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Summary

This thesis consists of a series of studies utdigjuantitative ultrasound (Sunlight Omnisense
7000P) to assess bone health of infants. Pretdamtgare at risk of osteopenia of prematurity
(OP) which can result in fractures in the shormteand may have an impact on growth in
infancy and childhood. OP has a multifactorial @etjy including factors such as poor
mineral intake and immobility. There is an incregsinumber of ex-preterm survivors
therefore morbidity becomes more important. Thesealso increasing evidence from
epidemiological studies that growth in infancy dsave an effect on adult diseases such as

osteoporosis.

The first study was a cross-sectional study of bgmentitative ultrasound measurements in
110 term and preterm infants shortly after birtpe&l of sound (SOS) was measured at the
tibial and the radius. This validated the technighewing reproducible measurements with
low inter and intra-observer error, and also showedbenefit to measuring multiple sites.
Preterm infants were found to have a significatdlyer SOS than term infants. There was a
positive correlation between tibial SOS and gestativith birthweight being a less significant

factor than gestation.

The second study followed 18 preterm infants lamitally from birth to hospital discharge
or term corrected gestational age (CGA). SOS fghiicantly with time in all infants. The
most preterm infants had the greatest fall in S©SS at the end of the study period was
negatively associated with peak serum alkaline phaisse and severity of illness score. SOS
was significantly lower in the infants who requireedal parenteral nutrition for longer than 3

weeks. These results show that the neonatal chassa significant impact on SOS trajectory.
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When preterm infants were followed up in the ouigyd clinic over the first two years of life
the SOS measurements taken as the next part dfttidg showed a catch up phenomenon. In
the majority of infants, but not all infants, SO®wad into the normal range by 6 months
CGA. In the subgroup of infants followed longitudily those with the lowest SOS at hospital

discharge/term corrected age had the greatesteia SOS over time.

An interventional study of passive exercise wadqgoered to explore its role in influencing
the bone health of preterm infants. Thirty one migaborn at less than 33 weeks gestation
were randomised to receive range of motion flexaad extension exercises once daily for 5
days each week starting ‘early’(n=15) or ‘late’ @vhon 100kcal/kg/day enteral feeds, n=16)
and continuing until term corrected gestational @@8A) or discharge from hospital. Tibial
SOS declined significantly from birth to end of ghoal activity in both ‘early’ and ‘late’
groups, and this was similar to the decrease seengroup of historical controls from the
earlier longitudinal study. Weight gain and headvgh did not show a significant difference
between groups or between study infants and caentfdb infant was reported to have
sustained a fracture, and length of hospital stay mot significantly different between groups.
There was no significant increase in sepsis rat#apathy of prematurity or chronic lung
disease in study infants but numbers were smalllodger term follow-up the intervention

was not associated with any adverse effects.

To investigate the possibility that the maternaliemment plays an important role in

influencing infants’ bone health we also studiedSS€hanges in 188 pregnant women and
their offspring. Most women had SOS in the nornaige antenatally, and there was no
significant change in SOS across pregnancy in thapgas a whole. There was a significant

negative correlation with SOS SDS and BMI in egplegnancy. Women who smoked
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cigarettes had lower SOS throughout pregnancy andlid their infants. Serum bone
biochemistry was measured in the women antenaaaltly after delivery, and umbilical cord
blood was also taken where possible. Vitamin Dailefficy was found to be common at the
end of pregnancy. Women of Asian origin had sigalifitly lower vitamin D levels at all
stages of pregnancy. There was no significantioglship between maternal and infant SOS,

or between maternal vitamin D status and infant SOS

The work of this thesis establishes quantitativek|agbund as a useful technique in the
assessment of infant bone health. It is a radiatree tool which provides precise and
reproducible measurements in both term and preiafants. In agreement with a small
number of other studies we found that preterm itsfdrave a lower speed of sound at birth
compared to term infants; speed of sound increastésincreasing gestation while in utero.
By including infants who were both appropriatelyo\gn and small for gestational age we
found maturity to be a more important factor in &atrength than birthweight. Despite the
apparent self limiting nature of osteopenia of patrmity an intervention to improve neonatal
bone health is still desirable, to prevent fractu@ur results do not substantiate conclusions
from previous studies that physical activity alama® improve neonatal bone health. .Findings
are however limited by the small sample sizaurther studies are needed which investigate
alternative exercise regimens, taking into accauirteral and nutrient supply. Vitamin D
deficiency, smoking and obesity may adversely affeene health of women and their
offspring. In the west of Scotland vitamin D dedicty is common in pregnancy: women of

south asian origin are at particularly high riskd @hould be supplemented with Vitamin D.
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Chapter 1  Hypotheses and Aims of the Thesis

The present studies were designed to investigalg lda determinants of infant bone health.

Using a number of techniques including quantitatideasound, the studies assessed bone

health in term and preterm infants, and pregnarthems.

1. HypothesisQuantitative ultrasound may be a useful adjuaciaksessing bone health
in neonates, including the sick preterm infant.
Aim: Assess the feasibility and reliability of the ha@ue of quantitative ultrasound
in neonates.

2. Hypothesis The neonatal course has an effect on bone dawelojpwhich can be
assessed by quantitative ultrasound.
Aim: Evaluate bone health of preterm infants at barld during infancy, including
use of quantitative ultrasound.

3. HypothesisThe maternal environment, postnatal environmedtgenetic factors will
all have a role in infants bone health.
Aim: Investigate the determinants of maternal bondtthelring pregnancy, and the
link between these and infant bone health.

4. Hypothesis Skeletal growth is driven by functional requirertge therefore the
intervention of passive exercise in preterm neanai#t improve their bone health.
Aim: Assess passive exercise as an intervention fgrowng bone health in

preterm infants.
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Chapter 2 Introduction

Section 1 Neonatal bone health

Optimal bone health is dependent on achieving amtegbone mass, mineral content and
geometry and these are influenced by a numberaddra that can be broadly divided into
three categories: genetics, maternal environmedt tae postnatal environment. There is
increasing evidence to support the role of thestofa in determining adult bone mass (1).
Premature restriction of thi@ utero process of bone mass accretion and a greatetero
need for bone nutrients predisposes the preterantid adverse bone health. Current methods
of assessing bone health in the neonate have asspewificity and sensitivity and with an
increasing survival rate of very low birthweigheferm infants (2) there is a need to explore
novel, reliable, non-invasive methods for assessioge health in this group of patients.
However, a thorough understanding of these issegsires some knowledge of bone

development, especially in the context of the preteeonate.

Bone biology and development

The embryonic primordiae of the appendicular skeletre the limb buds, which are
mesodermal structures covered by ectoderm. Thievisgble outline of the embryonic limb
follows a condensation of mesenchymal cells whighssquently differentiate into cartilage
cells, the chondrocytes. These cells secrete axvaatd thus produce cartilaginous models of
the future bones. Surrounding this cartilage is geechondrium, the outer layer of which
becomes a connective tissue sheath while the icelés remain pluripotential (Fig.1). This
cartilage rudiment grows by interstitial and apposal growth, and a vascular system
develops to invade the perichondrium. A collar ofé is then laid down around the mid-shaft
of the bone. This ossification is a result of thear perichondrial cells differentiating into

bone forming cells, the osteoblasts and by thi® tihe three regions of the developing long
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bone, diaphysis, epiphysis and metaphysis are ®evide the same time, increasing vascular
development at the site where the cartilage cellsraatrix have begun to disintegrate allows
osteoblasts to invade the centre of the shaft nm f@ primary ossification centre. Trabecular
bone is then deposited on cartilaginous remnantbiumans, primary ossification centres in
the femur and humerus are visible by week 6 ofagiest (3).

The epiphysis contains the growth plates and iporesible for the transverse and spherical
growth of the ends of the bone, the shaping ofaheular surfaces, and the longitudinal
growth of the metaphysis and the diaphysis. This egthin the growth plate (chondrocytes)
go through a sequential process of cell proliferatsynthesis of extra cellular matrix, cellular
hypertrophy, mineralization of the matrix, localizeascular invasion, and apoptosis (4). The
growth plate replenishes itself through the germaune and is continually replaced with
bone at the physeal-metaphyseal junction. Not @llge hypertrophic chondrocyte crucial for
longitudinal growth, it also prepares the matrik d¢alcification and vascularisation and directs
the mineralisation of the adjacent matrix and atsravessels by producing vascular growth
factors.

The fetus has a high rate of mineral accretionh Wwigh serum phosphate, calcium, calcitonin
and a low PTH and low circulating levels of thehaetvitamin D metabolites. Approximately
99% of body calcium and 80% of phosphorus is ingk&leton at birth, at least 80% of this
mineral deposition occurs between 25 weeks gestatid term (5).

At the same time as longitudinal growth, there adial growth of the diaphysis and the
metaphysis caused by direct apposition of cortimale by periosteum-derived osteoblasts.
This is coordinated closely with resorption of bobg osteoclasts on the inner cortical
endosteal (medullary) surfaces and lateral metagathysurfaces to maintain the relative
proportions of the marrow cavity to the corticesl éime overall shape of the bone as it grows.

The metaphyseal cortical bone is formed by the esu@nce of peripheral endochondral
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trabecular bone from the physis with intramembranmene from the inner osteogenic layer of
the periosteum. This dynamic process is under niflaeince of a number of intrinsic and
extrinsic factors that include growth factors, sexoids and external biomechanical stressors.
Detailed studies of fetal long bones show from 21wkeks gestation show that the bone
geometry changes over the gestational period swhthhe medullary diameter increases at a
greater rate than the outer cortical diameter gnonate thus resulting in a wider diaphyseal
width with a greater medullary cavity and a relelyvnarrower cortex (6). Although, the
velocity of medullary diameter growth was simil@rd@5 mm/week) in three long bones (tibia,
femur, humerus) studied, the velocity of outericattdiameter growth was greater in the tibia
(0.26 mm/week) than in the femur (0.14 mm/week) homerus (0.13 mm/week). The
diaphyseal growth rate decreased in the secondohélfe period studied in all three bones.
This process of endocorticagésorption and expansion of the marrow cavity, whin
densitometriderms corresponds to a decrease in volumetric Iboineral density becomes
even more pronounced after birth and, in densitomerms, results in an effective reduction
in bone density (7). Some factors such as estrpgemote endocortical bone formation and it
is possible that premature birth may hasten thega®of endocortical resorption. The change
in geometry of the neonatal bone may be regardech aslaptation process and defects in this
process may predispose the infant to adverse beaiéhh

Overall, skeletal development does not dependysolelbone mineral accretion but also bone
mass accrual which may be influenced by an imbalabetween bone formation and
resorption (8) as well as mechanical stimulationciWwhs higher in utero with the muscular
resistance of the uterine wall, compared to movésnagainst little resistance after birth,
putting smaller loads on the skeleton. Furthermtire, hormonal situation is also different

postnatally, with the abrupt cessation of the pitalesupply of oestrogen and other hormones.
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Neonatal Nutrition and Growth

Early nutrition is important as it has a short tegffect on the disease course i.e. the baby’'s
progress within the neonatal unit and it has anachpn long term health and development,
particularly long term neurodevelopment. Achievgapd nutrition and growth is particularly
challenging in preterm infanténfants born very prematurely, before 32 weeksaj&st are
likely to need total parenteral nutrition (TPN),l@&st in the initial period after birth. Calcium
and phosphate are included in TPN at much smatheuats than would be available to the
baby from the placenta during the third trimesiéris is because their solubility product is
readily excreted and they precipitate out, thelulsiity depends on the acidity of the solution,
and thus also on the protein of the solution soimaing protein can help to increase the
amount of calcium and phosphate that can be giVhis poor availability of calcium and
phosphate, along with other factors can lead teap&nia of prematurity. Once enteral feeds
are established, human milk alone does not meentitdtional requirements of a preterm
infant and requires supplementation (9); howevesrghis evidence for EBM reducing
morbidity and mortality compared to using formulare (10;11)

Multinutrient fortifiers or using a combination &M with preterm formula can be used to
increase the protein, energy, calcium and phosphéa&e. No randomized trials have been
conducted on preterm infants breastfed exclusiypelgt discharge from hospital, however
there is some evidence that lower weight gain, tos@e mineral content along with lower
serum phosphate and higher serum alkaline phosghaiecurs compared to those preterm
infants fed formula (12;13). Further research isdegl to determine if breast milk should be
fortified after the preterm infant is discharged.

There is a trend towards earlier discharge homepfeterm infants, as follow up in the
community by home liaison sisters is possible imynareas, and more attention has been
focused on the nutritional needs of preterm infgmast discharge. Post discharge formulas
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with increased protein and minerals compared to fermulae therefore evolved. There are a
few studies which demonstrate advantages in weajght and length in preterm infants fed
post discharge formula although a recent Cochramew did not find strong evidence that

feeding using post discharge formula conferred fiemegrowth or development of preterm

infants up to 18 months post term (14) Tkias limited due to inter trial differences in

presented outcomes, however a meta-analysis fr@m2ttrials (15;16) which performed

follow up at 18 months of age show an increasedtleat 18 months but not weight or head
circumference, and no difference between groupsfoomal developmental testing. This

review did not cover indices of bone health.

As calcium accretion and bone mineralization isatgst during the first year of life then lack

of early bone mass accumulation may have later esprences in childhood growth,

accumulation of peak bone mass and subsequenbfiskteoporosis. Calcium is not only

important for bone growth but also for blood clogi intracellular metabolism, muscle

conduction, nerve conduction and cardiac funcfidre placenta actively transports calcium to
the fetus, driven by a magnesium adenosine trighadsge-dependent calcium pump. This
enables calcium transfer to the fetus of up to 1&8mof fetal weight each day in the third

trimester. Preterm infants miss out on this calcgunge during the third trimester and are
born with lower calcium stores and therefore reguirore dietary calcium postnatally. The
recommended intake of calcium for preterm infastd20-230mg/kg/day compared to 60-80
mg/kg/day for a term infant (17). Calcium intestiabsorption is determined by the amount of
ingested calcium and the solubility of the calcisatt. Calcium absorption requires calcium to
be ionized. In term infants studies have shown dalkeium absorption rate approximates
calcium retention or bone accumulation, in pretémfants calcium retention can be 48% of
intake (18;19).There does appear to be a lineatioekhip between calcium retention and

intake in preterm infants (19;20). Also, the catcido phosphate ratio appears to be an
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important determinant of calcium absorption aneémgbn. In human milk there is calcium:
phosphate ratio of 2:1 by mass. In preterm formaleatio of calcium: phosphate of 1.7 has
previously been reported to be adequate for bomenmalisation of preterm infants, whereas a
ratio of 1.4 at the same calcium concentration nats(21). Preterm formula has a ratio of
approximately 1.9; this can be lower in term foramul

In term infants at birth stores of vitamin D areualty adequate unless there is significant
maternal deficiency. As skin synthesis of vitamimdguires exposure to UV B light, and most
preterm infants are not exposed to sunlight idytithe majority of vitamin D comes from
maternal and dietary sources. Levels of 25 hydridagvin D change with gestational age and
thus are lower in preterm than in term infants. PAithydroxylation of vitamin D by the
kidney occurs normally in preterm infants (22). afitin D is present in only very small
amounts in breast milk (0.01mcg/100ml) and in largemounts in preterm formula (1.2-2.4
mcg/100ml.) Glucocorticoid use and the use of thgtime can affect levels and function of
1, 25 dihydroxyvitamin D. It is recommended thatamin D be supplemented at a dose of
200iu/ day in preterm infants until 6 months old). Dietary fats and fat soluble vitamins
require adequate bile secretion for absorptionidieft bile secretion in infants with chronic
liver or biliary disease can lead to low vitaminabsorption, vitamin D deficiency, and low

calcium absorption.

Osteopenia of Prematurity

At birth, preterm infants have low skeletal minesadres as a consequence of delivery prior to
completion of the third trimester when mineral ation would be exponentially increasing.
These infants are then often dependent on tot&npenal nutrition (TPN) which has a low
mineral content. The supply of both calcium andgphate is low, but a critical factor leading
to osteopenia of prematurity (OP) is lack of ph@dph(23). OP ranges from mild osteopenia
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to overt rickets with fractures. In infants withckets frontal bossing, swelling of
costochondral joints, ankles and wrists and deekésear growth can occur. Even in milder
cases disturbed mineral metabolism is followed éguced bone mineralisation leading to
abnormal bone remodeling and reduced linear groRtaterm infants are frequently ill and
immobile; this lack of mechanical stimulation magadl to less new bone formation and
reduced osteoid. In OP, there is a combinatiordficed osteoid and reduced mineral, and the
relative deficit of these two factors may vary frame case to another. Drugs frequently used
in the neonatal unit, such as steroids and loopetias can also alter bone mineralization
(24,25).Dexamethasone, methylxanthines and frusehmge all been shown to have an effect
on calcium regulation. Methylxanthines and frusesmiacrease renal calcium excretion, with
secondary hyperparathyroidism and bone diseasendnabeen demonstrated in infants
receiving long term frusemide therapy. (26;27) Wdefrusemide has been consistently
reported as a risk factor for fractures seconda@P (28-31).

