographer.

3.4 Procedures

This subsection outlines the baseline participants’ characteristics collected in the
IMVASK study which were used in this thesis. All data were collected at recruitment (baseline).
Socio demographic and clinical data were collected by trained research staff using an
interview-administered questionnaire. The data were collected from the children in the
company of the parents, and the parents were allowed to answer on behalf of the children.
Data such as sex, SES and health behaviours such as smoking status and alcohol and steroid

use were collected on android tablets using the Online Data Kit (https://getodk.org/).

3.41 Pubertal development

Pubertal status was assessed using the Tanner staging technique for pubertal assessment
(45). Anurse and/or doctor carried out Tanner pubertal staging. In the event of discordance in the
assignment of the pubertal stage between these categories, testicular and breast development
for boys and girls respectively, were used to assign Tanner stage. Grading of penile, testicular
and breast growth was from | to V as per Tanner descriptions (45, 46, 227). In boys the following
measures were assessed: testicular volume penile size and pubic hair growth. An orchidometer
measured testicular volume and for pubic hair growth they measured the quality, distribution
and length. In girls the following measures were assessed: breast development, age at menarche

and pubic hair growth (228).

3.4.2 Socio-economic status

SES data was derived from the first component from a principal component analysis that
combined asset list and household item ownership (229). The asset had details of the head of

household age, highest maternal and paternal education levels, monthly household income,
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number in the household, household ownership, access to amenities (water, electricity and
flush toilet or pit latrine) and household asset ownership (229). Household items considered
were fridge, bicycle, car and television or radio. The SES was finally constructed as three tertiles

(low, middle, and high) for analysis.

3.4.3 Dietary calcium and vitamin D intake

Dietary calcium and vitamin D intakes were assessed using a dietary diversity
questionnaire based onthat of the Food and Agriculture Organization of the United Nations (FAQ)
questionnaire adapted to Zimbabwe and Zambia, and focussing on foods rich in calcium or
vitamin D (230, 231). Information collected included intake in the last month of legumes, dairy
products, meat, eggs, fish, oil and margarine and vitamin and mineral supplements. Daily
calcium dietary intake was classified into three groups: very low (<150mg/day), low (150-299
mg/day), and moderate (300-450 mg/day). Daily dietary vitamin D intake was classified as very
low (<4.0 pg/day), low (4.0-5.9 pg/day), and moderate (6.0-8.0 pg/day) (232). The classification

was based on external thresholds (121).

3.4.4 Physical activity

For physical activity assessment, the International Physical Activity Questionnaire (IPAQ)
which has been validated in multiple countries including South Africa but not Zimbabwe, was
used. This assessment was based on multiples of the resting metabolic rate (MET) in MET
minutes. Time spent on vigorous activity (e.g. heavy lifting, digging), moderate physical activity
(e.g. cycling carrying light objects) walking and sitting was multiplied by the corresponding MET.
The amount of physical activity per week was calculated in MET minutes /week and categorised
as low (<600 MET minutes/week), moderate (600-3000 MET minutes/week), and high (>3000 MET
minutes/week) physical activity according to standard METS from IPAQ (233).

3.4.5 HIV characteristics

In participants with HIV, details collected were age at HIV diagnosis, probable mode of
transmission, ART regimen including use of tenofovir disoproxil fumarate (TDF) and duration, age
at ART initiation and current CD4 cell count and HIV viral load. Medical records were used to
collect the HIV characteristics and CD4 count, and viral load were measured as described in

section 3.4.7.
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3.4.6 Comorbidities

Details of comorbid conditions that include arthritis, epilepsy, any kidney condition,
tuberculosis, asthma, diabetes and cardiovascular conditions were collected in all

participants. The data was collected using medical records as well as self-reporting.

3.4.7 Anthropometric measurements

Standing height and weight were measured in duplicate by two independent trained staff
members (nurse and research assistant) at the study clinics. If the two measurements differed
by more than 0.5 cm or 0.5 kg, a third reading was taken by an additional reader. The mean of the
two or three measurements was recorded as the final figure. The equipment for weight and height
measurements was calibrated annually over the 3 years of the IMVASK study. The same staff

measured anthropometry measures in children with and without HIV.

3.4.7.1 Height

Standing height was measured with the participant barefoot and positioned with the back
of the head shoulders buttocks and heels touching the back of the stadiometer where possible.
The arms hanged freely on the sides with the heels touching each other. Sitting height was
measured with the participant seated on a chair or flat surface with the back and buttocks
positioned against a stadiometer with the head in the Frankfort plane. Standing and sitting height
measurement was recorded by the two observers separately to the nearest 0.1 cm using a

stadiometer (Seca, Hamburg Germany).

3.4.7.2  Weight

Weight was measured with the participant barefoot using a digital Seca (Hamburg,
Germany), 875 weight scale. The participants faced forward with arms relaxed on the side and
stood with both feet onthe scale. The measurement was recorded once the displayed weight had

stabilised on the scale. Weight was measured to the nearest 0.1 kg.

3.4.7.3 Body mass index

Body mass index was calculated as weight (kg)/height(m)?.
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3.4.8 Laboratory tests

All children recruited from schools were first tested for HIV to ascertain the HIV negative
status. In participants with HIV and those who tested positive from schools, the current viral load
and CD4 count were measured. CD4 count was measured using an Alere PIMA CD4 analyser
(Waltham, MA, USA). A GeneXpert HIV-1 viral load platform (Cepheid, Sunnyvale, CA, USA) was
used to measure HIV viral load. Viral suppression was defined as fewerthan 1000 HIV RNA copies

per ml according to the World Health Organisation guidelines.
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Chapter4 Evaluation of two methods of bone age
assessment in peripubertal childrenin

Zimbabwe

4.1 Aims and objectives

In my literature review in chapter two, | have demonstrated the importance of using the
best method for bone age assessment. Therefore, in this chapter | aim to determine which of
the two most widely used methods of BA assessment (TW3 and GP) is more applicable in the
Zimbabwean population of peripubertal children. | hypothesised that the TW3 method would be
more precise and applicable to the Zimbabwean children and adolescents. This hypothesis was
informed by the ability of TW3 to assess ossification centres separately giving a score to each
maturity indicator, which contributes to an overall score (all bones mature at different rates
(234)) than the GP method which assesses BA from the whole hand giving an individual score

from the whole hand.

As previously reported in chapter two, the applicability of these methods in different
ethnic groups or populations other than those in which they were developed is questionable,
given the many factors which influence the process of skeletal maturation. Zimbabwe is a
LMIC, with people that have a different ethnicity from the populations which were used to
develop the GP and TW3 methods. Zimbabwe is also characterised by a high prevalence of HIV
and malnutrition, both of which are risk factors for poor growth. | anticipated that BA would not
exceed CA in this study population given local environmental and nutritional challenges
mentioned above. Furthermore, variation in the applicability of the methods in Whites, Africans
and Asians (section 2.9) indicates a need to evaluate their applicability in the Zimbabwean
population (158, 216). Therefore, in this analysis, | aimed to evaluate the two widely used
method of BA assessment (TW3 and GP), determine the agreement between the two methods

and inter- and intra-rater reliability.

This was a methodological evaluation study, and it was important to have a population of
healthy children with no underlying chronic health condition. Therefore, children already known

to have HIV, a condition that can constrain growth (75), were excluded in this analysis.
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Participants were also excluded if they had CA above 15.0 years in females and 16.5 years in

males because TW3 only assesses BA up to these ages.

| performed the BA analysis using both methods for this study. | developed the statistical
analysis plan together with the Stata analysis do files and performed all statistical analyses,
with support from my supervisors. | produced the tables of results and graphs. | wrote the first

draft of the paper that was published and led on all revisions.

4.2  Statistical analyses

To address this question, | evaluated the two methods of BA assessment using hand wrist
radiographs taken at baseline in the IMVASK study, determined the agreement between the two
methods and determined the inter- and intra-rater reliability and intra- and inter operator
precision for each method. | entered the derived BA and reported CA in a Microsoft .csv file and
demographic data and clinical variables were in a Microsoft Access database. | merged data
files using the study IDs and handled and managed using Stata 17 (StataCorp 2017 Stata
Statistical Software: Release 17. College Station, TX: StataCorp LLC) for Windows 10. | cleaned
and checked the data files for duplicates of participant IDs, variable completeness, and
response consistencies. | performed other consistency checks on age (using date of birth), limit
and logic checks were performed on all variables, including checking for biologically
implausible values. | assessed categorical variables including HIV status, ART, age group and

pubertal status (measured by Tanner stage) for distinctiveness and completeness.

4.2.1 Descriptive statistics

| examined quantitative data for normality using the Shapiro-Wilk test and histograms
(visually assess the distribution of quantitative variables). Quantitative data were presented as
mean = standard deviation (SD) and if the data were skewed as median with lower and upper
quartiles and categorical data as proportions and frequencies for the descriptive statistics. Chi-
squared tests were used to compare categorical variables by sex. Unpaired-student t-tests
were used to compare quantitative variables in (1) the whole study population, (2) females and
males separately, and (3) in three age bands of 8-10, 11-13 and 14-16 years stratified by sex;
this allowed determination of whether the performance of the BA method differed by maturity

level. The primary outcome was the difference between BA measured using either of the two

94



Chapter 4

methods, and CA in years, known throughout this thesis as SMD. The mean difference was
determined by subtracting CA from BA (BA-CA), presented with 95% confidence intervals. A
negative value indicates a BA less than the CA, and a positive value indicates a BA greater than
the CA indicating delayed and advanced maturity respectively. Scatter plots for BA by both TW3
and GP methods vs CA were examined with the line of best fit plotted. WAZ, HAZ and body
mass index (BMI) for age Z-scores were calculated using the 1990 UK reference data for
children (235), with a Z-score of -2.0 or less denoting stunting (HAZ), underweight (WAZ) and

wasting (BMI-for-age Z-score).

4.2.2 Bland Altman plots

| generated Bland and Altman plots (236) to compare the agreement between CA and BA
by either method, and between GP BA and the TW3 BA. | performed linear regression analysis to
determine the direction of the relationship between the mean and the differences between the
two methods, compared using Bland and Altman plots, presenting B coefficients and 95%
confidence intervals. | used the intraclass correlation coefficient (ICC) to calculate the inter-
and intra-rater reliability and the intra- and inter-operator precision | used the coefficient of

variation (CV). ( CV =sample SD/mean) x 100) (237, 238).

4.3 Results

4.3.1 Participants characteristics

Of the 306 children without HIV enrolled in IMVASK, 54 were excluded; 15 had missing
hand/wrist radiographs, 33 females were above 15 years of age, and 6 males were above 16.5
years of age (Figure 4.1). In total 252 (82%) were eligible for the current analyses, with 141 (56%)
being males. There was no difference in CA between the males and females; however, mean

WAZ and BMI Z-scores were lower in males than females (Table 4.1).

Although there were no sex differences in BA measured using both methods, more males
than females had lower BA than CA for GP BA (77% vs 57%, Chi? p=0.001), and TW3 BA (65% vs
43%, Chi®> p<0.001). SES, physical activity, vitamin D and calcium intakes did not differ between

the males and females. Nevertheless, 24% of males and 30% of females had a low SES.
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609 paticipants recruited into the IMVASK study

h 4

303 participants living with HIV

A

306 participants without HIV infection

15 participants without hand/wrist
radiographs

h 4

h 4
291 participants with baseline hand /wrist
radiographs

*39 participants girls with CA>15 and
boys with CA>16.5 years excluded

X

252 participants included in the analysis

Figure 4.1 Flow chart showing participants included in the analyses presented in this chapter

4.3.2 Comparison of CA and BA by TW3 and GP

There was a positive linear relationship between CA and BA for each method (GP: r=0.93
males, r=0.92 females; TW3: r=0.91 males, r=0.88 females) (Figure 4.2). The slopes for the two
methods in both males differed from each other. For every year increase in CA, TW3 BA
increased by 0.95 years (95% Cl: 0.87, 1.03) and GP BA by 1.09 (95% CI: 1.01, 1.17) years in
males. In females for every year increase in CA, TW3 BA increased by 0.92 years (95% CI: 0.81,
1.03) and GP BA by 1.09 years (95% CI: 0.98, 1.20). In the males the TW3 slope (p=0.179) did not
differ from the line of identity unlike the GP slope (p=0.030). In the females, both slopes [TW3
(p=0.180) and GP (p=0.110)] did not differ from the line of identity.
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Table 4.1 Demographic, lifestyle, anthropometry, and pubertal status characteristics of study

participants by sex

Males (n=141) Females (n=111) p-value
Socio-demographics
Chronological age, mean (SD) 12.2(2.4) 11.7(1.9) 0.065
Socio-economic status, n (%) 0.361
Low 34(24.1) 33(29.7)
Middle 52 (36.9) 32(28.8)
High 55 (39.0) 46 (41.4)
Anthropometry
Height-for-age Z-score, mean (SD) -0.60(1.03) -0.47 (1.18) 0.327
Standing height-for-age Z-score<-2, n (%) 9(6.4) 8(7.2) 0.796
Sitting height-for-age Z-score, mean (SD) -1.31(1.08) -1.32(1.18) 0.920
Sitting height-for-age Z-score<-2, n (%) 31(22.0) 30(27.0) 0.354
Weight-for-age Z-score, mean (SD) -0.69 (1.07) -0.27 (1.22) 0.004
Weight-for-age Z-score<-2, n (%) 15(10.8) 7(6.3) 0.226
BMI-for-age Z-score, mean (SD) -0.51 (1.05) -0.07 (1.20) 0.002
BMI-for-age Z-score<-2, n (%) 11(7.8) 4(3.6) 0.162
Bone age measures
GP bone age, mean (SD) 11.5(2.8) 11.5(2.4) 0.859
TW3 bone age, mean (SD) 11.8(2.5) 11.8(2.1) 0.945
GP bone age < chronological age, n (%) 108 (76.8) 63 (56.8) 0.001
TW3 bone age < chronological age, n (%) 92 (65.2) 48 (43.2) <0.001
Pubertal status 0.078
Tanner 1 45 (32.1) 23(20.9)
Tanner 2 34 (24.3) 30(27.3)
Tanner 3 22 (15.7) 28 (25.5)
Tanner 4 35(25.0) 22 (20.0)
Tanner 5 4(2.9) 7 (6.4)
Lifestyle factors
Daily vitamin D intake, n (%) 0.991
Very low, <4.0 mcg/day 17 (12.1) 14 (12.8)
Low, 4.0-5.9 mcg/day 92 (65.2) 72 (64.9)
Moderate, 6.0-8.0 mcg/day 32(22.7) 25 (22.5)
Daily calcium intake, n (%) 0.914
Very low, <150 mg/day 62 (44.0) 51 (45.9)
Low, 150-299 mg/day 31(22.0) 25 (22.5)
Moderate, 300-450 mg/day 48 (34.0) 35(31.5)
Physical activity level, n (%) 0.304
Low, <600 MET mins/week 47 (33.3) 45 (40.5)
Moderate, 600-3000 MET mins/week 46 (32.6) 27 (24.3)
High, >3000 MET mins/week 48 (34.0) 39(35.1)

Foot Notes: student t-tests conducted on continuous variables and chi-squared tests on categorical variable. GP-
Greulich and Pyle, TW3-Tanner Whitehouse 3, SD- Standard deviation, MET- multiples of the resting metabolic rate.
Z-scores were calculated with 1950 UK reference data
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Figure 4.2 Scatter plot showing the relationship between chronological age and bone age by

GP (Greulich and Pyle) and TW3 (Tanner Whitehouse 3) (a) males and (b) females.
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Figure 4.3 Mean differences (95% Confidence Intervals) between bone age and chronological
age by GP, and TW3. GP BA-Greulich and Pyle bone age, TW3 BA-Tanner
Whitehouse 3 bone age (a): 8-10 (n=49); 11-13 (n=49); 14-16 (n=42) and (b): 8-10 (n=44); 11-13

(n=48); 14-16 (n=20)

In the whole sample of males, GP BA was lower than CA by 0.76 years (95% CI: 0.57, 0.95)
while TW3 BA was lower than CA by 0.43 years (95% Cl: 0.24, 0.61). The mean difference
between CA and GP BA was a year in those aged 8-10 years, with a difference of half a yearin
those 11 years and older (Figure 4.3). In contrast, the mean difference between TW3 BA and CA,
was less in the younger age group (8-10 years) compared to the older age groups (Figure 4.3 a).
Amongst the females, GP BA had a trend towards being lower than CA in the 8-10 and 11-13-

year age groups, whereas no differences were seen between TW3 BA and CA (Figure 4.3 b).

There was a negative bias in agreement between CA and BA as measured by GP in males
(B=-0.18, p<0.001) and females (B=-0.08, p=0.050), with GP BA being much lower than CA at
younger ages, with less of a difference seen at older ages (Figure 4.4a, b). The beta coefficient
represents the differences between BA and CA. For TW3 BA and CA, no systematic differences

were observed for either sex (Figure 4.4c, d). The slope for GP Bland and Altman plots was 0.18
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in males and 0.16 in females and for TW3 plots was 0.05in males and -0.08 in females (Figure 4.4

a, b).
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Figure 4.4 Bland and Altman plots showing mean differences between Greulich and Pyle bone
age and chronological age (top) Tanner Whitehouse 3 bone age and chronological

age (bottom) and for (a) males and (b) females

4.3.3 Comparison of TW3 and GP

Overall, GP BA was lower than TW3 BA by 0.33 years (95% CI: 0.23, 0.88) in the males and
0.25 years (95% Cl: 0.07, 0.44) in the females. In both males and females, Bland Altman plots
showed differential agreement (agreement differed with age) between the TW3 and GP across all
ages (males: B=-1.47 p<0.001 and females: B=-1.17 p<0.001) (Figure 4.5). Differences between
the two methods in younger ages (8-10 years) showed that TW3 BA was higher relative to the GP
BA. At the older ages GP BA was higher than TW3 BA.
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Figure 4.5 Bland Altman plot showing mean differences between GP and TW3 bone age in years

for (a) males and (b) females.

4.3.4 Intra- and inter-rater reliability and precision

The intraclass correlation coefficient showed high inter-rater reliability of 0.98 for TW3
and 0.94 for GP (n=252) and high intra-rater reliability of 0.97 for TW3 and 0.98 for GP (n=52).
There was good precision for both methods although the TW3 coefficients of variation were

better than for GP: intra-operator 1.5% vs 2.4% and inter-operator 1.5% vs 3.7%, respectively.

4.4 Discussion

To my knowledge, this is the first comparison of BA assessment methods in a population
of peripubertal children in SSA. These data have demonstrated that TW3 is a more applicable
method, than GP, for assessment of skeletal maturity in children and adolescents aged 8-16
years from Zimbabwe. TW3 had better intra- and inter-operator precision, and no age-related
bias. The age-related bias using the GP method, which showed greater differences at younger
ages than at older age groups, indicates limitations for use in our study population. This may be
due to the limitation of the GP method where the time interval between two standard films is
too long (one year between most standards) whilst growth is a continuous process. The
secondary ossification centres develop at different time points and in a space of a year

significant changes in the centres will have occurred. Therefore, the gradual change over time is
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captured by the TW3 unlike the GP which is based on distinct age-related standards. Similarly,
the age-related bias was reported in studies conducted in Turkey where the GP mean BA
underestimated CA in younger ages and overestimated CA in older ages (197, 198). If the GP
method is to be used the SMD differences in the different age groups should be taken into
consideration. Although there is the age-related bias, the GP method has an advantage of a
greater age range (up to 18 and 19 years for females and males respectively) therefore would be
ideal for use in older children. This study therefore identified the TW3 as the most appropriate
and efficient method for use in the Zimbabwean population thereby guiding clinical practice

and research that requires BA assessment.

4.41 Comparison of Greulich and Pyle and Tanner Whitehouse 3

My results highlight the importance of comparing two methods to ascertain the best
method for use in any population. Upon evaluating the two BA assessment methods, the Bland
and Altman analyses demonstrated that the two BA assessment methods (TW3 and GP) do not
agree in younger children (8-11 years) but agree in children above 11 years thereby preventing
interchangeable use. Similar results were reported in an earlier study in the UK that also used
Bland and Altman plots to assess the agreement between GP and TW2 (3). Again, the TW2
method had better precision than GP therefore recommended as the method of choice.
Another well-established study conducted in 1971 in 1009 children aged 7-18 years in Denmark
reported overall BA estimates by TW2 being closer to CA than BA estimates by GP method
although Bland and Altman plots were not used to test agreement between BA and CA (196). In
contrast, both methods gave equal estimates and were applicable for use in a Turkish study
(198) and in a different study sex differences where noted with both methods giving equal

estimates in females and not the males (216).

Many more studies have looked at the applicability of the GP than TW3 method,
potentially because TW3 is used less frequently in clinical practice due to time constraints
(169, 170). Despite the TW3 taking longer to assess the radiograph (7.9 minutes vs 1.4 minutes)
(170), the consistency across age groups and sexes, and good intra- and inter-operator
precision, suggest that the extra time is justified. The bones of the hand ossify at different rates
and the TW3 method is designed to take this into account, assessing ossification centres

separately (rather than the GP) making it an ideal method for use. Because of the agreement in
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children aged 11 years and older interchangeable use may be applied although | would not

recommend because of the differences in applicable noted in this study.

4.4.2 Reproducibility of the bone age assessment methods

The current study has demonstrated that both methods are reproducible, with the TW3
being more reproducible than the GP method, which is consistent with other studies (3, 88,
190, 215, 239), potentially explained by individual maturity indicator scoring, rather than the GP
global grading approach. GP BA units are whole numbers - less precise than the TW3 approach
with decimals. Cavallo et al reported the evaluation of each bone segment in TW3 as an
advantage minimising inter-rater variability (240). My study also found high inter- and intra-rater
agreement supporting the reliability of these two methods in assessing BA, though
notwithstanding the limitations attached to the use of GP in this population given the age
dependence of the results. One limitation of the TW3 method is that it has a cut off point for
skeletal maturity of 15 years for females and 16.5 for boys. In populations that may have later
onset, or delayed, puberty, such as in our current study, this limits use, given skeletal maturity

is not reached until at least 18 years for females and 19 years for males (2).

In the largest study of African children to date (n=607), TW3 was used to assess and
compare BA between Black and White females and males in South Africa. Skeletal maturity was
delayed by on average 7 months in black males compared to White males, whereas no ethnic
differences in the progression of skeletal maturation were seen in females (89). Similarly, our
data shows sex differences in the performance of TW3, suggesting on average 6 months delay
in BAin the males compared to CA and no differences in the females, in South Africa. The delay
is also seen in the males and not the females when using the GP method in this study and this

may be due to the males being more underweight and wasted (WAZ<-2) (Section 4.3.1, Table 1).

Consistent with our findings, previous studies have commonly demonstrated lower GP
BA than CA, in South Africa, Saudi Arabia, Turkey and Malawi (102, 198, 214, 241). Our findings
are similar to those from a study in Pakistan which advised against using GP method in their
population due to variations in BA depending on the age of the children (advanced BA during
early childhood and delayed BA during middle and late childhood) (242). Our study extends this
work by testing the agreement between GP BA and CA and showing the GP method is
dependent upon age, such that one would not be able to accurately determine whether a child

is delayed in maturity or whether it is a function of the inaccuracy of using GP. Several other
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studies have found the applicability of GP differs by sex, ethnic group and by age (200, 214,
241).

4.4.3 Strengths and limitations

The recruitment of the children from schools in Harare was designed to be representative
of the general population in Zimbabwe, as about 98% of the children in the whole country go to
school. All schools in Harare were identified and the 6 studied were randomly chosen from this
sampling frame (224). | repeated BA assessment to test intra-rater reliability and was repeated
by a second assessor further strengthening the method employed. It is well-described that
timing of skeletal maturation is affected by environment, nutrition, medication, and
socioeconomic deprivation (90, 158, 243). Our population therefore contrasts with the ones in
which the GP and TW3 methods were originally developed. The children used to create the GP
atlas were from wealthy families living in Ohio, USA and not suffering from any illnesses (2).
Generally, HAZ and WAZ were low in our study population, indicating a tendency towards
stunting and underweight respectively. Most participants had low or middle SES. Calcium and
vitamin D intakes were low, both micronutrients being critical for skeletal development (244).
Together these factors may explain why children in Zimbabwe were skeletally immature for their

CA.

4.5 Conclusion

Of the two methods assessed, the TW3 is the most precise and appropriate for use in
Zimbabwe as GP appears biased by age in those younger than 11 years. The two methods (TW3
and GP) do not give equal estimates of BA and therefore should not be used interchangeably.
Hence the TW3 method would be the preferred method to determine skeletal maturity in
peripubertal children age between 8 and 16 years, in the region. This study is of relevance for
other populations living in Africa. These findings have been published and helped inform the

method of choice for BA assessment in the next chapter (245).
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Chapter5 The impact of HIV on skeletal maturationin
peripubertal children in Zimbabwe: a cross-

sectional study

5.1 Introduction

In chapter four | determined that the TW3 method was the best method of choice for BA
assessment in children and adolescents aged 8-16 years thereby informing my use of the TW3
method in the current chapter. As indicated in chapter one, several factors have been shown to
influence the process of skeletal maturation (section 1.10). Amongst these factors are
demographic, anthropometric and environmental factors like socio-economic deprivation,
nutritional factors (e.g., vitamin D and calcium intake), and physical activity (121, 216, 225).
However, it is unclear which of those factors influence skeletal maturation in the context of the
Zimbabwean population with a high prevalence of HIV and malnutrition. Therefore, | sought to
answer two questions in this chapter: 1) what are the differences between BA and CAin
peripubertal children living with and without HIV? and 2) what are the factors that influence the
process of skeletal maturation in children living with and without HIV? | hypothesised that
CLWH will be delayed in skeletal maturation than the HIV negative children. To address these
questions, | described SMD in males and females separately, whether living with or without HIV.
| also investigated to what extent HIV and other demographic, and lifestyle factors are
associated with SMD in peripubertal males and females in Zimbabwe. In a separate analysis of

CLWH, | determined the HIV characteristics associated with SMD.

5.2 Methods

This chapter presents results from a cross-sectional analysis of children from the IMVASK

study, aged 8-16 years that has been described in detail in chapter two from section 2.13.
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5.2.1 Bone age assessment

Digital hand-wrist radiographs of the non-dominant side were taken by a trained
Radiographer at baseline. Because the TW3 method assesses BA up to 15 years for girls and

16.5 years for boys, those with CA above these ages were excluded in this study.

5.2.2 Statistical analysis

| analysed data using Stata 17 (StatCorp, TX, USA). Weight for age z-scores (WAZ), Height
for age z-scores (HAZ), sitting height z-scores and body mass index (BMI) for age z-scores were
calculated using the 1990 UK reference data for children (235), because World Health
Organization reference data for WAZ are not available beyond the age of 10 years (246). | used
Z-scores of -2.0 or lower for HAZ, WAZ, and BMI to define stunting, underweight and wasting
respectively (247). Analyses were stratified by sex because BA assessment and bone
development are sex specific. My primary outcome was SMD measured in years calculated as
BA minus CA with BA assessed at baseline and CA calculated form date of birth to the day the
hand radiograph was taken at baseline. A negative SMD value reflects a delay in skeletal

maturity, and a positive value reflects advanced skeletal maturity, relative to CA.

5.2.3 Descriptive statistics

| examined quantitative data for normality using the Shapiro-Wilk test and histograms. |

presented normally distributed continuous variables as means * standard deviations and
categorical variables as numbers and proportions of participants in each category. For the non-
normally distributed continuous variables, | presented them as medians and interquartile
ranges (IQR). | compared the participant characteristics by HIV status, using the student t-test
for continuous variables and chi-squared test for categorical variables. | conducted a complete
case analysis in this chapter, such that participants with missing variables were excluded from
the analysis and a comparison was made of those excluded with those retained in the analysis.
The participants | excluded were those with missing variables for Tanner staging, orphan status

and BA at baseline.
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5.2.4 Analyses in whole study population

| performed sex-stratified univariable linear regression to examine associations between
exposure variables (HIV status, WAZ, socio-economic deprivation, orphanhood, physical
activity, vitamin D intake, calcium intake, pubertal stage) and SMD. | used WAZ instead of BMI
because of the fixed relationship between skeletal maturation and height, which contributes to
the BMI calculation. Additionally, for ordinal exposures, | reported p-values from tests for trend.
Firstly, | used unadjusted linear regression models to determine the univariable associations
between the exposure variables outlined above and SMD. Secondly, | used a multivariable
linear regression model that considered HIV and a priori factors (WAZ, SES, pubertal stage,
orphanhood, and calcium intake) as exposures. | chose a priori factors based on previous
literature showing that lower WAZ, low SES, orphanhood and low dietary calcium intake are
related to other skeletal outcomes (224, 225, 248, 249). In addition, orphanhood was shown to
be associated with low bone density in this cohort (121). l included other variables in the
multivariable model if there was any evidence of a potential association with SMD in the boys or

the girls in the unadjusted analyses (p-value < 0.1).

| did a stratified multiple regression analysis by tanner stage reporting stratum specific
beta coefficients and 95% CI. A formal Wald interaction test assessed whether Tanner stage

modified the effect of HIV on SMD.

5.2.5 Analyses in children living with HIV

In a sex stratified analysis restricted to CLWH, | used linear regression to assess
associations between HIV specific variables (age at ART initiation, CD4 count, viral load and
TDF exposure) and SMD. The multivariable linear regression model in CLWH included a priori
factors outlined above and HIV specific variables with a p-value for trend < 0.1 in the univariable

linear regression analysis in either males or females.

Collinearity was assessed using the variance inflation factor with values above 5
indicating collinearity (250). Standard errors for regression coefficients were also assessed to
determine the robustness of models. Regression assumptions were assessed to ensure 1)
normality of residuals using Q-Q plots, 2) homogenous variance in scatter plot of fitted values
versus residuals, and 3) independence of residuals by examining scatter plots of residuals

versus exposure variables.
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5.3.1

Chapter 5

Results

Participant characteristics

Initially 609 participants (including 306 HIV negative) participants were recruited into the

study. Thirty-four participants were excluded based on the BA limits of the TW3 method (7

CLWH and 27 HIV-negative children). More females (n=29) were excluded than the males (n=5).