Studies in the 1980’s found the incidence of ramjadal rickets and osteopenia in very low
birthweight (VLBW) and extremely low birthweight (BW) infants to be 32% (30) and 54%
(32) respectively. Despite improved nutrition ande tregular use of oral phosphate
supplements, fractures still occur, typically beaqwd 0 weeks and 6 months postnatal age. The
true incidence of fractures is unknown as screefondractures with skeletal surveys is not
routinely undertaken. Most fractures, especiallyhef rib, are discovered incidentally when x-
rays are performed for other reasons. Koo et al 80spectively studied 78 VLBW infants
born between 23 and 26 weeks gestation and by 8dguhd fractures plus rickets in 12 out
of the 78, and fractures without rickets in a fertly infants. Amir et al reported a lower
fracture incidence of 2.1% in premature infants;usdng from 3 to 23 weeks. There have
been many changes in neonatal feeding since thadies were done, so these figures may be

less relevant to modern practice. More recently, tetrospective studies reported that 7% to
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10% of VLBW infants may still be at risk of fracag (29;31) Risk factors for fracture
identified by these studies included prolongedawenous nutrition, cholestatic jaundice,
bronchopulmonary dysplasia, longer duration of @uygherapy, and prolonged use of
frusemide. Dahlenburg et al (33) found an increasésl of fracture in preterm infants up to 2

years old, but by age 5 years this associationn@denger significant.

In the short-term, OP might impair respiratory ssatrespiratory distress secondary to rachitic
changes has been described (34) Bone softeninglafrdctures may contribute to chest wall
instability, respiratory distress and difficulty am@ng ventilatory support (35). OP has been
postulated to be a factor in the development of pryof prematurity related to altered bone
growth of the skull (36). OP seems to be a transiesease, ‘catch up’ in bone mineralisation
has been described using SPA and DXA (37-43) howkwvear growth and bone strength
may still be affected in the longer term. Studiasenshown that form@reterm infants tend to
be shorter and lighter than their temounterparts (44;45) and high neonatal alkaline
phosphatase has been significantly associatedshitht stature at 18 months and 10 years of
age (45;46). Total body BMC and cortical areahsf tlistaltibia have been reported to be
lower in ex preterm preschool children, even a#tdjusting for current body weight (47).
Lower bone mineral content and density has alsm beend in school age children born
preterm (44;48) Ex preterrohildren have been shown to have increased urinalgium
excretion at age 8 yrs associated with a reduatidreight and hip bone mineral density (49).
A recent study of young adults born prematurelysdwbthat height and lumbar spine BMD at
age 20 years were lower compared to UK populatefarence values (50). The effect of
premature birth (with modern treatment of prem&uron accumulation of peak bone mass

and subsequent risk of osteoporosis merits futuaiiation.
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Biomechanical Factors and Infant Bone Health

Stress on bone exerted by muscle is necessary doe bBormation and growth. The
mechanostat theory of a functional model of boneslbgpment suggests that bone cell action
is coordinated by the mechanical requirements eflibne; and thus can be modified by
influencing muscle force or longitudinal bone grbwb1). Several studies have described a
positive effect of physical activity on bone masschildren, adolescents and adults (52;53)
Immobilisation has been demonstrated to resulbwbbone mineral density (54). Spontaneous
movement has been related to changes in bone geswind (SOS) in three infants with
reduced unilateral movements secondary to a catéral brain insult (55). Tibial SOS was
reduced in the legs with reduced spontaneous mauwsncempared to the unaffected side. In
controls with normal symmetrical movements tibi@l®was similar in both sides.

Preterm infants are hypotonic and have reduced lmbsitk, particularly if they are small for
gestational age. Sedation or paralysis to optimnsehanical ventilation reduces movement,
and any spontaneous movements which do occur doet any resistance. This is a marked
contrast to in utero movements with strong reseganom the muscular uterine wall. Infants
who are very unwell during the immediate neonatiqa also have reduced spontaneous
movement. In addition minimal handling of pretemfiants is becoming routine in neonatal
units, therefore there are many factors which ng@term infants lack muscle stimulation
and subsequently may contribute to osteopeniaehaturity. A few studies have performed
physical activity interventions in neonates. Moiteur (56) enrolled preterm infants aged 2
to 4 weeks old to a physical activity programmesisting of range of motion exercises with
gentle compression, extension and flexion of bgibpen and lower limbs. Each movement was
done 5 times at each joint five times each weedt,tha infants receiving this had at the end of
the study period (when they had reached a weigh2kgf) a higher mean radial BMC

measured by SPA compared to controls. The sameagahgstivity programme was repeated

30



in 2000 (57) and the infants then assessed by DiXAnts in the exercise group had larger
forearm bone area, but there were no differencésrearm BMC or BMD when compared to
the control group. This study group had DXA andhampometry followed up at 12 months
corrected age and there were no differences detdmtveen the intervention and control
groups. Litmanovitz et al (58) used the same egerprotocol designed by Moyer-Mileur but
started the physical activity when the infants wienenediately cardiovascularly stable and
continued for only 4 weeks. Over this 4 weeks tlveais an attenuation in the decrease in bone
speed of sound measured by QUS in the infantsviagephysical activity. The effect of the
same physical activity on bone turnover markers @xammined by Moyer-Mileuf50) and
Nemet et al (59) Both studies found an increasbane formation markers; Moyer-Mileur
found an increase in serum type one collagen cinatpeptide (PICP) in the exercise group
compared to controls, both PICP and bone spedialine phosphatase were higher in the
infants receiving physical activity in Nemet's syudVioyer-Mileur found no difference
between groups in urinary pyridoline cross links aafllagen (PYD), a marker of bone
resorption; however Nemet describes a reductiaanother marker of bone resorption, ICTP,
in the exercised infants. Aly et al used a comlamabf massage and a physical activity
protocol in preterm infants established on fullezal feeds and this resulted in significantly
higher serum PICP on hospital discharge comparedritrol infants (60). These studies using
a physical activity programme were done when irfavtre on enteral feeds and receiving the
recommended dietary intakes of minerals. If physacévity is given when mineral intake is
limited it may not confer any benefit, and it iskaown whether it may even have a negative
effect on bone mineralisation. A longitudinal stuafyphysical activity in term infants found
physical activity in the infants with low calciumtake resulted in lower bone mineral content

than the control infants (61).
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So, the optimum timing, frequency and duration xéreise remain unanswered questions.
There are currently no studies which have repastedoth the short and longer term effects of
passive exercise (e.g. on neurodevelopment) ineretinfants. None of the studies on

physical activity have reported on the incidencé&adtures.

Section 2 Assessment of neonatal bone health

Current assessment of neonatal bone health

The diagnosis of osteopenia of prematurity remdiffecult, and there is a wide variation in
practice reflecting the lack of evidence base.u®ebiochemistry may be normal or abnormal
in the presence of bone disease and serum caladnur@nary phosphate excretion correlate
poorly with bone mineralisation (62-65). Despitesttclinical practice commonly includes
monitoring of serum biochemistry, primarily phosghand alkaline phosphatase with low
serum phosphate and high alkaline phosphatase stuggef osteopenia of prematurity. Plain
x-rays in the absence of fractures are poor atndisigg bone disease due to the subjectiveness
of the interpretation and the fact that changeshateseen until there is a significant reduction
in mineralization (66).Most fractures are detecéedincidental finding on x-rays taken for

other reasons

Other Means of Assessing Bone Health
Dual energy X-ray absorptiometry (DXA), quantit&iCT (QCT) and quantitative ultrasound
are other available techniques to assess boneéhh&aky currently function as research tools

only for newborns and are not used in the routivestigation of osteopenia of prematurity.

32



Dual energy X-ray absorptiometry (DXA)

DXA uses X-ray beams of 2 different energies whase projected on to bone and the
absorption of each beam measured. Bone mineratichriione area and average bone mineral
density are calculated. Measurements can be maoetiothe axial and appendicular skeleton.
DXA is considered the gold standard for diagnosi®sieoporosis in adults, with a T-score
(standard deviation score) at any site of equéss than 2.5 indicative of osteoporosis. DXA
provides a 2D measurement of a 3D skeleton thexd&8dD is influenced by bone size, and in
the paediatric population size correction is regghiusing height or weight. DXA results must
be compared with normal data derived from healtimidcen of comparable age and maturity
to calculate a standard deviation score. AlthougbADs increasingly used to assess bone
mineral status in newborn infants, the size and aility of the scanner, the length of time to
perform the scan and use of ionising radiation makasuitable for routine use in the setting
of the fragile VLBW infant. In addition, the datdbtained from DXA can be difficult to

interpret in newborns due to both movement artif&c) and variations in technique (68).

Quantitative computed tomography (QCT)

QCT obtains cross-sectional images of bone and Ismusing lower doses of radiation than
standard computed tomography. It measures truemaihic bone density, bone and muscle
geometry and can distinguish between cortical amtbetular bone. Images are most
commonly obtained of the forearm (radius and ubra midshaft of the tibia. It is currently

not possible to measure newborn infants using Q€tha equipment is not validated for such
small limbs. Both axial QCT and peripheral quatititacomputed tomography (pQCT) have

similar limitations to DXA when considering theis@ion a neonatal unit.
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Quantitative ultrasound

Quantitative ultrasound (QUS) was first developedl84, as a non-ionising, portable and
low cost method of assessing bone health. It measittenuation of an ultrasound beam as it
passes through a specified region of interest. Maoshmonly the broadband ultrasound
attenuation (BUA, dB/MHz) or the speed of sound DS, m/s) are measured: some
devices also measure bone transmission time (Bll@se measurements are thought not only
to be related to the mineral density of the bonedisp to reflect parameters of bone quality
and strength (69;70).

The majority of current ultrasound scanners aragdes to transmit the ultrasound wave
through the bone, a receiver measuring the atteduaave at the other side. QUS may only
be applied to the peripheral skeleton and sitesnieasurement are the calcaneus, phalanges,
patella and tibia. The most commonly measuredsitiee calcaneus; it is rich in metabolically
active trabecular bone, weight bearing and hds Btirrounding soft tissue, making it ideal for
ultrasound measurements. The application of caldaniasound in children is difficult due
to lack of a dedicated paediatric transducer. TiBMDSonic BP (IGEA, ltaly), originally
designed to measure adult phalanges, can be usee@dsure the phalanges or humerus of
children and infants. It uses two probes, mountedxi@al on two separate branches of a
calliper. The device measures the distance betweeprobes and the time elapsing between
emission and reception to calculate the speed widoHowever, a more recently developed
device (Sunlight Omnisense 2000P) is based updnojus probe being used, the ultrasonic
wave travelling along the cortical bone and théemtéd wave being measured, this technique
is called ultrasound critical angle reflectomeffjrese newer devices, which measure at sites
such as the phalanges, radius and tibia are mawbkufor measurement in paediatrics and
some devices have been specifically designed fddren and neonates with age and

gestational specific reference data.
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From a technical point of view QUS has many adwgega it does not involve ionising
radiation and it is easily accessible and transjptgt There are now new devices with a
dedicated hardware design and a well defined quasisurance/quality control procedure, the
measurements are relatively fast, and the ovenatlis low.

QUS is reported to measure both qualitative booggties, such as bone mineralization, and
guantitative properties such as cortical thicknekssticity and micro architecture (71-74). Itis
not yet possible to define more precisely what Qhkasures. QUS measuring ‘bone strength’
is commonly used as a description, because ofsbecation between higher QUS values and
reduced fracture risk. In adults, QUS does notridag osteoporosis, but does (using calcaneal
transverse transmission) predict clinical fractumedependent of BMD (75;76). Although
predictive of fractures in adults, QUS measuremémtshildren and infants do not predict
fractures. A recent study in adult women foundatit80OS correlated with site matched QCT
and DXA (77). Similarly, in children tibial ultrasography has been found to correlate with
bone mineral assessment by DXA (7Bhe impact of skeletal properties on QUS variables
assessed by measuring the proximal phalanges Qditg)(transverse transmission), QCT and
MRI, found SOS was affected most by cortical aceatical bone density and cortical porosity
(79). In vitro studies of both newborns (gestatioage 20-41 weekqB0) and adults have

shown forearm QUS  correlates  significantly  with  &on strength  (81).
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Figure 2.1  Schematic representation of the developing lomgebAC= Articular cartilage;
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the growth plate of the developing bone.
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Figure 2.2  Principle of quantitative ultrasound in
1.DBM Sonic and 2.Sunlight Omnisense.

Q )

1 2

The arrows show the direction of ultrasound waves. T is the transmitter, R is the receiver.
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Section 3 Maternal bone health and pregnancy

Plasma calcium is maintained by a complex mechamswlving fluxes of calcium between
the extracellular fluid and the kidney, bone and. dRietary calcium is absorbed form the
small intestine, and this is mediated by 1,25 dibyglvitamin D. Calcium absorbed by the gut
is then filtered by the kidney and the majorityréabsorbed in the proximal renal tubules,
mainly under the control of PTH, which maximisebular reabsorption of calcium. Usually
bone mineral absorption equals skeletal minerarpg®n i.e. calcium flow to and from bone
should be neutral. Calcium release from bone isiaied by PTH in response to a low plasma
calcium, and 1,25 dihydroxyvitamin D enhances thig of calcium from bone when PTH
increases.

Mineralisation of the fetal skeleton places an @éased demand on normal calcium
homeostasis of the mother. Maternal intestinalicalcabsorption increases early in gestation
to double the normal pre —pregnancy state, largeigdiated by increased 1,25
dihydroxyvitamin D which increases the concentratd calbindin,-D in the gut which binds
calcium(82). In pregnancy the ionised calcium leneshains steady, with a fall in total serum
calcium and albumin. Serum phosphate levels arallysnaintained in the normal range. The
increase in vitamin D is independent of PTH, anduse to pregnancy induced renal changes,
with a small contribution from the placenta andafekidneys (83). Renal hydroxylation is
upregulated by factors such as PTH-related proteestradiol, prolactin and placental
lactogen (84).

Studies of bone biopsies during pregnancy (85) @lsd studies looking at bone turnover
markers suggest that bone resorption increasesgipregnancy, and that bone formation also
increases after an initial decrease. Changes im#ternal skeleton during pregnancy have no
consistent pattern, studies using DXA have repaatedhcrease in total body BMC (86) and

also a decrease in BMD (87). Quantitative ultrasbhias advantages for use in pregnant
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women and the newborn population as it is radiafiee and portable. Recent studies using
calcaneal quantitative ultrasound in the pregnaother point to bone loss that is dependent
on maternal lifestyle, fat stores and seasonafigaoly pregnancy (88). Two studies published
in 2004 measured amplitude dependent speed of sGAMDESOS) at the hand phalanges;
Pluskiewicz et al (89) prospectively studied 48gmant women and found a decrease in 46%
of study participants however there was no coriglabetween fetal growth or newborn size
with changes in maternal AD-SOS. Tranquilli et @20) found a similar significant reduction
in AD-SOS in 50 women measured longitudinally asrpsegnancy. To date, radial SOS,
measured by axial transmission, to assess chandgesne health during pregnancy has not
been studied. The effects of pregnancy therefemsto have a wide inter-individual
variation. Demographic and lifestyle factors areely to exert some influence on these
skeletal changes.

The pregnancy induced changes seems to provideatbeim needs for the fetus with rarely
any long term effects on the maternal skeletone@msirosis of pregnancy is rare, women can
present with fragility fractures with or withoutvlobone mineral density. The condition
usually involves the spine or hip, and resolvesnggneeously a few months after the end of
pregnancy. It may be that some of these cases @reewwho had pre-existing low BMD, in
others fractures can result from increased bonapiaen secondary to pregnancy or calcium

or vitamin D deficiency.

Section 4 Interaction between maternal and infant bne health

Maternal effects on the skeleton of her offsprimgp e mediated by both genes andithe
utero environment. The intrauterine environment hasamby an immediate effect on neonatal
bone health but also there is increasing evidehee this effect persists into infancy and

childhood and can extend into adulthood. The ragiel of mineral gain during intrauterine and
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early postnatal life coupled with skeletal cellfeientiation and replication is postulated to
offer the possibility of unique interactions betwethe genome and the early environment
which can enable a type of skeletal phenotypic eretbpmental plasticity (91) . This is a
phenomenon by which one genotype can give rise tange of different morphologies in
response to different prevailing environmental ¢bonds during development. This occurs
during a critical time window and is then irrevétsi The effect of these early developmental
effects persisting into adulthood is known as paogning (92). Three studies have described
birthweight and postnatal growth as predictorschflabone mass and skeletal size (93-95) and
short birth length with slow childhood growth haseh shown to predict adult hip fracture
(96). Maternal vitamin D status and nutrient itdlas been described to have an effect on

height, BMC, bone area and areal BMD in prepubetidtiren (97-100)

Section 5 Vitamin D

Vitamin D is vitally important for growth and maertance of healthy bone. It is produced in
the skin following exposure to sunlight, and in éidd a small amount is produced from the
diet. Vitamin D undergoes hydroxylation in the liwe 25 hydroxyvitamin D which is then
further hydroxylated in the kidney to 1,25 dihydyeitamin D which is the active metabolite.
This active metabolite acts on the gut to stimutatieium and phosphate absorption. It acts to
maintain calcium homeostasis, when dietary calasifow calcium stores are mobilised from
bone via PTH. Vitamin D status is usually assesgetheasurement of 25(0OH)D — which has
two types, 25 hydroxyvitamin D2 and 25 hydroxyvitanD3. Measurement of both together
gives the best indicator of vitamin D status. ¥ita D2 is provided by some dietary sources
and multivitamins, and is less potent than Vitam® Vitamin D3 is the naturally occurring
form in humans, is formed by action of ultravidight on vitamin D precursors in skin and is

also present in some nutrients.
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Vitamin D deficiency classically presents with mt& in childhood and osteomalacia in
adulthood. Vitamin D deficiency is becoming incriegty reported (101-106). It is common in
non caucasian individuals residing in countriehwvhiigher latitudes, and pregnant women and
their children seem to be at particularly high riSkere are three factors which influence
infant vitamin D status: vitamin D status at birtlitamin D intake and exposure to sunlight.
Exclusively breastfed infants of both caucasian aod caucasian origin are at an increased
risk. A woman'’s vitamin D status during pregnanoyrelates with her child’s vitamin D status
at birth, and babies born to mothers deficientitamin D are born with low stores. A recent
study of 50 mother-infant pairs showed that motheéeficient in vitamin D had babies
deficient in vitamin D, and that these infants haaflative to birthweight, a lower whole body
and femur bone mineral content measured by DXA X1AQ7%vell recognized cause of neonatal
hypocalcaemia is maternal vitamin D deficiency.n@lal presentations include seizures and
cardiomyopathy. Vitamin D deficiency in infants daave acute and long term sequelae which
should be wholly preventable. Vitamin D has effemtsimmune function and muscle function
as well as its effect on bone, as there are vitddniaceptors in lymphocytes, skin, brain, heart,
stomach, pancreas and gonads.