A further 71 participants were excluded because they did not have hand-wrist radiographs or

had missing pubertal or orphanhood variables, leaving 504 participants (88% of original

sample, 54% males) in the analysis (Figure 5.1).

| 245 participants included in the main

Children living with HIV

303 participants enrolled into the

IMVASK study

Children living without HIV

306 participants enrolled into the

IMVASK study

A 4

7 females with CA>15 years

y

296 participants, females CA< 15 years

and males< 16.5 years

51 with missing variables
(24 bone age, 15 pubertal
status, 12 orphan status)

Y

A

analysis

| 27 participants with missing

Figure 5.1

CD4 count and viral load

218 participants included in the HIV
analysis

A

27 participants (22 females
with CA>15 years and 5
males with CA>16.5 years)

279 participants, females CA< 15
years and males< 16.5 years

Y

Y

20 with missing variables
(15 bone age, 2 pubertal
status, 3 orphan status)

259 participants included in the main

analysis

Flow diagram showing the participants included in the current analysis.

Participants with missing data were excluded from the analysis IMVASK: The

Impact of Vertical HIV infection on child and Adolescent Skeletal development, CA-

chronological age.
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Participants excluded based on age and with missing data were similar to those with
complete datain terms of CA, BA, SMD, vitamin D and calcium intake, but were more likely to
be living with HIV (both sexes) and have lower HAZ, physical activity and SES (males only) (Table
5.1). Males with missing data had lower HAZ and were more likely to be stunted than those with
complete data. In both the males and the females, participants with missing data had lower

WAZ and were more likely to be wasted than participants with complete data.

For both males and females, a larger proportion of CLWH had lower SES, were orphaned
(one or both parent dead), were stunted, had TB, any cardiovascular condition or were
underweight in comparison to HIV-negative participants (Table 5.2, Table 5.3). On average,
male CLWH were 7.4 cm shorter and 5.2 kgs lighter than male HIV-negative participants;
similarly female CLWH were 7.5 cm shorter and 7.2 kgs lighter than their HIV-negative peers.
Female CLWH were more likely to be in earlier Tanner stages (1 and 2) in comparison to those
who were HIV-negative, whilst no differences were seen in Tanner stage by HIV status in males.
Notably, over 65% of participants had low or very low dietary intakes of calcium, falling far
below recommended levels of other populations (e.g., UK recommendations are for calcium
intakes between 800-1000mg/day at this age) (251), and there was no difference in intake by
HIV status. CLWH reported lower levels of physical activity compared to HIV-negative

participants.

CLWH were diagnosed at a median age of 3.0 years (IQR 1.1-5.9) and were established on
ART at 3.8 years (IQR 1.9-7.0). Overall, mean ART duration was 7.6 (SD 2.6) years. A high
proportion of CLWH had a suppressed viral load and a CD4 count >500 cells per microlitre (79%
and 80% respectively) (252).

5.3.2 SMD in children with and without HIV

On average, there was little evidence of SMD in the HIV-negative group, particularly in
females; however, SMD was evident in CLWH whether male or female, such that skeletal
maturity was delayed by more than a year compared to HIV-negative participants (Table 5.2).
When stratified by Tanner stage, BA values were much lower than CA values in older CLWH in

earlier Tanner stages (Figure 5.2).
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Table 5.1 Demographic, lifestyle, anthropometry, and pubertal status characteristics of

participants with and without missing data by sex

Males Females
Complete Missing Complete Missing p-
data data p-value data data value
n=269 n=29 n=235 n=41
Socio-demographics
Age, mean (SD) 12.3(2.5) 12.7 (2.3) 0.81 12.1(2.3) 12.4(2.7) 0.71
HIV positive 129 (48.0) 23(79.3) 0.001 116 (49.4) 27 (65.9) 0.062
Socio-economic status, n (%) 0.098 0.60
Group 1: low 79 (29.4) 11(37.9) 85 (36.2) 12(29.3)
Group 2: middle 91(33.8) 13 (44.8) 75(31.9) 16 (39.0)
Group 3: high 99 (36.8) 5(17.2) 75(31.9) 13(31.7)
Orphan status, one or both parents dead, n
(%) 65 (24.2) 6(30.0) 0.59 58 (24.7) 9(25.7) 1.00
Anthropometry
Standing height, mean (SD) 143.7(14.3) 139.5(14.0) 0.15 142.6(12.7)  141.6(12.3) 0.66
Height for age z-score, mean (SD) -1.1(1.2) -2.0(1.5) <0.001 -1.0(1.2) -1.2(1.0) 0.20
Stunting, height for age z-score<-2, n (%) 54 (20.1) 10(37.0) 0.051 40(17.0) 8(19.5) 0.66
Weight, mean (SD) 37.0(15.4) 37.4(24.7) 0.92 38.6 (15.7) 35.2(9.4) 0.29
Weight for age z-score, mean (SD) -1.1(1.2) -1.7 (1.5) 0.029 -0.8(1.3) -1.3(1.0) 0.020
Underweight, weight for age z-score<-2, n
(%) 58(21.6) 7(25.0) 0.64 31(13.2) 6(14.6) 0.80
BMI, mean (SD) 16.8(1.9) 16.9(1.6) 0.83 18.0 (3.3) 17.1(2.5) 0.088
BMI for age z-score, mean (SD) -0.6 (1.0) -0.7 (1.1) 0.69 -0.3(1.1) -0.7 (1.0) 0.017
Wasting, BMI for age z-score<-2, n (%) 21(7.8) 6(23.1) 0.021 11(4.7) 6(14.6) 0.026
Pubertal status, n (%) 0.79 0.73
Tanner | 94 (34.9) 8 (44.4) 75 (31.9) 10 (29.4)
Tanner || 69 (25.7) 4(22.2) 45(19.1) 10 (29.4)
Tanner Il 42 (15.6) 4(22.2) 54 (23.0) 6(17.6)
Tanner IV 55 (20.4) 2(11.1) 48 (20.4) 6(17.6)
TannerV 9(3.3) 0(0.0) 13(5.5) 2(5.9)
Lifestyle factors
Physical activity level, n (%) 0.010 0.42
Low, <600 MET mins/week 102 (37.9) 18 (62.1) 109 (46.4) 18 (43.9)
Moderate, 600-3000 MET mins/week 75 (27.9) 8 (27.6) 58 (24.7) 14 (34.1)
High, >3000 MET mins/week 92 (34.2) 3(10.3) 68 (28.9) 9(22.0)
Daily vitamin D intake, n (%) 0.75 0.79
Very low, <4.0 pg/day 13(4.8) 2(6.9) 11(4.7) 1(2.4)
Low, 4.0-5.9 pg/day 150 (55.8) 17 (58.6) 136 (57.9) 26 (63.4)
Moderate, 6.0-8.0 ug/day 106 (39.4) 10 (34.5) 88 (37.4) 14 (34.1)
Daily calcium intake, n (%) 0.39 0.84
Very low, <150 mg/day 118 (43.9) 15(51.7) 101 (43.0) 20 (48.8)
Low, 150-299 mg/day 58 (21.6) 3(10.3) 52 (22.1) 8(19.5)
Moderate, 300-450 mg/day 93 (34.6) 11 (37.9) 82(34.9) 13(31.7)

Bone age measures
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Bone age, mean (SD) 11.6 (2.4) 10.9 (2.0) 0.28 11.6 (2.4) 11.1(2.6) 0.43
Skeletal maturity deviation, mean (SD) -0.9(1.3) -1.4(1.8) 0.14 -0.5(1.4) -0.8 (1.8) 0.46
Skeletal maturity delay, n (%) 49 (18.2) 7 (24.1) 0.45 30(12.8) 2(4.9) 0.19

Student t-tests conducted on continuous variables and chi-squared tests on categorical variable. MET - multiples of
the resting metabolic rate SD- Standard deviation. Skeletal maturity deviation-difference between bone age and
chronological age. Skeletal maturity delay-skeletal maturity deviation </=-2 year
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Table 5.2 Demographic, lifestyle, anthropometry, and pubertal status characteristics of study

participants by sex

Males Females
CLWH p- CLWH p-
HIV- (n=140) (n=130) value HIV-(n=119) (n=115) value

Socio-demographics
Chronological age (years), mean (SD) 12.3(2.4) 12.6(2.5) 0.220 12.1(2.2) 12.3(2.4) 0.520
Socio-economic status, n (%) 0.180 0.004

Group 1: low 34 (24.3) 45 (34.8) 36 (30.3) 49 (42.6)

Group 2: middle 52 (37.1) 40 (30.8) 33(27.7) 41 (35.7)

Group 3: high 54 (38.6) 45 (34.6) 50 (42.0) 25(21.7)
Orphanhood: One or both parents dead, n
(%) 11(7.9) 54 (41.5) <0.001 7(5.9) 51 (44.3) <0.001
Anthropometry
Height (cm), mean (SD) 147.6(15.2)  140.2(12.5)  <0.001  147.7(11.8)  140.2(13.1) <0.001
Height for age z-score, mean (SD) -0.6 (1.0) -1.7(1.1) <0.001 -0.5(1.1) -1.5(1.1) <0.001
Stunting (height for age z-score <-2), n (%) 8(5.7) 46 (35.4) <0.001 9(7.6) 31(27.0) <0.001
Weight (kg), mean (SD) 38.3(11.5) 33.1(8.0) <0.001  42.5(12.7) 35.3(10.9) <0.001
Weight for age z-score, mean (SD) -0.7 (1.1) -1.6(1.2) <0.001 -0.2(1.2) -1.3(1.2) <0.001
Underweight (weight for age z-score <-2), n
(%) 15(10.7) 43(33.1) <0.001 7(5.9) 24 (20.9) <0.001
BMI (kg/m?), mean (SD) 17.1(2.2) 16.6(1.5) 0.013 19.1(3.6) 17.5(2.7) <0.001
BMI for age z-score, mean (SD) -0.5(1.0) -0.8 (0.9) 0.026 -0.0(1.2) -0.6 (0.9) <0.001
Wasting (BMI for age z-score <-2), n (%) 11(7.9) 10(7.7) 1.000 4(3.4) 7(6,1) 0.370
Pubertal status 0.240 <0.001

Tanner | 45(32.1) 50 (38.5) 23(19.3) 51 (44.3)

Tanner | 33(23.6) 36(27.7) 29 (24.4) 16(13.9)

Tanner Il 22(15.7) 20(15.4) 28 (23.5) 26 (22.6)

Tanner IV 36(25.7) 19 (14.6) 30(25.2) 18 (15.7)

TannerV 4(2.9) 5(3.8) 9(7.6) 4(3.5)
Lifestyle factors
Physical activity level, n (%) 0.043 0.055

Low, <600 MET mins/week 45(32.1) 58 (44.6) 46 (38.7) 62 (53.9)

Moderate, 600-3000 MET mins/week 47 (33.8) 28(21.5) 32(26.9) 26 (22.6)

High, >3000 MET mins/week 48 (34.3) 44 (33.8) 41 (34.5) 27 (23.5)
Daily vitamin D intake, n (%) 0.910 0.350

Very low, <4.0 ug/day 7 (5.0) 6(4.6) 4(3.4) 7(6.1)

Low, 4.0-5.9 ug/day 76 (54.3) 74 (56.9) 66 (55.5) 70 (60.9)

Moderate, 6.0-8.0 ug/day 57 (40.7) 50 (38.5) 49 (41.2) 38(33.0)
Daily calcium intake, n (%) 0.950 0.990

Very low, <150 mg/day 62 (44.3) 56 (43.1) 52 (43.7) 49 (42.6)

Low, 150-299 mg/day 31(22.1) 28(21.5) 26(21.8) 25(21.7)

Moderate, 300-450 mg/day 47 (33.6) 46 (35.4) 41 (34.5) 41(35.7)
Bone age measures
Bone age (years), mean (SD) 11.8(2.5) 11.2(2.3) 0.042 12.1(2.2) 11.2(2.5) 0.005
Skeletal maturity deviation -0.4(1.1) -1.4(1.4) <0.001 -0.0(1.2) -1.1(1.3) <0.001
Skeletal maturity delay, n (%) 10(7.1) 39(30.0) <0.001 6(5.0) 24 (20.9) <0.001

Student t-tests conducted on continuous variables and chi-squared tests on categorical variable. MET - multiples of
the resting metabolic rate SD- Standard deviation. Skeletal maturity deviation-difference between bone age and

chronological age. Skeletal maturity delay-skeletal maturity deviation </=-2 year
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Table 5.3 Frequency of comorbidities in males and females whether living with or without HIV

Males Females
pP- p-
HIV- (n=140 CLWH (n=130) value HIV-(n=119) CLWH (n=115) value
Arthritis 0(0.0) 2 (1.5) 0.230 0(0) 0(0)
Epilepsy 0(0.0) 2 (1.5) 0.230 1(0.8) 1(0.9) 1.000
Kidney 0(0.0) 2 (1.5) 0.230 0(0) 0(0)
Tuberculosis 1(0.7) 24 (18.5) <0.001 0(0.0) 18 (15.8) <0.001
Asthma 5(3.6) 3(2.3) 0.720 2(1.7) 6(5.2) 0.170
Diabetes 0(0) 0(0) 0(0.0) 1(0.9) 0.490
Cardiovascular disease  0(0.0) 4(3.1) 0.052 0(0.0) 5(4.3) 0.027
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Figure 5.2 Comparison of mean skeletal maturity deviation (difference between bone age and

chronological age) in children living with and without HIV by sex, age group and

pubertal status. Error bars indicate 95% confidence intervals
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5.3.3 Factors associated with SMD at baseline

Among males, living with HIV, being underweight, orphaned, and consuming less dietary
calcium, were associated with a more negative SMD (i.e., more delayed skeletal maturation) in
univariable analyses (Table 5.3). After adjustment in a multivariable model (which also included
SES and pubertal stage), only living with HIV and being underweight remained associated with
negative SMD in males. In females, before adjustment, living with HIV, being underweight,
orphaned, and to a lesser degree earlier pubertal stage were associated with more negative
SMD (Table 5.4). After adjustment in a multivariable model (which also included dietary calcium
and SES), again only living with HIV and being underweight remained associated with greater

delay in skeletal maturation in females.

Among males the adjusted effect of HIV in those in Tanner stage 1-2 is -0.50 (-0.90, -0.10)
and Tanner stage 3-5is -0.74 (-1.32, -0.26). Among females the adjusted effect of HIV in those in
Tanner stage 1-2 is -1.03 (-1.57, -0.49) and Tanner stage 3-5is -0.92 (-1.41, -0.43). A formal test
of interaction in females: 0.10 (-0.54, 0.75) and males: -0.33 (-0.90, 0.23) showed no statistical

evidence suggesting Tanner stage modified the effect of HIV on SMD.
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Table 5.4 Association between participants characteristics and skeletal maturity deviation in

males (unadjusted and adjusted linear regression analysis)

Variable n Mean Unadjusted model p-value Adjusted model p-value
SMD B coefficient (95%CI) B coefficient (95%CI)

Males n=270
HIV status

HIV negative 140 -0.43 Ref <0.001 ref <0.001
HIV positive 130  -1.40 -0.97 (-1.27,-0.67) -0.60 (-0.91, -0.28)
Weight for age z-score
Weight for age z-score>-2 212 -0.59 Ref <0.001 ref <0.001
Weight for age z-score<-2 58 -2.03 -1.44 (-1.79, -1.09) -1.15(-1.50, -0.80)
Socio-economic status

Group 1: High 99 -0.99 Ref 0.728 ref 0.567
Group 2: Middle 92 -0.63 0.36 (-0.02, 074) 0.46 (0.13, 0.79)
Group 3: Low 79 -1.09 -0.10 (-0.50, 0.29) 0.09 (-0.25, 0.44)
Pubertal stage
Tanner 1 95 -0.96 Ref 0.879 ref 0.922
Tanner 2 69  -0.78 0.17 (-0.24, 0.59) 0.14(-0.22, 0.50)
Tanner 3 42  -0.98 -0.02 (-0.51, 0.47) 0.03 (-0.39, 0.45)
Tanner 4&5 64  -0.89 0.07 (-0.36, 0.50) -0.04 (-0.42, 0.33)
Orphan status
Not an orphan 205 -0.72 Ref <0.001  ref 0.105
One or both parents dead 65 -1.48 -0.76 (-1.12, -0.40) -0.33 (-0.69, 0.03)
Physical activity

High, >3000 MET mins/week 92 -1.05 Ref 0.753

Moderate,600-3000MET
mins/week 75 -0.60 0.45 (0.04, 0.86)

Low, <600 MET mins/week 103 -0.98 0.08 (-0.29, 0.45)
Vitamin D intake

Moderate, 6.0-8.0 ug /day 107 -0.81 Ref 0.231

Low, 4.0-5.9 ug /day 150 -0.95 -0.14(-0.47, 0.19)

Very low, <4.0 ug /day 13 -1.01 -0.20(-0.97, 0.58)
Calcium intake

Moderate, 300-450 mg/day 93 -0.78 Ref 0.046 ref 0.166
Low, 150-299 mg/day 59  -0.64 0.14(-0.30, 0.57) 0.18 (-0.20, 0.55)

Very low, <150 mg/day 118  -1.13 -0.35(-0.71,0.01) -0.22 (-0.54, 0.10)

The adjusted model included the following exposures: HIV status, weight for age z-scores, socio-economic status,
pubertal stage, orphan status, and calcium intake. P-value for trend shown for variables with more than two
categories. Cl-confidence interval, SMD-Skeletal maturity deviation calculated as the difference between bone age
and chronological age; negative values reflect lower bone age than chronological age (delay in skeletal maturation)
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Table 5.5 Association between participants characteristics and skeletal maturity deviation in

females (unadjusted and adjusted linear regression analysis)

Variable n Mean Unadjusted model p-value Adjusted model p-value
SMD B coefficient (95%CI) B coefficient (95%CI)
Females n=234
HIV status
HIV negative 119 -0.02 Ref <0.001 ref <0.001
HIV positive 115 -1.08 -1.06 (-1.39, -0.73) -0.92 (-1.30, -0.54)
Weight for age z-score
Weight for age z-score>-2 203 -0.33 Ref <0.001 ref <0.001
Weight for age z-score<-2 31 -1.96 -1.63(-2.11,-1.15) -1.44 (-1.92, -0.96)
Socio-economic status
Group 1: High 75 -0.52 Ref 0.568 ref 0.107
Group 2: Middle 74 -0.46 0.07 (-0.38, 0.51) 0.38(-0.01,0.78)
Group 3: Low 85 -0.64 -0.12 (-0.55, 0.31) 0.38, (-0.01, 0.76)
Pubertal stage
Tanner 1 74 -0.85 Ref 0.068 ref 0.907
Tanner 2 45  -0.51 0.33(-0.18, 0.84) 0.02 (-0.45, 0.49)
Tanner 3 54  -0.20 0.64(0.16, 1.13) 0.38 (-0.05, 0.81)
Tanner 4&5 61 -0.51 0.34(-0.13, 0.80) -0.16 (-0.60, 0.28)
Orphan status
Not an orphan 176  -0.39 ref 0.003 ref 0.929
One or both parents dead 58 -1.00 -0.61 (-1.01, -0.21) -0.04 (-0.45, 0.37)
Physical activity
High, >3000 MET mins/week 68 -0.39 ref 0.129
Moderate, 600-3000 MET
mins/week 58 -0.45 -0.06 (-0.55, 0.42)
Low, <600 MET mins/week 108 -0.70 -0.31 (-0.73, 0.11)
Vitamin D intake
Moderate, 6.0-8.0 ug /day 87 -0.56 ref 0.564
Low, 4.0-5.9 ug /day 136 -0.48 0.07 (-0.30, 0.44)
Very low, <4.0 ug /day 1 -1.25 -0.69 (-1.56, 0.17)
Calcium intake
Moderate, 300-450 mg/day 82 -0.49 ref 0.385 ref 0.903
Low, 150-299 mg/day 51 -0.40 0.10 (-0.39, 0.58) 0.20 (-0.23, 0.62)
Very low, <150 mg/day 101  -0.66 -0.17 (-0.53, 0.23) 0.01(-0.35, 0.37)

The adjusted model included the following exposures: HIV status, weight for age z-scores, socio-economic status,
pubertal stage, orphan status, and calcium intake. P-value for trend shown for variables with more than two
categories. Cl-confidence interval, SMD-Skeletal maturity deviation calculated as the difference between bone age
and chronological age; negative values reflect lower bone age than chronological age (delay in skeletal maturation)

5.3.4 Participant characteristics of children living with HIV

Among CLWH, 27 participants were excluded as they were missing a CD4 count and/or a

viral load, meaning 117 males and 101 females were included. There was no difference in

physical activity levels, dietary vitamin D or calcium intakes in either males or females, but the

mean WAZ and BMI for age z-scores differed with males [n=40 (34%)] more likely to be
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underweight than females [n=22 (22%)] (Table 5.5). Females had less negative SMD (i.e., less

delay in skeletal maturation) than the males.

5.3.5 Factors associated with SMD in participants living with HIV

In univariable analyses, older age at ART initiation (in both sexes) and greater viral load (in
males only) were associated with more negative SMD (Table 5.6 and 5.7)). In males, the negative
association between viral load and SMD was partially attenuated after adjustment for WAZ, SES,
pubertal stage, orphan status, calcium intake and age at ART initiation. Similarly, after the same
adjustment, the trend between age at ART initiation and SMD was no longer evident. No
association between viral load and SMD was found in females, but later age at ART initiation
was associated with a more negative SMD (Table 5.7). The association between WAZ and SMD
was robust to adjustment, and again being underweight was associated with more negative
SMD in CLWH in both sexes. Underweight children (z-score < -2) were on average delayed by a

year in their skeletal maturity, compared to those who were not underweight.
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Males (n=117) Females (n=101) p-value
Socio-demographics
Chronological age (years), mean (SD) 12.6 (2.5) 12.1(2.4) 0.16
Socio-economic status, n (%) 0.042
Group 1: low 43 (36.8) 44 (43.8)
Group 2: middle 33(28.2) 37 (36.8)
Group 3: high 41 (35.0) 20(19.8)
Orphanhood: One or both parents dead n (%) 46 (39.3) 46 (45.5) 0.41
Anthropometry
Height (cm), mean (SD) 139.8(12.3) 138.6 (13.0) 0.49
Height for age z-score, mean (SD) -1.8(1.1) -1.5(1.1) 0.097
Stunting (height for age z-score<-2), n (%) 43 (36.8) 28 (27.7) 0.19
Weight (kg), mean (SD) 34.0(12.7) 34.5(13.9) 0.78
Weight for age z-score, mean (SD) -1.6(1.2) -1.3(1.1) 0.023
Underweight (weight for age z-score<-2, n (%) 40 (34.2) 22 (21.8) 0.051
BMI (kg/m2), mean (SD) 16.5(1.4) 17.2(2.4) 0.010
BMI for age z-score, mean (SD) -0.8(0.9) -0.6 (0.9) 0.040
Wasting (BMI for age z-scores<-2, n (%) 9(7.7) 5(5.0) 0.58
Pubertal status 0.19
Tanner| 47 (40.2) 47 (46.5)
Tanner I 30 (25.6) 13(12.9)
Tanner |l 19(16.2) 22(21.8)
Tanner IV 17 (14.5) 16 (15.8)
TannerV 4(3.4) 3(3.0)
Lifestyle factors
Physical activity level, n (%) 0.17
Low, <600 MET mins/week 49 (41.9) 53 (52.5)
Moderate, 600-3000 MET mins/week 26 (22.2) 23 (22.8)
High, >3000 MET mins/week 42 (35.9) 25 (24.8)
Daily vitamin D intake, n (%) 0.87
Very low, <4.0 ug/day 5(4.3) 6(5.9)
Low, 4.0-5.9 ug/day 69 (59.0) 60 (59.4)
Moderate, 6.0-8.0 ug/day 43 (36.8) 35(34.7)
Daily calcium intake, n (%) 0.87
Very low, <150 mg/day 51(43.8) 45 (44.8)
Low, 150-299 mg/day 24 (20.5) 23(22.8)
Moderate, 300-450 mg/day 42 (35.9) 33(32.7)
HIV Characteristics
Age at diagnosis, n (%) 0.70
<4 years exposure 69 (59.0) 63 (62.4)
4-7.9 years 36 (30.8) 25 (24.8)
8-12 years 8(6.8) 10(9.9)
>12 years 4(3.4) 3(3.0)
Age at ART initiation, n (%) 0.45
<2years 30 (25.8) 29 (28.7)

118



2-3.9years

4-8 years

>8 years
ART duration, n (%)

2-6years

6-10years

>10 years
CD4 count, <500 cells per pL
Viral load, >1000 RNA copies per ml
Tenofovir exposure

No tenofovir

<4 years exposure

4 years+ exposure
Bone age measures
Bone age, mean (SD)
Skeletal maturity deviation, n (%)
Skeletal maturity delay, n (%)

Chapter5

27(23.1)
42(35.9)
18 (15.4)

26 (22.2)
68 (58.1)
23(19.7)
25 (21.4)
24 (20.5)

79 (67.5)
24 (20.5)
14 (12.0)

11.2(2.3)
-1.4(1.4)
35 (29.9)

27 (26.7)
26 (25.7)
19(18.8)
0.38
27 (26.7)
61 (60.4)
13(12.9)
18 (17.8) 0.61
22 (21.8) 0.87
0.98
70 (69.3)
20 (19.8)
11(10.9)
11.1(2.5) 0.82
-1.0(1.3) 0.037
20 (19.8) 0.12

Foot notes: Skeletal maturity deviation: difference between bone age and chronological age. Skeletal maturity delay:

skeletal maturity deviation <-2 years
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males living with HIV (unadjusted and adjusted linear regression analysis)

Variable n Mean SMD Unadjusted model p-value Adjusted model p-value
B coefficient B coefficient
(95%CI) (95%Cl)

Males n=117
Weight for age z-score
Weight for age z-score>-2 77 -1.03 Ref <0.001 ref 0.001
Weight for age z-score<-2 40 -2.15 -1.12(-1.62, -0.62) -0.85 (-1.40, -0.30)
Socio-economic status

Group 1: High 41 -1.65 Ref 0.414 ref 0.069
Group 2: Middle 33 -1.32 0.33(-0.31,0.98) 0.66 (0.03, 1.29)
Group 3: Low 43 -1.27 0.38(-0.23, 0.98) 0.44(-0.14, 1.03)
Pubertal stage
Tanner 1 47 -1.37 Ref 0.351 ref 0.73
Tanner 2 30 -1.13 0.23(-0.41, 0.88) 0.32(-0.29, 0.92)
Tanner 3 19 -1.52 -0.15 (-0.90, 0.60) -0.02 (-0.78, 0.74)
Tanner 4&5 21 -2.04 -0.47 (-1.20, 0.25) 0.12 (-0.60, 0.84)
Orphan status
Not an orphan 71 -1.21 Ref 0.046 ref 0.298
One or both parents dead 46 -1.73 -0.53 (-1.04, -0.01) -0.26 (-0.77, 0.25)
Physical activity

High, >3000 MET mins/week 42 -1.45 Ref 0.819

Moderate, 600-3000 MET
mins/week 26 -1.26 0.19 (-0.50, 0.89)

Low, <600 MET mins/week 49 -1.46 -0.01 (-0.58, 0.59)
Vitamin D intake

Moderate, 6.0-8.0 ug /day 21 -1.72 Ref 0.571

Low, 4.0-5.9 ug /day 77 -1.49 -0.37 (-1.05, 0.32)

Very low, <4.0 ug /day 19 -1.44 -0.31(-1.19, 0.57)
Calcium intake

Moderate, 300-450 mg/day 42 -1.08 Ref 0.017 ref 0.131
Low, 150-299 mg/day 24 -1.12 0.04 (-0.73, 0.65) -0.11(-0.78, 0.57)

Very low, <150 mg/day 51 -1.83 -0.75(-1.31,-0.19) -0.59 (-1.18, 0.003)
Age at ART initiation
<2years 30 -0.76 Ref 0.011 ref 0.118
2-3.9 years 27 -1.41 -0.66 (-1.37, 0.05) -0.61(-1.31, 0.08)
4-8 years 42 -1.64 -0.74 (-1.40, -0.25) -0.73(-1.39, -0.08)
>8 years 18 -1.99 -1.23(-2.03, -0.44 -0.83 (-1.67, 0.002)
CD4 count
>/=500 cells per uL 92 -1.33 Ref 0.233
<500 cells per pL 25 -1.71 -0.38(-1.00, 0.25)
Viral load
<1000 RNA copies per ml 93 -1.24 Ref 0.009 ref 0.073
>1000 RNA copies per ml 24 -2.08 -0.84 (-1.45, -0.22) -0.56 (-1.19, 0.08)
TDF years of exposure
No exposure 79 -1.32 Ref 0.534
<4 years 24 -1.60 -0.28 (-0.93, 0.36)
=4 years 14 -1.66 -0.35(-1.15, 0.486)

The adjusted model included the following exposures: pubertal status, weight for age z-scores, socio-economic

status, orphan status, calcium intake, age at ART initiation and viral load. ART-Anti-retroviral therapy, TDF- tenofovir

disoproxil fumarate. Cl-confidence interval SMD: Skeletal maturity deviation calculated as the difference between
bone age and chronological age; negative values reflect lower bone age than chronological age (delay in skeletal

maturation)
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Table 5.8 Association between participants characteristics and skeletal maturity deviationin

females living with HIV (unadjusted and adjusted linear regression analysis)

Mean
Variable n SMD Unadjusted model p-value Adjusted model p-value
B coefficient B coefficient
(95%Cl) (95%Cl)

Female n=101
Weight for age z-score>-2 79 -0.80 ref 0.001 ref 0.001
Weight for age z-score<-2 22 -1.86 -1.06 (-1.66, -0.47) -01.00 (-1.60, -0.41)
Socio-economic status

Group 1: High 20 -1.18 ref 0.801 ref 0.706
Group 2: Middle 37 -0.79 0.39(-0.34, 1.11) 0.39(-0.26, 1.04)
Group 3: Low 44 -1.15 0.03 (-0.68,0.73) 0.09(-0.586, 0.74)
Pubertal stage
Tanner 1 47 -1.20 ref 0.226 ref 0.011
Tanner 2 13 -1.02 0.18 (-0.64, 1.01) 0.69 (-0.16, 1.50)
Tanner 3 22 -0.81 0.38(-0.30, 1.06) 0.73(0.09, 1.39)
Tanner 4 19 -0.86 0.34(-0.38, 1.06) 0.66 (-0.03, 1.35)
Orphan status
Not an Orphan 55 -1.01 ref 0.920 ref 0.583
One or both parents dead 49 -1.04 -0.03 (-0.55, 0.50) 0.05 (-0.45, 0.55)
Physical activity

High, >3000 MET mins/week 26 -0.90 ref 0.630

Moderate, 600-3000 MET
mins/week 26 -1.07 -0.17 (-0.93, 0.59)

Low, <600 MET mins/week 55 -1.07 -0.17 (-0.81, 0.47)
Vitamin D intake

Moderate, 6.0-8.0 ug /day 33 -0.85 ref 0.908

Low, 4.0-5.9 ug /day 23 -1.23 0.12 (-0.44, 0.68)

Very low, <4.0 ug /day 45 -1.06 -0.39 (-1.55, 0.77)
Calcium intake

Moderate, 300-450 mg/day 33 -0.85 ref 0.525 ref 0.732
Low, 150-299 mg/day 26 -1.25 -0.38(-1.09, 0.33) -0.17 (-0.82, 0.55)

Very low, <150 mg/day 48 -1.06 0.21(-0.81, 0.39) -0.02 (-0.62, 0.57)
Age at ART initiation
<2years 29 -0.53 ref 0.006 ref <0.001
2-3.9 years 27 -0.99 -0.47 (-1.15, 0.22) -0.59 (-1.25, 0.08)
4-8 years 26 -1.27 -0.74 (-1.43, -0.05) -1.14 (-1.84, -0.43)
>8 years 19 -1.51 -0.98 (-1.74, -0.23) -1.47 (-2.30, -0.85)
CD4 count
>/=500 cells per uL 83 -0.98 ref 0.408
<500 cells per pL 18 -1.26 -0.28 (-0.40, 0.97)
Viral load
<1000 RNA copies per ml 79 -1.12 ref 0.196 ref 0.176
>1000 RNA copies per ml 22 -0.70 0.41 (-0.21, 1.04) 0.47 (-0.13, 1.06)
TDF exposure
No exposure 70 -0.96 ref 0.567
<4 years 20 -1.26 -0.30(-0.96, 0.37)
4 years + 1 -1.05 -0.10 (-0.95, 0.76)

The adjusted model included the following exposures: pubertal status, weight for age z-scores, socio-economic
status, orphan status, calcium intake, age at ART initiation and viral load. ART-Anti-retroviral therapy, TDF- tenofovir
disoproxil fumarate. Cl-confidence interval SMD: Skeletal maturity deviation calculated as the difference between
bone age and chronological age; negative values reflect lower bone age than chronological age (delay in skeletal
maturation)
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5.3.6 Extra analysis

| repeated the analysis using multiple imputation. All the results were consistent other
than the association between age at ART association and SMD in the boys because the sample
size increased hence the statistical power also increased. | also saw this association in males
which mirrored the association in females (see appendix C, page 190, Table 4 for imputed

analysis)

54 Discussion

| report results from the first study to my knowledge to describe skeletal maturationin
CLWH in Southern Africa. Delayed skeletal maturation was common among CLWH whether
male or female and the delay in skeletal maturity was more marked in the older children who
were in earlier Tanner stages. Therefore, having HIV and being underweight were strongly
associated with delayed skeletal maturation. In CLWH, later age at ART initiation was

associated with greater delay in skeletal maturation in females.