In one interventional study supplementing pregrantish Asian mothers with vitamin D
resulted in a trend towards increased birthweidghoftspring, with also higher weight and
length at 1 year old (108). One recent study inUKerandomised pregnant women to receive
vitamin D as a single oral dose of 200,000iu, alydaupplement of 800iu or no
supplementation (109). The single or daily dosinthbmproved vitamin D levels significantly
but only led to a small percentage of mothers aldds being vitamin D sufficient. Therefore
further research is required to determine the agdtitming and dosing of vitamin D in
pregnancy. Supplementation of infants who are exobly breastfed is currently

recommended by the UK government. There is cugrestie surveillance programme in the

41



UK to monitor the occurrence of rickets. This wasently started in Scotland and is co-
ordinated by the Scottish Paediatric Society (S8t A positive effect persisting to
adolescence was described by Zamora et al whoaewitD supplementation of Swiss infants

resulted in higher prepubertal bone mass (110).
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Chapter 3  Quantitative ultrasound assessment of neatal bone health at birth —

cross-sectional study of term and preterm infants

Introduction

Preliminary studies suggest that the measuremespeéd of sound (SOS) by quantitative
ultrasound may be a useful adjunct for assessimg Ibealth in infants (111;112). However,
its methodology needs further exploration, esphcialthe sick, preterm infant. The current
cross-sectional study was performed to assese#sibflity and reliability of the technique in

this setting and to assess the relationship of ®Ql%e gestation and size of the infant.

Subjects and Methods

Sudy Population

All babies born during the period December, 20Qaruary, 2004, at three maternity units in
Glasgow, were eligible for recruitment. FollowingqREC approval and informed written
consent from parents, speed of sound was measooedcater birth, at a median age of 3 days
(quartiles, 2, 5) in 110 infants (male, 60) witmadian gestational age (GA) of 36 wks (range,
24, 41) and median birthweight of 25659 (range,, @8D0) (Table 3.1). The cohort, which
included 5 sets of twins (4 of the same sex) wastrarily, divided into three groups by
gestation at birth, A (>37 wks), B (32-36 wks) abd<32 wks).They were all clinically stable
at the time of the scan (this included stable widatilated for the extremely preterm infants)

and without congenital malformations.
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QUS Measurement

SOS was measured using the Sunlight Omnisense 78@@Bnner (Sunlight Medical, Israel).

It is comprised of a main unit and a small handdhétrasound probe. The OmniseHée
generates pulsed acoustic waves, at a centre fiequd 1.25MHz (bandwidth 0.7 to 1.8).
The probe contains two pairs of transducers; ote & a transmitter and the other acts as a
receiver. When ultrasound waves are incident orulgest such as bone, the waves are
reflected, refracted or transmitted, depending len angle of incidence. The refracted wave
that propagates along the length of the bone camdeesured. The time needed for the first
detectable signal above noise to arrive at theivimgetransducer is recorded. Because the
transmitting and receiving transducers are at adfilength, the length of the ultrasound
pathway can be determined and, hence, the vel@aty be calculated. A measurement
consists of three scan cycles, each generatingpeesentative SOS value. An internal
algorithm checks the three SOS values for consigtand if the device detects any significant
inconsistency, it instructs the user to obtainHertmeasurements. An acoustic gel is used to
couple the probe to the skin.

SOS was measured at the radius and tibia. Theos$itmeasurement on the radius was
determined by identifying the midpoint between tieof the middle finger and the dorsal
aspect of the flexed elbow (distal third of theiuayl and the site of measurement on the tibia
was determined by identifying the midpoint betwéea plantar aspect of the flexed foot and
the dorsal aspect of the flexed knee (mid shaftheftibia) (see diagram). The probe was
aligned along and parallel to the bone and movea semi-arc over the circumference of the
site of measurement until a reliable estimate ef 3OS is measured. Each SOS measurement
cycle took about 30 seconds and the result wasesegged in metres per second (m/s), and

displayed together with a Z score value (units taihdard deviations relative to the age-
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matched population reference values) based oregerefe range for term and preterm infants

included with the software (113).

Determining site of measurement of tibial SOS

Plantar aspect of
flexed foot

Line
representing
measuring

gaugt

7

Validation studies were performed to assess (lyaafwserver variation — multiple
measurements performed at one site (tibia) by theesobserver in 15 infants, (2)
interobserver variation — repeat measurements orsties (left and right tibiae) in 6 infants,
(3) variation between different sites in same ibfadluplicate scans at each tibia and radius in
20 infants, (4) effect of temperature and humiaity SOS — performed on adult subjects by

placing arm in incubator and varying temperature lammidity.

Statistical Analysis
Using XL STAT V7.0 (Addinsoft, France) and Micros@&xcel 2000 (Microsoft Corp, USA),
precision of the measurements was determined loyleding the coefficient of variation and

differences between groups were compared usingMaen-Whitney U test. Analysis of
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covariance was performed to assess any associd@vween variables. Due to the small size

of the study twins were treated as independenalbas.

Results

Intra-observer and Inter-observer variation

The mean (1SD) intra-observer coefficient of vaoiat(CV) for three repeat measurements at
the tibia in 25 infants with a median GA of 37 wks33 - 41) was 1.2% (0.8%.) Each infant
was measured and then the mark for that site osunement was removed, and the infant
repositioned between subsequent measurements.etheidque precision error as calculated
from the root-mean-square average of the CV wek 11414). The mean interobserver CV for
measurements performed by two observers at the b6 infants with a median GA of 26

wks (r, 24 - 32) was 1.2% (0.7%).

Inter-site variation

In 20 infants with a median GA of 37 wks (r, 261)4neasurements were performed at both
tibiae and radii. The mean CV (1SD) for measuremantll 4 sites was 2.4% (1.2%eft and
right radius was 2.1% (1.4%), right radius and trigghia was 2.3% (1.8%), left radius and left

tibia was 1.8% (1.2%), and left tibia and rightdilwvas 1.7% (1.8%.)

Influence of Temperature and Humidity

Radial SOS in 15 adults was measured at ambienteterture, 3%, and 38C with 95%
humidity. The SOS did not change with increasimggerature and humidity. Mean CV (1SD)
for all measurements was 2.0% (1.1%), measurenamnsom temperature and 35 degrees
was 1.7% (1.1%), room temperature and 35 degra@sdito humidity was 2.1% (1.8%), and
35 degrees and 35 degrees plus 95% humidity wés (L7%.)
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Gestation and Birth Weight

Median tibial SOS was 3079m/s (q, 3010, 3142,)1ip & and significantly higher than in Grp
B who had a median SOS of 2994m/s (q, 2917, 3043prp C with a median SOS of
2911m/s(q, 2816, 2982) (p<0.001) (Fig.3.1). Theas wo significant correlation between the
birthweight and SOS in the infants in Grp A (Fig-3.Analysis of covariance revealed that
40% of the variability of tibial SOS was explainbg gestation, birthweight and gender

(p<0.001) and gestation had the greatest impdtiwied by birthweight, and then gender.

Influence of Sze

In Grp A and B, there were no significant differeadetween the tibial SOS for the SGA and
AGA infants. However, in Grp C, tibial SOS was dezain the two SGA than the AGA
infants (SOS values 3011 and 3056) and median S08nZ's (g, 2790, 2997) respectively
(p<0.05). In the 5 sets of twins, tibial SOS tendede higher in the lighter twin (Fig.3.2).

There were no significant differences between tG& land AGA infants.

Discussion

Not only does this study reinforce the finding oéyous studies that quantitative ultrasound
assessment of SOS can be performed successfullypractsely in infants from 24 weeks
gestation through to term (112;113), it also shtvas, at this age, the assessment is not site-
specific, and measurements at one tibial site affeciently representative of the SOS at the
other sites in the neonate. The validation studis® confirmed that the changes in
temperature and humidity that are often encountereth intensive care neonatal unit do not
seem to alter the reproducibility of the measurdasparformed.

Unlike most previous studies, the infants in therexnt study were measured very shortly after
birth, eliminating the confounding effect of thesasiated co morbidities that are often
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encountered in the preterm infant (111;112). Thesel correlation of tibial SOS with
gestational age rather than birth weight, agredls ether recent reports where measurements
were performed within the first 4 days, suggestingt maturity may be a more important
factor in bone health than birth weight (113;1TH)e relative lack of an association between
birthweight and speed of sound was reinforcedtlyirby the findings in the SGA infants who
did not have a lower tibial SOS than gestation-medcAGA infants, and secondly by the
twin-studies where the tibial SOS was similar, amdn slightly higher in the growth retarded
twin.

A weakness of this study was that twins were inetlds independent variables. In the general
population of preterm infants twins are over repneésd and in our small sample size the
pragmatic approach of including both twins was také would have been better to recruit
only one of each twin pair. However, for claritye wave presented raw data on graphs clearly
identifying twins, rather than condensing data igitoups.

The future application of quantitative ultrasoumd assessing the bone health of infants
deserves further exploration and the data in tepont shall prove beneficial in designing

longitudinal studies.
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Table 3.1

>37 wks 32- 36 wks <32 wks
Number of infants 62 28 20
Median gestation (wks)40 33 28
(25th,75th centiles) (38, 41) (32, 34) (26, 30)

37:25 14:14 9:11
Male:Female
Median birth wt (g) 3490 1890 1080
(25th, 75th centiles) (3075, 3788) (1590, 2310) (920, 1280)
SGA! 4 9 2
AGA? 49 17 17
LGA3 9 2 1
Caucasian 57 28 18
Asian 4 0 1
Mixed race 1 0 1
History of PROM 1 1 1
Antenatal steroids 0 10 8
Twins 0 8 2
Oligohydramnios 1 3 0
SVvD 34 10 10
Caesarian Section 16 13 8
Forceps 11 3 1
Vaginal breech 1 2 1
Breast 27 8 1
Formula 23 8 1
Breast and formula 12 9 3
TPN (+/- enteral feeds) 0 11 19

Table 3.1 Details of infants undergoing SOS measant.

The cohort is divided into 3 groups according tstggon, those born at >37 weeks, those
born between 32 and 36 weeks, and those born atwe®Rs.! SGA - small for gestational
age, on or below the 9th centile for weighAGA - appropriate for gestational age, between
10th and 90th centile for weight.LGA - large for gestational age, above 90th cerfilr
weight.* PROM - prolonged rupture of membran&SVD - spontaneous vertex delivery.
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Figure 3.1
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The closed circles represent speed of sound (S&I8¢win infants appropriate for gestational
age (AGA), birthweight between the Gand 98' centile for weight. The open circles

represent SOS values in small for gestational afgmis (SGA), birthweight on or below the
9" centile for weight.
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Tibial SOS (m/s)

Fig 3.2

3500
° oo o
° v ° [ J Y . . [ J
X o0 ® Y
° ° o
o o % N O "ﬁig:df °e
3000 L HRN oo * ° 0q 900 o ® ¢
0 o ° .0 ® “
s i: BCe e o
O °
e® o
Y ([ ]
® °
2500 : : : :
0 1000 2000 3000 4000

Birthweight (g)

The closed circles represent speed of sound (S@lBew in singleton infants. The other
symbols represent SOS values in twin pairs.

Note that 4 twin pairs were of discordant growttbath (one twin small for gestational age
(SGA), on or below the"™centile for birthweight and the other twin appiiapely grown for
gestational age (AGA), between thé"lhd 98' centiles for birthweight).
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Chapter 4  Quantitative ultrasound assessment of neatal bone health from

birth to 2 years in preterm infants

Section 1 Longitudinal evaluation of bone health asssessed by QUS in preterm
infants from birth to term CGA

Introduction

Preliminary studies by our group suggest that #ehrtique of quantitative ultrasound is a
feasible and accurate method of assessing changlesne health in preterm infants. We
hypothesize that the neonatal course has an effedione development. In this study we
performed serial measurements in a cohort of VLB\Writs from birth to discharge and
investigated the relationship between traditionafkars of OP, markers of clinical illness and

SOS.

Patients and Methods

Sudy Population

Between December 2002 and January 2004, infantswdne less than 32 weeks gestation
and less than 15009 birth weight were recruitednftbree neonatal units in Glasgow, UK.
The study was approved by the Local Research Eimsimittee at all three maternity
hospitals. Twenty five eligible infants with a madi gestation of 27 weeks (range 24-31
weeks) and median birthweight of 980g (range 6230%% were recruited into the study
following informed consent from their parents. Twerthree infants had an initial tibial
ultrasound scan in the first week of life (one mtfavas too unwell, and in one case the scanner
was out of order.) Eighteen of the twenty threeamt$ had at least five serial scans until a
median gestational age of 36 weeks (range 35,tBi®¢infants died and two were discharged

very early.) Routine clinical and anthropometritagancluding details of nutrition, respiratory
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complications and serum biochemistry were colleatethese infants. Weekly measurements
were performed until term corrected age or un@ ifant was discharged home. Details of
the eighteen infants followed longitudinally aregented in Table 4.1. No infant sustained a
clinically evident fracture during the study period

The CRIB (Clinical Risk Index for Babies) score dsvalidated tool for assessing initial
neonatal risk and severity of iliness of the pmeténfant with higher scores being associated
with increasing mortality and morbidity (116). & based on birthweight, gestational age,
minimum and maximum oxygen requirement and basessxin the first 12 hours of life, and
presence of congenital abnormalities. More recetglyperature at admission has been added

to this to provide a new score(117).

Speed of Sound Measurement

SOS was measured at the tibia using the Sunlighhi§emse 7000® scanner (Sunlight
Medical, Israel) as described in the previous dafraptitrasound measurement was not
performed if the infant was felt to be too unstabtaf access to the tibia was difficult, for

example, due to intravenous cannulation. Measureswegre made by one of two operators.

Statistical Analysis

The data were expressed as medians and percemtiels were compared using the Mann-
Whitney U test. Spearman rank correlations werel usecompare any association between
variables and analysis of covariance (ANCOVA) wasfgrmed to establish the level of

associations between multiple measured variabtesistcal analysis was performed with XL

STAT V7.0 (Addinsoft, France) and Microsoft Excél@® (Microsoft Corp, Redmond, WA,

USA).
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Results

Initial scan

In the 23 infants who had an initial scan, the raedige at first scan was 4 days (range 1, 7.)
The median SOS was 2923m/s (2672, 3107). Thereawsa®ng correlation between SOS and

gestation (r, 0.8, p<0.005.) Conversion of the Sfaf to SDS was performed to separately
evaluate the association of SOS to birth weight gestation. Median SDS z score was 0 (—
1.3, 1.3.) The correlation of SOS SDS to birthwelghs lower (r, 0.4, NS) compared to that

for absolute SOS to birthweight (r, 0.6, p<0.0%jizating only a small effect of birthweight

independent of gestation.

Serial Scans

A fall in SOS was noticed in all eighteen infanteonhad serial scans (Fig.4.1). The median
fall in SOS from first to last scan was 95m/s (289). The median SOS initially and at the
end of the study was 2923m/s (2672, 3107) and 2802602, 2991) respectively p<0.05 .
The median Z score at the start and end of theystiag 0 (1.3, 0.55), and —2.15 (-0.45, -4.5).
Expressed as a Z score, this fall was greater en2th - 27 weeks gestation cohort with a
median reduction of 2.2 SDS (1.6—4.0) comparedrwedian reduction of 1.3 SDS (0.85-2.2)

in the 28-32 weeks cohort (p<0.05).

Alkaline phosphatase

Peak serum total alkaline phosphatase (ALP) washeshby all infants at a median corrected
age of 33 weeks gestation, and measured 741 &l 2199.) In five infants serum ALP was
within the normal reference range throughout thedytperiod. Peak serum ALP was

negatively correlated with tibial SOS at the endhef study (r, 0.6, p<0.05 (Fig 4.2)
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Three infants in the study had a combination ohhatkaline phosphatase (859, 1094, 2199
u/l) and low serum phosphate (<1.2mmol/l) suggesti’fOP. These infants had the lowest Z
scores (-4.5, -3.6, -4) and the lowest absolutedjpé sound of any infant in the study (2502,
2508, 2532 m/s). A further six infants also hadccdre <-2.0, four out of these six had a raised
serum ALP with a normal phosphate, and two had batlermal serum ALP and phosphate.

(Table 4.2)

Severity of illness

Of the infants who had serial scans the median Cii@ CRIB 1l scores were 2 (0-9) and 10
(5-14) respectively. There was a negative cor@batietween SOS at the end of the study and
CRIB and CRIB Il scores (r, 0.6 and 0.6 respecyivpk0.01) (Fig 4.3.)

There was no significant difference in SOS at the ef the study in infants with or without
chronic lung disease. Two infants (both born atwgfeks gestation) developed necrotising
enterocolitis, these were two of the three infamtsh the lowest absolute SOS and

biochemical evidence of OP.

Nutrition

All infants initially required infusion of total panteral nutrition (TPN.) The median number
of weeks to full enteral feeds was 3 (1, 17.) Cuthe 18 infants, 11 required TPN for more
than 3 weeks. The median tibial SOS at the enchefstudy for these 11 infants and the
remaining 7 infants were 2746m/s (2502-2866) and288s (2778-2991) respectively

(p<0.05, Fig.4.4.)
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Growth
During the period of serial scans the median awevegekly weight gain was 116g (range 100
—191.7g.) There was no correlation between avenagkly weight gain and either gestation

(r, 0.07) or fall in SOS SDS (r, 0.27.)

Analysis of covariance
Gestation was the most significant variable intretato SOS at 35-37 weeks when ANCOVA
was performed in 3 combinations using gestationdge CRIB score, birthweight, alkaline

phosphatase, age to full feeds, and chronic lusgadie. (Table 4.3)

Discussion

In this study we have looked prospectively at clesng tibial SOS in 18 very low birth weight
infants. The initial SOS for all infants was in tbepected range, suggesting that all the infants
had undergone skeletal development until the pafipreterm birth. However, on longitudinal
follow up the SOS fell rather than increasing asuldobe expected based on our cross-
sectional reference data (118). The fall in SOSuoed in all infants but was greatest in those
infants born earlier than 26 weeks gestation. lisfavho were the most significantly unwell
and predicted to have a greater risk of morbidis/assessed by the CRIB and CRIB Il scores,
had the lower SOS scores at 35-37 weeks PCA. Thhasizes that even with advances in
neonatal nutritional care, which has primarily cemitated on improving bone mineral
accretion, theexutero environment remains a poor substitute for itheitero development.
Both mineral deficiency causing decreased bonehsgig or lack of mechanical stimulation
causing increased bone resorption could contributabnormal skeletal development in our

preterm infants.
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SOS fell despite adequate nutrition resulting istamed weight gain. This might reflect an
exacerbation of relative mineral deficiency by thlemands of growth. Interestingly the

presence of chronic lung disease did not haverdfisignt effect on the fall of SOS.

Nemet et al (111) assessed tibial SOS in pretefamis at a median post-natal age of 4 weeks
(range 1-18 weeks ) and found the SOS correlatddgestational age, with preterm infants at
term corrected age having a significantly lower Std&h term control infants. There was a
significant inverse correlation of SOS with serulikabne phosphatase in the preterm group.
We also found an inverse correlation between tiBi@IS at the end of the study and peak
alkaline phosphatase. The three infants with theett SOS values had low serum phosphate
as well as high alkaline phosphatase. Howevetthallinfants in our study had a fall in SOS,
even those with a serum ALP in the normal ranga.réduction in SOS indicates bone disease
this would question the role of alkaline phosphatas a screening test for OP. It should also
be borne in mind that serum ALP is the sum of thseéorms (liver, intestine and bone) and
some of the changes may reflect disorder of livanction. However, the bone isoform
contributes to the largest proportion of ALP inainfs and children and changes in that isoform
generally mirror those in total serum ALP (108).nBospecific ALP in the neonate has not
been found to improve sensitivity for OP (62).

It is well established that fractures do still ocouVLBW babies. Amir et al reported fractures
in 1.2% of preterm infants between day 24-day 18%),(Dabezies found a fracture rate of
10.5% diagnosed at a mean age of 50 days (29)tallie SOS noted in our patients at 35-37
weeks might suggest an abnormality of bone strewyibh would correlate with an increased

risk period for fractures.
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Passive exercises might be of benefit in increabmge strength. Two separate studies have
demonstrated a positive effect using range of maogiercise interventions. The same exercise
protocol consisting of daily flexion against passiesistance at the wrist, elbow, shoulder,
knee and hip resulted in increased bone minerakitjerfdetermined by single-photon
absorptiometry and DXA)(57) and an attenuatiorhefdecrease in SOS postnatally in preterm
infants (58) compared to controls. Moyeur-Mileu7)&lso found an increase in body weight

gain, forearm bone length, bone area and fat fregsrm the exercise group.

In conclusion, very low birth weight infants shoviadl in postnatal tibial SOS and by term the
SOS is well below that of infants born at matchedtgtion suggesting there may have been an
arrest in bone development. Gestation at birthésmost important influential factor, and the
fall in SOS was greatest in the 24-27 week gestatishort. The association of SOS with
serum ALP, phosphate, as well as markers of illnesserity suggests that routine
measurement of SOS may have a place in non-invasatoring of bone health of the

preterm infant.
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Section 2 Changes in quantitative ultrasound in irdnts born at less than 32

weeks gestation over the first 2 years of life

Introduction

Studies by our group and others show reduced SO&essured by QUS during the
immediate neonatal period (112;115;119) howeveretigea scarcity of data on SOS changes
following hospital discharge. Fractures are rembtie occur most often around term CGA
(which frequently coincides with discharge from tionatal unit) and rarely after 6 months
CGA (120). Most preterm infants who are small fogit CGA at hospital discharge attain an
appropriate weight and length (compared to terrant# of the same post menstrual age) over
the first year of life through a period of catch gnowth. It is our hypothesis that tibial SOS
increases over the first two years of life and thatrate of increase would be determined by
the infant's neonatal course. Therefore the aimhof study was to assess bone health,
including assessment of SOS from term to 2 yeast {m corrected age in infants born

prematurely.

Materials and Methods

Sudy Population

Infants born at less than 32 weeks gestation wamelited from a neonatal follow up clinic in

the Queen Mother’s Hospital, a tertiary centre Iasgow, between February 2004 and April
2005. The study was approved by the local ethiesnoittee, and informed written consent
was obtained from parents prior to their child lgamcluded in the study. Infants were eligible
for inclusion if born before 32 completed weeksgektation, and exclusion criteria were the
presence of congenital abnormalities, as well gscamgenital skeletal deformity. Details of

the child’s neonatal history and current feedingenecorded from the case notes, and weight
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and total body length were measured at the clifsit using Avery baby scales (accurate to
10g) and Holtain supine length measuring tableu@ate to 200mm) respectively. Weight and
length were converted to standard deviation sco@&DS) which are units of standard
deviations relative to the mean for an age and meaiched population reference values.
Corrected gestational age (CGA) was calculatedfioinfants, based on an age of 0 days at
the 40 week post menstrual date. The number of dagh infant received total parenteral
nutrition (during their neonatal inpatient admisgiavas recorded from the case notes. All
infants except one received oral phosphate suppitien once established on enteral feeds
on the neonatal unit. All infants except one reedivitamin D 400 IU daily once established
on enteral feeds until 1 year corrected age. Sanis received diuretics (4 had furosemide
and spironolactone, 1 had chorthiazide and spiemtohe and 1 had spironolactone only) and
one infant received postnatal dexamethasone. Ghrbmg disease was defined as a
requirement for oxygen at 36 weeks corrected gestdtage (CGA.) The CRIB (Clinical
Risk Index for Babies) score was used as a tochdsessing severity of illness of the preterm
infant (116) Thirty nine infants were recruited, generatingssrsectional data. One infant
was excluded from further analysis as the casesromald not be obtained. Fifteen of these 39
infants had serial measurements of SOS, generatmggtudinal data. Eight of the fifteen had
measurements at term CGA and early infancy (eamMgum) and seven had serial
measurements performed in later infancy (late gpoDptails of these infants are outlined in

Table 4.4.

Spoeed of Sound Measur ement

SOS was measured by two operators at the tibiagusia Sunlight Omnisense 7000P
scanner (Sunlight Medical, Israel) as describedipusly. The result was expressed in metres
per second (m/s), and displayed together with aafesbased on a cross-sectional reference
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range for term and preterm infants provided by rrenufacturers (113;121)wo different

probes were used, the CS and CM probe, and it dhoellnoted that the manufacturer’s
reference range is slightly different for each grold~or consistency, all measurements until
term were made using the CS probe, all measurenmeadi® post term corrected age were
made using the CM probe. SOS SDS rather than abs8S values was used in analysis of
longitudinal change, and also for correlation witlriables such as serum biochemistry. This

was to minimise the potentially confounding effetthe two different probes.

Serum Biochemistry

Peak total serum alkaline phosphatase (ALP, IU8asured, between 35-37 weeks corrected
gestational age (CGA) was recorded. Lowest seruwsgiate (P mmol/l) measured
between 35-37 weeks CGA was also recorded. A catgag hyperbilirubinaemia was
recorded as present if the conjugated bilirubin wa8% of the total measured bilirubin

during the neonatal inpatient stay (mmaol/l).

Statistical Analysis

The data were expressed as medians and rangesta@Qeelvariables were compared using
the Mann-Whitney U Test. Pearson’s correlation fidehts were used to compare any
association between quantitative variables. P gad@05 were taken as significant. Statistical

analysis was performed with Minitab v.12.21 (Mihitac.)

Results
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Cross-sectional Data

Thirty-nine infants were divided into 3 subgroups dge (CGA) at SOS measurement: 0-6
months, 6-12 months and >12 months. The charatitsriof these infants and the
relationships between qualitative and quantitatreeiables are reported in Table 4.4 and
Table 4.5.

In the group as a whole there was a strong postibreelation between SOS and corrected
gestational age, r=0.8, p<0.005 (Figure 4.5.) Theingest infants, 0-6 months CGA
demonstrated a significant negative correlationveenh SOS SDS and TPN duration, (r -0.7,
p<0.005) as well as a significantly lower SOS Sb6the 7 of 15 infants who required TPN
for more than 14 days versus those who had TPeésrthan 14 days, median SOS SDS -1.6
and -0.6 respectively, p<0.05. In this subgroupdlveas also a significant positive correlation
between SOS SDS and neonatal serum phosphate <@.®5). These correlations were not
significant in the older children, or in the studyoup as a whole. In the infants age 0-6
months CGA CRIB score was negatively correlatehVOS SDS, r -0.6 but this was not
statistically significant. There were 18 infantdtw€CLD in our study group, and there was no
significant difference in SOS SDS for those withaathout CLD. Age at independent walking
which was available in 17 patients was reported agdian of 17 months CGA (range, 10.5,
20.) There was no relationship between age at mgl&nd SOS SDS, r=0.014, NS. Type of
feeding was available in 30 infants, 6 received pescharge formula which was calcium and
phosphate enriched, median SOS SDS for these Btsnfeas -0.6 (range, -2.5, 2.1) compared
to median SOS SDS of 0.13 (range, -3.55, 2.3)Her24 infants discharged breastfeeding or
on standard formula (ns.) The infants who recepest discharge formulae were likely to be

smaller and sicker.

Early Longitudinal Data
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Seven infants (5 female) had at least two SOS meamnts. Tables 4.6 shows the
characteristics of these infants. All 7 had SOSsuead around term CGA (36-40 weeks) and
subsequently at a median age of 5 weeks CGA (rahge5b) (Figure 4.5,absolute SOS
values illustrated) Five of the 7 infants had adhmeasurement at a median age of 45 weeks
(range, 15-80) which was a median of 27 weeks &ffemeasurement (range, 10-76.) In 6 of
the 7 infants SOS SDS showed an increase betweasumenents. In 1 infant, although
absolute SOS increased, SOS SDS continued to decpsst term until 6 weeks CGA then
began to increase. This infant had the longesttidaraf TPN amongst the study cohort (120
days.) SOS SDS was low at term CGA, with a mediair2® (range, -3.6 to -0.5) and
increased to a median of -1.5 (range, -4.1 to By8Pnd measurement, and median of 1.0
(range, -0.7 to 2.6) by third measurement. Medi@$ $DS significantly increased from -2.2
(range, -3.6 to -0.5) to O (range, -1.7, 1.8) (€6) between first (term corrected age) and
final measurements (median age of 0.7 years, rdngjel.1.)

The median change in SOS between first and lassunements was 443m/s (range, 144-640)
with a median change of 10.9 m/s per week (rangke-515.1.) The babies with the lowest
SOS at term had the greatest increase in SOS wver(t 0.9, p=0.008.) Figure 4.6. There
was no correlation between change in weight SDiBraggth SDS and change in SOS SDS, r -

0.3 and -0.9, NS.

Late Longitudinal Data

Eight infants had SOS measured twice over the agger 11 weeks to 2 years CGA. The
characteristics of this group are shown in Tabte Median age at first measurement was 33
weeks CGA (range, 11-88) and at second measuremasn®5 weeks (range, 18-103.) Median
SOS SDS was 0.55 (range, -1.75 to 2.3) and 1.Zérar0.9 to 2.5) at first and second

measurements (NS.) The median time between measaotewas 17.5 weeks (range, 7-71)
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and the median change in SOS SDS was 0.2 (rand®, -02.5.) The median change in SOS
per week was 7.2 m/s (range, 1.2-8.45.)

Median weight SDS was -0.99 (range, - 2.56 to 0&8) did not significantly change over
time. Median length SDS was -0.15 (range, -1.3311)2and -0.64 (range, -1.87, 1.13) at first
and second measurements (NS.) There was no carela¢tween change in length and
change in SOS SDS score, r=-0.01 NS.

The characteristics of infants followed longitudipadid not differ significantly from the

infants who were only included in the cross sectioasults.

Discussion

Our cross-sectional data show that in most, but abtinfants SOS was within the
manufacturer’s reference range which is based ddreh born at term. This is interesting as
published studies (119;122;123) show SOS to plateaecrease in preterm infants during the
period from birth to discharge. Therefore, there haen catch up in SOS, which parallels the
catch-up in BMC measured by SPA and DXA reportesame studies (37-4.3)

One of the critical aetiological factors in osteojaeof prematurity is inadequate phosphate. It
is therefore not surprising that there was a sicgnitt correlation between serum phosphate
and SOS SDS score in the infants age 0-6 montlgeeth Kurl et al (124) reported
hypophosphataemia at 6 weeks of age to be assevitea 7.8 fold risk of having low BMC
later in infancy. Backstrom also showed low serumogphate at 3 weeks to be negatively
associated with a change in BMAD between 3- 6 nowthage in ex preterm infants (62).
Our previous data showed a negative relationshiywden duration of TPN and SOS SDS at
term (119), and TPN duration also had a signifiegffeéct on SOS SDS in study infants aged
0-6 months. CRIB score, conjugated hyperbilirubmize elevated ALP and IUGR were not
significant factors. This may be because the nundfemfants was too small, however
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Backstrom et al (62) also found there to be no iBggmt difference in forearm BMAD
(measured by DXA) at 6 months CGA in preterm indawith complications in the neonatal
period as compared to the non-complicated grougreds at 3 months CGA there had been a
difference in BMAD between the two groups. Only ami@ant older than 6 months CGA had a
low SOS SDS score (-2.5 at 20 months CGA.) Thisnhfwas IUGR at birth, growing
between ¥ and 18 centiles at time of measurement, and did not havlew serum
phosphate, raised alkaline phosphatase or congidagperbilirubinaemia in the neonatal
period. She did not have chronic lung disease, liemeer mother was a heavy smoker during

pregnancy.