5.4.1 Delayed skeletal maturation in CLWH

My study has shown that CLWH have delayed skeletal maturation whether male or female
when compared with their HIV-negative peers. These findings are consistent with two studies
from Brazil and India where children aged 5-11 and 8-14 years were studied respectively (137,
253). However, the Brazilian and Indian studies did not account for potential confounders unlike
in my study where linear regression analysis assessed the independent effect of HIV on skeletal
maturation after accounting for weight-for-age z-scores, socio-economic status, pubertal stage,
orphan status, physical activity and vitamin D and calcium intake. In addition, the Brazilian and
Indian studies had small sample sizes of 60 participants and did not include older adolescents,
and in the case of the Indian study, a comparator group of HIV-negative children. Females living
with HIV had less negative SMD than males which could be a result of females having better

adherence to ART as reported in several studies (254-256).

Similar to this study, delays in skeletal maturation have been reported in other studies in
black African HIV-negative children and adolescents living in Africa although the magnitude of
delay differed ranging from 0.5 years to 1.6 years (102, 214, 257). In a comparison of black and
white children in South Africa, black males matured later than white males by 6 months (89). In
contrast, a systematic review of studies of black children, age 0-18 years, living in high income

countries showed that they have advanced BA relative to CA (158). The differences in skeletal
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maturation between black children in Africa and those in high income countries may be
explained by the optimal environmental conditions in high income countries in terms of better
access to healthcare and nutrition which are likely to contribute to maximising genetic
potential, all of which play a key role in the skeletal development of children. Longitudinal data
in much larger Africa populations are required to determine whether delays in skeletal
maturation in CLWH are transient or persist throughout adolescence until the end of growth. In

chapter five | will describe skeletal maturation after one year in this cohort of children.

| observed that there was no evidence that Tanner stage was modifying the effect of HIV
on SMD suggesting that factors other than developmental stage may be more critical in
understanding skeletal growth in children living with HIV. However, | would need longer
prospective data on growth to see whether there is catch-up growth or not in CLWH.

Furthermore, my study was not adequately powered to test an interaction.

5.4.2 Factors associated with delayed skeletal maturation

My findings add onto the literature that HIV infection can adversely impact normal growth
and development as living with HIV was independently associated with delays in skeletal
maturation in this population. The delay in skeletal maturation leads to impaired linear growth
resulting in CLWH being shorter than their peers. Whether they catch up to their peers requires
follow up studies until the end of growth. | also showed that chronologically older CLWH were
more likely to be in earlier Tanner stages, with greater delays in skeletal maturation than
children in later tanner stages of the same age. It is possible that the delayed older CLWH in
earlier tanner stages may experience a period of accelerated skeletal maturation to ‘catch-up’
in skeletal maturation on initiation of puberty, and the rate of skeletal maturation may be more
rapid in duration compared to their fellow counterparts who were more advanced in maturation

at the same age.

Age at ART initiation was associated with SMD only in females highlighting the importance
of early initiation of ART; similar trends were observed in males although this did not reach
significance at the p<0.05 level. Similarly, a longitudinal analysis of skeletal maturationin a 4-
year follow-up study of Brazilian children reported reduced SMD in CLWH starting ART early
(253) . Starting ART early has several benefits which include lower mortality, better virologic
control and improved growth in children (258-260). Mortality was substantially reduced in
infants with immediate ART initiation in the trial on Children with HIV Early Antiretroviral Therapy
(CHER), such that ART following diagnosis was recommended for all infants with HIV (259, 261).

Furthermore, the risk of severe illness was reduced with early ART initiation in the START and
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TEMPRANO trials (262, 263). Therefore, with better control of disease growth is significantly
improved because children are not unwell and less prone to repeated infections. These findings
support WHO recommendations to start ART upon HIV diagnosis regardless of CD4 count
aligning with the Zimbabwean government implementing the “test and treat” approachin the
2016 national policy and guidelines (262, 263). Delayed ART initiation is still a reality with only
80% of Zimbabwean children (0-14 years) having access to ART (110). My study did not show an
association between TDF use and SMD, even though TDF has been associated with bone
deficits in density and strength (i.e. bone accrual) in the same population (224, 225), potentially
reflecting a direct effect of TDF on bone accrual rather than on puberty. Itis still not clear how
TDF causes bone loss although different authors have proposed several mechanisms, which
include alteration of gene expression in osteoclasts, altered renal phosphate handling and
functional vitamin D deficiency (264-266). Viral load monitoring is critical to assess the efficacy
of ART and in my study, | found a weak association between viral load and SMD in the males.
This may be due to low compliance or drug resistance, however, of the two itis most likely
attributed to the male gender being associated with less adherence to ART. (254, 256). To
confirm this, | would need to conduct a study to explore associations between viral load and

adherence.

Underweight children, living with or without HIV, were delayed in BA by over a year
compared to those not underweight, consistent with a study in India where BA was measured in
100 underweight children (267). In contrast, there was no relationship found between BMIl and
skeletal maturation in Iranian and Malawian children aged 6-15 years and 2-28 years
respectively (102, 268). The Malawian study used Greulich Pyle to assess BA which | have found
to be less biased by age and less precise than the TW3 method as | reported in Chapter 3 (245).
In the South African Birth to Twenty’s (Bt20) Bone Health Study (220), being heavier and taller at
age two years in males, and having greater lean mass and having entered puberty earlierin
females were associated with more advanced skeletal maturation at age 9-10 years, whichisin
general agreement with the current findings. The Bt20 study showed the importance of a
healthy weight in early childhood and its implications on later growth and development. Itis not
possible to determine early life environmental exposures and growth measures in the current

study.

The association between being underweight and SMD may be explained by the fact that
underweight is an indicator of malnutrition. Therefore, the insufficient intake of nutrients such
as proteins, minerals and vitamins which are essential for the endochondral ossification at the

growth plate would have a negative impact on skeletal maturation. Additionally, underweight
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children often have delayed onset of puberty meaning sex hormones like oestrogen that trigger
GH and IGF-I production to initiate the growth spurt and stimulate the closure of the growth
plate are secreted later thereby delaying skeletal maturation. Although nutrient
supplementation can be a vital intervention for underweight children, linear growth would be
improved if the intervention substantially improves socioeconomic status and living conditions
(47). However, a double-blind, randomized controlled trialin Israel involving 200 short and lean
healthy prepubertal children showed that supplementation with a formula providing 25% of the
recommended dietary reference intake for calories, high in whey protein (28% of calories), 25%
fat (from canola oil), and 47% carbohydrates, along with vitamins and minerals, positively

impacted their growth (269).

In contrast to my study, an association between low SES and SMD was reported in a study
conducted in Sudan (91), and this may be attributed to the different measurements of SES in the
two studies. The Sudanese study defined low SES as having insurance (insurance in Sudan is
available only for families on low income as defined by their department of social affairs), whilst
in my study, SES data was derived from the first component from a principal component
analysis that combined asset list and household item ownership. The limitation for Sudanese
method of determining SES is that it may not capture the full spectrum of socioeconomic
conditions such that some individuals who may not have insurance for other reasons maybe
misclassified. On the other hand, the choice of household items and assets chosen in my study
can subjectively influence the SES measure and the value and significance of the assets may
vary potentially skewing the results. Therefore, use of a broader definition of SES and a method
that is validated within the population under study may provide a more comprehensive

understanding of SES and yield better results.

I did not find an association between PA and SMD and studies on the association between
PA and SMD are limited. It is possible that the self-reported method of measuring physical
activity in my study may be subject to recall bias and the children could not accurately
remember past activities and may struggle to estimate the duration or intensity of their

activities. Therefore, a less subjective way of assessing physical activity would be more ideal.

5.4.3 Strengths and limitations of the study

One of the strengths of this study is that it is the first to describe skeletal maturation in
Zimbabwean children and adolescents. Another strength is that the study included a
comparator group of HIV negative children. The study sample that was a likely representation of

children living in Harare as CLWH were recruited from HIV clinics in the only two tertiary

125



Chapter5

hospitals in Harare and HIV negative children from schools in the same catchment area of the
tertiary hospitals. Using the TW3 method instead of the GP method was also a strength as it was
shown to be less valid in chapter three (245). The study had enough numbers hence powered

enough to determine factors associated with SMD.

However, there are limitations to this study. For example, the cross-sectional nature of
our study meant the exposure and the outcome were measured at the same pointin time
therefore minimally informative for causal inference. In addition, there is risk of reverse
causality where the outcome SMD may cause the exposures. Another limitation was the
exclusion of older children because of the method of choice for BA assessment (which only
grades up to 15 years in girls and 16.5 years in boys). As a result of this exclusion, the
associations of SMD with age at ART initiation and viral load in boys with HIV, and pubertal
status in girls with HIV may have been inadequately powered to show these associations

because of the relatively small sample size in CLWH in the later Tanner stages.

There is a possibility of measurement error when assessing BA and to determine the
consistency around the BA measurements a second person graded the radiographs. Lack of
local anthropometric reference data necessitated the use of data from the UK to define
malnutrition potentially resulting in misclassification. Although diet data were collected using a
standardised and validated tool, evidence has shown that frequency and quantity of food
portions consumed are often poorly estimated due to recall bias thus leading to inaccuracies in

determining dietary vitamin D and calcium intake.

In this analysis | used a complete case analysis approach where participants with missing
variables (tanner stage, orphan status, CD4 and viral load) were excluded. Although the
statistical power of the study was reduced because of the reduced sample size the participants
with and without missing data had similar characteristics such that performing a complete case
analysis would not introduce any bias. Again, the chances of detecting a significant association
if it exists were increased. However, in the follow up analysis | accounted for missing data by
using multiple imputation by chained equations. Another limitation of my study was the inability
to explore observed associations by CD4 count because too few participants had lower CD4
count (males :27 and females: 18) although a much larger study has reported an association
between lower CD4 count and poor growth (270). My study was also limited in that children with
comorbidities like TB were not excluded from the study as both TB and HIV can significantly
impact growth and development through nutritional deficiencies and chronic inflammation. Itis
possible that delayed growth and development may be worsened in children because of the

combined effect of the two conditions and may not reflect the impact of one condition.
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5.5 Conclusion

In conclusion, perinatally acquired HIV infection and being underweight were
independently associated with delays in skeletal maturation in both males and females. The
implications of delays in skeletal maturation include impaired linear growth leading to CLWH
being shorter than their HIV negative peers or their expected final adult height impacting the
children cognitively, socially and psychologically. In CLWH, delays in initiating ART contributed
to the delays in skeletal maturation. Our findings support the test and treat programmes where
ART is initiated regardless of disease orimmunological stage. Given the consequences of
delayed development on final height and subsequent outcomes, longitudinal studies are
needed to determine the implications of a delayed development on later health in children living
with and without HIV. Therefore, in the next chapter | will look at longitudinal data collected after

one year.
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Chapter 6 Skeletal maturation after one yearin
peripubertal children living with and

without HIV

6.1 Introduction

In chapter 5 my cross-sectional analysis found that living with HIV and being underweight
were associated with delays in skeletal maturity in both males and females. CLWH were delayed
in skeletal maturation than the HIV negative children. In this current chapter | want to determine
if the delays in skeletal maturity are transient, or whether they persist after one year. Therefore, |
aimed to determine change in SMD after one year and determine factors associated with the

change.

The cumulative negative exposure to the direct and indirect effects of HIV infection and its
treatment on skeletal growth and development is seen more in children and adolescents than
adults as they are still going through the growth process. Therefore, tracking their growth and
development would allow observation of growth patterns and trajectories especially in the
context of HIV. Longitudinal studies would allow identification of critical periods during growth
and development and assessment of long-term consequences of delayed skeletal maturation,
and whether catch-up growth occurs as the children mature. HIV negatively impacts growth with
several studies having shown that CLWH often present with lower HAZ and WAZ, indicating
stunting and underweight conditions (122, 271) . Before the advent of ART, CLWH had the most
profound growth failure compared to HIV negative children with a sharp decline in HAZ in the first
6 weeks of life followed by a progressive decline up to 21 months (122). However, the initiation
of ART has been shown to improve HAZ and WAZ, particularly when started early, demonstrating
a potential for growth recovery with effective treatment (271-273). Despite improvements with
ART, many children may still not reach the growth parameters of their uninfected peers,

highlighting the need for continued monitoring and nutritional support (274).

Longitudinal studies assessing skeletal maturation in CLWH are lacking in sub-Saharan
Africa, where 90% of CLWH live (110). The two studies that have investigated skeletal

maturation in CLWH have reported delayed skeletal maturation (137, 253) which corresponds
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to a lower BA than CA and of these two, only one study in Brazil looked at longitudinal data.
Although not tested, the magnitude of the SMD in the Brazilian study was higher at baseline
than at follow-up, males (1.59 vs 0.58 years) and females (2.11 vs 1.29 years). However, the
Brazilian study only used t-tests in their statistical analysis whilst | used linear regression
analysis that allowed for the examination of the relationship between SMD and other variables
and control for confounding variables not just a comparison of the means. In the previous
chapter | have demonstrated HIV infection and being underweight as important factors
associated with delayed skeletal maturation with CLWH being more delayed in skeletal
maturation than the HIV-negative children. The delays were greater in older children in lower
pubertal stages suggesting potential lasting effects of HIV on growth and development into
early adulthood. It is therefore unclear whether the CLWH do “catch-up” in skeletal maturation,
and hence achieve their genetic growth potential, with their uninfected counterparts as they

accelerate through puberty.

Therefore, the aim of this study was to understand whether the differences in skeletal
maturation in CLWH and HIV negative children were sustained after one year. To assess change,
BA assessment was repeated to determine the SMD at follow up, calculated as BA at follow up
minus CA at follow up, independent of the SMD at baseline to generate an indirect measure of
change. | also determined baseline factors (SES, pubertal stage, physical activity, vitamin D and
calciumintake), associated with SMD at follow up, independent of SMD at baseline. This analysis
was based on 12 months of longitudinal data from children living with and without HIV (8-16
years). | hypothesised that after one-year CLWH would remain delayed in skeletal maturation

than HIV negative children.

6.2 Methods

6.2.1 Study design and participants

As previously described in chapter three, this was a cohort study (IMVASK), of children
aged 8-16 years, with and without HIV with two visits 12 months apart. The IMVASK study was

conducted as per published protocol and is explained in detail in chapter three (224).
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6.2.2 Bone age assessment

BA was assessed from hand wrist radiographs taken of the non-dominant side. As the
IMVASK population at follow up were now aged 9-17 years, if the same approach as in chapter
four and five were used, it meant exclusion of more participants in the follow up study. Therefore,
| decided to use a combination of the two BA methods, after testing the appropriateness of this
decision (see 6.2.3). The TW3 Radius, Ulna and Short bones (TW3 RUS) (77) method was used on
participants aged below 15 and 16.5 years and in girls above 15 years and boys above 16.5 years
the GP atlas was used (2) as the upper age limit of GP is 19 years for males and 18 years for

females.

6.2.3 Appropriateness of using two methods of BA assessment

To test for the appropriateness of using two methods of BA assessment, scatter plots for
BA against CA were generated and the slope of the regression lines calculated. The slopes were
calculated with and without the GP bone ages for the older children and no differences were
seenin the slopes (Figure 6.1). Figure 6.1a shows males 8-16.5 years: TW3 method used and
above 16.5 years the GP method used; regression coefficients with GP 0.87, without GP 0.88.
Figure 5.1b shows females 8-15 years: TW3 method used and above 15 years the GP method

used; regression coefficients with GP 0.86, without GP 0.86.
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Figure 6.1 Relationship between bone age and chronological age a) Tanner Whitehouse 3

method used and above 16.5 years the Greulich and Pyle method used, b) TW3

method used and above 15 years the GP method used

6.2.4 Statistical analyses

| performed the statistical analyses using Stata 17 (StatCorp, Texas, USA). A negative SMD

value reflects a delay in skeletal maturity, and a positive value reflects advanced skeletal

maturity relative to CA. | cleaned the data and checked for consistency and outliers. | used the

Student t-tests for continuous variables and chi-squared tests for categorical variables to

compare within each sex and between children with and without HIV and to compare

participants remaining in the study and those lost to follow up. Normally distributed continuous

variables were presented as means = standard deviations and categorical variables as numbers

and proportions of participants in each category. Non-normally distributed continuous variables

were presented as medians and interquartile ranges (IQR). | derived histograms to show the

distribution of SMD at baseline and at follow up by HIV status, WAZ and levels of physical activity.
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6.2.4.1 Determining the best method of change in SMD

| needed to determine the most appropriate way to assess change in SMD. There were three

possible methods of calculating the outcome of interest:

1. SMD at follow-up (BA at follow-up - CA at follow-up) in years, adjusted for SMD at
baseline and follow-up period,

2. Conditional change in SMD characterised by residuals obtained after estimating sex-
specific linear regression models for SMD at follow-up on SMD at baseline with
adjustment for individual follow-up duration; this measure of change is independent of
baseline level

3. The absolute change in SMD calculated as SMD at follow-up minus SMD at baseline.

Each method has advantages and disadvantages. Method 3 which is the direct method (SMD at
follow up minus SMD at baseline) is a difficult concept to understand because it is the
longitudinal change of a difference in BA and CA therefore difficult to interpret. Although the
measure of change is independent of the baseline SMD in method 2 which is the residual
approach, itis difficult to explain because it requires a deeper statistical reasoning behind the
function of residuals in a linear regression model. The interpretation of residuals is more
challenging as they are measuring how much greater some quantity is from what we would
expect from the baseline level; they can artificially reduce the estimated standard errors (as the
residuals are used in the conditional change models as if they have no uncertainty associated
with them, when actually the residuals themselves have been estimated from a previous
model) and they can lead to biased parameter estimates. Again, because the residuals are
ascertained from a linear regression where the characteristic at follow-up is estimated from the
same characteristic at baseline, smaller numbers of observations will result in a less robust
derivation of residuals as they have been estimated from a regression which is based on fewer
observations (275). Therefore, it is not a reliable method. Whilst method 1 is not strictly a
longitudinal change in SMD, it is an indirect measure of change as it looks at SMD at one time
point whilst adjusting for SMD at an earlier time point. | therefore chose method one as the

output is easier to interpret and accounts for SMD at baseline.
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6.2.4.2 Multiple imputation

To account for missing data on pubertal status, CD4 count and viral load, | decided to
impute missing data to increase the power to be able to answer my research questions. | first
identified auxiliary variables (HIV status, SES, sex, CA, physical activity, vitamin D and calcium
intake). | added these to the imputation model to support the plausibility of the assumption of
missing at random. These auxiliary variables were identified: 1) as a priori factors; 2) after
considering their strength of association with the variables containing missing values (if
continuous, correlation coefficient r>0.4 and if categorical, chi squared test p<0.05). Using
imputation by chained equations command in Stata, | used a binary distribution to impute
dichotomised CD4 count and viral load whilst an ordinal distribution was used to impute Tanner

staging.

6.2.4.3 Minimally adjusted models

| examined univariable associations between each baseline exposure variable in turn (HIV
status, WAZ, SES, physical activity, vitamin D intake, calcium intake, pubertal stage) and the
outcome SMD at follow-up after accounting for SMD at baseline and the follow-up period

(minimally adjusted models). P-values from tests for trend were reported for ordinal variables.

6.2.4.4 Multivariable model

A fully adjusted linear regression model (including the variables baseline SMD, follow-up
period, HIV status and a priori factors WAZ, SES, pubertal stage, physical activity, and calcium
intake as exposures) was also fitted. Other variables were included in the fully adjusted model if
there was evidence of an association (p-value for trend < 0.1) in the minimally adjusted analysis,

in either the males or the females.

6.2.4.5 Factors attenuating the association between HIV and SMD

To examine which factors attenuated the association between HIV status and SMD at
follow-up when included as adjustments, | fitted an initial model with SMD at follow-up as the
outcome and SMD at baseline, follow-up period and HIV status as exposures. The baseline
exposures WAZ, SES, pubertal status, physical activity, and calcium intake were then added
individually to this model and estimates of association between HIV status and SMD at follow-

up were reported.
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6.2.4.6 Factors associated with SMD in children living with HIV

In an analysis restricted to CLWH, minimally adjusted linear regression models were used
to examine associations between baseline exposure variables (including the HIV specific
variables, age at ART initiation, CD4 count, viral load and TDF exposure) and SMD at follow-up
with adjustment for baseline SMD and follow-up period. The fully adjusted linear regression
model in CLWH included baseline SMD, follow-up period, HIV status and a priori factors WAZ,
SES, pubertal stage, physical activity, calcium intake and HIV specific variables with a p-value

fortrend < 0.1 in the minimally adjusted linear regression models in either the males or females.

6.3 Results

6.3.1 Participant characteristics

Of the 609 participants included in the IMVASK study, 160 were lost to follow up. By
design, CAwas similar in both males and females whether living with or without HIV. Female
participants with HIV were more likely to be in the earlier Tanner stages than those living
without HIV whilst no differences in pubertal stage were seen in the boys between those living
with or without HIV (Table 6.1). No differences were seen in SES, daily dietary vitamin D and
calcium intake in children living with or without HIV whether males or females. Males and
females living with HIV were more likely to be orphaned and have lower levels of physical
activity than those living without HIV. Male CLWH were 4.02 kg (95% CI: -0.03, 8.08) lighter and
7.04cm (95% CI: 3.55, 10.52) shorter and female CLWH were 6.65 kg (95% CI: 2.49, 10.81)
lighter and 6.67 cm (95% CI: 3.34, 10.00) cm shorter than their counterparts living without HIV.
Therefore, CLWH were more likely to be underweight and stunted than HIV-negative children
whether males or females. On average SMD at follow up was more negative (greater delay in
skeletal maturity) in CLWH in both males (-1.0 vs -0.2 years) and females (-0.8 vs 0.2 years) than
those living without HIV. There were differences in the follow-up period between children living
with and without HIV in both males and females with a slightly longer follow up period seenin
CLWH. Participants who were lost to follow up were similar in CA, HIV status, SES,

orphan status, pubertal status, WAZ, HAZ, vitamin D intake and physical activity (Table

6.2). Differences were seen in the daily calcium intake, females who were lost to follow-
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up were more likely to take very low calcium intake than those who remained in the

study.

6.3.2 HIV characteristics in children living with HIV

Children with HIV were initiated on ART at a median age of 3.8 (IQR 2.1-6.8) years in males
and 4.0 (IQR 2.0-7.6) in females. Nearly 20% of both males and females had a CD4 count of less
than 500 cells per micro-litre. My results show that 20% of males and 26% of females had a
viral load of more than 1000 RNA copies per ml and 30% of the males and 33% of females had

been prescribed TDF (Table 6.3).

6.3.3 Distribution of SMD by HIV status

The purpose of this analysis was to explore whether there was a change in distribution of
SMD from baseline to follow up allowing for a visual comparison of how SMD differs at these two
time points. There was a small shift in the distribution of SMD between baseline and follow up in
males; this was the case whether they were living with or without HIV (Figure 5.2 a and b). A
significant shift was seen in females without HIV with no difference in the distribution of SMD

between baseline and follow up in females with HIV (Figure 6.2 c and d).
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Table 6.1 Baseline sociodemographic and anthropometric characteristics for participants

who attended follow-up by HIV status in male and females

Males n=228 Females n=221
CLWH p- CLWH p-
n HIV- n=115 n=113 value n HIV- n=116 n=105 value
Socio-demographics
Chronological age follow-up, mean (SD) 228 13.4(2.5) 13.6(2.5) 0.39 221 13.8(2.5) 13.7 (2.5) 0.88
Chronological age baseline, mean (SD) 228 12.4(2.5) 12.6(2.5) 0.61 221 12.7(2.5) 12.5(2.5) 0.69
Pubertal stage, n (%) 220 0.23 214 <0.001

Tanner | 33(28.7) 43(41.0) 20(17.5) 37(37.0)

Tanner | 31(27.0) 28 (26.7) 25(21.9) 17 (17.0)

Tanner Il 18(15.7) 15 (14.3) 17 (14.9) 24 (24.0)

Tanner IV 30(26.1) 16 (15.2) 38(33.3) 17 (17.0)

Tanner V 3(2.6) 3(2.9) 14(12.3) 5(5.0)
Socio-economic status, n (%) 228 0.23 221 0.095

Low 29 (25.2) 40 (35.4) 42 (36.2) 44 (41.9)

Middle 40 (34.8) 36(31.9) 32(27.6) 37(35.2)

High 46 (40.0) 37(32.7) 42 (36.2) 24 (22.9)
Orphanhood: one/both parents dead, n (%) 221 8(7.0) 46 (43.0) <0.001 216 6(5.3) 46 (45.1) <0.001
Daily vitamin D intake, n (%) 228 0.25 221 0.54
Moderate, 6.0-8.0 ug /day 13(11.3) 20(17.7) 17 (14.7) 10(9.5)

Low, 4.0-5.9 ug /day 76 (66.1) 75 (66.4) 74 (63.8) 71 (67.6)

Very low, <4.0 nig /day 26 (22.6) 18 (15.9) 25(21.6) 24 (22.9)

Physical activity level, n (%) 228 0.007 221 0.026

Low, <600 MET mins/week, n (%) 37(32.2) 53 (46.9) 43(37.1) 57 (54.3)

Moderate, 600-3000 MET mins/week, n (%) 43(37.4) 22 (19.5) 32(27.6) 25 (23.8)

High, >3000 MET mins/week, n (%) 35(30.4) 38(33.6) 41 (35.3) 23(21.9)

Daily calcium intake, n (%) 228 0.86 221 0.57

Very low, <150 mg/day, n (%) 52 (45.2) 47 (41.6) 50 (43.1) 38(36.2)

Low, 150-299 mg/day, n (%) 23(20.0) 23(20.4) 25(21.6) 25 (23.8)

Moderate, 300-450 mg/day, n (%) 40 (34.8) 43(38.1) 41 (35.3) 42 (40.0)
Anthropometry
Weight, mean (SD) 228 39.1(15.1) 34.9(16.0) 0.041 221 43.2(16.8) 36.8(14.3) 0.003
Weight for age z-score, mean (SD) 228 -0.7(1.0) -1.6(1.2) <0.001 221 -0.3(1.2) -1.2(1.1) <0.001
Underweight (weight for age z-score<-2), n
(%) 228 12(10.4) 33(29.2) <0.001 221 8(7.0) 18(17.1) 0.022

147.5 147.2 141.1

Mean standing height 228  (14.9) 140.1(11.6) <0.001 221 (12.2) (13.0) <0.001
Height for age z-score, mean (SD) 228 -0.6(0.9) -1.7(1.1) <0.001 221 -0.6(1.1) -1.4(1.1) <0.001
Stunting (height for age z-score<-2), n (%) 228 8(7.0) 36(31.9) <0.001 221 11(9.5) 27 (25.7) 0.002
BMI 228 17.0(2.1) 16.5(1.4) 0.035 221 19.0(3.6) 17.6(2.8) 0.002
BMI for age z-score, mean (SD) 228 -0.6(1.0) -0.8(0.9) 0.048 221 -0.0(1.1) -0.5(0.9) <0.001
Wasting (BMI for age z-score<-2), n (%) 228 10(8.7) 11(9.7) 0.82 221 2(1.7) 6(5.7) 0.16
Bone age measures

Bone age follow-up, mean (SD) 228 13.3(2.5) 12.7 (2.2) 0.053 221 14.0(1.9) 12.9(2.1) 0.001
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Bone age at baseline, mean (SD) 228 11.9(2.5) 11.2(2.3) 0.031 221 12.5(2.3) 11.5(2.5) 0.002
Skeletal maturity deviation (SMD) follow-up 228  -0.2(1.0) -1.0(1.5) <0.001 221 0.2(1.2) -0.8(1.3) <0.001
Skeletal maturity deviation baseline 228 -0.5(1.0) -1.3(1.4) <0.001 221 -0.2(1.2) -1.0(1.3) <0.001
Follow-up period 228 1.0(0.2) 1.2(0.2) <0.001 221 1.1(0.3) 1.2 (0.3) 0.023

Student t-tests conducted on continuous variables and chi-squared tests on categorical variables. SD-standard

deviation, MET- multiples of the resting metabolic rate, SMD-skeletal maturity deviation
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Table 6.2 Comparison of participant characteristics between those with complete data and

participants lost to follow up

Boys Girls
Complete losttofollow p- Complete lost to follow p-
data up n=75 value datan=221 up n=85 value
n=228
Chronological age at follow up 13.5(2.5) 13.7(2.5)
HIV status 0.59 0.45
HIV negative 116 (50.9) 35(46.7) 115 (52.0) 40 (47.1)
CLWH 112 (49.1) 40(53.3) 106 (48.0) 45 (52.9)
Socio-economic status, n (%) 0.43 0.23
Low 69(30.3)  23(30.7) 86 (38.9) 25 (29.4)
Middle 75(32.9)  30(40.0) 70(31.7) 28 (32.9)
High 84(36.8)  22(29.3) 65 (29.4) 32(37.6)
Orphan status, one or both parents dead,n
(%) 54 (24.4) 17 (23.3) 1.00 52 (24.1) 20 (24.1) 1.00
Weight for age_Z-score, mean (SD) -1.2(1.2) -1.2(1.4) 0.69 -0.7(1.2) -1.0(1.3) 0.088
Underweight, Weight for age_Z-score<-2,
n(%) 45(19.8)  20(26.7) 0.26 26(11.8) 12 (14.1) 0.57
Height for age_Z-score, mean (SD) -1.2(1.1) -1.4(1.4) 0.083 -1.0(1.2) -1.1(1.2) 0.23
Stunting, Height for age_Z-score<-2, n(%) 45 (19.7) 20 (27.4) 0.19 37 (16.7) 15(17.8) 0.87
BMI for age_Z-score, mean (SD) -0.7 (1.0) -0.5(1.1) 0.15 -0.3(1.0) -0.5(1.1) 0.12
Wasting, BMI for age_Z-score<-2, n(%) 21(9.3) 6(8.2) 1.00 8(3.6) 9(10.8) 0.025
Pubertal stage, n (%) 0.68 0.48
1 75(34.2)  27(37.0) 58 (27.0) 27 (32.1)
2 59 (26.9) 14(19.2) 42 (19.5) 13(15.5)
3 33(15.1) 13(17.8) 41(19.1) 21 (25.0)
4 46 (21.0) 16(21.9) 55 (25.6) 19 (22.6)
5 6(2.7) 3(4.1) 19(8.8) 4(4.8)
Daily vitamin D intake, n (%) 0.52 0.79
Very low, <4.0 pg/day 33(14.5)  9(12.0) 27 (12.2) 8(9.4)
Low, 4.0-5.9 g/day 151(66.2) 47(62.7) 145 (65.6) 59 (69.4)
Moderate, 6.0-8.0 pig/day 44(19.3) 19 (25.3) 49 (22.2) 18(21.2)
Physical activity level, n (%) 0.90 0.87
Low, <600 MET mins/week 90 (39.5) 32(42.7) 100 (45.2) 40 (47.1)
Moderate, 600-3000 MET mins/week 65(28.5)  20(26.7) 57 (25.8) 23(27.1)
High, >3000 MET mins/week 73(32.0)  23(30.7) 64 (29.0) 22 (25.9)
Daily calcium intake, n (%) 0.54 0.027
Very low, <150 mg/day 100 (43.9) 36(48.0) 87(39.4) 48 (56.5)
Low, 150-299 mg/day 45 (19.7) 17 (22.7) 51(23.1) 15(17.6)
Moderate, 300-450 mg/day 83(36.4) 22(29.3) 83 (37.6) 22 (25.9)
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Table 6.3 Baseline HIV characteristics for males and females living with HIV

Males n=113 Females n=105
HIV characteristics
3.8(2.1-
Age at ART initiation, years 113 6.8) 105 4.0 (2.0-7.8)
3.0 (1.5-

Age at HIV diagnosis, years 113 5.8) 105 3.2(1.2-6.2)
Age at ART initiation, years n (%) 113 105

<2 27 (23.9) 27 (25.7)

2-3.9 30 (26.5) 26 (24.8)

4-8 39 (34.5) 30(28.6)

>8 17 (15.0) 22(21.0)
ART duration (years) 113 105

2-6 25(22.1) 28(26.7)

6-10 65 (57.5) 58 (55.2)

>10 23(20.4) 19(18.1)
CD4 count, <500 cells per pL, n (%) 111 22(19.8) 96 18(19)
Viral load, >1000 RNA copies/ml, n (%) 108 22 (20.4) 100 26 (26.0)
Years of Tenofovir exposure 113 105

No tenofovir 79 (69.9) 70 (66.7)

<4 years exposure 20(17.7) 23(21.9)

=4 years exposure 14 (12.4) 12(11.4)

Student t-tests conducted on continuous variables and chi-squared tests on categorical variables. ART- anti retroviral

therapy
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Figure 6.2 Thedistribution of SMD at baseline and follow up in males and females by HIV status.
SMD- skeletal maturity deviation calculated as bone age minus chronological age in

years.

6.3.4 Distribution of SMD by weight for age z-scores

A greater shift in distribution of SMD in the positive direction at baseline and follow up was
seen in the males and females who were of normal weight with little or no shift in both the

underweight males and females (Figure 6.3).
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Figure 6.3 The distribution of SMD at baseline and follow up in males and females by weight for
age z-scores. SMD- skeletal maturity deviation calculated as bone age minus

chronological age in years. Underweight was having weight for age z-scores<-2.

6.3.5 Distribution of SMD by physical activity

The shift in distribution of SMD at baseline and follow up was observed largely in females
with moderate and high physical activity and in males with moderate physical activity (Figure
6.4). Little or no shiftin distribution was seen in males and females with low physical activity and

males with high physical activity.
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Figure 6.4 The distribution of SMD at baseline and follow up in males and females by levels of
physical activity. SMD- skeletal maturity deviation calculated as bone age minus
chronological age in years Physical activity was categorised into low, moderate and

high

6.3.6 Association between baseline HIV status and SMD at follow-up after accounting

for baseline SMD

In the minimally adjusted analyses, skeletal maturity at follow-up was delayed among
children with HIV by 0.36 (95% CI: 0.09, 0.63) years and 0.37 (0.11, 0.64) years in males and
females respectively compared to their counterparts living without HIV (Figure 6.5) after
accounting for SMD at baseline. However, after full adjustment for SMD at baseline, follow-up
period, WAZ, SES, pubertal status, physical activity, and dietary calcium intake, the evidence that
the males living with HIV had delayed skeletal maturation at follow up was partially attenuated.
WAZ and to a lesser extent pubertal stage in the males, and physical activity in the females
resulted in the greatest attenuation of the association between HIV status and SMD at follow-up
when included as adjustments as evidenced by the reduced point estimates (Table 6.3). SES and
physical activity in males and calcium intake in females did not explain the association between

HIV and SMD at follow up.
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Figure 6.5 Mean differences and confidence intervals in SMD at follow up in children living with
HIV compared to those without HIV after accounting for baseline SMD and follow-up
period. SMD-skeletal maturity deviation. The minimally adjusted model included the
following exposures: baseline SMD, follow-up period and HIV status. The fully
adjusted model included the following exposures: baseline SMD, follow-up period,
HIV status, weight for age z-scores, socio-status, pubertal stage, physical activity,

and calcium intake

6.3.7 Factors associated with SMD at follow-up after accounting for SMD at baseline

In the minimally adjusted analysis, living with HIV and lower WAZ were associated with
greater delay in skeletal maturity at follow up after accounting for baseline SMD and follow-up
period in both males and females (Table 6.4). In addition, less physical activity (in females only)
was associated with greater delay in skeletal maturity at follow-up after accounting for baseline
SMD and follow-up period in the minimally adjusted model. After full adjustment, lower WAZ
remained associated with greater delay in skeletal maturity at follow-up in both males and
females. HIV status was robust in the fully adjusted analysis in females. There was partial

attenuation of the association between physical activity and SMD in the females.
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Table 6.4 Difference in skeletal maturity deviation at follow-up (years) for children living with

HIV compared to HIV negative children, depending on predictor variables included

Sample Predictorvariables included Estimate (95% ClI)
Males Set 1 -0.36 (-0.63, -0.09)
Set 1, WAZ -0.28 (-0.54, -0.02)
Set 1, SES -0.36 (-0.63, -0.09)
Set 1, Pubertal stage -0.34 (-0.62, -0.07)
Set 1, Physical activity -0.36 (-0.64, -0.09)
Set 1, Calcium intake -0.37 (-0.64, -0.10)
Females Set1 -0.37 (-0.64,-0.11)
Set 1, WAZ -0.38 (-0.64,-0.13)
Set 1, SES -0.38 (-0.65,-0.11)
Set 1, Pubertal stage -0.38 (-0.66, -0.10)
Set 1, Physical activity -0.33 (-0.61, -0.06)
Set 1, Calcium intake -0.37 (-0.64, -0.10)

Skeletal maturity deviation was calculated as bone age (years) - chronological age (years); more negative values
reflect greater delay in skeletal maturity. Set 1 predictors included HIV status, baseline skeletal maturity
deviation and follow-up time. WAZ-weight for age z-score, SES- socio-economic status, Cl-confidence interval

6.3.8 Factors associated with SMD at follow-up in CLWH

In the analysis restricted to CLWH, lower WAZ, older age at ART initiation and TDF
exposure were associated with greater delay in skeletal maturity at follow-up in the minimally
adjusted analysis in the males (Table 6.5). The association between SMD and TDF exposure
duration was partially attenuated (p=0.064) in the fully adjusted model. In females, lower self-
reported physical activity, and at least four years of TDF exposure were associated with greater
delay in skeletal maturity at follow-up in the minimally adjusted analysis. Only physical activity
remained associated with SMD after adjustment; TDF exposure duration was partially

attenuated (p=0.084) after full adjustment.
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Table 6.5 Associations between baseline characteristics and skeletal maturity deviation (years) at one year follow up after adjustment for

baseline skeletal maturity deviation and follow-up period in males and females

Baseline characteristic

Males n=220

Minimally adjusted
model

Fully adjusted model

Females n=214

Minimally adjusted
model

B coefficient (95%Cl) p -value B coefficient (95%Cl) p-value B coefficient (95%Cl)
HIV status
HIV negative ref 0.066 ref 0.172 ref
HIV positive -0.27 (-0.56, 0.02) -0.20 (-0.49, 0.09) -0.43 (-0.67,-0.18)
Weight for age z-score
Weight for age z score>-2 ref 0.008 ref 0.005 ref
Weight for age z score<-2 -0.51(-0.87,-0.14) -0.55(-0.92,-0.17) -0.41 (-0.80, -0.02)
Socio-economic status
High ref 0.858 ref 0.794 ref
Middle 0.34 (0.03, 0.64) 0.38(0.07, 0.69) -0.08 (-0.38, 0.22)
Low -0.06 (-0.38, 0.26) -0.08 (-0.40, 0.25) -0.15 (-0.43, 0.13)
Pubertal stage
Tanner 1-2 ref 0.972 ref 0.977 ref
Tanner 3-5 -0.005 (-0.27, 0.26) 0.004 (-0.26, 0.27) 0.11(-0.12, 0.34)
Physical activity
High, >3000 MET mins/week ref 0.323 ref 0.546 ref
Moderate, 600-3000 MET mins/week -0.08 (-0.42, 0.26) -0.08 (-0.42, 0.26) -0.002 (-0.31, 0.32)
Low, <600 MET mins/week -0.17 (-0.48, 0.15) -0.10(-0.42, 0.22) -0.30(-0.57,-0.02)
Vitamin D intake
Moderate, 6.0-8.0 ug /day ref 0.875 ref
Low, 4.0-5.9 ug /day 0.10(-0.18, 0.37) -0.09 (-0.34, 0.15)

Very low, <4.0 ug /day

Calcium intake

-0.21(-0.86, 0.44)
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-0.14 (-0.69, 0.40)

p-value

0.001

0.040

0.291

0.365

0.023

0.424

Fully adjusted model

B coefficient (95%Cl)

ref
-0.37 (-0.62,-0.11)

ref
-0.43 (-0.82,-0.04)

ref
0.05 (-0.25, 0.35)
-0.09,-0.37, 0.19)

ref
-0.001 (-0.23, 0.23)

ref
0.06 (-0.24, 0.37)
-0.23 (-0.51, 0.05)

p-value

0.005

0.030

0.479

0.993

0.077
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Moderate, 300-450 mg/day ref 0.286 ref 0.279 ref 0.552 ref 0.588
Low, 150-299 mg/day 0.19 (-0.17, 0.55) 0.18 (-0.17, 0.54) 0.07 (-0.24, 0.38) 0.05 (-0.25, 0.36)
Very low, <150 mg/day 0.16 (-0.13, 0.46) 0.17 (-0.14, 0.47) 0.08 (-0.18, 0.34) 0.07 (-0.19, 0.33)

Skeletal maturity deviation (SMD) was calculated as bone age (years) - chronological age (years); more negative values reflect greater delay in skeletal maturity. Minimally adjusted
model: baseline SMD and follow-up period as adjustments. Fully adjusted model: baseline SMD, follow-up period, HIV status, weight for age z-score, socio-economic status,
pubertal stage, physical activity, and calcium intake exposure as predictors. WAZ-weight for age z-scores; SES-socio-economic status; PA-physical activity
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Table 6.6 Associations between baseline characteristics and skeletal maturity deviation (years) at one year follow up after adjustment for

baseline skeletal maturity deviation and follow-up period (analyses restricted to males and females living with HIV)

Variable

Weight for age z-score
Weight for age z score>-2
Weight for age z score<-2
Socio-economic status
Tertile 3: High

Tertile 2: Middle

Tertile 1: Low

Pubertal stage

Tanner 1

Tanner 2

Tanner 3

Tanner 4&5

Physical activity

High, >3000 MET mins/week
Moderate, 600-3000 MET mins/week
Low, <600 MET mins/week
Vitamin D intake

Moderate, 6.0-8.0 g /day
Low, 4.0-5.9 g /day

Very low, <4.0 pg/day

Calcium intake

Minimally adjusted model

B coefficient (95%CI)

ref
-0.82 (-1.37, -0.27)

ref
0.47 (-0.08, 1.01)
-0.23 (-0.76, 0.29)

ref

-0.22 (-0.77, 0.34)
-0.69 (-1.38, -0.004)
-0.47 (-1.10, 0.15)

ref
-0.55 (-1.18, 0.07)
-0.35 (-0.85, 0.15)

ref
0.12(-0.36, 0.60)
-0.42 (-1.45, 0.62)

Males n=113
p- Fully adjusted
value model
B coefficient
(95%Cl)
0.004 Ref

0.346

0.046

0.203

0.901

-0.92 (-1.47, -0.36)

Ref
0.61(0.09, 1.13)
-0.28 (-0.80, 0.24)

Ref

-0.05 (-0.57, 0.48)
-0.26 (-0.97, 0.45)
-0.25 (-0.85, 0.36)

Ref

-0.55 (-1.17, 0.08)
-0.23 (-0.74, 0.27)
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p-value

0.001

0.316

0.349

0.475

Minimally adjusted
model
B coefficient (95%CI)

ref
-0.32(-0.78, 0.14)

ref
0.31(-0.15, 0.76)
0.08 (-0.35, 0.52)

ref

-0.64(-1.13, -0.15)
-0.38(-0.82, 0.06)
-0.32(-0.78,0.12)

ref
-0.31(-0.80, 0.18)
-0.44 (-0.86, -0.02)

ref
-0.003 (-0.36, 0.35)
-0.51 (-1.32, 0.30)

Females n=105

p-value

0.175

0.898

0.157

0.043

0.479

Fully adjusted model
B coefficient (95%CI)

ref
-0.36 (-0.84, 0.12)

ref
0.26 (-0.22, 0.74)
0.08 (-0.38, 0.53)

ref

-0.60 (-1.15, -0.06)
-0.42 (-0.92, -0.08)
-0.17 (-0.73, 0.38)

ref
-0.20 (-0.71, 0.30)
-0.45 (-0.89, -0.001

p-value

0.144

0.871

0.495

0.043



Moderate, 300-450 mg/day

Low, 150-299 mg/day
Very low, <150 mg/day
Age at ART initiation
<2years

2-3.9 years

4-8 years

>8 years

CD4 count

>/=500 cells per L

<500 cells per pL

Viral load

<1000 RNA copies per ml
>1000 RNA copies per ml
TDF exposure

No exposure

<4 years
4 years +

ref
0.59(-0.02, 1.19)
0.18(-0.33, 0.69)

ref

-0.30(-0.92, 0.31)
-0.34 (-0.94, 0.25)
-1.03(-1.79, -0.27)

ref
0.11(-0.486, 0.68)

ref
0.26(-0.31, 0.82)

ref

-0.72(-1.31, -0.14)
-0.76 (-1.44, -0.09)

0.446

0.006

0.696

0.372

0.047
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Ref
0.24(-0.33,0.81)
0.06 (-0.50, 0.61)

Ref

-0.20 (-0.77, 0.38)
-0.01 (-0.62, 0.60)
-0.34(-1.11, 0.44)

Ref

-0.77 (-1.38, -0.16)
-0.46 (-1.15, 0.22)

0.773

0.574

0.064

ref
0.22(-0.21, 0.66)
0.08 (-0.30, 0.47)

ref

-0.13(-0.61, 0.34)
-0.21(-0.67, 0.26)
-0.44(-0.96, 0.08)

ref
-0.18 (-0.61, 0.25)

ref
-0.21(-0.61, 0.20)

ref

-0.14 (-0.54, 0.26)
-0.61(-1.13, -0.08)

0.655

0.095

0.413

0.312

0.03

ref 0.615
0.13(-0.33, 0.59)
0.10 (-0.29, 0.49)

ref 0.764
-0.12 (-0.56, 0.32)
-0.08 (-0.63, 0.47)
-0.10 (-0.70, 0.49)

ref 0.084

-0.12 (-0.56, 0.32)
-0.55 (-1.13, 0.03)

Skeletal maturity deviation (SMD) was calculated as bone age (years) - chronological age (years); more negative values reflect greater delay in skeletal maturity. Minimally adjusted
model: baseline SMD and follow-up period as adjustments. Fully adjusted model: baseline SMD, follow-up period, HIV status, weight for age z-score, socio-economic status,
pubertal stage, physical activity, calcium intake, age at ART initiation and tenofovir exposure as predictors. WAZ-weight for age z-scores; SES-socio-economic status; PA-physical

activity; ART-anti retroviral therapy, TDF-Tenofovir Disoproxil Fumarate
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Table 6.7 Height gain (cm) from baseline to follow up over one year in male and females living

with and without HIV

Mean change in height,

Group Sex n Cl (cm) p-value

HIV- males 115 4.90 (4.45, 5.34) <0.001
females 107 84 (3.17,4.51) <0.001

HIV+ males 112 6.33 (5.47,7.18) <0.001
females 106 4.74 (4.17,5.31) <0.001

CI: confidence interval

Table 6.8 Height gain over one year from baseline to follow up in male and females living with

and without HIV by tanner staging

HIV- HIV+
Mean changein p- Mean changein p-
Group Sex n height, Cl (cm) value n height, Cl (cm) value
Tanner stage
1/2 males 64 4.80(4.44,5.17) <0.001 70 5.49(4.92,6.07) <0.001
Tanner stage
1/2 females 42 6.21 (5.68, 6.74) <0.001 55 5.75(5.31,6.20) <0.001
Tanner stage
3/4/5 males 50 4.48 (3.66, 5.31) <0.001 34 6.11(5.14,7.07) <0.001
Tanner stage
3/4/5 females 63 1.51(0.96, 2.07) <0.001 45 2.19 (1.54, 2.85) <0.001

CI: confidence interval

Table 6.9 Mean difference in change in height over one year between children living with and

without HIV by Tanner stage

Group

Mean difference in change in
height between HIV+ and HIV-

groups, cm

p-value

Males in Tanner stage 1/2
Females in Tanner stage 1/2

Males in Tanner stage 3/4/5

Females in Tanner stage 3/4/5

-0.69 (-1.38, -0.001)
0.46 (-0.23, 1.14)
-1.62 (-2.88, -0.36)

-0.68 (-1.53, 0.16)
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6.3.9 Change in height over one year

There is a significant increase in height in both males and females whether living with or
without HIV, although the greatest increase was in the males living with HIV [6.33 (5.47, 7.18)
cm] (Table 6.7). Both males and females in earlier Tanner stages whether living with or without
HIV had a greater increase in height than those in later Tanner stages except in males living with
HIV in Tanner stage 3/4/5[7.18 (5.96, 8.40) cm]. There were statistically significant differences
between the change in height amongst the males living with and without HIV whether in Tanner

stage 1/2 or 3/4/5 (Table 6.9). No significant differences were seen in the females.

6.4 Discussion

My study, to my knowledge is the first to report longitudinal measurement of skeletal
maturation in CLWH in African populations giving valuable insight into the growth and
development amongst these children and adolescents. | have shown that delay in skeletal
maturation was on average greater at baseline compared to at follow up, whether living with or
without HIV although the skeletal maturity delay continued to be greater in CLWH. In addition,
females with HIV have consistently delayed BA than their HIV-negative counterparts after
accounting for SMD at baseline and follow up period which was observed in the males although
the association did not reach the p<0.05 significance. My findings suggest that being
underweight in males and living with HIV and less physical activity in females were predictors of
delayed skeletal maturation. Again, in CLWH being underweight in boys and less physically

active in females were associated with greater delay in skeletal maturation.

My study showed that males and females living with HIV remained less mature than those
living without HIV after one year follow-up after accounting for potential confounders although
in the males the association was partially attenuated. In the only longitudinal study to date to
report data on skeletal maturation in CLWH conducted in Brazil that had a longer follow up
period of four years, both males and females living with HIV were consistently delayed in
skeletal maturation after the four years (253). However, unlike in our study, the Brazilian study
did not calculate change in SMD, did not control for potential confounders, and the sample size
was small (60 participants) rather, only Student’s t-tests were performed at baseline and follow
up. The lack of evidence in the delay in skeletal maturation in the males at follow up in my study
may indicate a sudden growth spurt (period of rapid increase in height) or acceleration through
puberty, or nutrition as the greatest attenuation is seen with WAZ. This is supported by a study in
The Gambia where the boys who took calcium grew faster and stopped growing earlier than

boys who did not take calcium (276). There was greater increase in height over one year in male
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CLWH as shown in Table 6.7 an indication that males living with HIV had a greater growth
potential during this period than their female counterparts. Although these results may suggest
some degree of ‘catch-up’ in skeletal maturation in male CLWH as they transition through

puberty, it remains to be seen if that is enough for them to reach full potential for adult height.

6.4.1 Factors associated with SMD at follow up

Importantly, | have highlighted the importance of adequate childhood and adolescent
nutrition on skeletal maturation as being underweight at baseline in both males and females
whether living with or without HIV was associated with SMD at follow up. Similarly, in the only
other longitudinal study that has looked at determinants of SMD in South Africa reported that
greater attained weight at two years of age predicted more advanced skeletal maturation (220).
Therefore, my results are consistent with the wider literature in Southern Africa although the
time of assessment of WAZ in the populations are different. The South African study showed the
influence of early growth on skeletal maturation something that could possibly be explored in

future studies on skeletal maturation in CLWH.

My study highlights an intriguing area for potential research within paediatric health in
CLWH as lower physical activity in female CLWH was associated with greater delays in skeletal
maturation. In HIV negative children, some studies show conflicting results as Increased
physical activity did not have an effect on skeletal maturation in a longitudinal study of 64
Belgian children aged 13-18 years (277). The benefits of physical activity on growth rates
whether direct or indirect are well documented (278). However, evidence of interventional
studies that show whether increasing physical activity will improve skeletal maturation is
scarce. The association of physical activity and delays in skeletal maturation | found in my study
raises questions on the type, frequency and intensity of activities that may influence growth and
development in CLWH. | also showed that most females in the study only did low to moderate
physical activity which are extreme levels where other factors beyond physical activity may be
having the direct effect on better growth. Similar results have been reported in a study
conducted in Brazil of 91 CLWH aged 10-19 years where 74% of the participants were not
involved in any physical activity and a higher proportion of them were girls (80%) (279). In
essence, girls experience more noticeably changes in their body during adolescence e.g.
increased body fat, breast development which may lead to decreased confidence and self-
esteem hence less desire to participate in physical activity. Additionally, in CLWH, some
authors have suggested deficits in muscle power and function and a predisposition to sedentary

lifestyle due to the nature of their condition (280). There are no data from other studies that
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shows this observation in Zimbabwean females may be directly linked to physical activity.
Therefore, despite the findings of my study it is important to note that these do not imply
causality as this is an observational study. To establish a causal relationship, an interventional
trial adequately powered to assess whether a physical activity intervention improves growth in
CLWH would be required. Notwithstanding that this observation may be confounded by other
factors such as SES which was determined pragmatically using a proxy measure. Therefore, to
substantiate these results, a controlled trial of a physical activity intervention is needed,
accounting for all factors that could influence the outcomes, to determine if there is a causal
link between physical activity and skeletal maturation. However, there is no evidence from other
studies that shows this observation in Zimbabwean females may be directly linked to physical

activity.

If physical activity is increased in children who are still growing there is evidence that
bones growth in width and put more mineral (281, 282). The bones respond to physical activity
by changing their shape and distribution which is potentially driven through changes in length
and width to cope with the lever arms and stronger muscles. It is plausible that people with
lower physical activity do not need to growth their bones as much therefore will not need to
adapt because there is no extra loading on the bone. If physical activity is increased the bones
will need to adapt to the extra load (283). However, this observation relating to physical activity
may be related to other factors that are causing the delay such as being underweight, SES and

HIV.

Although there is a weak association between TDF exposure and SMD after full
adjustment in male CLWH (the association was statistically significant in the minimally
adjusted model), my results in part support the hypothesis that TDF has detrimental effects on
growth in children. The weak association was also noted between age at ART initiation and SMD,
we observed that there was a trend towards a greater delay in skeletal maturation with a greater
delay in taking ART. Hence older age at ART initiation does not only potentially delays growth as
shown in this study but also predicted low bone mineral density (a marker for osteoporosis) in
perinatally infected children highlighting the importance of starting ART early to improve overall
health in CLWH (114). While the government of Zimbabwe has implemented the “test and treat”
approach where ART is initiated upon diagnosis as recommended by the World Health
Organisation (WHO), there are likely some children who may be missed by such programmes

preventing improvements in their health.
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6.4.2 Strengths and limitations

The strength of my study is that it is the first longitudinal study of an African population
describing skeletal maturation in CLWH using a large sample size. There are no specific studies
of CLWH in Africa whether longitudinal or cross sectional. There has only been one other
longitudinal study in an African population focused on a younger age group in HIV-negative
children in South Africa (89). In addition, this is the second study in Africa to examine factors
associated with SMD. The other strength is the inclusion of a comparator group and the
longitudinal follow up that allows for identifying change over time. The longitudinal study also
meant that | could examine the baseline exposures in relation to outcomes recorded after a
follow up period of one year and this reduces the possibility of reverse causation. In a cross-
sectional analysis, the exposure and outcome are measured at the same time with a risk of the
outcome causing the exposure (reverse causality) and this is less likely in this longitudinal
study. The sampling method was robust thereby making the participants a likely representation
of children living in Harare. The use of two methods of BA assessment and multiple imputation
models preserved the sample size and statistical power though the study was not designed to

test the assessment of risk factors so may be underpowered for that part of the work.

A limitation of my study is that the follow up period was only one year so it was impossible
to demonstrate whether the males and the females living with and without HIV reached skeletal
maturation at the same time or there were sex differences as in the longitudinal study in South
Africa where females matured earlier than boys by 1.9 years (89). My study only had skeletal
maturation measured at two time points hence difficult to establish the pattern of skeletal
maturation in the adolescents. There was a loss to follow up of 26% of the participants who
were more likely to take low calcium than those who remained in the study possibly contributing

to the lack of association between calcium intake and SMD.

6.5 Conclusion

Results from this study show evidence of female and male CLWH still falling behind or
delayed in development in skeletal maturation over one year follow up, albeit attenuated
somewhat in males. This suggests that they are not catching up to the females who are HIV
negative and failure to attain full potential adult height has negative consequences on the
cognitive, social and psychological being of an individual. My findings indicate that physical
activity should be promoted in females whether living with or without HIV as it contributes to

growth and development. Further research is required to examine the effect of HIV in early life
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and follow up the children until the end of growth to determine whether complete fusion of the
epiphysis eventually occurs at the same time or later than HIV negative children and assess the

outcomes in later life as a result thereof.
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Chapter 7 Discussion

7.1 Main findings of my thesis

¢ TWB3is the method of choice for use in Zimbabwean children and adolescents aged 8-16
years as the method was more precise and not biased by age. There was greater inter and
intra- rater variability of the TW3 method when compared to the GP method.

¢ CLWH were delayed in skeletal maturation compared to children without HIV.

e Atbaseline living with HIV and being underweight were associated with greater delays in
skeletal maturation in both the males and females.

¢ In CLWH later age at ART initiation was associated with greater delays in skeletal
maturation

e After one year there was evidence of females living with HIV being delayed in skeletal
maturity than those living without HIV.

¢ Underweight males had greater delay in skeletal maturation after one year than those who

were not underweight

7.2 Introduction

The IMVASK study offered me an opportunity to explore, and report results from the
largest study conducted to date to assess skeletal maturity in a sample of children and
adolescents living with HIV in Africa. Five major considerations that shaped my PhD were that
firstly, skeletal maturation had not been previously studied in Zimbabwean children and
adolescents, with limited studies have been performed in African countries. Most studies have
been conducted in Western, Asian and European countries where populations are differentin
terms of SES, lifestyle, diet, disease patterns and genetics. Secondly, no study has compared
the two methods of BA assessment in an African population, most studies in Africa have used
the GP method only and only one study to my knowledge has used the TW3 method. Therefore,
itis unclear which method is more applicable to the Zimbabwean setting that may translate to
the African setting. Thirdly, studies of skeletal maturation in CLWH are limited and none have
been conducted in African populations where the majority of CLWH reside. The fourth
consideration is that only one study conducted in South Africa has reported factors associated

with skeletal maturity delays in an African population, and these were early life, rather than
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adolescent lifestyle factors. My study becomes the second. Lastly, there are no studies
reporting longitudinal data on skeletal maturation in CLWH in African populations. The major
gaps existing in literature are that of a description of patterns of skeletal maturationin
Zimbabwean children and explanations for the differences in skeletal maturation between
children living with and without HIV. In determining factors associated with delays in skeletal
maturation | considered a priori factors | thought would explain the differences in skeletal

maturation between CLWH and HIV negative children.