The significant effect of neonatal factors in irtkaat 0-6 months which then disappears in the
older infants, coupled with the rapid increase @SSfrom term to 6 months in the early
longitudinal group points towards an early windowen catch-up occurs. This pattern has
similarities with SGA infants who have an earlyipdrof catch up growth (125}owever, we
found no significant effect of weight or length gaon SOS SDS. According to the
manufacturer’'s reference range (based on cros®sattmeasurements), in-utero SOS
increases steadily from a mean of 2850m/s to 319@m@tween 26 and 40 weeks gestation,
this equates to an increase in SOS of 15.7m/s pekwrlhe infants in our early longitudinal
group gained 10.9m/s per week post term. This sdise possibility of an internal biostat
which is switched off in preterm infants after hirand which when it restarts works closer to
the higher in-utero rate of accretion until catgh is achieved. This may explain why the
greatest gains over the first 6 months were sedhadse with the lowest speed of sound at
term. A similar trend in bone mineral accretionhwé rapid phase of increase starting at 40

weeks PCA has been previously described (38;39)
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A significant weakness in this study is the uséwad different probes, each with a different
reference range. Although the larger probe (CMjeisup by the manufacturers to be used at
term corrected age (immediately following use & @S probe designed for preterm infants)
the reference ranges do not merge perfectly. Tdiges the question of minor errors in the
manufacturer’s reference ranges and indicatesalsitidy comparing both probes in babies
aged between 36 to 42 weeks CGA is needed. Bedtaeseference range for the CM probe
is slightly lower, the duration of time to ‘catclp’umay actually be longer than suggested by
our data. Following hospital discharge increasetihag and movement may be important in
determining the timing and extent of recovery ia 80S. Passive exercise has been shown to
attenuate the decrease in SOS from birth in a sgralip of preterm infants (58).ower
physical activity levels, with a concomitant de@®@n bone loading have been suggested as a
potential cause of long term bone deficiency inam$ born prematurely (47;126Mt is
possiblethat those infants who are slow to catch up do havéncreased risk of fractures
during the period of time that SOS is low. Our firglof SOS reaching the normal range in
the majority of ex preterm by 6 months would fitwuith the observation of Koo who did not
observe fractures or radiological rickets in ex WABbabies after 26 weeks postnatal
age(120)

Although the relative size of the population sanptstricts the power of this study, our
observation that the window of recovery in bone S@g/be restricted to the first 6 months
following discharge is novel. Greater numbers afdgtinfants are needed to confirm this
finding as the numbers are too small for definimatusions to be made. Although after
discharge, feeding with enriched formula may cordeditional benefit in bone mineralisation
or growth compared to standard term formula (18i&yre studies should, nevertheless, study

carefully any link between feeding regimens anavecy in bone health.
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In summary, we have observed a period of catcmupne SOS in preterm infants that may
be limited to the first 6 months following hospi@discharge. Interventions that are aimed at
improving bone health in these infants need to idemsthis period of spontaneous

improvement in bone health.
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Table 4.1

No of infants 18
Male: Female 7:11
Gestation (weeks) 27 (24,32)

Birthweight (g)

957 (625, 1500)

SGA 4
AGA? 14
LGA® 0

Initial SOS (m/s)

2923 (2672, 3107)

SOS at 35-37 wks PCAm/s) 2802 (2502, 2991)
CRIB score 2 (0,9)

CRIB 2 score 10 (5,14)

Peak alkaline phosphatase (iu/l) 741 (251,2199)
Age at full enteral feeds (days) 24 (6,120)

No of infants ventilated 13

No of infants with chronic lung disease 9

Twin pregnancy 5

No of infants with radiologically proven2

NEC?

Table 4.1- Characteristics of infants who had serial utival scans.

All values are medians (ranges) 1- SGA, small festational age, birthweight below "0
centile for gestation on a standard UK growth chart AGA, appropriate for gestational age,
birthweight >18" and <98 centiles for gestation on a standard UK growthrict - LGA,
large for gestational age, birthweight above th8 @éntile for gestation on a standard UK
growth chart. 4 — PCA, postconceptional age, nundfeveeks postconception. 5 — CLD,
chronic lung disease, a requirement for supplenhentggen at 36 weeks PCA. 6 — NEC,
radiologically proven necrotising enterocolitis.
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Table 4.2

High ALP" Normal ALP

SOS> 2SDS S0S<2SD% S0OS>2SDS SOS<2SD$
Low phosphaté 0 3 0 0

Normal phosphafe 4 4 4 2

Table 4.2— Serum alkaline phosphatase (ALP) and serum pladspin seventeen study
infants (one infant had no serum phosphate or iakkgthosphatase measured) categorised
according to speed of sound (SOS) SDS.

1 - ALP was defined as high and normal by a lebelva or below 420iu/l, respectively. 2 —
SOS>2 SDS, speed of sound measurement within Bathwleviation scores of the mean for
an age and sex matched population. 3 — SOS<2 fe8dof sound measurement more than
2 standard deviation scores below the mean forgmand sex matched population. 4 —
phosphate was defined as low or normal definedeomns phosphate level below or above 1.2
mmol/l, respectively.
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Table 4.3

Variables Goodness of fitType 1 SS
coefficient, R Pr>F
ANCOVA 1 Gestation 0.8 0.001
Birth weight 0.742
CRIB* 0.057
Sex 0.654
ANCOVA 2 Gestation 0.8 0.000
Serum ALP 0.116
Age at full feeds 0.465
Sex 0.261
ANCOVA 3 Gestation 0.8 0.001
CRIB 0.116
Age at full feeds 0.465
CLD® 0.261

Table 4.3 — Analysis of covariance of variablesdlation to speed of sound at the end of the
study

1 — CRIB, clinical risk index for babies. 2 — seréiP, serum total alkaline phosphatase. 3 —
CLD, chronic lung disease, a requirement for supplatal oxygen at 36 weeks post
conceptual age.
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Table 4.4

Quantitative 0-6 months 6-12 months 12+ months Study group (n=38)
Variables (n=15) (n=10) (n=13)
Median Rvalué Median Rvalue Median Rvalue Median R value
(range) (pvalue) (range) (pvalue) (range) (pvalue) (range) (p value)

Gestation (wks) 27 27.5 31 28.5
b (26,31) (24, 31) (27, 31) (24, 32)
Age at scan 11 355 73 34
(wks postterm (2, 26) (28, 52) (54,104) (2, 104)
correctedy
SOS (m/sf 2942 3269 3327 3203
(2609, (3009, (3110, (2609,
3064) 3413) 3495) 3495)
SOS sDS -1.5 1.6 0.2 -0.6
(-4, 1) - (-2.5, (-4, 3.5)
0.6,2.4) 3.5)
Birthweight (g) 1010 -0.1 1138 0.2 980 0.4 1090
f (625, (ns) (740, (ns) (845, (ns) (625,
1810) 2250) 1600) 1430)
Weight SDS -1.5 0.3 -0.9 0.5 -0.5 -0.2 -1 -0.1
- (ns) (- (ns) (-2.7,1) (ns) - (ns)
2.6,2.1) 1.9,1.1) 2.6,2.1)
Length SDS -0.6 0.1 0.3 0.1 -0.4 0.0 -0.3 -0.2
(- (ns) (- (ns) (-4.2, (ns) (- (ns)
3.3,2.1) 1.9,2.6) 1.5) 4.2,2.6)
CRIB scoré 2 -0.6 1 -0.2 2 -0.1 2 -0.2
(1, 9) (ns) 1,7) (ns) (0,10) (ns) (1, 10) (ns)
Phosphate 14 0.6 1.2 -0.1 15 0.2 1.4 0.1
(mmol/l)" (0.9,1.8) (<0.05) (0.8,1.8) (ns) (0.8,2.3) (ns) (0.8, 2.4) (ns)
TPN duration 14 -0.7 10 -0.1 10 0.2 13 -0.2
(days) (5, 120) (<0.005) (4, 95) (ns) (5,42) (ns) (5,120) (ns)
ALP (u/ly’ 376 -0.5 678 0.2 424 -0.4 426 0
(163, (ns) (175, (ns) (143, (ns) (143, (ns)
1094) 1287) 648) 1287)

Table 4.4 Characteristics of Study Infants: Quatitie Variables

®R, Pearson’s correlation coefficient for correlatiof variable and SOS SDS. P value
significant if <0.05, ns=not significafitWks, weeks.post term corrected age in weeks.
4508, speed of sound in m/s, metres per set3D8, standard deviation score.

"9, gram@CRIB score, clinical risk index for babies scord)(2Phosphate, lowest serum
phosphate recorded in the neonatal period, measurachol/l, millimoles per litre.

' TPN, total parenteral nutritidnALP, peak serum total alkaline phosphatase recoialé¢he
neonatal period.
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Table 4.5

Qualitative 0-6months 6-12months 12+months Study Group
Variables CGA (n=15) CGA (n=10) CGA (n=13) (n=38)

n pvalu¢ n p value n p value n p valug
IUGR" 2 ns 1 6 ns 9 ns
Chronic lung disease 10 ns 5 ns 3 ns 18 ns
Hyperbilirubinaemid 4  ns 1 1 6 ns
Antenatal Steroids 14 10 13 37
TPN duration > 27 <0.05 3 ns 4 ns 16 ns
weeks’
ALP>1000u/l 1 3 ns 0 4 ns

Table 4.5 Characteristics of Study Infants: QualieaVariables

& p values for a significant effect of the variable speed of sound standard deviation score
(SOS SDS.) P value significant if <0.05, ns=notn'Efigant.b IUGR, intrauterine growth
retardation, below™ percentile for weight on a standard UK growth thar

“Chronic lung disease, oxygen requirement at 36 weekrected gestational age.

4 Hyperbilirubinaemia, presence of a conjugated Hyifiibinaemia, with conjugated
bilirubin>10% of total serum bilirubii TPN, total parenteral nutrition.

"ALP, peak serum total alkaline phosphatase recdrd#te neonatal period.
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Table 4.6

Early Group n=7

LateGroup n=8

Median (Range) Median (Range)
Gestation (wWkS) 26 (25, 31) 27.5 (24, 31)
Birthweight (g 870 (625, 1080) 1013 (740, 1460)
CRIB scoré 4 (1,9) 1 (1, 10)
Phosphate (mmolf) 1.4 (0.9, 1.6) 1.1 (0.8, 1.6)
TPN duration (day$) 16 (6, 120) 11 (5, 95)
ALP (u/l)f 445 (163, 1096) 552 (175, 1287)
Chronic lung disease 7 5
(N° infantsy
Antenatal steroids (Ninfants) 6 8
Female (Ninfants) 5 5

Table 4.6Characteristics of Study Infants Followed Longinadly

3\Wks, weeks.g, gram$CRIB score, clinical risk index for babies scoré)(2

4 Phosphate, lowest serum phosphate recorded ingbeatal period, measured in mmol/l,
millimoles per litre* TPN, total parenteral nutritidn ALP, peak total serum alkaline
phosphatase recorded in the neonatal period, mezhsuuo/l, units per litre.

9 Chronic lung disease, oxygen requirement at 3&ksveerrected gestational age.
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Figure 4.1
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Each line represents one patient’s speed of sdb@®&) measurements, measured with the CS
probe. Birth gestation is by completed number ofkgeat delivery. The dotted lines represent
the manufacturers reference range, mean +/- 1 SD.
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Figure 4.2
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The relationship between serum total alkaline phatxse (ALP, IU/L) and speed of sound
(SOS) at the end of the study period. The closedesi represent tibial SOS in metres per
second. R=0.6 p<0.05
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Figure 4.3
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The relationship between CRIB score (116) and ltdpaed of sound (SOS) at the end of the
study. The closed circles represent tibial SOS étr@s per second.
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Figure 4.4
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Box plot showing the relationship between duratadrtotal parenteral nutrition (TPN) and
tibial speed of sound (SOS) at the end of the st8@S (metres per second) is on the y axis.
The black line represents the median values, thskets represent the range.
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Figure 4.5
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The relationship between corrected gestationabagespeed of sound. The closed circles
represent each patient’s speed of sound in megresggond in patients measured only once.
The open circles represent each speed of sound wrapatients who had serial measurements,
the first and subsequent values are joined byid Boé. These measurements were made
using the CM probe. The solid line is the mearafge according to the manufacturers’
reference range, the dotted lines are +/- onewaaodgtandard deviations from the mean.
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Figure 4.6
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Early group changes in speed of sound over timevsiyp greatest percentage change in
infants with the lowest speed of sound at term. Tlosed circles represent each patient’s
increase in speed of sound in metres per second.
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Chpt 5 Maternal factors and infant bone health atbirth

Introduction

Maternal effects on the skeleton of her offspriregy e mediated by both genes and the in
utero environment. Maternal factors that have dacefon placental function and hormonal
factors influencing growth are likely to be impaontdor fetal bone development. A study of 50
mother-infant pairs showed that mothers deficiantiiamin D had babies deficient in vitamin
D, and that these infants had, relative to birtlghgi a lower whole body and femur bone
mineral content measured by DXA shortly after bi{z7). Besides the short term effect on
neonatal bone health, there is increasing evideheg the effect of the intrauterine
environment may persist into infancy and childhaodl perhaps even into adulthood. A
relationship between maternal vitamin D levels atel pregnancy and the offspring’'s
childhood BMC at 9 years old has recently been rilgeset (99). A genetic influence on peak
bone mass has been demonstrated however, curmegtigmarkers can explain only a small
proportion of the variation in individual bone massfracture risk (128) therefore it is likely
that early environment — genome interactions afle@ential in determining skeletal growth.
A possible interaction in the human growth hormgeae, with weight at one year and rate of

bone loss has also been recently reported (129).

There is no consistent pattern to changes in banerai content in pregnancy, with both bone
loss and bone gain reported in studies using DXASBA. Quantitative ultrasound has
advantages for use in pregnant women and the newdmpulation as it is radiation free and
portable. Recent studies using calcaneal quangtatitrasound in the pregnant mother point
to bone loss that is dependent on maternal lifestidt stores and seasonality of early
pregnancy (88). Two studies published in 2004 nreasamplitude dependent speed of sound

(AD-SOS) at the hand phalanges and found a deceeaess pregnancy, with no correlation

80



between fetal growth or newborn size with changesaternal AD-SOS.(89)To date, radial
SOS, measured by axial transmission, to assesgebam bone health during pregnancy has
not been studied. Furthermore, there are increasipgrts of maternal vitamin D deficiency
during pregnancy and it is unclear whether thergxaé vitamin D deficiency changes during
pregnancy and whether there is a relationship stwbanges in maternal vitamin D status or
bone health and that of the offspring.

Therefore, the following clinical study was desidrte assess bone QUS status of pregnant
women, to investigate the factors which influenaemal bone changes in pregnancy and the
interaction between maternal bone status and thhemoffspring. We also aimed to assess
vitamin D status of mothers and infants and exptbeelink between vitamin D status and

bone QUS measurements.

Materials and Methods

Sudy population

Pregnant women attending for their first visit kee tantenatal clinic of the Queen Mother’s
Hospital between May 2006 and January 2007 wertgaligi approached at the booking
hospital appointment and informed consent was oéthin 188 women for a bone health
study at booking and delivery, a further 22 womensented postnatally. Some of the women
who consented antenatally subsequently miscarrnektlovered still born infants. Information
was collected on milk intake, recalled birthweighistory of fracture, age, confirmed
gestation at booking, postcode, parity, time sitast pregnancy, medical history, current
medication, multivitamin intake and cigarette arldohol intake. Mothers who had been
smoking within the last 6 months were categorisedsmokers. These details of the study
participants are outlined in Table 5.1. Tpresence of gestational diabetes and hypertension,

as well as medication during pregnancy was prosmdgtrecorded from the case notes.
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Season at early pregnancy was divided into spnmtgsammer versus autumn and winter. A
deprivation score was calculated based on postoetieh were allocated a data zone score
from the 2006 Scottish Index of Multiple Deprivati¢130). The Scottish Index of Multiple
Deprivation (SIMD) identifies small area conceritas of multiple deprivation across
Scotland using indicators in 7 domains: currenbine, employment, health, education skills
and training, geographic access to services, hguand crime. The data zones scores are
attributed population weighted deciles of 1= |leegtrived to 10= most deprived. There is also
a record of which data zones contain the most depril5% of the population. For the
newborn infants, anthropometric data and detail$eeding were recorded. Infants had tibial
length and circumference measured. Tibial lengte maasured from the top of the knee to
the bottom of the heel with a calliper and at thelpuint of this measurement tibial

circumference was measured in centimetres usit@naard paper measuring tape.

SOS Measurement of Mothers

Out of a total of 210 women recruited into the gtutb7 had a radial speed of sound (SOS)
measurement at booking, and 113 out of these 1€¥ tedd a SOS following delivery at a
mean age of 2 days (SD 1 day.) In addition 12 womnmh a single postnatal measurement,
having missed the antenatal QUS. All SOS measuresmegre performed by a single operator
using the Sunlight Omnisense 7008Pscanner (Sunlight Medical, Israel) as described in
chapter 3. This is the same method used by Wemls @bd the result generated was converted

to a standard deviation score (age and sex matcisett) their published database (131).

SOS Measurement of Infants
Infants of all mothers participating in the studyere eligible for a single tibial SOS
measurement shortly after birth. One hundred aratyfive term infants (53 male) from 125
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mothers had QUS measurements at a mean of 2 dhySDI1 day.) Forty three infants were
born and discharged when the QUS operator was uablaThirty one preterm infants from
22 mothers had QUS measurements in the first wédikeoMedian gestational age was 30
weeks (18, 90" percentiles 27, 33) and median birthweight wasOg5@.060, 1966). SOS
was measured at the tibia using the Sunlight Omeis&000F" scanner (Sunlight Medical,

Israel) as described in chapter 3. Measurements made by one single operator.

Bone biochemistry

A sample of blood was only collected from thosedgtparticipants who were having other
samples collected for clinical reasons at the hagkiinic or around the time of delivery. An

aliquot of this sample was analysed immediatelystenum calcium, phosphate, albumin and
alkaline phosphatase. The remaining serum wasftbeen at -88C and stored for analysis of

25-hydroxy vitamin D (25VitD) and PTH. 25-hydroxytamin D levels were measured by
tandem mass spectrometry after solid phase exdraas described by Knox et al (132). Both
intra and inter- assay precisions are <10% overasay range for both 25-hydroxyvitamin

D3 and D2. Assay sensitivity for D3 was 5nmol/L d&adD2 7 nmol/L

Serum vitamin D3 level of <25nmol/l was considev@dmin D deficient, between 25 and 55
nmol/l was insufficient, and >55 nmol/l was consetesufficient. Intact parathyroid hormone
was analysed by solid phase two site chemilumimgsa@zyme-labelled immunometric assay
using the Immulite 2008' (Siemens Medical Solutions, 5210 Pacific Concoldsge, Los
Angeles, CA 90045-6900). Sensitivity was 0.3 pmahtl CV at 5.8 was 8.3% and at 33.8 was
9%. Sufficient samples were available to measuransecalcium, phosphate, albumin and
alkaline phosphatase in 151 and 49 women antepaall at delivery, respectively; for

25VitD, the respective figures were 140 and 42 wonfier PTH, the respective figures were
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122 and 33. Umbilical cord calcium, phosphate, ain alkaline phosphatase and vitamin D
was obtained in 45 infants, and was sufficientHdH in 28 infants. Blood was taken from the
umbilical vein immediately after delivery of theapknta and was stored and analysed in an
identical manner to the serum samples.

The study had approval from the hospital reseaticitsecommittee and all participants gave

written informed consent.

Statistical Analysis

Data analysis was carried out using Minitab Releb&é statistical software (Minitab Inc.)

and data were described as medians arj dtd 98 centiles. Correlation (Pearson’s)

methods were used to explore the determinants dermal SOS, infant SOS and the
relationship between these. Wilcoxon Signed Raeg&tstwere used to test for differences in
SOS SDS at the start and end of pregnancy. Mannn@ghiests, comparing medians, were
used to determine differences between groups. Fslexact test was used to compare
unpaired binary data. Significant factors in uniae analyses were entered into multiple
regression analysis. Significance was taken asOp<® sample size of 147 provided 95%

power to detect a 0.3 SD change.

Results

Maternal Vitamin D Satus

Vitamin D2 levels were undetectable (<7.5 nmolf) all women, including those who
reported the use of multivitamins. At booking, nsadiserum vitamin D3 (n, 140.) was
66nmol/l (24, 120) and median PTH (n, 122) was th@n (0.9, 4.6). Based on these Vitamin
D3 levels, 59% of mothers were vitamin D sufficie@®% were insufficient, 11% were
deficient at booking. At delivery, median serumawiin D3 (n, 42) was 26nmol/l (7, 63) and
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median PTH (n, 33) was 3.8nmol/l (1.4, 7.6). Basedthese Vitamin D3 levels, 19% of
mothers were sufficient, 31% insufficient, 50% defint. There was a significant difference
between Vitamin D3 levels at booking and delivepc{.001) (figure 5.1). PTH was
significantly higher at delivery (p<0.01). Media . vitamin D3 ratio was 0.027 (0.009,
0.13) antenatally, and increased significantly leliveéry 0.13 (0.03, 0.84) (p<0.005.) Serum
calcium and alkaline phosphatase levels were witinnormal reference range in all study
participants at all time points. Serum phosphatels were low at booking in 2 women and at

delivery in 4 women and ranged between 0.75 an2 i2i@ol/1.

Infant Vitamin D Status & Its Link To Maternal Status

Out of 110 infants, cord samples were availabld5nnfants for analysis. Median umbilical

cord vitamin D3 was 23nmol/l (7, 51). Umbilical dovitamin D levels were sufficient in 9%

of infants, insufficient in 44%, and deficient irv%. Although, there was no correlation
between maternal vitamin D at booking and umbilmadd vitamin D (r,0.1, NS), there was a
strong positive correlation between maternal vitamiat delivery and umbilical cord vitamin

D (r,0.7, p<0.001) (fig 5.2). PTH was <1.0 on 42 ou45 cord blood samples. The remaining
3 PTH levels were 1.7, 3 and 3.2, the maternal &sipr these 3 infants were insufficient in

2 samples, but the 1 result available was 25.6hifigest PTH of any woman at delivery.

Parity, Deprivation, Smoking Status and BMI and maternal/ infant Vitamin D

Women residing in an area of deprivation did novehaignificantly lower vitamin D
antenatally, postnatally or in umbilical cord, meads 69nmol/l (31, 101), 14nmol/l (8, 21),
and 25nmol/l (0, 40) respectively, compared to mesliof 61nmol/l (23, 123), 31nmol/l (7,
64), and 23nmol/l (3, 55) when women were not sidn the most deprived areas, ns.

Women who smoked cigarettes had slightly lowermitaD antenatally, postnatally and in
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umbilical cord samples, median 58 nmol/l (30, 949, nmol/l (14, 32), 15 nmol/l (5, 26)
respectively, compared to non smokers, 68 nmo#| (23), 27 nmol/l (7, 64) and 31 nmol/l
(7, 54), however this did not reach statisticahgigance. Obesity only had a significant effect
on antenatal vitamin D, a lower median of 46nm@8, 89) compared to 70nmol/l (25, 127)
in non obese women (p<0.005.). Higher PTH antelyatehs also found in obese women,
median 2.7 (1.6, 7.8) compared to 1.6 (0.9, 4.2y@émen with a normal BMI (p<0.005), but
not in smokers, median 1.9 (2.7, 17), comparedoto smokers, median 1.8 (1.4, 7.0) (NS).
Obesity had no significant effect on PTH: vitamii3 Batio, median 0.02 in women with
BMI<30, and 0.07 in obese women (NS). Also the PNi#amin D3 ratio was not
significantly different between smokers and non leens, median 0.113 and 0.14 respectively,

(NS).

Race, Head Coverings, Seasonality and maternal/ infant Vitamin D levels

At booking, median vitamin D levels in non-caucasfa, 18) and caucasian women (n, 122)
were 23nmol/l (7, 36) and 70nmol/l (32, 123), redpely (p=0.0000) (fig 5.1)South-asian
women with head coverings (n, 6) had the lowestrwih D levels at booking with a median
value of 18.5nmol/l (7, 30) and significantly lowdman the other women (n, 134), p=0.0003
(figure 5.1). Median vitamin D at delivery was lawa 10nmol/l (8, 16) in the non-caucasian
women (n, 3) compared to 27nmol/l (7, 63) in cawwamothers (n, 39) but this did not reach
significance (p=0.09{fig 5.1). Median umbilical vitamin D was 25nmo({, 53) in caucasian
infants. Only 2 infants of south-asian origin haddcvitamin D measured and they were both
undetectable. A significant association with seamot vitamin D levels was only evident for
maternal vitamin D levels at booking where the raediitamin D level, in mothers booking in
spring and summer median was 70nmol/l (30, 127)iareltumn and winter was 57nmol/l

(14, 98) (p=0.02). This association was not evidentmaternal vitamin D at delivery or
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umbilical cord vitamin D. At booking, median serddiH was 3.3 (1.5, 10) and 1.7 (0.9, 3.7)
in non-caucasian and caucasian women, respectjgely.001), and higher in those women
who kept their skin covered (n, 5) at median 3.3,(Z.7) compared to 1.8 (0.9, 4.5) in non
covered women (n, 117), p=0.01. PTH: vitamin D3oratas significantly higher at booking

in non caucasian women, median 0.3 (0, 0.7) thasautasian women, median 0.03 (0, 0.1)

(p=0.003). The ratiavas similar for covered and non covered women (NS).

Multivitamin Supplementation

Out of the 167 women, 19 (11%) were taking vitasupplements at booking. However, these
women as well as the rest of the cohort had untidikcvitamin D2 levels at booking and
delivery. These women did, however, have a higheamin D3 levels at booking with a
median value of 82nmol/l (67, 154) compared to ¢host on multivitamins with a median of
59 nmol/l (23, 120) (p= 0.01). There was no differe between the vitamin D levels of the
two groups at delivery and neither was there adbfice between the umbilical cord vitamin

D levels of the offspring of the two groups of marth

Maternal SOS

One hundred and sixty seven women, median ages3@$r 38) had a median antenatal SOS
measurement of 4147 m/s (3993, 4360) which condddea median SOS SDS of 0.0 (-1.4,
2.3) In 10 women, the SOS SDS was less than -Bdjral7 was greater than 2.0. There was
a strong significant correlation with age, r=0.4001, therefore all associations between
variables were tested using SOS SDS rather than &Q®s, to correct for age. Median
postnatal SOS in the mothers who had both an aalesad postnatal measurement (n=111),
was 4134m/s (3986, 4317) and median SOS SDS wag-0.0, 1.6) in the immediate
postnatal period. Median change in SOS SDS was2@®,(-1.6) across pregnancy (NS)
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Women who had a decrease in SOS SDS (n=56) hagh#icantly higher median SOS SDS
antenatally compared to those who had an increaSOIS SDS over pregnancy (n=57), 0.9

and -0.4 respectively, p<0.0001.

Infant SOS & Its Link To Maternal SOS

Median gestation of the infants was 40 weeks (38,ahd the median birthweight was 34509
(2867, 4122), length was 51cm (46, 55) and ocdimitaal circumference (OFC) was 35cm
(33, 36.6.) The median tibial SOS SDS at birth wag (-1.3, 0.6). Two infants had a SOS
which was below -2 SDS and no infant had a SOS 8DS§reater than 2. There was a
significant negative correlation between infant S&IES and birthweight, r,-0.3, p<0.005 , but
there was no correlation with length or OFC. Tilk&adgth and circumference was recorded in
96 infants, tibial circumference divided by tibi@ihgth had a median value of 0.86 (0.78,
0.94) so tibial circumference was most frequen®o8of tibial length. We used the tibial
circumference:length ratio as a proxy for the anmafirsoft tissue present in the lower leg; the
higher the ratio, the greater amount of soft tisgl@tive to leg length. There was a significant
negative correlation between SOS SDS and tibialuaiference:length, r= -0.2, p<0.05.
Neither maternal SOS SDS (antenatal and postnadalghange in maternal SOS SDS during
pregnancy correlated significantly with the SOS Sid®er offspring. Although the median
birthweight, head circumference and SOS SDS ofbidigies born to mothers who had an
increase in SOS SDS was similar to that of baboes tb mothers who showed a decrease, the

median length was greater at 52cm (47.5, 56) coedpiar 50cm (46, 53) (p<0.005).

Parity, Deprivation, Smoking Status and BMI and maternal/ infant SOS
Out of the 167 mothers, 27 (16%) lived within th&2d most deprived areas in Scotland as

categorised by the Scottish Index of Multiple Degtion (130). Median SOS SDS of women
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in this band was 0.3 (-1.2, 2.4) compared to 010(-2.3) for the rest of the cohort (NS). In
addition, change in SOS SDS during pregnancy, inB®dS SDS as well as all measures of
infant anthropometry were similar in the two grou@sit of the 167 mothers, 77 (46%)
women were primigravid. At booking, median SOS SIS -0.15(-2.0, 2.4 0 in these women
compared to 0.3(-1.3, 2.3) in parous women (ns)addition, change in SOS SDS during
pregnancy, infant SOS SDS as well as all measurasdant anthropometry were similar in
the two groups. The median SOS SDS in the 29 womtenwere smokers was -0.6 (-2.6, 2.2)
compared to 0.3 (-1.2, 2.4) in the 92 non-smokp«g).005. Postnatal SOS SDS was also
lower in smokers at -0.6 (-1.9, 1.1) compared ta smokers at 0.1 (-1.5, 1.7) (NS). The
median SOS SDS in infants of smokers was -0.78,(.5), compared to -0.3 (-1.3, 0.6) in
infants of non smokers (p<0.05) (Figure 5.3) Therere no significant differences in
birthweight, length or OFC between infants of smgkior non smoking women. Median
maternal BMI at booking was 25 (20, 32) and theas & significant negative correlation with
SOS SDS (r,-0.2, p<0.01) (Figure 5.4), There wasignificant relationship between BMI at

booking and change in SOS SDS during pregnananymeasure of infant anthropometry.

Race, Head Coverings, Seasonality and maternal/ infant SOS

In caucasian and non-caucasian women, median SGSaSbooking was similar at 0 (-1.4,
2.3) and 0.3 (-1.4, 1.7) respectively. Median cleamgSOS SDS from booking to post-natal
measurement pregnancy was 0 (-2.5, 1.8) in cautasid -0.2 (-2.3, 1.2) in non caucasian
women (NS). The median SOS SDS of a subgroup obfmenm of South-Asian origin who
wore head coverings for religious reasons was B5@4) and not significantly different
from the rest of the cohort. However, median chand@OS SDS in this group was -1.8 (-3.6,
-0.8) and this was significantly different from threedian change in SOS SDS in the rest of the
cohort of 0.05 (-2.4, 1.8) (p=0.000) (Figure 58edian SOS SDS at booking in spring and
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summer and in autumn and winter was 0.3 (-1.4, &) -0.1 (-1.4, 1.2) respectively (ns).
However, the mothers who booked in spring and sunshewed a median change in SOS
SDS of -0.3 (-2.5, 1.3) whereas the remainder sbaaveincrease of 0.35 (-1.7, 2.1) (p=0.02).
Season at booking had no significant associatiah wifant SOS SDS or anthropometry.
When smoking status, BMI and maternal covering weasered into a multiple linear
regression model for effect on antenatal SOS SDS dhctors remained significant and
explained 15% of the value. When the same facterg wntered for effect on change in SOS

SDS only maternal skin covering remained a sigaiftdactor (p=0.03).

Vitamin D and SOS

Women who were deficient in vitamin D at bookingllteamedian SOS SDS of -0.1 (-1.1, 1.5)
and 0.5 (-1.7, 1.1) at booking and delivery, retipely and this was similar to the mothers
who were not vitamin D deficient who had a medi&SSSDS of 0.05 (-1.4, 2.3) and -0.15 (-
1.7, 1.6) at booking and delivery, respectively JN$he median SOS SDS of those mothers
who were vitamin D deficient at delivery was 0.8.2; 1.7) and similar to the rest of the
cohort at -0.05 (-2.7, 0.9) (NS). Median SOS SD$minfant was 0.0 (-0.9, 0.4) when their
mothers were vitamin D deficient at booking and4-0-1.3, 0.6) when mothers were not
vitamin D deficient at booking (NS). Median SOS S@8s -0.6 (-1.6, 0.2) in those infants
whose mothers were deficient at delivery, and ¢L8, 0.6) in those whose mothers were not
deficient (NS). There was no relationship betweestemmal vitamin D or umbilical cord
vitamin D and infant SOS or infant siZe. addition, change in SOS SDS during pregnancy,
infant SOS SDS as well as all measures of infatlirapometry were similar in the two
groups. There was no correlation between antefated and maternal or infant SOS SDS.
However, there was a negative correlation betweatermal PTH at booking and infant birth

weight r,-0.2, p=0.04, and birth length r,-0.34,0802 (figure 5.6 and 5.7). At delivery,
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maternal PTH had no significant correlation with SGDS or infant anthropometry. The
PTH: vitamin D3 ratio did not correlate with antealaSOS SDS, postnatal SOS SDS or

change in SOS SDS.

Discussion

SOS is a promising measure of bone health in pregmamen. In our cohort, median SOS
SDS in early pregnancy was 0, which suggests thatstudy participants, women of child

bearing age, had normal bone health at the staheo$tudy. Our data would support current
evidence that bone is not usually lost during paegy and that the maternal skeleton is
protected while adaptive responses allow for adequaineralisation of the fetal skeleton

(133) This would seem to be the case in nutritignatequate and vitamin D sufficient

women.

Vitamin D deficiency in early pregnancy was almestlusively found in women of south
asian origin, the lowest values in those who weneered. PTH was also significantly higher
in these women. During the pregnancy, those sai#imanothers who kept their skin covered
had a reduction in SOS that was 17 times greatar tiie decrease in the caucasian and asian
mothers with more exposed skin, but interestintfigjr infants had normal SOS at birth. By
the end of pregnancy, vitamin D deficiency was @nésn both caucasian and non-caucasian
mothers. It was interesting to note that none ef thothers, even those who were taking
supplements had detectable Vitamin D2 suggestiagdarrent methods of supplementation
were inadequate. Caucasian women taking multivitasuapplementation had a slightly higher
serum vitamin D3 level in early pregnancy and ipassible that this may reflect lifestyle.

There was a trend towards a correlation betweeemltvitamin D at the end of pregnancy
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and SOS SDS, so it may be that there is a lag leetlwecoming vitamin D deficient and the

bone changes associated with it to be seen on QUS.

In our cohort the mothers who had a decrease in S@& during pregnancy started off with a
higher SOS SDS antenatally. This was a similarifigdo Sowers et al (134) who attributed it
to a greater bone mass giving more cancellous borfaces available for turnover. This may
indeed be the case as Shahtaheri et al (135) dématas fluctuations in cancellous bone
transilial biopsy specimens during pregnancy. Iriyepregnancy the quantity of cancellous
bone was lower than in controls, primarily due tegline in trabecular thickness, which was
entirely restored by term by addition of new trallae.

Pregnancy is a high oestrogen state that shoulough inhibition of osteoclasts recruitment
and activity, maintain bone mass. The observatioam direct association between the change
in maternal SOS SDS and the length of the offspigngtriguing. Women with an increase in
SOS SDS during pregnancy had larger babies whasten with a reduction in SOS SDS had
smaller babies. It, therefore, seems that the igesiffect on the maternal skeleton is mirrored

in the birth size.

Lifestyle factors which negatively affected bone S@DS were cigarette smoking and
obesity. The association between smoking and beaérwas particularly clear at booking,
the lower impact on postnatal bone health and witab status may have been due to a
reduction in the amount of cigarettes smoked whikegnant as well as other contributory
factors playing a more important contributory rale bone health during pregnancy. The
increased likelihood of vitamin D deficiency in @leewomen has been described before (136)

and our studies confirm the existence of this dafioa in pregnant women too. Whilst both
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smoking and obesity can be associated with socggrihtion, deprivation scores by

themselves did not show any association with S@f8nt size or vitamin D status.