The overarching aim of my thesis was therefore to describe skeletal maturation in
peripubertal children in Zimbabwe and determine the impact of HIV on skeletal maturity. The
outcome in my study was SMD (BA-CA). | have reported results from a cohort of children aged 8-
16 years from Harare living with and without HIV. To begin with, in chapter four | performed a
methodological evaluation study which aimed to compare the two most widely used methods of
BA assessment, TW3 and GP to ascertain which method is best suited for Zimbabwean children
and adolescents. | assessed all the radiographs by both methodologies and trained another
operator to do the assessment. Until now, BA assessment has not been conducted in
Zimbabwe therefore it was not clear which method is most suitable for use. Secondly, in
chapter five, | described the skeletal maturation of Zimbabwean children and adolescents and
factors associated with differences in BA and CA. It is important to understand growth and
development in Zimbabwean children considering that the country has a high prevalence of HIV
and malnutrition, conditions known to constrain growth. In chapter six | determined skeletal
maturation after one year and factors associated with SMD, accounting for SMD at baseline,

and the follow up period.

My results in chapter four show that the TW3 is the method of choice for use in
Zimbabwean children and adolescents aged 8-16 years. Although both methods showed a good
inter and intra- rater reliability, the GP method showed an age-related bias where BA estimates
were lower than CA in younger children and higher as the children aged hence the choice of the
TW3 method. In chapter five | demonstrated that CLWH had greater deviation between BA and
CA compared to children without HIV. This suggests that CLWH were delayed in skeletal
maturation when compared to HIV negative children. Future studies of skeletal maturation may
require determining the effect of HIV from birth until skeletal maturation is reached in African
children. These studies are needed to confirm whether the CLWH are pre-set on a slower rate of
growth with delayed puberty, as indicated in my current work, and whether they continue to
grow and ultimately catch up in development (indicated by skeletal maturation), attaining full

adult height, potentially later than their HIV negative counterparts. My study confirmed the
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differences in growth and development between males and females, as females were more
skeletally mature than the males at any given CA. Furthermore, | have also demonstrated that
living with HIV and being underweight were associated with greater delays in skeletal maturation
in both the males and females. After one year of follow-up, females and males living with HIV
continued to be delayed in skeletal maturity compared to those living without HIV. In addition,
being underweight was associated with SMD, observed again after follow-up, with underweight
males having greater delay in skeletal maturation than those who were not underweight. My
results also confirm that starting ART at a later age may have consequences on growth and
development of CLWH, as an early start of ART had a positive effect on skeletal maturation. |
have also shown that less physical activity in the females was associated with delayed skeletal

maturation at follow up.

7.3 Implications of my thesis

7.3.1 Assessment of growth and development

Findings in my thesis have wider implications for the assessment of growth and
development in Zimbabwean children and adolescents. My results demonstrate that the TW3
method is the most appropriate method when assessing BA in healthy children aged 8-16 years.
It was vital to include children with no underlying chronic condition that may influence the
results by showing either advanced or delayed skeletal maturation. The exclusion of CLWH in
this analysis was therefore an essential part of my study design to make the results more robust
given that HIV is a chronic condition known to affect growth. However, in studies or in situations
where BA assessment is required for older children above 15 years, the GP method would be the

only method available for use, hence it’s use in older children in chapter six.

As the children got older and more mature, differences between BA and CA reduced when
BA was assessed by the GP method which was not observed with the TW3 method. Although
this age-related bias was seen when using the GP method, BA being closer to CA may be viewed
as an indication of better performance of the GP method in older children. On the other hand,
there are no reference data for skeletal maturation for African children, more so Zimbabwean
children. Therefore, it is not clear whether BA estimated by the GP method shows flaws in the
method or the results are reflecting the pattern of growth and skeletal maturation of
Zimbabwean children where the children may be delayed at younger ages and appear to catch
up as they grow older. This highlights the disadvantage of a lack of a gold standard measure of

BA assessment particularly in the context of HIV, a condition that constrains growth and the
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need to create reference data for skeletal maturation in African populations. Considering two
cohorts in Africa have used the TW3 method (current cohort and the Birth to Twenty cohortin
South Africa), and that TW3 showed better precision and agreement with CA in chapter four,
reference values of BA specific to Southern Africa could be derived given the data are from the

same region with similar disease patterns and lifestyle.

My study informs that in younger children aged 8-11 years the two methods cannot be

used interchangeably as they do not give equal estimates of BA. However, in children above 11
years there was agreement between the two methods. Therefore, interchangeably use of the
methods of BA assessment will depend on the age group of the participants. The evidence of
interchangeable use in older children coupled with methodological limitations that came with
the use of the TW3 method in older children at follow up who were now aged 9-17 years
informed my choice of using the GP method in those age 15 years and older. The GP method
has an advantage of having a wider age range for BA assessment of up to 19 years for boys and

18 years for girls.

My study validates the use of TW3 method for BA assessment by clinicians in Zimbabwean
children aged 8-16 years and in cases of legal action where the age of a child may be required to
be estimated. However, the limitation may be that the children will appear younger than their
CA. Although the European Society of Paediatric Radiologists does not recommend use of BAin
estimating CA itis a widely accepted practice by clinicians and responsible authorities. In the
absence of an alternative method | would recommend the use of TW3 method for estimating CA

in children aged 8-16 years in Zimbabwe.

7.3.2 Factors associated with skeletal maturity delay

My work has shown that living with HIV impacts skeletal maturation and therefore the
growth and development of adolescents. The lag in skeletal maturation, indicating pubertal
delay seen in CLWH may result in failure to attain full adult height potential resulting in short
adult stature. The stunting has been negatively associated with cognitive function linked to poor
academic performance (284). In addition, there is stigma associated with stunting and HIV in
children which arises from a complex interplay of social, cultural, and economic factors. In
children the stigma stems from negative treatment from peers leading to low self-esteem (285).
Research has shown that society perceives stunting to be a result of parental neglect or
inadequate care such that mothers or families are blamed for their child’s growth deficiency
(286). As aresult, some parents may shy away from seeking medical help delaying any

interventions that may support the child’s growth. HIV related stigma and discrimination are
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also major challenges to HIV care as adolescents living with HIV experience enacted stigma in
the form of being stereotyped excluded or discriminated against due to their HIV status and all
of which contributes significantly to poor medication adherence and retention in care amongst
the adolescent potentially negatively impacting growth and development (287). Many
adolescents living with HIV may be orphans, and may be managing concerns about food
security, livelihood and household issues in addition to their health. More targeted interventions
are needed, such as specific HIV education at individual, family, healthcare, and societal levels

to mitigate stigma associated with stunting in HIV to improve on care.

Nonetheless, HIV programs are the most funded healthcare programs in Zimbabwe and
children are managing to access ART resulting in suppressed viral loads (as evidenced in this
study) hence good HIV care is accessible, yet CLWH are more likely to be underweight than HIV
negative children as evidenced in this study. Likewise, Zimbabwean adults have good viral
suppression observed but have untreated or not well managed chronic conditions like
hypertension an indication that HIV care is very siloed in Zimbabwe. Research has indicated
that, with the exception of HIV most chronic conditions were either undiagnosed or untreated
amongst health care workers in Zimbabwe (288). In addition, there are limited funds available
for NCDs care such that ART sites have limited capacity to screen for NCD’s in adults living with
HIV as well as unavailability of the medication with patients resorting to medication rationing,
sharing with others, using home remedies or taking multiple doses to compensate for missed

doses (289).

The result of my work supports World Food Program (WFP) effort to ensure the integration
of a comprehensive food and nutrition component in HIV treatment support package to ensure
better health outcomes for CLWH. The WFP focuses on addressing the unmet needs of food-
insecure and malnourished CLWH and mitigating the impacts of HIV at the household level
thereby ensuring that CLWH growing up through adolescence who are malnourished have
health overall and not just viral suppression. However, WFP assistance to urban communities
reduced in 2023 with 33,000 individuals assisted, a significant drop from 326,000 in 2021, in
spite of the high number of people requiring food assistance in Zimbabwe (290). This derails the

efforts by the WFP to ensure good nutrition hence better health outcomes in CLWH

My results show how malnutrition can potentially have a negative effectis on adolescent
growth and development notwithstanding that interventional studies on nutritional
supplementation would be required to infer causality. The underweight children were less
skeletal mature than children with normal weight. Being underweight is often a direct

consequence of malnutrition, particularly undernutrition. Insufficient nutrient intake can lead to
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inadequate weight gain. There is evidence that poor macronutrient intake especially protein has
negative consequences on growth by affecting the growth plate chondrocytes. Poor intake of
proteins results in lower levels of hormones like insulin and IGF-1 (21) which stimulate
endochondral ossification responsible for linear growth potentially explaining the delayed
skeletal maturation in underweight children in my study. Whether supplementing children with
multi micronutrient and dietary interventions would help, requires clinical trials to be conducted
but there is a need to ensure a balanced and nutrient rich diet where children consume
adequate calories, proteins, vitamins and minerals. There is currently a drought in Zimbabwe
with an estimated 6 million people expected to be food insecure during the 2024-2025 lean
season (291), with climate change, droughts may become common in future and crop failure
will likely increase. In addition, Zimbabwe is experiencing hyperinflation thatis not likely to end
soon and half of the population is living by $1.2 a day, the World bank sets the international
poverty line at $2.15 per person per day, below which is defined as extreme poverty (292). This
means half of the children in Zimbabwe are at risk of malnutrition. As a country if half of the
children are at risk of impaired adolescent development because of malnutrition, evidence has
shown that has implications for their development, not just skeletally, but cognitively, socially,
and educationally (293). The WFP will have to increase their efforts to curb the effects of
malnutrition on growth and development to ensure a healthy population. It is not known what
the adult manifestation of delayed skeletal maturation would be hence clinical trials which
follow children up to end of growth may be necessary. There is strong evidence of the impact of
poor nutrition during childhood and adolescence on health outcomes which include risk of
cardiovascular disease, physical and mental health (47, 294, 295) and further research is
required to study the impact on fertility, mental health, educational attainment and national
productivity.

My study has shown an association between later age at ART initiation and delayed
skeletal maturation, supporting the adoption of “Treat ALL” recommendation by WHO, where,
all individuals with confirmed HIV diagnosis are eligible for ART irrespective of WHO clinical
stage or CD4 count (130). The Zimbabwe guidelines on HIV state that children are a priority for
HIV treatment and should be started on ART on the same day of diagnosis if possible (130). In
adolescents the age at which to start adult dosing can be difficult to determine hence It is
recommended that those under the weight of 25 kg should use paediatric dosing guidelines.
These HIV guidelines do not only potentially reduce the negative impact of HIV on growth and

development but improve the health of children and adolescents overall.

The VITALITY clinical trial was recently conducted in Zimbabwe and Zambia where CLWH

received calcium and vitamin D supplementation (PACTR202009897660297) (296, 297).
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Although calcium and vitamin D are important for the growth and mineralisation of bone, it
would be important to know how the supplementation impacts skeletal maturation and hence
growth trajectories. Calcium and vitamin D are usually given to improve bone health, hence a
protein, calorie and multi micronutrient supplementation study may be more ideal to show if the

growth and development of CLWH may improve.

The results of my study indicate that physical activity may be important for growth and
development, particularly in girls living with HIV. However, further research is required to
explore physical activity interventions in CLWH to establish causality as this cannot be inferred
solely from observational studies. needs to be conducted to determine the impact of physical
activity on growth. Like in my study, physical activity levels amongst children and adolescents in
Zimbabwe were reported to be lower than recommended despite the Government of Zimbabwe
mandating the instruction and examination of physical education from elementary to high
school sessions in its schools with dedicated time slots throughout the week (298). However,
evaluation of the proportion of schools where the time slots are adhered to and the activities
being implemented is difficult (298). In addition, an article in the Herald (A Zimbabwean
newspaper) published in 2015 reported the mushrooming of “private” home schools located in
people’s backyards in the high-density areas and most likely with none or limited sports
facilities to promote physical activity (299). With the shortage of government schools these
“private home schools” are coming in to bridge the gap albeit with some compromises. | have
observed that the mushrooming private schools are attended to by those socially deprived as
they are cheaper, and one is able to negotiate fees payment. Whether the observations of my
study are due to physical activity, or an indicator of SES that was not detected in the
adjustments included in my model, can’t be confirmed currently. However, my results may help
inform policies and programs to promote physical activity in children and adolescents as the

health benefits overall are well documented (300).

The wider implications are that Zimbabwe would benefit in children attaining full adult
height potential. There is evidence that being taller is associated with reduced morbidity and
mortality, higher income, reduced levels of education, better health and less illness (61). A
healthier Zimbabwean population may likely result in a healthier workforce hence more
productivity and resources being channelled more efficiently towards other social and
economic priorities. Whether children catch up in development and eventually attain their full
adult height will need following up until the children have transitioned through puberty and
reach skeletal maturation. If the patterns of skeletal maturation after one year continue to the

end of growth, | expect the CLWH whether male or female will reach skeletal maturation one
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year later than their HIV negative counterparts. In HIV negative children the females may reach
skeletal maturation 0.7 years earlier than the males. The delay may possibly result in short adult

height in CLWH.

7.4 Strengths

The major strengths of my thesis emanate from the study being the first to describe
skeletal maturation in Zimbabwean children, the first to compare two methods of BA
assessment in an African population living in Africa, the first to study skeletal maturationin
CLWH in an African population and the first to present longitudinal data in CLWH. Having a
comparator group of HIV negative children was a strength as it allowed comparison of CLWH
and HIV negative children, and the children being followed up and assessed for skeletal
maturation twice. The IMVASK study population was sampled from two tertiary hospitals and
their catchment areas and that is a strength as the children are a likely representation of

children living in Harare.

The other strength is that BA was assessed by a second assessor and twice by me
providing a measure of inter and intra rater reliability which ensures consistency and
reproducibility of the assessment. The use of Bland and Altman plots was a strength as they are

widely recommended to test agreement between two methods.

Another strength of this study is that | have studied adolescents, a particularly challenging
population to study, especially in a highly deprived setting. While there was loss to follow up
that may have reduced the sample size, | used multiple imputation models on missing variables
to preserve the sample size and maximise statistical power. The primary outcome for the
IMVASK study was bone mineral density measured by DXA and there was a time when the DXA
machine broke down for a considerable amount of time. Managing to retain the adolescents in
the study in such a challenging environment is a strength. High rate of loss to follow up amongst
adolescents has been previously reported particularly because it is phase of rapid physical and
psychosocial development (301). The major reasons for loss to follow up were not formally
recorded although these included phone number not reachable, participants having moved out
of Harare and death. However, there was no electronic case report form to capture the reasons

for loss to follow up, a limitation to the design of the study.
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7.5 Limitations

There were several limitations in my study. The baseline analysis was cross sectional
therefore | could not infer causality. The complete case analysis | used in the cross-sectional

analysis limited the number of participants thereby reducing the statistical power.

Another limitation is that | have conducted this study in only one cohort. Although | have
tested which method is best for use and factors associated with any delays in skeletal
maturation in children aged 8-16 years, there are early exposures like birth weight, gestational
age, that potentially impact skeletal maturation that were not possible to measure because of

the age group of my participants which could be potentially explored in future studies.

Another limitation is that there were fewer older males in later Tanner stages in the study
to adequately explore associations between exposures and skeletal maturation at these stages
in males. From this, | may infer that males were transitioning through puberty later than the
females hence the need for follow up studies until the end of growth to show the trajectories of
growth by sex though my results suggest that females mature earlier than males. My results
agree with wider literature that females are more skeletally mature than boys from birth and
reach skeletal maturity on average 2 years earlier than males (77). In SA females reached

skeletal maturity 1.9 years earlier than males (89).

7.5.1 Selection bias and generalisability

By design, my study focused on children living in Harare therefore shows the pattern of
growth in urban communities. However, 61.4% of the Zimbabwean population live in the rural
areas (302). There are factors that influence growth that may differ between the urban and rural
areas such as access to health, nutrition, socio-economic status and physical activity such that
rural-urban disparities in mean child health outcomes in developing countries have been
reported, with stunting rates higher in rural than urban populations (303). Ideally studies should
include rural and urban population. However, given that urban poverty and malnutrition have
increased, particularly in the last decade, some authors have argued that the rural-urban gap in
child malnutrition has declined because of the worsening urban health levels and this may be
applicable to Zimbabwe (304). With this in mind, my results may be generalisable to the whole

Zimbabwean population.

On the other hand, selection bias could have been introduced by the selection of CLWH

from HIV clinics in central hospitals in Harare and HIV negative children from schools in the
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same catchment area as the hospitals. Skeletal maturity is a proxy for height, and | hypothesise
that stunted children are more likely to go to the central hospitals and taller children to school.
Therefore, selection bias may have been introduced because | may have preferentially selected
CLWH who happen to be shorter and HIV negative children who happen to be taller. In addition,
HIV care is decentralised in Zimbabwe with patients seen at polyclinics and central hospitals;
such that patients managed at polyclinics are healthier with better viral loads than those kept at
central hospitals. Hence the CLWH recruited into the study may possibly not be representative
of CLWH across the country. For future studies | would consider recruitment of CLWH from the
polyclinics as well. At the time the study was conducted school enrolment was high at 98% and
all HIV negative children were enrolled in schools, with the 2% non-school going children likely
to represent CLWH, who are deprived or have other chronic conditions and not characteristic of
those that have been recruited. However, things have changed massively in Zimbabwe
economically since the study was conducted and now children are asked to pay extra fees that
are unofficial because of the economic crisis making it highly likely that formal school
enrolment may have dropped. In addition, IMVASK study participants were similar to

participants in other African studies in terms of age, WAZ and HAZ (305, 306).

7.5.2 Misclassification of WAZ, HAZ and BMI Z-scores

As discussed in chapter five misclassification may have occurred because of using UK
reference data and that might also apply to results in chapter six. Therefore, there is need to
develop reference data for anthropometric measurements specific to the Zimbabwean
population for use in future studies to avoid misclassification of participants. The UK and WHO
growth standards were designed to represent optimum child growth patterns and will likely
classify children living in countries such as Zimbabwe as stunted when they are of normal height
(18). Zimbabwe is classified as an LMIC (Figure 1.7). LMIC’s are characterised with poor dietary

diversity and environmental constraints that inhibit growth (307).

7.5.3 Confounding

There were other confounding factors like protein and calorie intake, and deprivation that
were not included in the models because data on these factors were not collected such that
there could be residual confounding that was uncontrolled for (Figure 6.1). Whilst | had a
measure of SES it probably did not capture deprivation adequately. The SES measure had some
questions on education, household item list, and asset list which are crude measures and do

not capture the nuance of how people live. The SES was measured at one time point and does
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not reflect what children’s lives have been like for the preceding 8 or 16 years which has been
determining their development at the point that | measured the variables. Deprivation
influences food insecurity, food diversity and protein and calorie intake and will likely influence

HIV status, age at ART initiation, and weight.

| saw an association between weight and SMD and weight is a crude measure of nutrition.
Itis not clear how much weight consists of bone, muscle or fat. The mechanism by which low
weight is associated with SMD is not clear, is it a lot of fat or muscle or both? Therefore, for
future research, body composition measures such as lean mass and fat mass should be
incorporated into the models. Although height and weight are the most used indicators of
nutrition status, anthropometry is a non-specific indicator of multiple past and current
processes in older children. Proper interpretation requires the use of additional data related to
food and diet, socio - economic status, the prevalence of infections, the result of poor care and

the presence of adverse environmental circumstances (308).

Physical
activity

Age at ART
initiation

Underweight

Confounding

Skeletal maturity delay

Figure 7.1 Summary of thesis findings denoting potential residual confounding in grey boxes

7.5.4 Observer bias and unblinding of CA

There may have been observer bias when assessing BA at baseline as | was not blinded to
CA because it was visible on the radiograph and that | needed the CA to guide the decisionon

the GP atlas (a disadvantage of the GP method). However, by the time | assessed the follow up
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radiographs | was blinded to the CA. If | were to do a BA study again, | would be blinded to the CA
throughout.

7.5.5 Chance

Of the eleven variables studied four variables were associate with the outcome and that
could have been by chance. However, there is biological plausibility for the association between

HIV status, weight, age at ART initiation and physical activity with delays in skeletal maturation.

7.6 Final conclusions

My results suggest that TW3 is the method of choice for children aged 8-16 years in
Zimbabwe and for children above those ages the GP method can be used. The findings of my
thesis showed that HIV infection, being underweight and being less physically active was
associated with delays in skeletal maturity. These results add to the literature to understand
growth impairment in CLWH. | have also shown that starting ART later in childhood predisposes
CLWH to delays in skeletal maturation. My results suggest that male CLWH have an extended
window of opportunity to catch up on growth compared with females; however, the children
need to be followed up for longer to see if they eventually catch up. If the growth and
development continue at the same rate as observed after one year, | estimate that male CLWH
reach skeletal maturity at 19.9 years and HIV negative males at 19.1. the female CLWH will
reach skeletal maturation at 18.8 years and HIV negative female at 17.8 years. In addition, the
trajectory of skeletal maturation was already lower before the age of 8 years. If CLWH fail to
catch up, they will be at risk of not attaining their full adult height potential which has
implications in later health. | would recommend studies in the younger age groups and follow
up until the end of skeletal maturation. Overall, | expect my results to be generalisable across

populations of children in Southern Africa where HIV prevalence is high.

7.7 Future work and recommendations

Future research needed to understand how HIV infection is affecting skeletal maturation
in CLWH should include:
1. Longitudinal studies of BA assessment in the first five years of life
2. Longitudinal follow up of CLWH until the end of growth to assess if there is adequate
catch up and whether delayed skeletal maturation has poorer outcomes at the end of

growth
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Bone age reference data for children in Zimbabwe that may be applied to similar
populations in Southern Africa. The children used to develop the reference data would be
healthy children with no condition known to constrain growth with a wider age range.
Standardised growth charts may be used to identify children who fall within the normal
range of HAZ and WAZ. The population would be recruited from different regions of the
country, socio-economic backgrounds and ethnic groups so that data is collected from a
diverse sample which is a true representation of the Zimbabwean population.

An intervention on nutritional supplementation has been conducted in two Southern
African countries PACTR20200989766029 (Zimbabwe and Zambia) (297). Therefore,
future work involves determining if nutritional interventions in CLWH may have an impact
on skeletal maturation.

Delays in skeletal maturation were seen not only in CLWH but also in those who are HIV
negative. It is therefore essential to see if nutritional supplementation impacts skeletal
maturation in HIV negative children. A nutritional supplementation trial was conducted in
The Gambia where mothers received calcium supplementation at 24 weeks to term. Their
offspring were followed up until the end of growth and future studies involve assessing
skeletal maturation in these children and determine the impact of maternal calcium

supplementation of skeletal maturation.

Policy makers and clinicians should consider:
Diet and multi micro-nutrient interventions in CLWH
Awareness programmes on the importance of normal growth in children encouraging

balanced diet and physical activity in children and adolescents

Research outputs

Awards

| was awarded a £500 Travel grant by the International Conference on Children’s Bone
Health (ICCBH) (9 February 2022)

| applied for and was successful in becoming part of the American Society for Bone and
Mineral Research, student cohort program, 2022

| was awarded the New Investigator Award (£50) at the BRS 2020 online annual meeting
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Abstracts

Summarised below are the conference abstracts which | presented during my PhD, the

full version of each abstract is available in appendix B

Bone Research Society Annual Meeting 2022 (oral presentation): Multiple factors
predict skeletal maturity deviation in Zimbabwean children and adolescents living with
HIV.
International Conference on Children’s Bone Health 2022 (poster presentations):
1. Multiple factors predict skeletal maturity deviation in Zimbabwean children and
adolescents living with HIV.
2. Evaluation of two methods of bone age assessment in peripubertal children in

Zimbabwe
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Appendix A Faculty of Medicine Ethics Committee

ERGO approval

11 May 2022

Mrs Farirayi Nyakoko and Prof Kate Ward,
MRC Lifecourse Epidemiology, Southampton General Hospital,
Tremona Road, Southampton, SO16 6YD

Dear Farirayi,

Re: ERGO 62773 - Comparing the skeletal maturity of children and adolescents
from two sub-Saharan African countries (Zimbabwe and The Gambia) and assessing

the impact of HIV and maternal calcium supplementation on growth

Thank you for submitting your revisions to the ethics application for the above project. |
am pleased to inform you that full approval has now been granted by the Faculty of Medicine

Ethics Committee.

Approval is valid from today until 30 September 2024, the date specified in your

application.

Please note the following points:

* the above ethics approval number must be quoted in all correspondence relating to your
research, including emails;

« if you wish to make any substantive changes to your project you must inform the Faculty
of Medicine Ethics Committee as soon as possible.

We wish you success with your project.

Yours sincerely,

Dr Anja Timm, Vice-chair, Faculty of Medicine Ethics Committee
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B.1 ICCBH 2022 abstract

Applicability and agreement of two methods of bone age assessment in Zimbabwean

Children

1,2,3 4,5 L]
Farirayi Nyakoko*, Celial Gregson, *Tafadzwa Madanhire, Lynda Stranix-Chibanda
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Andrea M Rehman, Kate A Ward

Affiliation
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MRC Lifecourse Epidemiology Unit, University of Southampton, Southampton, UK, Biomedical

3
Research and Training Institute, Harare, Zimbabwe, Department of Medical Physics and

4
Imaging Sciences, University of Zimbabwe-FMHS, Harare, Zimbabwe, Musculoskeletal

5

Research Unit, Bristol Medical School, University of Bristol, Bristol, UK, SAMRC/Wits

Developmental Pathways for Health Research Unit, Department of Paediatrics, School of
6
Clinical Medicine, University of the Witwatersrand, Johannesburg, South Africa, Child and

7
Adolescent Unit, University of Zimbabwe-FMHS, Harare, Zimbabwe, Clinical Research
Department, Faculty of Infectious and Tropical Diseases, London School of Hygiene and

8
Tropical Medicine, London, UK, Academic Unit of Child Health, University of Sheffield,

9
Sheffield, UK, MRC International Statistics and Epidemiology Group, Department of Infectious

Disease Epidemiology, Faculty of Epidemiology and Population Health, London School of

Hygiene and Tropical Medicine, London, UK Epidemiology,
Objectives

This study aimed to determine applicability and agreement between two methods of bone age
(BA) assessment, Greulich & Pyle (GP) and Tanner Whitehouse 3 (TW3), in Zimbabwean children

and adolescents.
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Methods

We conducted a cross-sectional study of children, aged 8-16 years, who tested negative for HIV.
Boys and girls were recruited by stratified random sampling from schools in Harare. Non-
dominant hand-wrist radiographs were taken, and BA assessed using both GP and TW3. Paired
sample student t-tests were used to compare the mean differences between BA (GP, TW3) and
chronological age (CA) in boys and girls separately, and in each sex split by 2-year age band;
data are presented as mean difference (95% CI). Bland-Altman plots assessed agreement
between CA and BA as determined by both methods, and between GP and TW3 BA. All
radiographs were graded by a second rater to assess inter-rater reliability and 10% were

randomly selected and re graded by first observer to assess intra-rater reliability.
Results

We recruited 252 children (44% females). Boys and girls were of similar CA (12.2+2.4,11.7%£1.9
years) and BA (GP: 11.5 £2.8, 11.5+ 2.1 years; TW3:11.8x2.5, 11.8+2.1 years). The difference in
boys between CA and GP BA was most overt in the younger children with a mean difference of
1.05 years (Cl:0.75,1.35). TW3 BA agreed well with CA in the young boys, but by age14-16 a
difference of 0.59 years (Cl:0.27,0.91) was observed. No differences were seen in the girls using
either method. In boys and girls, the agreement between CA and TW3 was good across the age
ranges whereas between CA and GP the agreement changed with age. In both boys and girls,
agreement between TW3 and GP methods was inconsistent across the age ranges. The intra-
and inter-rater coefficient of variation was (GP 2.4%; TW3 1.5%) and (GP 3.7% TW3 1.5%)

respectively.
Conclusion

In general boys were less skeletally mature than girls. TW3 method was in closer agreement
with CA and showed no systematic bias by age and is therefore more applicable to the
Zimbabwean population. The TW3 and GP methods do not agree in younger children and

therefore cannot be used interchangeably.
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B.2 BRS Annual meeting 2022

Multiple factors predict skeletal maturity deviation in Zimbabwean children and

adolescents living with HIV
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Adolescent Unit, University of Zimbabwe-FMHS, Harare, Zimbabwe, Clinical Research

Department, Faculty of Infectious and Tropical Diseases, London School of Hygiene and
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Tropical Medicine, London, UK, Academic Unit of Child Health, University of Sheffield,

9
Sheffield, UK, MRC International Statistics and Epidemiology Group, Department of Infectious
Disease Epidemiology, Faculty of Epidemiology and Population Health, London School of

Hygiene and Tropical Medicine, London, UK Epidemiology
Introduction

Skeletal maturity (SM) is measured as bone age (BA) on hand radiographs. Chronological age
(CA) exceeding BA may indicate growth impairment and is common in HIV infection. We aimed
to describe skeletal maturity deviation (SMD), defined as the offset between CA and BA, and

determine its risk factors in Zimbabwean children/adolescents.
Methods

A cross-sectional study of children aged 8-16 years living with and without HIV was conducted.
Children with HIV were recruited from HIV clinics at Parirenyatwa Hospital in Harare and

children without HIV from schools in the same catchment area. Hand-wrist radiographs of the
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non-dominant hand were independently assessed by two observers, using the Tanner
Whitehouse3 BA method. Paired sample student t-tests for continuous data and chi squared
tests for categorical data compared participants’ characteristics. Multivariate linear regression

was used to examine associations between risk factors and SMD, stratified by HIV and sex.

Results

CA for boys with HIV (n=145) was 12.6x2.5years and for girls (n=134) was 12.5+2.5years, and for
boys without HIV (n=147) was 12.4+2 .5years and 12.7+2.5years for girls without HIV (n=144).
Mean SMD=SD in children with HIV was 1.4%1.4years in boys and 1.1+1.3years in girls, and in
those without HIV was 0.4+1.1years in boys and 0.2x1.2years in girls. BAwas less than CAin

72% of participants.