In our unselected group of preterm infants medi@% SDS was -0.4, rather than the expected
0. It may be that there was a systematic errohérheasurement of SOS in these infants.
However this would be unlikely as the operator wias same as in our previous cross-
sectional study of term infants, also measuredtlshafter birth, and absolute values of SOS

were then found to be comparable to the manufat$uneference range.

In conclusion, vitamin D deficiency, smoking andestby may adversely affect the bone
health of women. Vitamin D deficiency is common pnegnancy and becomes more
pronounced during pregnancy, and south asian waresat particularly high risk. Whilst the

bone health of the fetus, as assessed by QUS deepesprotected, the vitamin D deficient
neonate is likely to be at risk of other sequellaeanly vitamin D deficiency. Women living in

Scotland should be supplemented with adequate asaidrvitamin D. There is a need to
study longer-term functional outcomes of vitamirdEficiency in pregnant women and their

offspring.
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Table 5.1

All Study Antenatal Group Postnatal Group No QUS
Participants n=167 n=34 n=9
n=210
median 10th,90th median 10th,90th median 10th,90th median 10th,90th
Age 31 21, 38 32 22,38 30 20, 38 31 26, 38
BMmI? 24 20, 32 25 20, 32 23 20, 32 24 21,27
SIMD 5 1,10 5 1,10 6 1,10 2 1,9
decil&
15% most yes 40 27 11 2
Deprived g 170 140 23 7
Race caucasian 188 146 34 8
asian 16 15 0 1
other 6 6 0 0
Smoking yes 45 29 13 3
no 162 138 18 6
Alcohol none 64 53 0 4
pre- 9 106 26 5
pregnancy
during 137 8 1 0
pregnancy
Parity primigravid 102 77 22 3
parous 108 90 12 6
Season spring 36 29 7 0
early summer 71 63 6 2
pregnancy autumn 64 45 12 7
winter 39 30 9 0
Vit D vyes 20 19 1 0
suppl no 190 148 33 9
Milk <0.5 80 7 0
intake pint/day
>0.5 60 8 0
pint/day
unsure 27 19 9
Childhood vyes 34 1 0
fracture no 130 27 0
unsure 3 6 9

Table 5.1 Characteristics of Study Participants

1- BMI, body mass index, 2- SIMD decile, Scottiskdéx Multiple Deprivation decile score
(124), 3- 15% most deprived, in the 15% most degtiarea of Scottish population according
to the SIMD (124).
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Table 5.2

Lifestyle FactorsDemographics N Median SOSSDS  10™ 90" cenites P Value
Cigarette Smoking
Y 29 -0.50 -2.26,0.72  <0.005
N 138 0.20 -1.24,2.31
BMI >30
Y 30 -0.10 -2.1,1.94 0.13
N 133 0.10 -1.29,2.4
Multivitamins
Y 19 -0.20 -1.0, 3.60 0.99
N 148 0.10 -1.40, 1.96
Resident In Deprived Area
Y 27 0.30 -1.14,1.94 0.42
N 139 0.00 -1.41, 2.05
Parous
Y 90 -0.05 -1.21, 1.99 0.65
N 77 0.10 -1.78, 2.16
Season of early pregnancy
Autumn/winter 76 -0.1 -1.41,1.24 0.12
Spring/summer 91 0.3 -1.35, 2.58
Childhood fracture
Y 34 -0.40 -1.35,1.87 0.25
N 130 0.15 -1.40, 2.29
Low milk intake
Y 80 0.30 -1.21,2.08 0.15
N 60 -0.10 -1.78,2.11
Race
Non caucasian 21 0.30 -1.36, 1.69 0.97
Caucasian 146 0.00 -1.41, 2.32
Covered skin
Y 8 0.95 -1.49, 3.11 0.38
N 159 0.00 -1.41, 2.08

Table 5.2Demographics and Lifestyle factors And SOS SDEarly Pregnancy

All values are medians
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Table 5.3

Lifestyle N Booking centiles p Delivery centiles p SOSs centiles p
Factors/Demographics SOSSDS value SOSSDS value SDS value
Change

Cigarette Smoking

Y 21 -0.6 -2.6,2.2 0.001 -0.6 -19,1.1 0.06 0.3 -1.1,1.8 0.16

N 92 0.3 -1.2,2.4 0.1 -1.5,1.7 -0.05 -24,1.
BMI >30

Y 22 0.1 -2.0,20 03 -0.35 -1.8,1.6 0.31 0.25 -2515 0.79

N 87 -0.5,25 0.10 -1.4,1.6 0.00 -2.4,1.9
Multivitamins

Y 13 -0.2 -0.9,21 045 -0.2 -1.1,1.7 0.92 0 2225 0.62

N 100 0.2 -1.8,2.3 0.05 -1.7,1.6 0 -25,1.6
Resident In Deprived
Area

Y 22 0.35 -1.2,24  0.69 -0.35 -1.1,1.9 1.00 .050 -3.3,1.6 0.1

N 91 0.0 -1.9,2.3 0.1 -1.6,1.5 0.0 -2.3,1.8
Parous

Y 57 0.3 -1.3,2.3 0.08 0.50 -1.6,1.9 0.10 01 -29,18 0.83

N 56 -0.15 -2.0,2.4 -0.2 -1.5,0.9 -0.1 -3,
Season at Booking

Autumn/winter 48 -1.5 -1.7,2.0 0.06 0.1 -1.8,1 0.36 0.35 -1.7,2.1 0.02

Spring/summer 65 0.4 -1.6,2.6 -0.2 -1.7,1.6 -0.3 -25,1.3
Childhood fracture

Y 27 0 -1.3,2.3 0.88 0 -2.1,1.8 0.88 0.00 29 0.89

N 83 0.1 -1.7,2.4 0.1 -1.5,15 -0.1 -2.4,1.8
Low milk intake

Y 60 0.3 -1.1,25 0.18 0.2 -1.4,15 0.88 -0.1 -24,15 031

N 34 -0.05 -2.1,2.2 0.1 -1.7,1.6 0.4 -29,1.
Race

Non caucasian 13 0.4 -1.0,1.9 0.61 0.8 -165,10.44 -0.2 -2.3,1.2 057

Caucasian 100 0.05 -1.8,2.4 0.00 -1.5,1.6 00 0. -2.5,1.8
Covered skin

Y 5 1.5 0.3,4.3 0.05 0.8 -1.8,1.2 0.75 -1.8 -3.6,- 0.000

0.8
N 108 O -1.8,2.3 0 -1.6,1.6 0.05 -2.4,1.8

Table 5.3Demographics and Lifestyle factors And Change@8SSDS Across Pregnancy
All values are medians
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Table 5.4

Lifestyle N SOS centiles pvalue N Birth centiles pvalue N Length centiles pvalue N OFC centiles p value
Factors’'Demographics SDS weight
Cigarette Smoking
Y 20 - -1.8,0.5 0.04 27 3500 2955,4381 0.75 18 50.5 47,55.7 0.71 27 35 24,3 0.78
0.75
N 90 -03 -1.3,06 126 3435 2910,4160 97 51 47547 117 35 33,36.6
BMI >30
Y 21  -03 -16,04 0.93 28 3610 2982,4408 0.65 18 51 47.756.6 1.0 25 35 33.5,37 0.50
N 86 -04 -1.3,05 122 3435 2888,4145 94 51 46.9,55 116 35 33,36
Multivitamins
Y 13 -05 -1.3,07 0.70 17 3490 2872,4348 0.33 13 52 48.9,56 0.50 14 355 3537 0.04
N 97 -0.4 -1.1,0.1 136 3448 2917,4049 102 51 46.7,54.3 130 34.7 33,36
Resident In _Deprived
Area
Y 21 -04 -11,01 0.90 26 3268 2920,3810 0.07 15 53 46.3,54.4 0.56 24 35 32.7,35.7 0.93
N 89 -04 -1.4.07 127 3495 2910,4194 100 51 47,55 120 35 33,36.5
Parous
Y 54 -03 -13,05 0.33 84 3515 2930,4135 0.14 64 51 47,56.4 0.84 78 349 334,36.6 0.47
N 56 - -1.4,0.8 69 3370 2884,4176 51 51 47.2,53 66 35 2.8,36
0.55
Season of early
pregnancy
Autumn/winter 47 -0.3  -1.1,09 0.37 66 3435 1@@305 0.31 46 51 47.255.6 0.67 62 348 325,36.59 0
Spring/summer 63 -04 -15,05 87 3470 300334 69 51 47,054.8 82 35 33,37
Childhood fracture
Y 26 -05 -12,04 0.39 32 3500 2957,4082 0.76 22 50.8 47,52.5 0.22 29 35 32.8,36 0.60
N 82 -0.4 -1.4,0.8 119 3450 2911,4179 91 51 47,56 113 35 33,36.5
Low milk intake
Y 60 -04 -13,09 0.99 75 3440 2814,4133 0.99 56 51 47.5,54 0.57 69 35 32.5,36.4 0.63
N 32 - -1.3,0.4 55 3445 2920,4180 40 51 46.1,56.6 53 .53433,36.6
0.25
Race
Non caucasian 13 -0.1  -0.7,04 0.15 19 3125 34393 0.007 16 505 46,53 0.2 19 34 33,35.5 0.03
Caucasian 97 -0.4 -1.4,0.7 134 3495 2961,4183 99 51 47,55.4 125 35 33,36.5
Covered skin
Y 5 0.0 -1.3,03 0.67 8 3128 3002,3327 0.09 8495 458519 0.26 8 34 33,34.6 0.09
N 105 -04 -1.3,0.7 145 3480 2908,4175 1071 5 47,55 136 35 33,36.5

Table 5.4Demographics and Maternal Lifestyle Factors Ants@ring SOS SDS /Growth

All values are medians
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Figure 5.1
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Boxplot showing vitamin D3 levels across pregnaimccaucasian and non caucasian
women, and in their offspring. The boxes represkatinterquartile range, with the
median marked as a straight line, and outliersnzaieked as diamonds. The asterisks
show a statistical difference at p<0.05
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Figure 5.2
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Figure 5.3

*
5.0+ ‘ .
2.5 $
*
N
2 | 3
(%))
3
A 0.0+
_2.5_ ‘ ‘
*
-5.0- T T T T T T
non-smokers smokers non-smokers smokers non-smokers smokers
AN SOS SDS PN SOS SDS infant SOS SDS

This box plot shows antenatal speed of sound stdndaviation score (AN SOS SDS),

postnatal speed of sound standard deviation s€eSOS SDS) and infant speed of sound
SDS (infant SOS SDS) in smoking and non-smokingherst The boxes represent the
interquartile range with the median marked as aigitt line, and the outliers marked as
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Antenatal SOS SDS

Figure 5.4
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Figure 5.5
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This box plot shows the change in speed of sousabsrd deviation score (SOS SDS) across
pregnancy, in women who kept their skin covered aothen who did not. The median is
represented by a horizontal line, the boxes exterttie interquartile range and the diamond
shapes are the outliers.
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Figure 5.6
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Figure 5.7
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Chapter 6  Passive exercise as an intervention fomproving bone health in preterm

infants

Introduction

Skeletal growth is driven by functional requirengenBoth spontaneous movement and
exercise has been related to changes in bone spsednd (SOS) (55;58). The mechanostat
theory of a functional model of bone developmenmjgasts that bone cell action is coordinated
by the mechanical requirements of the bone; ans thn be modified by influencing muscle
force or longitudinal bone growth (51). Minimal liimg of preterm infants is becoming
routine in neonatal units, and may contribute &® shboptimal bone mineralisation of these
infants by lack of muscle stimulation. Moyer-Mile(#i6) enrolled preterm infants aged 2 to 4
weeks old to a physical activity programme consgstof range of motion exercises with
gentle compression, extension and flexion of bgipen and lower limbs. Each movement was
done 5 times at each joint five times each weed,tha infants receiving this had at the end of
the study period (when they had reached a weighfkgf) a higher mean radial BMC
measured by SPA compared to controls. The samagahygtivity programme was repeated
in 2000 (57)and the infants then assessed by DK#ants in the exercise group had larger
forearm bone area, but there were no differencésrearm BMC or BMD when compared to
the control group. This study group had DXA andhampometry followed up at 12 months
corrected age and there were no differences detdmtveen the intervention and control
groups. Litmanovitz et al (58) used the same egerprotocol designed by Moyer-Mileur but
started the physical activity when the infants wenenediately cardiovascularly stable and
continued for only 4 weeks. Over this 4 weeks theas an attenuation in the decrease in bone
speed of sound measured by QUS in the infantsuwiagephysical activity. So, the optimum

timing, frequency and duration of exercise remaianswered questions. There are currently
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no studies which have reported on both the shaltlanger term effects of passive exercise
(e.g. on neurodevelopment) in preterm infants. Ay@othesis that the intervention of passive
exercise in preterm neonates will safely improveirtioone health will be evaluated in this

clinical study.

Materials and Methods

Sudy Population

Following approval from the Local Research Ethiasnnittee, 31 preterm infants were
recruited (13 female) were recruited during thaqeeMay 2006 to February 2007 from the
neonatal unit in the Queen Mother’s Hospital, GtasgOne infant was transferred back to his
district general hospital at 3 weeks old and wasefore excluded from further analysis. The
study group included 7 sets of twins (4 same d9drdian gestational age was 30 weeks"(10
90" percentiles 27, 33) and median birthweight wasO#54L060, 1966). There were no
significant differences in gestation or size attblvsetween infants in the early exercise group
and those in the late exercise group (Table 6.butiRe clinical and anthropometric data,
including details of respiratory complications asetum biochemistry were collected. Median
duration of total parenteral nutrition (TPN) foetlwvhole study group was 6 days (1.9, 16). As
3 of the infants were discharged at 3 weeks olt da nutritional intake over the first 3
weeks of life was analysed, with average daily ioal¢ phosphate, and calorie intake
calculated over this period. Once discharged frasplial the infants were followed up in the
out patient clinic, and data on growth, feedingcfure, presence of skeletal deformities and

neurodevelopmental progress was recorded.

A group of previously studied (ref- chapter 4 iedls) were used as historical controls. Each

study infant was paired with 2 different gestatinatched historical controls, (therefore some
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of the historical controls were used more than ptmeompare SOS SDS and serum alkaline
phosphatase only. There had been no significantggsain newborn care in the neonatal unit
in the time between studies, eg the same TPN @Bpas were used across both study

periods.

SOS Measurement of Infants

SOS was measured at the tibia using the Sunlighhi@mse 7000® scanner (Sunlight
Medical, Israel) as described in chapter 3. Weekbasurements were made by one single
operator (HM) in the neonatal unit unless the ibfaas too unstable to tolerate the procedure,
or if access to the tibia was difficult, e.g. besawf intravenous cannulation. Measurements

were also performed at each out-patient clinia ¥@lowing hospital discharge.

Passive exer cise protocol

Range of motion passive exercises of upper andrlévwds were performed as previously
described by Moyer-Mileur (57). Flexion and extemsmovements with gentle compression
at the ankle, knee, hip, wrist, elbow and showdere done five times at each joint five times
each week. Infants were randomised by computeithereearly’ or ‘late’ exercise protocol.
A random number was generated by computer for esmtjuential patient, odd random
numbers were allocated to ‘early’ exercise, ancheaadom numbers were allocated to ‘late.’
Early exercise was started as soon as the infastoaediovascularly stable. Late exercise
commenced once the infant was on 100kcal/kg/dayitif feeds. No stratification was made
for twins due to the small numbers in the studythBexercise protocols involved 5 minutes of
exercise 5 times a week until hospital dischargeeréises were performed by HM in all
infants. There were 14 infants in the early groliexcluded infant was randomised to early

group) and 16 in the late group. The infants in ¢hdy group started the range of motion
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protocol at a median of day 5 (3, 7), and the tataup day 11 (6, 17), and in both groups

continued until discharge. Table 6.1 shows theadtaristics of infants in each group.

Satistical Analysis

The data were summarised as medians afican@l 98' percentiles. Wilcoxon Signed Ranks

test was used to test for differences in SOS SDBeastart and end of the study period. Mann
Whitney U tests were used to determine differermsseen groups. Fisher's exact test was
used to compare unpaired binary data. Pearsonrslabon method was used to analyse the
associations between SOS SDS and other continuaniabies. Data analysis was performed

with Minitab Release 14.1 statistical software (N&h Inc.).

Results

Initial SOSSDS

In the ‘early’ group median SOS at the enrolmerth®study was 2986 m/s (100" centiles
2864, 3098) and SOS SDS was 0.4 (-0.8, 1.3.) Tlas similar to the ‘late’ group, with

median SOS 2982m/s (2874, 3086) and SOS SDS 044(-D.3) ns.

SOS SDSat end of the study

Median age at discharge was 42 days (24, 69) irdnky group and 46 days (23, 110) in the
late group. There was a significant fall in SOS S&n study enrolment to hospital
discharge in both groups; median change was -2.24--0.44) in the ‘early’ group and -0.8
(-3.8, -0.25) in the ‘late’ group (both p=0.001)Y{&ie 6.1). Median SOS SDS at discharge was
not significantly different between groups -0.6.2-2-0.1) and —1.05 (-1.95, -0.3) in the early

and late groups respectively (ns). In both groulneset were significant correlations between
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SOS SDS at discharge and both gestation at bidha&so birthweight r=0.57, p=0.001, and

r=0.6, p=0.000 respectively, figure 6.2.