In multivariate analyses, underweight was associated with SMD in children with HIV and boys
without HIV, compared to those with normal BMI. Amongst girls with HIV, shorter durations of
anti-retroviral therapy (ART) (<2 years) were associated with SMD 1.10 years (95%CI:0.14,2.05),
as was unsuppressed viral load (>1000 RNA copies/ml), SMD 0.59 (95%CI:0.01,1.17). Whilst
amongst boys, older age at ART initiation was associated with SMD; those starting ART at age 8+
years had mean 1.22 years [95%CI:0.33,2.10) SMD. Furthermore, low socio-economic status
was associated with SMD 0.59 (95%CI:0.14,1.04) compared to being in middle socio-economic
position. In both boys with HIV and girls without HIV, very low dietary calcium intake (<150
mg/day) was associated with SMD of 0.67(95%C1:0.08,1.25) and 0.53 (95%CI:0.01,1.04)

respectively, compared against those with low intake (150-299 mg/day).
Conclusion

In children with HIV, low calcium intake, delayed ART initiation, shorter ART duration,
underweight and unsuppressed viral load were all independently associated with SMD, which
may be indicative of delayed skeletal maturity. Underweight, low calcium intake and socio-

economic deprivation similarly predict SMD in HIV negative children.
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ARTICLE INFO ABSTRACT

Keywords: Oljectives: Bone age (BA) measurement in children is used to evaluate skeletal maturity and helps in the diagnosis
Age of growth disorders in children. The two most used methods are Grenlich and Pyle (GP), and Tanner and
Radicgraph

Whitehouse 3 (I'W3), both based upon assessment of a hand-wrist radiograph. To our knowledge no study has

E:l;c.lclal aturity compared and validated the two methods in sub-Saharan Africa (SSA), and only a few have determined BA
AlTica e -
Children despite it being a region where skeletal maturity is often impaired for example by ITTV and malnutrition. This

Growth study aimed to compare BA as measured by two methods (GP and TW3) against chronological age (CA) and
determine which method is most applicable in peripubertal children in Zimbabwe.
Methods: We conducted a cross-sectional study of boys and girls who tested negative for HIV. Children and
adolescents were reeriited by siratified random sampling from six schools in Harare, Zimbabwe. Non-dominant
hand-wrist radiographs were taken, and BA assessed manually using both GP and TW3. Paired sample Student -
tests were used to calculare the mean differences between BA and chronological age (CA) in boys and girls.
Bland-Altman plots compared CA to BA as determined by both methods, and agreement between G and TW3
BA. All radiographs were graded by a second radiographer and 20 % of participants of each sex were randomly
selected and regraded by the first observer. Intraclass correlation coefficient assessed intra- and inter-rater
reliahility and coefficient of variation assessed precision.
Results: We recruited 252 children (111 [44 %] girls) aged 8.0-16.5 years. The boys and girls were of similar
mean = SD CA (12,2 = 2.4 and 11.7 = 1.9 years) and BA whether assessed by GP (11.5 = 28 and 11.5 = 2.1
years) or TW3S (11.8 + 2.5 and 11.8 4 2.1 years). In boys BA was lower than CA by (L.76 years (95 % CI: —0.95,

0.57) when using GP, and by 0.43 years (95 % CI: —(161, —0.24) when using TW3. Among the girls there was

no difference between BA and CA by either GP [-0.19 years (95 % CL: —0.40, 0.03)] or TW3 [0.07 years (95 %
CI: —=0.16, 0.29]]. In both boys and girls, there were no systematie differences between CA and TW3 BA across
age groups whereas agreement improved between CA and GP BA as children got older. Inter-operator precision
was 1.5 % for TW3 and 3.7 % for GP (n = 252) and intra-operator precision was 1.5 % for TW3 and 2.4 % for GP
(n = 52).
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Conclusion: The TW3 BA method had better precision than GP and did not systematically differ from CA, meaning
that TW3 is the preferred method of assessment of skeletal mamrity in Zimbabwean children and adolescents.
TW3 and GP methods do not agree for estimates of BA and therefore cannot be used interchangeably. The
systematic differences in GP BA assessments over age means it is not appropriate for use in all age groups or
stages of maturity in this population.

1. Introduction

Bone age (BA) is a measure of the development of the skeleton
incorporating the size, shape and degree of mineralization of the
epiphyses and physeal plates of a bone to define their proximity to full
maturity [1]. BA differs from clironological age (CA), which is caleulated
from the date of birth and does not necessarily reflect an individual's
stage of puberty. For example, two eleven-vear-olds can differ vastly in
their developmental stage but CA is the same. Methods to assess BA
should be reliable and practical, being adaptable for use in different
populations. The two most widely used methods are the Greulich and
Pyle (GP) and the Tanner and Whitehouse 3 (TW3) methods, both based
upon assessment of hand/wrist radiographs [2,2]. The GP uses a tech-
nique which matches a given radiograph with an atlas of standards
representing different sexes and ages and the radiograph is then assigned
a skeletal age equal to that of the nearest age. In contrast, TW3 uses an
individual bone specific scoring technique where the appearance of each
bone is evaluated and compared to a set of bones at different stages of
maturation. The GP method is more commonly used, as it is straight-
forward and quick, though it was founded on the assumption that the
skeleton matures in a uniform way, assigning a global score to the hand
and wrist [4]. GP was developed in 1959 based upon the left hand ra-
diographs of a reference population of white North American children
collected in the 1930's [2]. The TW method, first known as TW1 was also
developed in the 1930's using radiographs of white European children, it
was later modified to TWZ2 in 1983 using additional data collected in the
1950s and 1960s in western Europe. The TW1 and TW2 methods orig-
inally scored 20 bones (radius, ulna, short bones and carpal bones) of the
hand before a further update in 2001, namely TW3, when scoring of the
radius, ulna and short bones (RUS) was separated from the carpal bones
[2]. The TW method is more complex and requires more time for
assessment than GP (7.9 min and 1.4 min respectively) [5,6]. The bones
of the hand ossify at different rates and the ability of TW3 to assess
ossification centres separately makes it ideal for use hence being
described as more objective and reproducible than GP [7].

The applicability of these methods in varying environments, pop-
ulations with varying genetic ancestry, socio-economic status, and dis-
ease patterns is questionable as all these factors have an influence on the
process of skeletal maturation. Sub-Saharan Africa (SSA) has a high
prevalence of HIV and malnutrition, leading to delayed puberty. Given
that these BA methods were developed decades ago in European and
American populations, it is not known how applicable they are to Afri-
can populations and previous studies are limited. None have compared
the performance of the two methods, despite the fact that SSA is a region
where skeletal development is commonly impaired [5,9]. Therefore, this
study aimed to determine whether GP or TW3 is most applicable for use
in peripubertal children in Zimbabwe. The agreement between the two
methods, inter- and intra-rater reliability and intra- and inter-operator
precision for each was determined.

2. Methods

This cross-sectional study used hand/wrist radiographs collected
from IMVASK (The IMpact of Vertical HIV infection on child and
Adolescent SKeletal development), a prospective cohort study con-
ducted in Harare, Zimbabwe [10]. Children without HIV were recruited
by stratified random sampling within three age and sex strata from six
government schools within the same catchment area as the main public-
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sector hospitals in Harare (Parirenyatwa and Sally Mugabe hospitals)
from where children with HIV were recruited. For the purposes of this
methodological evaluation manuscript, participants were restricted to
those testing negative for HIV. Participants were also excluded if they
had CA above 15.0 years in girls and 16.5 years in boys because TW3
only assesses BA up to these ages.

Sociodemographic and clinical data were collected using a ques-
tionnaire administered by trained research staff. Anthropometric mea-
surements included height (sitting and standing) and weight, taken in
duplicate by two independent staff members. If the two measurements
differed by >0.5 kg or 0.5 cm, a third reading was taken by an additional
reader. The mean of the two or three measurements was recorded as the
final figure. Weight was measured to the nearest 0.1 kg using a Seca 875
weight scale, and height to the nearest 0.1 em using a stadiometer (Seca,
Hamburg Germany). The equipment was calibrated annually over the 3
years of IMVASK.

A nurse and/or doctor carried out Tanner pubertal staging using
testicular volume (assessed using an orchidometer) penile size and pubic
hair growth (quality, distribution, and length) in boys and breast
development (size and contour), age of menarche and pubic hair growth
in girls for assessment [11]. Grading of penile, testicular and breast

growth was from I to V as per tanner descriptions. In the event of
disagreement of the pubertal stage testicular and breast development for
boys and girls respectively were used to assign tanner stage. Socio-
economic status was determined from indicators in a principal compo-
nent analysis that included an asset list which showed the head of
household age, highest maternal and paternal education levels, monthly
household income, number in the household, house ownership, access to
amenities and household item ownership list [12]. Socio-economic
status was then split into three groups (low, middle, and high). Di-
etary calcium and vitamin D intake were assessed using a tool developed
for the Zimbabwean context based on the validated dietary diversity and
food frequency tool from India and Malawi, and international guidelines
applicable to 55A [13,14]. The dietary intake was classified into three
groups: daily dietary calcium intake as very low (<150 mg/d), low
(150-299 mg/d), and moderate (300-450 mg/d) and daily dietary
vitamin D intake as very low (<4.0 pg/d), low (4.0-5.9 pg/d), and
moderate (6.0-8.0 pg/d). Physical activity was self-reported using the
International physical activity questionnaire which has been validated
in multiple countries. The amount of physical activity was assessed as
multiples of the resting metabolic rate (MET) in MET minutes/week and
categorised to low (MET minutes <600/week), moderate (MET minutes
= 600 to 3000/week), and vigorous (MET minutes>3000/week)
[15,16]. The same thresholds of physical activity were used in this study
regardless of age.

Radiographs were taken of the non-dominant hand/wrist by a
trained radiographer. A digital radiography (Siemens, Germany) system
was used with images stored in DICOM format. The non-dominant hand
was positioned with the palm facing downwards in contact with the
imaging plate. The axis of the middle finger aligned with the axis of the
forearm. The upper arm and forearm were in the same horizontal plane.
The central ray of the X-ray beam was directed on the distal end of the
third metacarpal and a tube to film distance of 76 em was used. A lead
apron shielded the gonads. Standard exposure parameters for a hand
radiograph were used. Radiation dose to the participant was estimated
to be less than 2 pSV (micro-Sieverts).

BA was assessed using both GP and TW3 (RUS) methods by a single
radiographer. The TW3 (RUS) was based on comparison to a sex-
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matched TW3 atlas to determine the level of maturity for 13 selected
regions of interest representing specific bones of the hand and wrist [2].
The specific bones included radius, ulna, metacarpals I, I1I, V; proximal
phalanges [, 111, V; middle phalanges I, V; distal phalanges 1, III, V. The
atlas categorises each bone into specific stages of development labelled
from A to L. A numerical seore is assigned to each stage of development
for each individual bone in the atlas. The numerical scores were summed
to give a total maturity score ranging from 0 to 1000. Each maturity
score matches a certain skeletal age via a lookup table. The GP methad
of assessment involves comparison of the radiographs to the nearest
matching sex-specific reference radiograph provided in the GP atlas [2].
The assessor was aware of the sex but not the CA of the children. Esti-
mated BA was compared to CA, calculated from the date of birth to the
date of examination of the radiograph.

To calculate intra-rater reliability and precision (co-efficient of
variation), 52 (20 %) radiographs were randomly selected and rescored
by the first assessor at least three months later than the initial score. All
radiographs (n = 252) were re-scored by a second trained radiographer
to determine inter-rater reliability and precision.

Ethics approval was granted by the Medical Research Council of
Zimbabwe (Harare; reference MRCZ/A/2297) and the University of
Southampton, UK (ERGO II 62773). Written informed consent was
provided by the parents/guardian, and the children provided written
assent.

2.1. Statistical analysis

Statistical analvses were conducted using Stata 16 (StatCorp, Texas,
USA). Weight for age Z-scores (WAZ), height for age Z-scores (HAZ) and
body mass index (BMI) Z-scores were calculated using the 1990 UK
reference data for children [17] with a Z-score of —2.0 denoting stunting
(HAZ) and underweight (WAZ).

The primary outcome was the difference between BA measured using
two methods, and CA in vears. Quantitative data were examined for
normality using the Shapiro Wilkes test and histograms. Quantitative
data are presented as mean + standard deviation (SD) and categorical
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data as proportions and frequencies. Chi-squared tests were used to
compare categorical variables by sex. Paired-student t-tests were used to
compare quantitative variables in (1) the whole study population, (2)
girls and boys separately, and (3) stratified by sex and age (in bands of
8-10, 11-13 and 14-16 years); this allowed determination of whether
the performance of the BA method differed by maturity level. The mean
difference was determined by subtracting CA from BA (BA-CA), pre-
sented with 95 % confidence intervals. A negative value indicates BA
less than CA, and a positive value indicates BA greater than CA indi-
cating delayed and advanced maturity respectively. Scatter plots for BA
by both TW3 and GP method vs CA were examined with the line of best
fit plotted.

Bland-Altman plots [18] were generated to assess agreement be-
tween CA and BA for each method, and between GP BA and the TW3 BA.
Linear regression analysis was performed to determine the direction of
the relationship between the average and differences in the methods, p
coefficient and 95 % confidence intervals are presented. Inter- and intra-
rater reliability were assessed using the intraclass correlation coeffi-
cient. The intra- and inter-operator coefficient of variation assessed BA
reproducibility, i.e., precision. The formula used to calculate CV was
(sample SD / mean) = 100 [19,20].

3. Results
3.1. Participant characteristics

Of the 306 children without HIV enrolled in IMVASKE, 54 were
excluded; 15 had missing hand radiographs, 33 gitls were above 15
years of age, and 6 boys were above 16.5 years of age (Fig. 1).

In total 252 (82 %) were eligible for these analyses, with 141 (56 %)
being boys. There was no difference in chronological age between the
boys and girls, however mean WAZ and BMI-z scores was lower in boys
than girls (Table 1).

Although there were no sex differences in BA measured using both
methods more boys than girls had lower BA than CA for GP BA (77 % vs
57 %, ChiZ p = 0.001), and TW3 BA (65 % vs 43 %, ChiZ p < 0.001).

'8 A
Participants recruited into the IMVASK study
n=609
o ( Participants living with HIV excluded
| L n=303
e N
Participants without HIV infection
n=306
/
- ( Participants without hand radiographs
v n=15
Participants with available good quality hand
radiographs
n=291
( *Girls with CA>15 yearsand boys with
] L CA>16.5 yearsexcluded
4 -
Participants included in the analysis p=3d
n=252
L

Footnotes:IMVASK: ThelMpact of Vertical HIV infection on child and Adolescent SKeletaldevelopment in Harare, Zimbabwe, CA:
chronological age, *Thresheld for TW3 analysis is at 15 years for girls and 16,5 years for boys

Fig. 1. Flow chart showing participants included in the analysis.
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Table 1
Demographic, lifestyle, anthropometry, and pubertal status characteristics of
study participants by sex.

Boys (n = Girls (= I
141} 111 Value
Sodo-demograplics
Chronological age, mean (S1) 12.2 (24) 11.7 (1.9 1.065
Socio eeonomic statns, n (%) 11301
Low: group 1 34 (24.1) 33 (290.7)
Middle: group 2 52 (36.9) 32 (28.8)
High: group 3 55 (3940 A6 (41.1)
Anthropomerry
Height-for-age Z-score, mean (S0 — .60 [1.03) — A7 (1,16} 0.327
Standing height-for-sge Z-score < 9 (6.4) 8$(7.2) 0.7
=2, 1 (%)
Sitting height for age Z score, mean —1.31(1.06) —L32(1.18} 0.920
(511
Sitting height-for-age Z-score < -2, 31 (22.0) a0 (27.00 0,354
n (%)
Weight for.age Z-score, mean (5D} 069 (1.07)  —0.27 (1220 0.004
Weight-for-age Z-score < —2, n (%} 15 (1thiy) 7 i6A) 0.226
BMI Z seore, mesn (SD) —0.51 [(1.05) —0.07 (1.20} 0.002
BMI £ score < —2, 1 (%) 11 (7.8} 4 (3.6) 0.162
Bone age neasures
GP bone age, mean (S0 11.5 (2.8) 11.5{21 0,859
TW3 bone age, mean (5D} 11.8 (2.5) 11.8(21) 0.945
GP bone age < chronological age, n 108 {76.6) 63 [56.8) 0.000
[}
TW3 bone age < chronological age, 1 92 (65.2) 48 (43.2) «0,001
(s}
Puberial slatus 0.078
Tanner 1 45 (32.1) 23 (20.9)
Tanner 2 34 (24.3) 30273
Tanmer 3 22(15.7) 2R (25.5)
Tunmer 4 35 (25.0) 22 (20,00
Taunet 5 4(29) 7 (b4)

Lifestyle factors
Daily vitsamin D intake, 1 (%) 0.991

Very low, =4.0 pg/day 17{12.1) 14 (12.6)
Low, 4.0-5.9 pg/day 92 (65.2) T2(64.%
Moderate, 6.0-8.0 pg/day 32 (22.7) 25 (22.5)

Tiaily caleinm intake, n (%) 0.914

Very low, <150 mg/day G2 (44000 51 (45.5)
Low, 150-299 mgsday 31 (2240 25 (£2.5)
Modermte, 300450 mg/day 48 (34.0) 35 (31.5)

Pliysical activity level, n (%) 0,304

Low, <600 MET min/week 47 (33.3) 45 (40.5)
Maderate, 600-3000 MET min/week 46 (32.6) 27 (24.3)
Iigh, 3000 MET min/week 48 (34.0) 39 (35.1)

Foot notes: Student r-tests conducted on continuous variables and chi-squared
tests on categorical variable, GP-Greulich and Pyle, TW3-Tanner Whitehouse
3, SD-standard deviation.

Socio-economic status, physical activity, vitamin D and caleium intake
did not differ berween the boys and girls. Nevertheless, 24 % of boys and
30 % of girls were in the low socio-economic status.

3.2, Comparison of CA and BA by TW32 and GP

There was a positive linear relationship between CA and BA for each
methed (GP: r = 0.93 boys, r = 0.92 girls; TW3: r = 0.91 boys, r = 0.88
girls) (Fig. 2). The slopes for the two methaods in both boys [TW3 3 0.95
(95 % CI: 0.87), 1.03; GP [ 1.09 (95 % CIL: 1.01, 1.17)] and girls [TW3 3
0.92 (95 % CL: 0.81, 1.03); GP § 1.09 (95 % CL: 0.98, 1.20)] differed from
each other. In the boys the TW3 slope (p = 0.179) does not differ from
the line of identity unlike the GP slope (p = 0.030). In the girls both
slopes [TW3 (p = 0.180) and GP (p = 0.110)] do not differ from the line
of identity.

In the whole sample of boys GP BA was lower than CA by 0.76 years
(95 9% Cl: —0.95, —0.57) while TW3 BA was lower than CA by 0.43 years
(95 % CI: —0.61, —0.24) (Fig. 3). The mean difference between CA and
GP BA was a year in those aged 8-10 vears, with an offset of half a year
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earlier in the older group. In contrast, the mean difference between TW3
BA and CA, was less in the younger age group compared to the older age
groups (Fiz. 4a). Among the girls, GP BA had a trend to be lower than CA
in the 8-10- and 11-13-year age groups, whereas no differences were
seen between TW3 BA and CA (Fig. 4b).

There was a positive bias in agreement between CA and BA as
measured by GP in boys (f = 0.18, p < 0.001] and girls (f = —0.08,p =
0.050), with GP BA being much lower than CA at younger ages and less
of a difference at older ages (Fiz. 3a, b). For TW3 BA and CA, no sys-
tematic differences were observed for either sex. The slope for GP Bland-
Altman plots was 0.18 in boys and 0.16 in girls and for TW3 plots was
0.05 in boys and —0.08 in girls.

3.3. Comparison of GP and TW3

Overall, GP BA was lower than TW3 BA by 0.33 years (95 % CI:
—0.88, —0.23) in the boys and 0.25 years (95 % CI: —0.44, —0.07) in the
girls. In both boys and girls, Bland-Altman plots show differential
agreement between the TW3 and GP across all ages (boys: p= —1.47 p <
0.001 and girls: f = ~1.17 p < 0.001) (Fig. 5). Differences between the
two methods in younger ages (8-10 vears) show that TW3 BA was higher
relative to the GP BA. At the older ages GP BA was higher than TW3 BA.

3.4. Imtra- and Inter-rater reliability

The intraclass correlation coefficient showed high inter-rater reli-
ability of 0.98 for TW3 and 0.94 for GP (n = 252) and high intra-rater
reliability of 0.97 for TW3 and 0.98 for GP (n = 52). There was good
precision for both methods although the TW3 mean percentage coeffi-
cient of variation were better than for GP at (intra-operator 1.5 % vs2.4
%) and (inter-operator 1.5 % vs 3.7 %) respectively.

4. Discussion

To our knowledge, this is the first comparison of bone age assessment
methods in a population of peripubertal children in sub-Saharan Africa.
These data show that TW3 is a more applicable method, than GP, for
assessment of skeletal maturity in children and adolescents from
Zimbabwe. TW3 has better intra- and inter-operater precision, and no
age-related bias. In contrast the age-related bias using the GP BA
method, with greater differences at younger ages, indicates limitations
for use in our study population. TW3 and GP methods did not agree in
younger children and cannot be used interchangeably.

On evaluating the rwo bone age assessment methods, Bland-Altman
analyses show that the two assessments differ especially in the young
children, preventing interchangeable use. Similar results were found ina
study in the UK where GP and TW2 were compared [21], and TW2 was
recommencded as the preferred method as it had better precision than
GP. Otherwise, few studies have compared both methods [22-25]. Many
more studies have looked at the applicability of the GP than TW3
method, potentially because TW3 is vsed less frequently in clinical
practice due to time constraints [5.6]. Despite the TW3 taking longer to
assess (7.9 min vs 1.4 min) [6], the consistency across age groups and
sexes, and good intra- and inter-rater reliability, suggest that the extra
time is justified. The bones of the hand ossify at different rates and the
ability of the TW3 method to assess ossification centres separately makes
it an ideal method for use.

The current study has demonstrated that both methods are repro-
ducible with the TW3 being more reproducible than the GP method
which is consistent with other studies [21,25-28], potentially explained
by individual maturity indicator scoring, rather than the GP global
grading approach. GP BA units are whole numbers — less precise than the
TW3 approach with decimals. Cavalle et al. reported the evaluation of
each bone segment in TW3 as an advantage minimising inter-rater
variability [29]. Our study also found high inter- and intra-rater
agreement supporting the reliability of these two methods in assessing
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Fig. 3. Forest plot showing the mean dif-
ferences (95 % Confidence Intervals) be-
rween CA and BA assessed by GP, and TW3.
Foot notes: Stadent paired t-tests conducted
on  all  continuons  variables,  CA-
chronological age, GPBA-Greulich and Pyle
hone age, TWi3BA-Tanner Whitehouse 3
bone age. A negative value means delayed
relative to the CA and a positive value
means advanced relative o the CAL Sample
size for age gronps is Boys: 8-10 (n = 49);
11-13 (n = 49); 14-16 (n = 42) and girls:
H8-10 (n = 44); 11-13 (n = 48); 14-16 (n =
20).
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Fig. 5. Bland Altman plot showing mean differences between GP and TW3 bone age in years for (a) boys and (b) girls.

bone age, though notwithstanding the limitations attached to the use of
GP in our population given the age dependence of the results.

One limitation of the TW3 methaod is that it has a cut off point for
skeletal matwrity of 15 years for girls and 16.5 for boys. In populations
that may have later onset, or delayed, puberty, such as in our current
study, this limits use, given skeletal maturity is not reached until at least
18 vears for girls and 19 years for boys [3].

In the largest study of African children to date (n = 607), TW3 was
used to assess and compare BA between black and white girls and boys in
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South Africa. Skeletal maturity was delayed by on average 7 months in
black boys compared to white boys, whereas no ethnic differences in the
progression of skeletal maturation were seen in girls [30]. Similarly, our
data shows sex differences in the performance of TW3, suggesting on
average 6 months delay in BA in the boys compared to CA and no dif-
ferences in the girls.

Consistent with our findings, previous studies have commonly
demonstrated lower GP BA than CA, in South Africa, Saudi Arabia,
Turkey and Malawi [22,24,31,32]. Our findings are similar to those
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from a study in Pakistan which advised against using GP method in their
population due to variations in BA depending on the age of the children
(advanced BA during early childhood and delayed BA during middle ancl
late childhood) [33]. Our study extends this work by testing the agree-
ment between GPBA and CA and showing the GP method was dependent
upon age, such that one would not be able to accurately determine
whether a child is delayed in maturity using GP. Several other studies
have found the applicability of GP differing by sex, ethnie group or by
age [22,31,34].

The recruitment of the children from schools in Harare was designed
to be representative of the general population in Zimbabwe, as about 98
%o of the children in the whole country go to school. All schools in Harare
were identified and the 6 studied were randomly chosen from this
sampling frame [10]. Bone age assessment was repeated by a second
assessor further strengthening the method employed. Tt is well-described
that timing of skeletal maturation is affected by environment, nutrition,
medication, and sociceconomic status [4,25.36]. Owr population
therefore contrasts with the ones in which the GP and TW3 methods
were originally developed. The children used to create the GP atlas were
from wealthy families and not suffering from any illnesses [3]. Gener-
ally, HAZ and WAZ were low in our study population, indicating a
tendency towards stunting and underweight respectively. Most partici-
pants had low or middle socio-economic status. Caleium and vitamin D
intakes were low, both micronutrients being critical for skeletal devel-
opment [37]. Together these factors may explain why children in
Zimbabwe were skeletally immature for their chronological age.

5. Conclusion

Of the two methods assessed, the TW3 is the most precise and
appropriate for use in Zimbabwe as GP appears biased by age. The two
methods (TW3 and GP) do not give equal estimates of bone age and
therefore should not be used interchangeably. Hence the TW3 methoc
would be the preferred method for use in determining skeletal maturity
in peripubertal children in the region. This study is of relevance for low-
income African populations in SSA who are faced with a high burden of
communicable and non-communicable diseases and delays in skeletal
maturation,
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Abstract

Introduction HIV infection and its treatment compromises skeletal development (growth and maturation). Skeletal
maturity is assessed as bone age (BA) on hand and wrist radiographs. BA younger than chronological age (CA)
indicates delayed development, We conducted a cross-sectional study to determine differences between BA and CA
(ie, skeletal maturity deviation [SMD]), and risk factors associated with SMD in peripubertal children with and without
HIV established on antiretroviral therapy (ART) including use of tenofovir disoproxil fumarate (TDF).

Methods Children with HIV taking ART for at least twa years and a comparison group of H\-negative children,

aged 8-16 years and frequency-matched by age and sex, were recruited from HIV clinics and local schools inthe
same catchment area, in Harare, Zimbabwe. BA was assessed from non-dominant hand-wirist radiographs using the
Tanner Whitehouse 3 method. Megative SMD values correspond to delayed development, Le, BA younger than CA.
Multivariable linear regression models determined factors assocated with SMD overall, and In children with HIV.

Results Intotal, 534 participants (54% males) were included; by design CA was similar in males and females, whether
living with or without HIV. Mean (SD) SMD was more negative in CWH than in HiV-negative children in both males
[-14(1.4) ve.-0.4(1.1) years] and females [-1.1(1.3) vs. -0.0{1.2] years]. HIV infection and weight-for-age Z-score<-2

were assaciated with more negative SMD in both males and females after adjusting for socio-economic status,
orphanhood, pubertal stage, and calcium intake. Age at ART initiation was associated with SMD in both males and
fernales with those starting ART later more delayed: starting ART aged 4-8 vears 1,14 (-1.84, -0.43), or over § years 147
(-2.30,-0.85) (p-value for trend < 0.0071). Similar non-significant trends were seen in males, TDF exposure TDF exposure
whether <dyears or =4 years was nol assoclated with delaved development.

Conclusion Perinatally-acquired HIV infection and being underweight were independently associated with delayed
skeletal maturation in both males and females. Starting ART later was independently associated with skeletal
maturatian delay in CWH. Given the known effects of delayed development on later health, it is important to find
interventions to ensure healthy weight gain through early years and in CWH to initiate ART as early as possible.
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Introduction

In 2022, 39 million people were living with HIV world-
wide; two-thirds in sub-Saharan Africa [1]. The roll-out
of antiretroviral therapy (ART) has resulted in a remark-
able increase in life-expectancy, but coverage of treat-
ment substantially lags in children: in 2022, 76% of adults
versus 57% of children {(aged up to 14 years) were access-
ing ART.

While increasing numbers of children with HIV
(CWH) are reaching adulthood because of ART, long-
standing HIV infection and/or treatment is associ-
ated with an increased risk of multisystem morbidities,
including an adverse effect on development, ie. growth
and maturation [2, 3]. One of the first recognised mani-
festations of perinatally-acquired HIV infection was poor
linear growth [2]. Additionally, HIV infection has been
associated with low bone mineral density and impaired
bone architecture [3-6]. Delays in development can have
consequences on an individual’s health in later life, as
well as intergenerational effects. On average, during ado-
lescence, individuals gain 20% of their final height and
50% of their body mass with considerable remodelling
of the skeleton during adolescence making it a critical
period for health [7].

Skeletal maturity is a measure of development incor-
porating the size, shape, and degree of mineralisation of
the epiphyses and physeal plates of bone to define their
proximity to full maturity. Maturation is a sequence of
changes through growth and puberty which culminates
in the development of secondary sexual characteristics
and cessation of linear growth [8]. Bone age (BA) is an
objective measure of skeletal maturation and is assessed
by hand-wrist radiographs. The bones of the hand and
wrist mature sequentially, and the stages of this process
can be compared against a reference standard. A lag of
BA behind chronological age (CA) (calculated from the
date of birth) indicates impaired skeletal development
in children. Skeletal maturation is influenced by several
factors such as genetic ancestry and environmental fac-
tors like socio-economic deprivation, nutritional status
(e.g., vitamin D and calcium intake), physical activity
and co-morbid disease [4, 6, 9]. Studies have suggested
that CWH may have delayed skeletal maturation despite
ART [10, 11]; however, none have been conducted in sub-
Saharan Africa where the majority of CWH live. Given
the impact of maturation on achieving genetic potential
and consequently future health, it is important to under-
stand how skeletal development progresses through
puberty in males and females from sub-Saharan Africa.
This study in peripubertal males and females from Zim-
babwe, therefore, aimed to describe the differences
between BA and CA (ie., skeletal maturity deviation
[SMD]), determine to what extent HIV and other demo-
graphic and lifestyle factors predict SMD, and examine
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which HIV characteristics are associated with SMD in
children living with HIV in Zimbabwe.