Inpatient Nutrition and Growth

Median duration of TPN was 7 days (3, 8) in thdyegroup, and 5 days (1, 16) in the late
group, which was not significantly different. Oviédre first 3 weeks of life average daily
intakes of calcium, phosphate and calories diddiider significantly between groups; 1.94
mmol/kg/day (1.31, 3), 1.55 mmol/kg/day (1.15, 2,5[712 kcal/kg/day (94, 118) in the early
group and 2.02 mmol/kg/day (1.31, 4.2), 1.47mmdtay (1.12, 3.12), 104 kcal/kg/day (86,
129) in the late group (ns). Weight at 3 weeks gé avere similar between groups, 1703g
(1263, 2235), and 1650g (1160, 2441) in the eanly late groups respectively (ns.) Weight
gain over the first 3 weeks were also comparaBig (73, 425) in the early group and 115g
(30, 327) in the late group (ns) In the early gr&MPS SDS at 3 weeks was -0.6 (-1.1, 0.18),
which was a median change of -0.8 (-1.46, -0.1infthe start of the study, compared to -0.5
(-1.4, 0.3) and -0.65 (-1.25, -0.2) in the lateugrons. There was no significant correlation
between SOS SDS at 3 weeks and daily calcium, piadsmr calorie intake over that period.
However there was a significant positive correlatietween SOS SDS change to discharge
and both calcium and calorie intake over the f8stveeks, r=0.54, p=0.018, and r=0.57,
p=0.011 respectively (figures 6.3 and 6.4). Theatation between SOS SDS until discharge
and phosphate intake over the first 3 weeks camsgecio statistical significance, r=0.42,
p=0.07 (figure 6.3). There was no significant claien between average daily weight gain

until discharge and SOS SDS.
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Serum Biochemistry

Median serum alkaline phosphatase (ALP) at diséhamgs not significantly different
between groups, 327 iu/l (294, 509) and 278 iud6(1496) in the early and late groups
respectively. There was also no significant diffexe between groups in the lowest serum
phosphate or calcium during the study period, 1.8#in(l.05, 1.87) and 1.97mmol/l (1.85,
2.1) in the early group compared to 1.59mmol/I8)B96) and 1.93mmol/l (1.67, 2.26) in the
late group. The reference range in our laboratorysérum phosphate is 1.5 -2.6 mmol/l, and
calcium is 2.2 — 2.7 mmol/l. There was a significaagative correlation between change in
SOS SDS in both groups and serum ALP at discharg@,7, p=0.000 (figure 6.5). There was
also a positive correlation in all infants betweée@S SDS until discharge and both lowest
serum phosphate and also serum calcium, r=0.48008Gnd r=0.55, p=0.002, respectively
(figure 6.6) Three infants in the early group aniefants in the late group had a combination
of high serum ALP with a concurrently low serum pploate, suggestive of OP. These infants
were significantly more preterm ( median gestalil®nweeks compared to 32 weeks), lighter
at birth (median birthweight 1290g compared to 1j0énd had a greater decrease in SOS
SDS (median -1.7 compared to -0.8) than the infasittsout that combination of biochemical

changes.

Complications of Prematurity

There were no significant differences in duratiémespiratory support between the different
exercise groups, in the early group median daysenofilation were 0 (0,2) and CPAP were 1
(0, 4) compared to 1 (0,13) and 1.5 (0, 19) (nke mumber of episodes of proven sepsis were
also similar, 0 (0, 0.7) and 0 (0, 1.5) in the yanhd late groups respectively. The rate of
intraventricular haemorrhage (IVH) and periventidculeukomalacia (PVL) were also not

significantly different between groups; 2 infantsthe early group had an IVH (1 unilateral
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grade 1, 1 bilateral grade 3) compared to 5 inldke group (3 unilateral grade 1, 1 bilateral
grade 3, 1 bilateral grade 3/4), and 1 infant feanh group developed PVL. Two infants from
the early group developed chronic lung disease paned to 3 infants from the late group, No
infant from either group developed retinopathy oématurity. One infant from the early

group and 2 infants from the late group had a pe&nst ductus arteriosus. No infant developed
a conjugated hyperbilirubinaemia and there werefractures noted during the neonatal

period.

Post discharge growth, bone status and neur odevel opment.

Twenty six out of the thirty one infants were folled up in the out patient clinic at a median
age of 12 months (4, 24.) There was no differenagaight, length or OFC, corrected for age,
between infants who received the early exerciséopob or the late exercise protocol. SOS
SDS was 0.1 (-1.3, 1.7) in the infants from theyegroup, and 0.5 (-0.6, 1.0) in the late
group, ns. One infant from the early group deveatbpest haemorrhagic hydrocephalus, two
infants from the late group developed a unilatberhiplegia, one following PVL, the other
secondary to a middle cerebral artery infarct whias likely to have happened antenatally.
Two infants from the late group still needed homggen at 9 months CGA, one of these
infants also had sensorineural deafness. No infastfound to have a fracture or any skeletal
deformity. Fourteen infants were seen as out patiefmen they had all reached a corrected
gestational age of 2 years; no infant had a newegddpmental abnormality, all having reached
motor and communication milestones appropriatéteir age. (The 2 infants with hemiplegia

and deafness were not seen at 2 years.)
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Comparison with historical control group

Median initial SOS SDS was 0 (-0.4, 1.1) and 0.%(-Q.1) in the controls for the early and
late group respectively, this was not significardifferent from the early and late exercise
infants. Median change in SOS SDS was -1.4 (-B.35) in the early controls, compared to -
1.1 in the early exercise infants (ns). In the @etrols median change in SOS SDS was -1.58
(-2.2, -0.85) which was a larger decrease over tiompared to the late exercise group,
(median -0.8); the difference was almost statillficagnificant at p=0.06. Median serum ALP
at discharge was significantly higher in both cohgroups, 4721U/l (315, 678) compared to

the early exercise infants (p=0.04) and late exertifants (p=0.0008.)

Discussion

There was no difference in bone SOS in infants vdoeived a physical activity intervention
starting once immediately cardiovascularly stabtestarting when established on 100kcal/day
enteral feeds, and neither intervention conferredl@enefit compared to a group of historical

controls.

The same exercise protocol which improved bone ralisation in the Moyer-Mileur

studies(56;57) did not have any impact on bone SDS in our study infants. As SOS should
increase with gestational age, the attenuation bsolate SOS from the same exercise
intervention as shown by Litmanovitz et al (58),ulebstill result in a decrease in SOS SDS,
however this would be of a smaller magnitude thawur study group. It is likely that our

infants did not respond to the physical activitfemention because of suboptimal mineral
intake. Daily calcium and phosphate was marginb#iow that recommended for very low
birthweight infants (17;137), and was substantikdiyer than the daily intake of infants in the

Moyer-Mileur study. Infants in both the former sieslreceived fortified EBM, whereas our
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infants did not. Calorie intake was similar in aofants and the infants in the aforementioned

studies, and similarly exercise had no significzffect on weight gain.

The correlation between SOS SDS at discharge athdrameral and calorie intake reinforces
the importance of striving for the best possibl&itian in preterm infants. As observed in our
earlier studies (119) the most preterm infants thedlargest negative change in SOS SDS
from birth to discharge, and they are the group wbse the greatest challenge in provision of
good nutrition. Trying to improve bone health byalnging immobility using a physical
exercise programme appears less effective in thgepce of suboptimal intake of calcium and
phosphate. However, there was an effect on serkatirs¢ phosphate at the end of the study,
interestingly ALP was lower in infants who receivglilysical activity compared to the group
of historical controls, perhaps reflecting a pesiteffect of exercise on bone turnover, with
reduced bone resorption at hospital discharge. filaig be important in the risk of subsequent

fracture and long term growth.

This is the first study to look at complicationsdamedium term outcomes of a physical
activity programme. A recent Cochrane review on éffects of exercise in preterm infants

(138) concluded that the current data were inadequeaassess the possibility that exercise
may be harmful. There were no fractures or skeldghbrmities found on follow up of our

study group. Growth and bone strength assessedJS/Were neither negatively affected nor
improved by having either of the physical activityotocols during the neonatal period. Our
study has many limitations, particularly the snmalmbers involved, and the large proportion
of twins and greater numbers would be needed tabksh the safety of passive exercises in

this population.
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Our data raises the possibility that nutritionalake may modify the effect of physical

activity. There was no difference in outcomes betwexercise that started early or late. The
optimal physical activity programme for pretermanfs remains undetermined and there is a
need to explore the interaction between nutritiostdtus and exercise. Future studies
including comparison between intervention groupsl aontemporaneous controls are

required.
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Table 6.1

Gestation
Birthweight
Weight discharge
OFC' birth

OFC discharge
Initial SOS

SOS discharge
Initial SOS SDS

SOS SDS discharge-0.6

Days of exercise
Age at discharge
Days ventilation
Days CPAP
Days TPN
Incident$

Sepsis episodes
Serum P@
Serum calcium
Serum ALP

N° infants CLO
NCinfants IVH
N° infants PVL°
N° infants ROP?

Early  Group Late Group
Median 10" 90" centiles Median 10", 90" centiles P value
30 27.4, 33 31.5 27.5, 33 0.89
1525 1126, 2002 1560 985, 2255 0.77
2510 2042, 3220 2525 2058, 3215 84 0.
29.5 26.5, 30.5 30 26.8, 32.3 0.24
32.6 32.1, 34.7 34.7 33.3, 36.8 0.06
2986 2864, 3098 2982 2874, 3086
2932 2785, 3038 2900 2826, 2992
0.4 -0.8, 1.3 0.1 -0.55, 1.3 0.43
-2.2,-0.1 -1.0 -1.95, -0.3 0.68
24 14, 38 21 10, 50 0.90
42 24, 69 45 22.5, 110 0.79
0 0,2 1 0,13 0.25
1 0,4 1.5 0,19 0.53
6.5 3.3,8 45 0.5,6 0.50
0.1 0,14 0.1 0, 0.7 0.81
0 0, 0.7 0 0,15 0.31
1.7 1.05, 1.87 1.59 0.98. 1.96 0.69
1.97 1.85, 2.1 1.93 1.67, 2.23 0.60
327 239, 509 278 186, 496 0.42
2 3
2 5
1 1
0 0

Table 6.1 Characteristics of Early and Late Groups

1- OFC, occipitofrontal circumference , 2- CPAPntouous positive airways pressure, 3-
TPN, total parenteral nutrition, 4- Incidents, nenlof episodes of apnoea, bradycardia or
desaturation, 5- P serum phosphate, 6- ALP, serum total alkalinesphatase, 7- CLD,

chronic lung disease, oxygen dependent after 3&ksveerrected gestational age, 8- IVH,
intraventricular haemorrhage, 9- PVL, periventr&culeukomalacia, 10- ROP, retinopathy of

prematurity.
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Figure 6.1
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Change in SDS score from hirth to discharge/term C&
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The boxplot shows change in SOS SDS from starintb @ study period. The straight line
represents the median, and the whiskers show teeqirartile range. The diamond shape
represents an outlier.
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Figure 6.2
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The closed circles represent each infants chan§©® SDS from start to the end of the study
period.
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Figure 6.3
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The black circles represent values for each pagiecttange in SOS SDS until hospital
discharge plotted by average daily calcium intakenfl/kg/day) over the first 3 weeks of life.
The black squares represent values for each patiehainge in SOS SDS until hospital
discharge plotted by average daily phosphate inbake the first 3 weeks of life.
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Figure 6.4
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The closed circles represent each patient’'s chan@OS SDS from start of the study until

hospital discharge plotted by their average calioigke (kg/kg/day) over the first 3 weeks of
life.
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Figure 6.5
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The closed circles represent each patient’s chan§©S SDS until hospital discharge plotted
with their serum alkaline phosphatase (ALP, iuflhespital discharge.
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Figure 6.6
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The closed circles represent each patient’'s chem§©S SDS until hospital discharge plotted
against their lowest serum calcium during the nedneriod (mmol/l.)
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Chapter 7 Conclusions and Future Directions

Conclusion

The work of this thesis establishes quantitativeeasbund as a useful technique in the
assessment of infant bone health. It is a radiafiee tool which provides precise and
reproducible measurements in both term and pretefants. The pattern of speed of sound
changes in a neonatal population was assessedhamdised to assess the effect of a clinical
intervention.

In agreement with a small number of other studiedaund that preterm infants have a lower
speed of sound at birth compared to term infamqsepd of sound increases with increasing
gestation while in utero. By including infants where both appropriately grown and small
for gestational age we found maturity to be a miarportant factor in bone strength than
birthweight. In infants born before 32 weeks speédound decreases from birth to term
corrected gestational age, this decline was largeshe sickest, most preterm infants but
occurred in all study infants. The low SOS closéeton CGA coincides with the peak time for
fractures secondary to osteopenia of prematuritgmRerm to 2 years CGA tibial speed of
sound in preterm infants increases rapidly, eximgian catch up phenomenon which, in the
majority, produced SOS values in the normal rangé months CGA. This trajectory of SOS
is similar to bone changes demonstrated in pretefamts using SPA and DXA(37-43), and
reflects the common clinical course of neonatalebdisease due to osteopenia of prematurity.
Despite the apparent self limiting nature of osteo@ of prematurity an intervention to
improve neonatal bone health is still desirableprvent fractures which occur in up to 10%
of cases (29;31) and to prevent long term effentgrowth (45-47;50). Passive exercise has
been used successfully in a few studies (56-58)nfmove bone health in the short term in
preterm infants, however those studies lacked mébion on benefits and harm in the longer

term. Optimal duration and timing of exercise remsainclear; our study of an ‘early’ versus
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‘late’ physical activity programme was designedetplore the benefit versus harm of extra
handling of preterm infants at the earliest oppatiu (when cardiovascularly stable)
compared to the same passive exercises when tgtsnivere older but had a better mineral
supply. In both groups there was a significantifatbOS from birth to hospital discharge, of a
similar magnitude to gestation matched historicaitols. There was no significant difference
between the exercise groups in SOS to dischargamnseone biochemistry and growth. It is
likely that suboptimal mineral intake in our studyants affected the response to the physical
activity programme. The changes in SOS SDS coaelstrongly with early nutritional intake
of phosphate, calcium and kilocalories. Our resghlallenge conclusions from previous
studies that physical activity alone can improvenatal bone health. No significant adverse
effects occurred secondary to physical activityimyithe neonatal period or in the first year of
life. There were two main drawbacks to the stutlg, §mall numbers of infants recruited, and
the limitation of the technique of quantitativerafound. Recruitment to the cross-sectional
and interventional studies of preterm infants viaét¢d due to smaller than expected numbers
of preterm infants being delivered at the recrgito@entre. It is possible that the small sample
size of our study may have underestimated either énefits of exercise or associated
complications. Larger studies are needed to ddfeteer the role of passive exercise in the
neonatal period. QUS is reported to measure bod#htgtive bone properties, such as bone
mineralization, and quantitative properties suchcaedical thickness, elasticity and micro
architecture (71-74) but exact correlations arealear at present. In adults, QUS predicts
clinical fractures independent of BMD (75;76), libts has not yet been demonstrated in
children and infants. Therefore there is currenttyrole for quantitative ultrasound in routine
clinical practice in neonatology.

In the west of Scotland vitamin D deficiency is ¢oon in pregnancy, and women of south
asian origin are at particularly high risk. SOSswermal in most women at the start of
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pregnancy, even those with risk factors for adversee health. It is likely that osteomalacia is
not seen immediately upon vitamin D becoming defiti and therefore changes in SOS may
take some time to evolve and may not be seen dirgpar at delivery depending on the
duration and severity of vitamin D deficiendyerm fetuses appear relatively protected and at
birth have normal bone strength. There may be dkomt consequences relating to calcium
metabolism in the vitamin D deficient neonate. &matand term infants may be susceptible to
the effect of programming; therefore there are md#dy longer term effects on the
cardiovascular system, risk of cancer and boneadeseVitamin D supplementation should be

given to pregnant women, particularly those at higk.

124



Future Directions

‘Imagination is more important than knowledge. &ile knowledge defines all we currently

know and understand, imagination points to all wghtyet discover and create’ (Albert

Einstein)

There are unanswered questions in the currenatites which stem from my project

What is the relationship between QUS measuremertsriak of fracture in preterm
infants?

There is a need to define the true incidence oftdra in preterm infants via a
prospective study. A multicentre study which aelyv screened for fractures at
discharge would be desirable.

What is the optimal physical activity programme iftfiants born prematurely?

Larger randomised controlled studies of physicdivag in neonates are needed to
determine an optimal exercise regimen, which mestdnsidered alongside mineral
and nutrient supply. Follow up for at least 2 yearsuld be desirable. The role of
genetic influences such as the vitamin D recepteritsmfurther investigation within
the infant population and could be done easily mibitical cord blood.

How many infants and children will present withnatial consequences of vitamin D
deficiency in Scotland, and what are the longanteutcomes of women and children
with vitamin D deficiency?

Future studies should focus on functional outcoofedatamin D deficiency; this was
outwith the scope of this thesis. A national sul@ece programme of infants and
children presenting with vitamin D deficiency witing follow up would be needed to

provide accurate information. As there is the poétrfor vitamin D deficiency to
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affect many systems longitudinal evaluation of bdwalth, growth, cardiovascular

system and occurrence of malignancy would be nacgss
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Photograph 1

Photograph 2

Photographs 1 and 2 show a tibial quantitativeastiund scan being done on a preterm
infant.
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Photograph 3

Photographs 3 and 4 show preterm infants recepasgive exercises.
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