Methods

Study design and participants

A cross-sectional study of children aged 8- 16 years, with
and without HIV was conducted in Harare, Zimbabwe,
nested within the IMpact of Vertical HIV infection on
child and Adolescent Skeletal development {IMVASK)
study; the protocol has previously been published [3].
Zimbabwe has experienced an early inset, sustained gen-
eralised HIV epidemic with an adult HIV prevalence of
11% in 2022, Of the 1.3 million people living with HIV,
75 000 are children [12]. CWH were recruited from HIV
clinics at the two main public sector (tertiary referral)
hospitals in Harare (Parirenyatwa and Sally Mugabe Hos-
pital) between May 4, 2018, and Jan 21, 2020. Both hos-
pitals have paediatric HIV clinics that provide HIV care
and treatment to more than 2,000 children [3]. Although
HIV care is increasingly decentralised to a primary care
level across the country, most children in Harare con-
tinue to receive care within the HIV clinics in these
healthcare facilities. Individuals were eligible if they had
been taking ART for at least two years, were not acutely
unwell, were residing in Harare and aware of their HIV
status. Systematic quota-based sampling was used to
recruit children stratified by sex into three age groups
(8-10, 11-13 and 14-16 years). HIV-negative children
were recruited from six public-sector schools within the
same catchment area as the hospitals, again by stratified
random sampling using school registers [3].

Boys and girls with CA above 16.5 and 15 years respec-
tively were excluded for this analysis as these are above
the cut off ages for Tanner Whitehouse 3 method of BA
assessment.

Procedures

Sociodemographic and clinical data were collected by
trained research staff using an interview-administered
questionnaire. Data were collected on android tablets
using the Online Data Kit (hitps://getodk.org/). A nurse
and/or doctor carried out Tanner pubertal staging using
testicular volume (assessed using an orchidometer),
penile size and pubic hair growth (quality distribution
and length) in boys and breast development (size and
contour), age at menarche and pubic hair growth in girls
for assessment [13]. Grading of penile, testicular and
breast growth was from [ to V as per Tanner descriptions
[14-16]. In the event of discordance in the assignment
of the pubertal stage between these categories, testicular
and breast development for boys and girls respectively,
were used to assign Tanner stage. Socio-economic sta-
tus (SES) was constructed as three groups (low, middle,
and high) using the first component from a principal
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component analysis that included the head of house-
hold age, highest maternal and paternal education levels,
monthly household income, number in the household,
household ownership, access to amenities and house-
hold asset ownership [17]. Dietary calcium and vitamin
D intake were quantified using a validated dietary diver-
sity and food frequency tool from India and Malawi,
adapted to the Zimbabwean context [18]. Daily calcium
dietary intake was classified into three groups: very low
(<150 mg/day), low (150-299 mg/day). and moderate
(300-450 mg/day). Daily dietary vitamin D intake was
classified as very low (<4.0 ug/day), low (4.0-5.9 pg/day),
and moderate (6.0-8.0 pg/day) [19]. These thresholds
were determined based on the distribution of intakes
across the population [4]. Physical activity was self-
reported using the International Physical Activity Ques-
tionnaire which has been validated in multiple countries;
this assessment was based on multiples of the resting
metabolic rate in MET minutes/week and categorised
as low (<600 MET minutes/week), moderate (600-3000
MET minutes/week), and high (>3000 MET minutes/
week) physical activity [20].

For participants with HIV, ART regimen including use
of tenofovir disoproxil fumarate (TDF) was recorded;
CD4 count was measured using an Alere PIMA CD4
analyser (Waltham, MA, USA). A GeneXpert HIV-1 viral
load platform (Cepheid, Sunnyvale, CA, USA) was used
to measure HIV viral load.

Anthropometric measurements

Standing height and weight were measured in duplicate
by two independent trained staff members (nurse and
research assistant). If the two measurements differed by
more than 0.5 kg—0.5 cm, a third reading was taken by
an additional reader. The mean of the two or three mea-
surements was recorded as the final figure. Weight was
measured to the nearest 0.1 kg using a Seca 875 weight
scale, and height to the nearest 0.1 cm using a stadiom-
eter (Seca, Hamburg Germany).

Bone age assessment

Digital hand-wrist radiographs of the non-dominant
side were taken by a trained radiographer. Details of the
method of obtaining the radiographs have previously
been published [21]. BA was assessed using the Tanner
Whitehouse 3 Radius, Ulna and Short bones method
which has been found to be precise and, in contrast to
the Greulich-Pyle method, not biased by age in this pop-
ulation of peripubertal adolescents [21, 22].

Statistical analysis

Data were analysed using Stata 17 (StatCorp, TX, USA).
Weight for age z-scores (WAZ), Height for age z-scores
(HAZ) and body mass index (BMI) for age z-scores were
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calculated using the 1990 UK reference data for children
[23], because World Health Organization reference data
for WAZ are not available beyond the age of 10 years
[24]. Z-scores of -2.0 or lower for HAZ, WAZ and BMI
z-score were used to define stunting, underweight and
wasting respectively [25]. Analyses were stratified by sex
because BA assessment and bone development are sex
specific. The primary outcome was SMD in years. A neg-
ative SMD value reflects a delay in skeletal maturity, and
a positive value reflects advanced skeletal maturity rela-
tive to CA.

Quantitative data were examined for normality
using the Shapiro—Wilk test and histograms. Normally
distributed continuous variables were presented as
meanststandard deviations and categorical variables
as numbers and proportions of participants in each cat-
egory. Non-normally distributed continuous variables
were presented as medians and interquartile ranges
(IQR). Participant characteristics were compared by HIV
status, using the student t-test for continuous variables
and chi-squared test for categorical variables. To account
for missing data on pubertal status, CD4 count and viral
load, we first identified auxiliary variables (HIV status,
socio-economic status, sex, chronological age, physi-
cal activity, vitamin D and calcium intake). These were
added to the imputation model to increase power and
to support the plausibility of the assumption of missing
at random. These auxiliary variables were identified: (1)
as an a priori factor; (2) after considering their strength
of association with the variables containing missing val-
ues (if continuous, correlation coefficient r=04 and if
categorical, chi squared test p<0.05). Using imputation
by chained equations in Stata a binary distribution was
used to impute dichotomised CD4 count and viral load
whilst an ordinal distribution was used to impute Tanner
staging.

Linear regression was performed to examine asso-
ciations between exposure variables (HIV status, WAZ,
socio-economic deprivation, orphanhood, physical activ-
ity, vitamin D intake, calcium intake, pubertal stage) and
SMD. WAZ was used instead of BMI because of the fixed
relationship between skeletal maturation and height,
which contributes to the BMI calculation. For ordinal
exposures, p-values from tests for trend were addition-
ally reported. Firstly, unadjusted linear regression mod-
els were used to determine the univariable associations
between the exposure variables outlined above and SMD.
Secondly, a multivariable linear regression model con-
sidered HIV and a priori factors (WAZ, SES, pubertal
stage, orphanhood, and calcium intake) as exposures. A
priori factors were chosen based on previous literature
showing that lower WAZ, low SES, orphanhood and low
dietary calcium intake are related to other skeletal out-
comes [3, 6, 26, 27]. In addition, orphanhood was shown
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to be associated with low bone density in this cohort [4].
Other variables were included in the multivariable model
if there was any evidence of a potential association with
SMD in the boys or the girls in the unadjusted analyses
(p-value=0.1).

In an analysis restricted to CWH, linear regression
was used to assess associations between HIV specific
variables (age at ART initiation, CD4 count, viral load
and TDF exposure) and SMD. The multivariable linear
regression model in CWH included a priori factors out-
lined above and HIV specific variables with a p-value for
trend =0.1 in the univariable linear regression analysis.

Collinearity was assessed using the variance inflation
factor with values above 5 indicating collinearity [28].
Standard errors for regression coefficients were also
assessed to determine the robustness of models. Regres-
sion assumptions were assessed to ensure (1) normality
of residuals using Q-Q plots, (2) homogenous variance
in scatter plot of fitted values versus residuals, and (3)
independence of residuals by examining scatter plots of
residuals versus exposure variables.

Results

Participant characteristics

We initially recruited 609 (303 HIV negative) partici-
pants into the study, of whom 74 were excluded ( 35 were
above 15 and 16.5 years for females and males respec-
tively and 39 did not have hand-wrist radiographs) with

Children living with HIV

303 participants enrolled into the
IMVASK study

8 females with CA=15 years

295 participants, females CA< 15 years
and maless 16.5 years

24 with no hand wrist
radiographs

L4

271 participants included in the main
analysis
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535 participants (88% of original sample, 54% males)
included in the analysis (Fig. 1).

For both males and females, a larger proportion of
CYWH had lower SES, were orphaned (one or both parent
dead), stunted, or underweight in comparison to HIV-
negative participants (Table 1). On average, male CWH
were 7.1 em shorter and 3.3 kg lighter than male HIV-
negative participants; similarly female CWH were 6.0 cm
shorter and 6.4 kg lighter than their HIV-negative peers.
Female CWH were more likely to be in earlier Tanner
stages (1 and 2) in comparison to those whe were HIV-
negative, whilst no differences were seen in Tanner stage
by HIV status in males. Notably, over 65% of participants
had low or very low intakes of calcium, falling far below
recommended rates of other populations (e.g., UK rec-
ommendations are for calcium intakes between 800 and
1000 mg/day at this age) [29], and there was no difference
in intake by HIV status. CWH reported lower levels of
physical activity compared to HIV-negative participants.

CWH were diagnosed at a median age of 3.0 years (IQR
1.1-5.9) and were established on ART at 3.8 years (IQR
1.9-7.0). Overall, mean ART duration was 7.6 (SD 2.6)
years, and 87 participants were on a TDF regimen with
a median duration of 3.0 years (IQR 1.4-5.5). A high pro-
portion of CWH had a suppressed viral load and a CD4
count>500 cells per microlitre (79% and 80% respec-
tively) [30] (Supplementary Table 1).

Children living without HIV

306 participants enrolled into the
IMVASK study

27 participants (22 females
with CA>15 years and 5
males with CA>16.5 years)

279 participants, females CA< 15
years and maless 16.5 years

15 with no hand wrist
radiographs

264 participants included in the main
analysis

Fig. 1 Flow diagram showing the participants indudled in the analysis. IMVASK: The Impact of Vertical HIV irfection on child and Adolescent Skeletal

developrrent, CA-chronological age
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Table 1 Charactenstics of study participants by HIV status in males and females
Males Females
HIV-(n=141)  HIV4+in=146) p-value HIV-(n=123) HIV+(p=125) p-value

Socio-demographics
Chrenological age (years), mean (S0} 123(24) 1261025) 0.220 12.102.2) 123(2.4) 0.520
Soclo-economic status, n (%) 0180 0008

Group 1:low 54 (383} 45(31.5) 510415) 29(23.2)

Croup 2 middle 53(27.6} 49 (33.6) 35 [28.5) 43 (344)

CGroup 3 high 34241} 51(34.9) 37 (30.0) 53(424)
Orphanhood: One or both parents dead, n (%) 11 (7.9} 55 (42.4) <0001 758 52 430) <0.001
Anthropometry
Height (crm), mean (50) 146.51(15.1) 139280123 <0001 14340115 1394 (12.5) < 0.001
Height for age z-score, mean (50) 0609} REAIRD] =0.001 25010 RETIR <0001
Stunting (helght for age z-scors < -2), n (%) a(5.7} 52 [35.6) <0001 9 [76) 31(27.0) <0.001
Weight (kg), mean (SC} 387 (145) 35410174) <0001 416 (16.7) 35.2(135) 0,001
Weight for age z-scare, mean (50) 07 (1.1} -16012) <0001 0313 A2 <0001
Underwelght (weight for age z-score < -2, n(%) 15 (106) 47 (322) <0001 757 27 (218 <0001
BAI (ka/n), mean (500 17.1(22) 166(1.5) 0013 19.1(26) 17.5(27) <0001
BMI for age z-score, mean (50) 05 (1.0} 08 [0.9) 0026 0102 06 (0.9) <0001
Wasting (BMI for age z-score < -2), n (%) 11 (7.8} 13859 1.000 41(33) 8 i6d) 0.370
Pubertal status 0.240 <0.001

Tanner | 45 (31.9 55 [401) 230180 521(43.7)

Tarner Il 34(247) 37 (27.0) 30248 18015.1)

Tanner Il 22(15.6} 21(153) 28(23.1) 27 (227)

Tannet [V 35 (255} 19(13.9) 31(25.6) 18015.1)

TannerV 4(28) 5(36) 974 4(34)
Lifestyle factors
Phiysical activity level, n (%) 0043 0055

Lowy, = 600 MET mins/week 48 (34.0} 45 (31.5) 44(35.8) 204232

Moderate, 600-3000 MET mins/week 47 (333} 33[2268) 32260 0240

High, = 3000 MET mins/week 45 (326} 6/ [45.9) 47 [38.2) 60 152.8)
Dally vitamin Dintake, n (%) 0910 0.350

Very low, < 4 0pg/day 32(227) 27 (1855) 29(21.6) 22(178)

Lewy, 4.0-5.9 g/day 52 (5.7} 95 (55.8) 79 (64.2) 89(71.2)

Moderate, 6.0-80 pgsday 170127} 230158 150122 1410112
Daily calcium intake, n (94) 0.950 0.950

Very fow, < 150 mg/day 48 (340} 52 (35.6) 42 (34.1) 44(35.2)

Lowy, 150-292ma/day 31 (2201 30(20.5) 271220 2710216

Moderate, 200-450mg/day 62 (44.0} 64 (£3.8) 54(439) 541(43.2)
Bone age measures
Bone age (y=ars), mean (50} 11.8(25) 112 (23) 004z 120(2.2) 11.2(2.4) D005
Skeletal maturity deviation 0411} -1414) <0001 -00(1.2) 1114 <0.001
Skeletal maturity delay, n (%) 11(7.8) 45 (30.8) <0001 6 [45) 26 (20.8) <0001

Student t-tests conducted on continuous variabdes and chi-squared tests on categorical vanable. MET - multiples of the resting metabolic rate 5D- Standard
deviation. Skeletal maturity deviation-difference between bone age and chronological age. Skeletal maturity delay-skeletal maturity deviation </=-2 year

SMD in children with and without HIV

On average, there was little evidence of SMD in the HIV-
negative group, particularly in females; however, SMD
was evident in CWH whether male or female, such that
skeletal maturity was delayed by more than a year com-
pared to HIV-negative participants (Table 1). When
stratified by Tanner stage, BA values were much lower
than CA values in older children in earlier Tanner stages
(Fig. 2).

Among males, living with HIV, being underweight,
being orphaned, and consuming less dietary calcium,
were associated with a more marked SMD (ie., more
delayed skeletal maturation) in univariable analyses. After
adjustment in a multivariable model (which also included
SES and pubertal stage), only living with HIV and being
underweight remained associated with negative SMD
in males (Table 2). In females, before adjustment, living
with HIV, being underweight, orphaned, and to a lesser
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Fig.2 Comparison of mean skeletal maturity deviation idifference between bore age and chronological agel in children living with and without HV by
sex, age group and pubertal status, Error bars indicate 95% confidence intervals

degree earlier pubertal stage was associated with more
negative SMD. After adjustment in a multivariable model
(which also included dietary calcium and SES), again only
living with HIV and being underweight remained associ-
ated with greater delay in SMD in females (Table 3).

Factors associated with SMD in children with HIV

There was no difference in physical activity levels, and
dietary vitamin D and calcium intake by sex but the
mean WAZ and BMI for age z-scores differed with males
[#=40 (34%)] more likely to be underweight than females
[#=22 {22%)] (Supplementary Table 2). Females had less
negative SMD (ie., less delay in skeletal maturation) than
the males.

In univariable analyses, older age at ART initiation (in
both sexes) and greater viral load (in males only) were
associated with more negative SMD (Tables 4 and 5).
After adjustment for WAZ, SES, pubertal stage, orphan
status, viral load, and years of TDF exposure, there was
negative association between age at ART initiation and
SMD and calcium intake and SMD in males and the neg-
ative association between viral load and SMD was par-
tially attenuated. No association between viral load and

SMD was found in females, but later age at ART initiation
was still associated with more negative SMD (Table 5).
The association between WAZ and SMD was robust to
adjustment, and being underweight was still associated
with more negative SMD in CWH in both sexes. Under-
weight children (z-score < -2) were on average delayed by
a year in their skeletal maturity, compared to those who
were not underweight (Tables 4 and 5).

Discussion
We report results from the first study to our knowledge
to determine skeletal maturation in the children with
HIV in Southern Africa. Underweight and having HIV
were strongly associated with delayed skeletal matura-
tion. The delay in skeletal maturity was more marked
in the older children who were at earlier Tanner stages.
Living with HIV infection and being underweight were
strong predictors of skeletal maturity deviation in both
males and females. In CWH, later age at ART initiation
predicted greater delay in skeletal maturation in females
[31].

Similar to this study, a delay in skeletal maturation
has been reported in other studies in black African
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Table2 Assodations between participant characteristics and skeletal maturity deviation (SMD) in males (unadjusted and adjusted

linear regression analysis)

Variable Males n=287
Unadjusted model p-value Adjusted model p-value
B coefficient (95%:Cl) B coefficient (95%Cl)
HIV status
HIV negative ref <0001 ref <0001
HIV positive 056 (-1.25, 0.66) 055 [-0.90, -0.28)
Weight for age z-score
Welght for age z-score=-2 ref <0001 ref <0001
Weight for age z-score=-2 -1471(-1.83 -1.15) S118 [ .52, -0.84)
Socio-economic status
Greup 1:High ref 0742 ref 0440
Group 2: Middle 0.29 (-0.10, 0.68) 033 {-0.01, 0.67)
Groue 3 low -0.08 (-0.31, 047) 011 [-044, 022
Pubertal stage
Tariner 1 ref 0.990 ref 0693
Tanrer 2 007 (<034, 0.48) 0.12(-0.23,047)
Tanrer 3 -0.05 (<053, 043) 0.02 (-0.39, 0.43)
Tanrer 4&5 0.02 (-0.40, 0.45) -0.06 [-043, 0.30)
Orphan status
Not an orphan Ref <0.001 raf 0.105
Ore or both parents dead -076(-1.11,041) 032 [-0.68, 0.02)
Physical activity
High, = 3600 MET mins/week Ref 05877
Moderate, 560-2000MET mins/week 037 {-0.02 0.76)
Lowve, < 600 MET mins/veek -0.03 (<039, 0.34)
Vitamin D intake
Modzrate, 6.0-8.01g /day Ref 0297
Lawy, 4.0-5.9 g /day -0.14(-061, 032)
Very low, < 4.0 g /day 0.22 (-0.32, 0.76)
Caldum intake
Moderate, 300-450 mg/day Ref 0046 ref 0114
Lowy, 150299 ma/day 018 (-0.25, 0.61) 0.16 -0.20, 0.53)
Very flow, < 150mg/day -0.34 (<070, 0.01) -0.24[-0.550.07)

The adjusted mode|included the following exposures: HIV status, weight for age z-scores, socio-economic status, pubertal stage, orphan status, and calcium intake.
F-value for trend shown for variables with more than one category. Cl-confidence interval, SMD-5keletal maturity deviation calculated as the difference between
bone age and chronological age; negative values reflect lower bone age than chronological age (delay in skeletal maturation)

HIV-negative children and adolescents [31-33]. In one,
a slightly older cohort of black South African males
aged 13-21 years, BA was on average (.5 vears younger
than CA [33]. In another Malawian study, CA ranged
between 2 and 28 years and there was a high negative
average SMD of approximately 1.6 years for both males
and females [31]. In a comparison of black and white
children in South Africa, black males matured later than
white males by 6 months [34]. In contrast, a systematic
review of studies of black children, age 0-18 years, liv-
ing in high income countries showed they have advanced
BA relative to CA [35]. The differences in skeletal mat-
uration between black children in Africa and those in
high income countries may be explained by the optimal
environmental conditions in terms of better access to
healthcare and nutrition which are likely to contribute to

achieving better genetic potential, all of which play a key
role in the skeletal development of children.

Importantly living with HIV was a key predictor of
SMD independent of other factors in this cohort such
that CWH were less skeletally mature by over 6 months
on average, compared to HIV-negative children, despite
being established on ART. Older CWH were more likely
to be in earlier Tanner stages, with chronologically older
CYH in earlier Tanner stages having the more negative
SMD. It is possible these children will experience some
‘catch-up’ skeletal maturation on initiation of puberty,
which may be more rapid in duration than individuals
who are more advanced in maturation at the same age.
The 6-month delay is less than that seen in Brazilian and
Indian CWH on ART, aged 5-11 and 8-14 years respec-
tively, who had an SMD of over one year, though these
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Table 3 Assodations between participant characteristics and skeletal maturity deviation (SMD) in females (unadjusted and adjusted

linear regression analysis)

Variable Females n=246
Unadjusted model p-value Adjusted model p-value
[ coefficient (95%CI) [ coefficient (952:C1)
HIV status
HIV negative Ref <0001 ref <0001
HIV positive -1.03(-1.35,-0.71) 097 (-1.28,-0.55)
Weight for age z-score
Welght for age z-score=-2 Ref <0001 ref <0001
Weight for age z-score=-2 -1641-210,-1.19) -1.400-1.86,-0.83)
Socio-economic status
Group 1: Hgh Ref 0512 ref 0.054
Group 2: Middle 0.23 (-0.20, 0.65) -0.004 (038, 0.37)
Group 3: Low 0.12(-029,0.55) -0.38, (-0.76,-0.003)
Pubertal stage
Tariner 1 Ref 0053 ref 0898
Tanrer 2 042 (-0.09,0.52) 001 045,047)
Tanrer 3 068 (021, 1.16) (.38 005, 0.80)
Tanrer 4&5 0.37 (-0.09, 0.83) -0.17 i-0.60,0.27)
Orphan status
Not an orphan ref 0.003 ref 0514
Ore or both parents dead -060 (-0.99,-0.20) -0.04 i-045,0.36)
Physical activity
High, = 3000 MET mins/week ref 0214
Moderate 600-30000ET mins/vwesk 0.17 {-0.26,0.60)
Low, =600 MET mins/wesk 0.25 (0,16, 0.660)
Vitamin D intake
Maodlerate, 5.0-8.0 pg /day ref 0.509
Low, 40-59 pg Sday 012 (-043,067)
Very low, <40 pg fday 0.21 (-042,0.85)
Caldum intake
Moderate, 300450 mg/day ref 0292 ref 0881
Low, 150-299 mg/day 0.1 (036,059 019 023,061
Very low, = 150 mg/day -0.20 (-0.60,0, 8 -0.01 037,034}

The adjusted mode|included the following exposures: HIV status, weight for age z-scores, socio-economic status, pubertal stage, orphan status, and calcium intake.
F-value for trend shown for variables with more than one category. Cl-confidence interval, SMD-5keletal maturity deviation calculated as the difference between
bone age and chronological age; negative values reflect lower bone age than chronological age (delay in skeletal maturation)

studies were smaller and did not include older adoles-
cents, nor in India a comparator group [10, 11].

Age at ART initiation was a predictor of SMD in both
males and females highlighting the importance of early
initiation of ART. Similarly, a longitudinal analysis of
skeletal maturation in a 4-year follow-up study of Brazil-
ian children [11] reported reduced SMD in CWH starting
ART early. These findings support WHO recommenda-
tions to start ART upon HIV diagnosis regardless of CD4
count [36, 37]. As 80% of Zimbabwean children (0-14
years) have access to ART [1], delayed ART initiation is
still a reality [1]. Our study did not show an association
between TDF use and SMD, even though TDF has been
associated with bone deficits in density and strength (i.e.
bone accrual) in the same population [3, 6], potentially
reflecting a direct effect of TDF on bone accrual rather
than on puberty, or an underpowered analysis [38, 39].

Underweight children, living with or without HIV,
were delayed in BA by over a year compared to those not
underweight, consistent with a study in India where BA
was measured in 100 underweight children. Low calcium
intake was associated with delays in skeletal maturation
in male CWH highlighting the importance of nutrition
in growth and development. In contrast, there was no
relationship found between BMI and skeletal matura-
tion in Iranian and Malawian children aged 615 years
and 2-28 years respectively [31, 40]. The Malawian study
used Greulich Pyle to assess BA which we have found
to be less biased by age and less precise than Tanner
Whitehouse 3 method [21]. In the South African Birth
to Twenty Bone Health Study [41], being heavier and
taller at age two years in males and having greater lean
mass and having entered puberty in females were associ-
ated with more advanced development at age 9-10 years,
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Table 4 Assodiations between participant characteristics and skeletal maturity deviation (SMD) in males living with HIV {unadjusted
and adjusted linear regression analysis)

Variable Unadjusted model p-value Adjusted model p-value
B coefficient (9536C1) B coefficient (95%Cl)

Males n=148

Weight for age z-score

Weight for age z-scores>-2 ref <000 ref noo

Weight for age z-score<-2 -1.22 -1.67,-0.77) 082 (-1.41,-0:44)

Socio-economic status

Greup 1 High ref 0187 ref 010

Grovp 2: Middle -0.06 [-06d, 049) 0271 (-035078)

Grop 3: Low -0.38 (094, 0.18) -045 (098, 0.08)

Pubertal stage

Tanrer 1 ref 0.115 ref 0.541

Tanrer 2 004 (-052, 062} 026(-030,082)

Tanner 3 0,17 (-0.36, 0.52) -0.08 (-076,061)

Tarirer 4&5 054 (-1,18,0.12) 0,09 (-059,0.76)

Orphan status

Mot an onphan ref 046 ref 0.298

Ore or both parents dead -0.52 [-0.98, -0.06) -0.27 (-073,009)

Physical activity

High, = 3000 MET minsAweek ref 0765

Maderate, s00- 3000 MET minsAveek 011 {-048, 0.70)

Loy, < 600 MET minsAveek -0.09 (063, 0.44)

Vitamin D intake

Moderate, 6.0-8.0 g /day ref 0187

Lo, 4.0-5.9ug /day -0.08 [-0.72,0.56)

Very low, < 4.0 Lig /aay 049(-0.25, 1.27}

Calcium intake

Madarate, 200-450 meg/day ref 0o1o ref Dolg

Low, 156-299 ma/day 0121(-050, 074 -0.06 (-056,054)

Very fow, < 1 50mg/day 085 (-1.15,-0.15) -062 (-1.13,-0.10}

Age at ART initiation

<2 years ref <0001 ref 0026

2-3.9 years 063 (-1.23,-002) -0.50¢1.11,001)

4-Byears -0.83 [-1.40,-0.25) -073133,-002)

=B years -1.28 [-201,-0.54) -0.75 (-1.54,0.04]

CD4 count

>/=500 cells per L ref 0,191

<500 cells per pL 036 (-0.91,0.18)

Viral load

<1000 RNA copies per ml ref 0,004 ref 0052

= 1000 RNA copies per ml -0.85 [-1.43,-0.28) -0.58 17,0010

TOF years of exposure

No exposdre ref 0052 ref 0977

<4 years 043 [-1.01,0.15) -0.04 (053, 0.56)

=4 years 056 (-1.24,0.1 1) 0.07(-0.72,073)

The adjusted model included the following exposures: pubertal status, weight for age z-scores, socio-economic status, orphan status, calcium intake, age at ART
initiation and viral load. ART-Anti-retroviral therapy, TOF- tenofovir disoproxil fumarate, O-confidence interval SMI: Skeletal maturity deviation calculated as the
difference between bone age and chronological age; negative values reflect lower bone age than chronological age (delay in skeletal maturation} *mean SMD for
each category

which is in general agreement with the current findings.  in development suggests a lifelong effect of weight on
Early life environmental exposures and growth measures  development, consistent with previous observations.

were not measured in the current study but the impor- The strengths of this study are having a comparator
tance of a healthy weight and association with less delay  group of HIV negative children, and the study sample
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Table 5 Assodations between participant characteristics and skeletal maturity deviation (SMD}) in females living with HIV (unadjusted

and adjusted linear regression analysis)

Variable Unadjusted model p-value Adjusted model p-value
B coefficient (9536C1) B coefficient (95%Cl)

Females n=125

Weight for age z-score

Weight for age z-scores>-2 ref <000 ref noo

Weight for age z-score<-2 -1.27 -1.82,-0.72) 086 (-1 58,040}

Socio-economic status

Greup 1 High ref 0878 ref 0460

Grovp 2: Middle 0.37(-018, 083} 0220033 078)

Group 3: Low -0.04 [-0.66, 0.58) -0.17 (-0.77,044)

Pubertal stage

Tanrer 1 ref 0221 ref 0023

Tanrer 2 0101-0:65, 035} 055(-022,1.32)

Tanner 3 0.35(-0.28 0.99) 069 (006,1.32)

Tanrer 4 0.33 (035, 1.01 062 (-0.04,1.42)

Orphan status

Mot an Crphan ref 0920 ref 0.920

Ore or both parents dead -0.02 [-0.51, 045) 0.09(-041,058)

Physical activity

High, = 3000 MET minsAweek ref 0450

Maderate, s00- 3000 MET minsAveek 007 (051, 0.60)

Lovy, < 600 MET minsAveek 023 (-037, 084}

Vitamin D intake

Moderate, 6.0-8.0 g /day ref 0427

Lo, 4.0-5.9ug /day 0491-0.28,1.27)

Very low, < 4.0 Lig /aay 045 (-048, 1.38}

Calcium intake

Madarate, 200-450 meg/day ref 0133 ref D.5sE

Low, 156-299 ma/day 034 (-1.00,033) 015 (-081,043)

Very low, < 150mg/tay -0.42 (-0.97,0.13) -0.04 (-056,0.45)

Age at ART initiation

<2 years ref 0.001 ref <0001

2-3.9 years -0.35 (0,99, 0.30) -0481.10,015)

4-Byears -0.83 [-1.46,-0.19) -1.21 (-188,-0.54}

B years -1.02 [-1.68,-0.34) -1.59 (-233,-0.84)

CD4 count

>/=500 cells per L ref 0850

<500 cells per pL 015 (-0.82, 052)

Viral load

<1000 RMA copies per mi ref 0.196 ref 0176

= 1000 RNA copies per ml 0471-018, 1.02} 057 006, 1.08)

TOF exposure

No exposdre ref 0865 ref 0831

<4 years -0.13 [-0.75, 049} -0.13 (-0.74, 048]

4 years + 0.01(-083, 0.85) 0.25 (-059, 1.08)

The adjusted model included the following exposures: pubertal status, weight for age z-scores, socio-economic status, orphan status, calcium intake, age at ART
initiation and viral load. ART-Anti-retroviral therapy, TOF- tenofovir disoproxil fumarate, O-confidence interval SMI: Skeletal maturity deviation calculated as the
difference between bone age and chronological age; negative values reflect lower bone age than chronological age (delay in skeletal maturation} *mean SMD for

each category

was a likely representation of children living in Harare.  our study means causality cannot be implied. There were
Another strength is the use of the TW3 method instead  indications that SMD was associated with age at ART ini-
of the GP method which was shown to be less valid in  tiation and viral load in boys with HIV, and pubertal sta-
our previous work [21]. The cross-sectional nature of  tus in girls with HIV; however, the relatively small sample
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size in CWH and in the later Tanner stages may explain
this.

Conclusion

In conclusion perinatally acquired HIV infection and
being underweight were independently associated with
a delay in skeletal maturation in both the boys and the
girls. Given the consequences of delayed development on
final height and subsequent outcomes, longitudinal stud-
ies are needed to determine the implications of a delayed
development on later health in children living with and
without HIV.

Abbreviations
ART Anti-retrowiral therapy
BA Eone age

A Chronological age
CWH  Children living with HY
SMD Skeletal maturity deviation
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Table 7.1 Supplementary Table showing associations between baseline characteristics and skeletal maturity deviation (years) at one year follow up after
adjustment for baseline skeletal maturity deviation and follow-up period in males and females of imputed data
Males n=228 Females n=221
Minimally p- Fully adjusted Minimally adjusted p- p-
Variable n adjusted model value model p-value n model value Fully adjusted model value
B coefficient B coefficient B coefficient B coefficient (95%CI)
(95%Cl) (95%Cl) (95%Cl)
HIV status
HIV negative 115 ref 0.027  ref 0.09 116 ref 0.001 ref 0.002
-0.32 (-0.59, - -0.25 (-0.54,
HIV positive 113 0.04) 0.04) 105 -0.44 (-0.69, -0.19) -0.41 (-0.66, -0.15)
Weight for age z-score
Weight for age z score>-2 183  ref 0.006  ref 0.006 194 ref 0.028  ref 0.082
-0.51 (-0.88, - -0.54 (-0.91, -
Weight for age z score<-2 45 0.15) 0.186) 26 -0.42 (-0.80, -0.05) -0.33(-0.71, 0.04)
Socio-economic status
Tertile 3: High 83 ref 0.764 ref 0.714 66 ref 0.628 ref 0.506
Tertile 2: Middle 76 0.30(-0.01, 0.61) 0.34(0.03, 0.65) 69 0.03(-0.28, 0.34) 0.10(-0.18, 0.39)
-0.07 (-0.39, -0.09 (-0.41,
Tertile 1: Low 69 0.24) 0.24) 86 -0.07 (-0.36, 0.23) -0.08, -0.35, 0.20)
Pubertal stage
Tanner 1 76 ref 0.989  ref 0.972 84 ref 0.418  ref 0.540
Tanner 2 59 0.04 (-0.30, 0.37) 0.07 (-0.26, 0.40) 70 -0.41 (-0.79, -0.02) -0.51 (-0.84, -0.17)
-0.21(-0.62, -0.14 (-0.54,
Tanner 3 33 0.20) 0.27) 63 -0.27 (-0.67, 0.12) -0.34(-0.67, -0.001)
Tanner 4&5 52  0.07(-0.28,0.42) 0.06 (-0.29, 0.40) 130 0.07 (-0.25, 0.39) -0.16 (-0.46, 0.14)
Physical activity
High, >3000 MET mins/week 73 ref 0.204  ref 0.347 64 ref 0.008 ref 0.037
Moderate, 600-3000 MET -0.12 (-0.46, -0.13 (-0.46,
mins/week 65 0.22) 0.21) 57 -0.02 (-0.35, 0.30) 0.04 (-0.25, 0.34)
-0.20(-0.51, -0.15(-0.47,
Low, <600 MET mins/week 90 0.11) 0.16) 100 -0.36 (-0.64, -0.08) -0.27 (-0.54, 0.00)

Vitamin D intake
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Moderate, 6.0-8.0 mcg/day
Low, 4.0-5.9 mcg/day

Very low, <4.0 mcg/day
Calcium intake

Moderate, 300-450 mg/day
Low, 150-299 mg/day

Very low, <150 mg/day

88
129

11

83

46
99

ref

0.07 (-0.20, 0.34)
-0.30 (-0.92,
0.33)

ref
0.22(-0.14, 0.57)
0.14(-0.15, 0.43)

0.858

0.354

ref
0.20(-0.15, 0.55)
0.14(-0.16, 0.44)

Appendix D

0.362

79
130

12

83

50
88

ref 0.891
-0.03(-0.29, 0.22)

0.02 (-0.53, 0.57)
ref 0.743  ref 0.701

0.06 (-0.26, 0.38) -0.01(-0.30, 0.29)
0.05 (-0.23, 0.32) 0.05 (-0.20, 0.30)

Skeletal maturity deviation (SMD) was calculated as bone age (years) - chronological age (years); more negative values reflect greater delay in skeletal maturity. Minimally adjusted model: baseline
SMD and follow-up period as adjustments. Fully adjusted model: baseline SMD, follow-up period, HIV status, weight for age z-score, socio-economic status, pubertal stage, physical activity, and

calcium intake exposure as predictors. WAZ-weight for age z-scores; SES-socio-economic status; PA-physical activity
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AppendixE IMVASK Questionnaire

AO5 | NATF Is the participant’s natural father alive? (Baba vemwana vapenyu here)?

Yes ZJ No Z Don’t know

MODULE 2: HIV History

BO1 | OIC Ol clinic No (nhamba yeku clinic)

B02 | DOD What is the participant’s date of HIV diagnosis (HIV yakaonekwa nachiremba
rinhi)? (dd/mm/yyyy). If the exact date of diagnosis unknown, enter the year of
diagnosis, with the 15™ June as the default date.

00/00/0000

BO3 | TRAN What is the participant’s mode of HIV acquisition (Nzira yekutapurirwa kweHIV
inozikanwa here)? 1= mother to child, 2= blood transfusion/other parenteral, 3=
sexual transmission 4=don’t know. Refer to patient hand-held records to
establish the answer to this question.

B04 | CD4D What was the participant’s CD4 count at diagnosis? (CD4 yemwana yanga
yakamira papi HIV yemwana payakaonekwa?). Refer to patient hand-held
records to establish the answer to this question.

JO0CDcells/L
Don’t know/missing

Refer to patient hand-held records to establish the answer to this question.

BO5 | LCD4 What is the lowest CD4 count recorded for the participant? (CD4 ye pasi pasi) J0Ccells/L
Refer to patient hand-held records to establish the answer to this question. Don’t know/mission
BO6 | STAGD What was the participant’s WHO HIV dlinical stage at diagnosis? [

Don’t know/missing

Please tick the current drugs the participant is taking and give date each drug was commenced:

BO7 | ABC | Abacavir YesO NoO B14 | KAL | Kaletra, Aluvia (Lopinavir/ritonavir) YesC NoC
O0/00/0000 O0/00/0000

B08 | DDI | Didanosine Yes O NoOCl B15 | TDF | Tenofovir YesO NoO
O0/00/0000 O0/00/0000

B09 | DRV | Darunavir/ritonavir Yes O No O B16 | TEN | Tenolam E (Lamivudine, Tenofovir, Efavirenz) YesO No O
O0/00/0000 O0/00/0000

B10 | DTG | Dolutegravir Yes O No O B17 | TLM | Tenolam (Lamivudine, Tenofovir) Yes O No O
Oo/00/0000 O0/00/0000

B1l | EFV | Efavirenz YesO NoO B18 | TRU | Truvada (Emtricitabine, Tenofovir) Yes O No O
O0/00/0000 O0/00/0000

B12 | 3TC | Lamivudine YesO NoO B19 | AZT | Zidovudine YesO NoO
O0/00/0000 O0/00/0000

B13 | NVP | Nevirapine Yes O NoO B20 | OTH | Other Name 0o/00/0000
O0/00/0000

B21 | SEP

Co-trimoxazole (Septrin) Yes O No O0/00/0000

B22 | /SO Isoniazid preventive therapy (IPT) Yes[ No [ O00/00/0000

B23 | PTB TB treatment Yes O No O0/00/0000

B24 | FLUC Fluconazole prophylaxis Yes NoC O00,/00/0000
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MODULE 3: School attendance

co1 ENROL Is the participant currently enrolled in school (Parizvino uri kuenda kuchikoro a
here)? 0=No, 1=Yes If NO, go to C06
co2 SCHNA What is the name of the participant’s school (Chikoro chemwana chinonzii)? a
0 = Primary school, 1= Secondary school
Cco3 GRADE What grade/form is the participant in (Uri mugiredhi kana fomu ripi)? Grade 0 OR Form O
Please tick to indicate whether grade or form. n
co4 DAYS In the last month, how many days of school did the participant miss O days
(Mumwedzi wapfura mazuva mangani ausina kuenda kuchikoro)?
Cco5 REPT Has the participant ever repeated a grade at school (Wakambodzokorora here a
imwe yemagiredhi kuchikoro)? 0=No, 1= Yes
co6 EVERAT If not currently enrolled, has the participant ever attended school? (Kana a
mhinduro iri Kwete, parizvino usina kunyoresa kuchikoro, wakamboenda here
kuchikoro here?) 0=No 1= Yes If NO, go to C08.
co7 HGRD What was the highest grade/form that the participant completed? Grade L] OR Form [J
(Wakapedza kusvika pachinhanho chipi?) 0
Please tick to indicate whether grade or form.
cos REAS If the participant is not attending school, what is the main reason? (Kana usina N
kumbobvira wakenda kuchikoro kana kuti usiri kuenda parizvino chikonzero
chii?)
1 = Not enough money
2 = Lack of interest to go to school
3 = Lack of school nearby or nearby school not accessible
4 = lliness
5 = Attendance refused by school
6= Negative attitudes of other students or teachers
7= Other, specify:
MODULE 4: Socio-economic and household characteristics
Do1 NOHH How many people live in the participant’s household? Include all people who regularly live and N
share meals in the house. Regularly meaning someone who has lived at the house for at least 2
weeks. (Mumba menyu munogara vanhu vangani? Vanhu vanosanganisavese vanodya pamwe
chete mumba muno.)
D02 HAGE How old is the household head? (Muriritiri wemhuri ino anemakore mangani?) Oyrs
D03 EDM For the mother, what is her highest level of education? (Mai vemwana vakadzidza kusvika papi?)1 O
= Primary, 2 = Secondary, 3 = Training college, 4 = University, 5 = None, 6 = Unknown
D04 EDP For the father, what is his highest level of education? (Baba vemwana vakadzidza kusvika papi?) 1 O
= Primary, 2 = Secondary, 3 = Training college, 4 = University, 5 = None, 6 = Unknown
D05 OWN Does the household own the dwelling? (Mhuri yenyu ndiyo muridzi wenzvimbo ino here?) 1 = O
Own dwelling, 2 = Rent main dwelling, 3 = Rent part of dwelling/lodger, 4 = Use dwelling without
paying rent
D06 SAL What would you say the regular household income would be per month? (Mari inotambirwa
mumba ino pamwedzi ingaita marii pamwedzi?) a
1 = Less than USD 100
2 =USD 101-500
3 =USD 201-500
4 =USD 501-900
5 = More than USD 900
6 = Don’t know/don’t want to say
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po7 AT Does the household the participant lives in have any of — E!ectnuty - F”dg?
the following (Mhuri yenyu ine zvinhu izvi here) (tick all - Blcycl.e. . W0r|.<|ng car/truck
that apply)? - Teleylsmn O Radio .
1 Tap in house [ Tap outside house
I Flush toilet I Pit latrine
MODULE 5: Musculoskeletal history
Has the participant ever broken a bone in their lifetime (Mwana Yes [ If Yes, complete H2-H8. No ] If
H1 BRK" | akambovhuna mabhonzo muupenyu hwake here)? This includes all No, continue to next module
fractures, cracks, chips and breaks.
a) Broken bone in arm/shoulder? (akambovhunika ruoko kana Yes 0 No O Don’t know
pendekete?)
b) .If.yes, was this a high impact* injury? Pakavhunika bhonzo yanga ves O No O Don’t know O
H2 ARM iritsaona yakashata here?
c) How was the broken bone managed (tick all that apply)? (akarapwa sei paakavhunika bhonzo racho)? X-
Ray [ Operation Plaster Cast/Splint O Hospital admission C Bandage only O Nothing O*Examples of high
impact injuries include road traffic accidents, a fall of more than 3 metres or being hit by a heavy moving
object.
a) Broken bone in leg (akambovhunika gumbo here)? Yes 0 No Don’t know
b} If yes, was this a high impact* injury? Pakavhunika bhonzo yanga , _
H3 LEG } iri‘:saona yakashatfhereg o e Yes T No T Don’t know
c) How was the broken bone managed (tick all that apply) (akarapwa sei paakavhunika bhonzo racho)? X-
Ray [ Operation O Plaster Cast/Splint 0 Hospital admission [ Bandage only [0 Nothing _
a) Broken wrist (akambovhuna ruoko here)? Yes 0 No Don’t know
WRIS b) .If.yes, was this a high impact*® injury? Pakavhunika bhonzo yanga ves O No O Don’t know O
H4 T iritsaona yakashata here?
c) How was the broken bone managed (tick all that apply) (akarapwa sei paakavhunika bhonzo racho)? X-
Ray O Operation [ Plaster Cast/Splint ] Hospital admission [ Bandage only [J Nothing O
a) Broken ankle (akambovhuna tsoka here)? Yes 0 Nol Don't know C
b) If yes, was this a high impact* injury? Pakavhunika bhonzo yanga , _
H5 ANK ) iri‘:saona yakashatfhereg o e Yes T No T Don’t know
c) How was the broken bone managed (tick all that apply) (akarapwa sei paakavhunika bhonzo racho)? X-Ray
O Operation O Plaster Cast/Splint 0 Hospital admission [ Bandage only O Nothing O
a) Broken pelvis (akambotyoka hudyu here)? Yes J Nol Don’t know [
b) If yes, was this a high impact® injury? Pakavhunika bhonzo yanga ) _
H6 PELV ) iri‘{saona yakashatfhereg o e Yes T No T Don’t know
c) How was the broken bone managed (tick all that apply) (akarapwa sei paakavhunika bhonzo racho)? X-
Ray [ Operation O Plaster Cast/Splint 0 Hospital admission [0 Bandage only [0 Nothing O
a) Broken spine (back) (akambotyoka musana here)? Yes J No Don’'tknow [
b) If yes, was this a high impact* injury? Pakavhunika bhonzo yanga , _
H7 SPN ) iri‘:saona yakashatfhereg o e Yes T No T Don’t know
c) How was the broken bone managed (tick all that apply) (akarapwa sei paakavhunika bhonzo racho)? X-Ray
O Operation O Plaster Cast/Splint 0 Hospital admission [ Bandage only O Nothing O
H8 OTH | a) Other broken bones (mamwe mabhonzo)? Name of bone: Yes O No[ Don’'tknow [

b) If yes, was this a high impact* injury? Pakavhunika bhonzo yanga Yes 0 No O Don’t know C
iritsaona yakashata here?

c) How was the broken bone managed (tick all that apply) (akarapwa sei paakavhunika bhonzo racho)? X-Ray
O Operation O Plaster Cast/Splint O Hospital admission [ Bandage only O Nothing O
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MODULE 6: Co-morbidities

FO1 ADM How many times has the participant been admitted to hospital in the last 12 months (mwana akambogara
muchipatara kangani mugore rapfuura?

Has the participant ever been diagnosed with any
of the following (check hand held record) (mwana
akamboonekwa ane zvirwere izvi here)?:

FO2 ARTH | Arthritis or a joint problem Yes 0 Noll Don’t know [
(mwana akamboita chirwere
chekurwadziwa

nemabhonzo)?
FO3 EPI Epilepsy (tsviyo, chirwere chekuputsika) Yes 0 Noll Don’t know [
Fo4 KID Kidney disease (itsvo) Yes 0 Noll Don’t know [
FO5 1B Tuberculosis (TB) Yes O No Don’t know
FO6 ASTH Asthma/breathing problems (zviirwere zveekunetseka Yes 0 Noll Don’t know [
nekufema)
FO7 DIAB Diabetes (chirwere cheshuga) Yes O Nol Don’t know
Fo8 HEART | Heart problem (chirwere chemoyo) Yes 0 Noll Don’t know [
FO9 STER Are there any other medical problems recorded (mwana Yes 0 Noll Don’t know [

akambo batwa nezvimwe zvirwere here)?
If Yes, please specify:

F10 MED Is the participant currently taking any other medications, Yes 1 No [ Don’t know
including inhalers and steroids? Please list drug name and
dosage below: (Mwana anotora mishonga kana ma-inhalers)
here? Ndapota nyorai mazita e mishonga nema dheji pasi apa:
Drug Dose

Drug Dose

MODULE 7: Exposures (Smoking, Alcohol and Drugs History)

These questions apply to children 11 years and over. Ask the guardian first then the participant in the absence of the guardian.
Please ask the parent/guardian if he/she is comfortable with answering questions related to smoking. Any parents/guardians that
are uncomfortable with these questions, can decline to answer.

LO1
SMOK

Does the participant currently smoke cigarettes (parizvino mwana wenyu anoputa fodya here)?
1=Yes, 0 = No, 9 = don’t want to answer/don’t know/N/A

LO2 ALCO Does the participant drink alcohol (mwana wenyu anonwa doro here)?
1=Yes, 0 = No, 9 = don’t want to answer/don’t know/N/A

MODULE 8: Pubertal development
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GO1 MEN | (Girls) Has the participant started her period (Mwana Yes 0 No Don’t know
wako akatanga nguva yake here)?

G02 SAC (Girls) How old was the participant when she had her first O years
period (Aive nemakore mangani paakatanga nguva
yake)?

G03 LMP (Girls) What was the date of the last menstrual period O0/00/0000
(Zuva rekupedzisira repa mwedzi)? (dd/mm/yyyy)

G04 VOl (Boys) How old was the participant when their voice O years

broke (Mwana aive nemakore mangani inzwi rake
pakatanga kubhesera)?
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MODULE 9: Physical activity (IPAQ-Short Form)

We are interested in finding out about the kinds of physical activities that people do as part of their everyday life. The questions will ask the
participant about the time they spent being physically active in the last 7 days. Please answer each question even if you do not consider the
participant to be an active individual. Please think about the activities done at school, as part of house and yard work, to get from place to place,
and in their spare time for recreation, exercise or sport. (Tinoda kunzwisisa kufamba, kumhanya nekutamba kunoita mwana wenyu zuva nezuva.
Mibvunzo iyi ichakubvunzayi kufambe, kumhanya nekutamba kwaitwa ne mwana mumazuva manomwe apfuura. Ndapota pindurayi mibvunzo ese
chero musingafungi kuti mwana munhu anosinga nyanyi kufamba, kumhanya kana kutamba. Ndapota chimbofungai kufamba, kumhanya kana
kutamba kunoitwa ne mwana panzvimbo dzese sekuchikoro, mumba, panze, pese paanofamba achienda kunedzimwe nzvimbo, uye munguva yake
vega yekuzorora, kurovedza muviri kana mutambo).

Think about all the vigorous activities that you did in the last 7 days. Vigorous physical activities refer to activities that take hard physical effort
and make you breathe much harder than normal. Think only about those physical activities that you did for at least 10 minutes at a time. (Funga
pamusoro pekumhanya nekutamba zvakasimbisisa mumazuva manomwe apfuura. Pakumhanya nekutamba zvakanyanyisisa tinoreva mabasa
akaoma emumuviri anotora simba rakawanda uye anoita kuti afemedze zvakanyanya kudarika zvinowanzoitika. Fungai nezvezvinhu zvakaitwa
zvichipfura maminitsi gumi panguva imwechete).

Jjo1 VPA 1. During the last 7 days, on how many days did you (the participant) do vigorous
physical activities like heavy lifting, digging, aerobics, or fast bicycling? No vigorous
physical activities Skip to guestion J03 oo
(Mumazuva manomwe apfuura, mwana akapedza mazuva mangani achi mhanya kana days per week
kutamba zvakasimbisisa sekusimudza zvinhu zvinirema, kuchera, aerobics, kana
kuchovha bhasikoro nekumhanya?

Kana mwana asina kumboita mazuwa akadai ekumhanya nekutamba zvakasimbisisa,
endayi kumubvunzo J03)

102 TVPA 2. How much time did you (the participant) usually spend doing vigorous physical OChours/day
activities on one of those days? (Mwana akatora nguva yakawandasei achimhanya

e ) OOminutes/day
nekutamba zvakasimbisisa pama zuva iwayo)?

O Don’t know/not sure

Think about all the moderate activities that your child did in the last 7 days. Moderate activities refer to activities that take moderate physical
effort and make you breathe somewhat harder than normal. Think only about those physical activities that they did for at least 10 minutes ata
time. (Funga pamusoro pekumhanya nekutamba kuripakati nepakati mumazuva manomwe apfuura. Pakumhanya nekutamba kuripakati nepakati
tinoreva mabasa asina kunyanya kuoma emumuviri anotora simba risina kunyanya kuwanda uye anoita kuti afemedze zvisina kunyanya kudarika
zvinowanzoitika. Fungai nezvezvinhu zvakaitwa zvichipfura maminitsi gumi panguva imwechete).

Jo3 DMPA 3. During the last 7 days, on how many days did you (the participant) do moderate
physical activities like carrying light loads, bicycling at a regular pace, or doubles
tennis? Do not include walking. If, no moderate physical activities Skip to guestion J05
(Mumazuva manomwe apfuura, mwana akapedza mazuva mangani achi mhanya kana
kutamba zviripakati nepakati sekusimudza zvinhu zvisingareme, kuchovha bhasikoro
zvirinyore kana kutamba tennis ne mumumwe munhu? Musaverenge kufamba. Kana
mwana asina kumboita mazuwa akadai ekumhanya nekutamba zviripakati nepakati,

0o
days per week

endayi kumubvunzo JO5)

J04 TMPA 4. How much time did you (the participant) usually spend doing moderate physical OOhours/day
activities on one of those days? (Mwana akatora nguva yakawandasei achiita COminutes/day
kumhanya kana kutamba zviripakati nepakati pazuwa rimwechete ipapo)? O Don’t know/not sure

Think about the time your child spent walking in the last 7 days. This includes at school and at home, walking to travel from place to place, and
any other walking that you have done solely for recreation, sport, exercise, or leisure. Funga pamusoro pekufamba kwakaita mwana mumazuva
manomwe apfuura. Fungai kufamba kwese kwaiita ari kuchikoro nekumba, achifamba kune nzimbo dzakasiyana, achifamba panguwa ye kuzorora
kana pane nhabvu.

J05 WALK 5. During the last 7 days, on how many days did you (the participant) walk for at og
least 10 minutes at a time? No walking Skip to question 107 days per week

(Mumazuva manomwe apfuura, mwana akafamba mazuva mangani kwemaminitsi
anopfura gumi nenguva? Kana asina kufamba kupfura izvi endai kumubvunzo J07)

106 DWAL 6. How much time did you (the participant) usually spend walking on one of those OOhours/day
days? (Mwana akatora nguva yakawandasei achifamba pazuwa rimwe chete ipapo)? | OOminutes/day
O Don’t know/not sure

TWAL The last question is about the time your child spent sitting on weekdays during the last 7 days. Include time spent at school,
at home, while doing course work and during leisure time. This may include time spent sitting at a desk, visiting friends,
reading, or sitting or lying down to watch television. Mubvunzo wokupedzisira ndewenguva yakapedzwa nemwana akagara
pasi pakati pevhiki mumazuva manomwe apfura. Verengai nguwa yese yaakagara kuchikoro, kumba, achiita basa
rekuchikoro kana ari panguva yekuzorora. lzvi zvinogona kusanganisira nguva inoshandiswa kugara patafura, kugara
achishanyira shamwari, kuverenga, kana achi gara achiona TV.

107 SIT 7. During the last 7 days, how much time did you (the participant) spend sitting on a
week day? (Mumazuva manomwe apfuura, mwana akapedza nguva yakadini

akagara pazuwa rimwe chete ipapo)?

OOhours/day
OOminutes/day
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O Don’t know/not sure

MODULE 10: Diet and sun exposure

Describe the participant’s usual diet in the past month. In the last month, how often has the participant eaten the following

foods?

(Rondedzera kudya kwemwana kwemazuva ose mumwedzi wapfuura? Anodya zvikafa izvi kangani pamwedzi?)

Code for frequency of eating - write a code in each box:
0O=Never, 1=less than 4 times in past month, 2=1-2 times a week, 3=3-5 times a week, 4=Almost every day

Code | Food group Examples Frequency code

e001 LEGUMES Beans, peas, nuts, seeds or foods made from any of these e.g peanut butter
(bhinzi, maphizi, nyimo, nzungu, midzi kana zvikafu zvakagadzirwa kubva kune O
imwe yeiyi e.g. dovi)

e002 DAIRY Milk, lacto, cheese, cream, milk powder or yogurt (mukaka, lacto, hodzeko, 0
chizi, mukakaka wehupfu kana yogashi)

e003 MEAT Pork, beef, goat, mutton, chicken, duck, other birds, liver, kidney, heart or
other organ meats (nyama yenguruve, mombe, hwai, mbudzi, huku, dhadha, O
dzimwe shiri, chiropa, itsvo, mwoyo kana zvimwe zvemukati memhuka)

e004 EGGS Eggs (mazai) box

e005 FISH Fresh or dried fish especially fish with small bones e.g mackerel or kapenta 0
(hove yakoma (e.qg bakayavo kana matemba) neisina kuoma)

e006 OlL & Cooking oil or margarine (not butter) (Mafuta okubika kana, margarine, kwete 0

MARGARINE bhata)
e007 VITAMINS Vitamin tablets, drops or syrups, calcium supplements (Mapiritsi emavamini, 0

& MINERALS mushonga wekudonhedzera kana ma-syrups, mapiritsi e calcium)

Describe the participant’s usual exposure to sunlight in the past month
(Tsanangura kuti mwana akaswera muzuva kwenguwa yakarebasei mwedzi wapfuura uyu)

008 OUTDOOR How much time does the participant usually spend out of doors each day
during daylight hours (Mwana wako anovanzo swera aripanze muzuwa kwe

nguva yakawanda sei pazuva)? 2 —
0 less than 1 hour/day 5> O
1 1-2 hours/day

2 >2 hours/day

e009 SKINEXP How much of the participant’s skin is usually exposed when she/he is outdoors

(Kana mwana aripanze, nderipi ganda rinenge risina kuvharwa nehembe)? 00O
0 Just face and hands 1 —
1 Face, hands, arms or legs 5 _

2 Often no shirt as well as exposing face, hands, arms or legs

e010 HAT Does the participant wear a hat to school? (Mwana anopfeka ngovani
kuchikoro here?)
0 No

1 Yes
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MODULE 11: Disability and functioning (Modified Washington Group Short Question Set on Disability)

Ko1 ViSI Does the participant have difficulty seeing, even if wearing
glasses? (Kana mwana akapfeka magirazi ake, anoita No - no difficulty O
dambudziko here kuona? Mungati mwana haana Yes — some difficulty [
dambudziko, ano tambudzika zvishoma, ane dambudziko Yes — a lot of difficulty [
rakanyanya kana kuti hapana chaanokwanisa kuita Cannotdo atall O
zvachose)?

K02 AUDI Does the participant have difficulty hearing, even if using a
hearing aid? (Mwana anoita dambudziko here rekunzwa, No - no difficulty O
chero achishandisa zvinomubatsira kunzwa? Mungati Yes — some difficulty [
mwana haana dambudziko, ano tambudzika zvishoma, ane Yes —a lot of difficulty O
dambudziko rakanyanya kana kuti hapana chaanokwanisa Cannotdoatall O
kuita zvachose)?

K03 WALK | Does the participant have difficulty walking or clim.bing No - no difficulty O
steps? (Mwana anonetseka nekufamba kana kukwira -
masteps here? Mungati mwana haana dambudziko, ano ves—some d!ff!culty -
tambudzika zvishoma, ane dambudziko rakanyanya kana Yes —a lot of difficulty [

. . . Cannotdo atall O
kuti hapana chaanokwanisa kuita zvachose)?

Ko4 DIST It is hard for the participant to walk more than one block Never [
(200 metres) (Zvakaoma kuti mwana afambe kupfuura Almost never O
mamita 200) Sometimes [J

Often O
Almost always [

K05 RUN Does the participant find it hard to run? (Zvakaoma kuti Never [

mwana amhanye) Almost never 0
Sometimes [

Often O

Almost always [

K06 SPRT Does the participant find it hard to do sports activity or Never O

exercise? (Zvakaoma kuti ndite zvemitambo) Almost never
Sometimes [

Often O

Almost always [

Ko7 ARTH Does the participant describe hurting or aching? Never [

(Ndinorwadziwa nemuviri) Almost never
Sometimes [

Often O

Almost always [

K08 MEMO | Does the pgrtltlpant have difficulty rerpemberlng or . No - no difficulty O
concentrating? (Mwana ane dambudziko rekurangarira e
zvinhu here? Mungati mwana haana dambudziko, ano Yes—some d!ff!culty -
tambudzika zvishoma, ane dambudziko rakanyanya kana Yes—a lot of difficulty O
kuti hapana chaanokwanisa kuita zvachose)? Cannot do at all I

K09 SELF Does the participant have difficulty with self-care such as
washing all over or dressing? (Mwana anonetseka No - no difficulty O
nekuzvigezesa nekuzvipfekedza here? Mungati mwana Yes — some difficulty O
haana dambudziko, ano tambudzika zvishoma, ane Yes — a lot of difficulty [
dambudziko rakanyanya kana kuti hapana chaanokwanisa Cannotdoatall O
kuita zvachose)?

K06 SPEAK | Using your usual language, does the participant have
difﬁculty communicating, for exampl? understanding or No - no difficulty O
being understood? (Kanamwana achitaura ane -

. . . Yes — some difficulty O
dambudziko rekunzwikwa nevamwe vanhu here? Mungati Yes —a lot of difficulty T
mwana haana dambudziko, ano tambudzika zvishoma, ane
dambudziko rakanyanya kana kuti hapana chaanokwanisa Cannot do at all T
kuita zvachose)?
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