Chapter 12
Nutritional Requirements for Fetal and Neonatal Bone
Health and Development

Stephanie A. Atkinson and Dilisha Rodrigopulle

Key Points

* Emerging evidence suggests that in pregnancy maternal body composition, diet quality, specific
nutrient intake such as vitamin D, calcium and folate, and lifestyle factors such as smoking and
exercise may have moderating influences on fetal and child bone development through “develop-
mental programming” mechanisms.

» Specific nutrient needs for fetal skeletal development are currently based on estimates of intrauter-
ine accretion of bone derived from fetal body composition analysis or cross-sectional analysis of
preterm infant bone mass at birth but do not account for fetal programming effects.

» Estimates of nutrient needs for skeletal development in premature are higher than for term born
infants. For premature infants, delivery of adequate nutrition during early neonatal life to attain
intrauterine accretion of bone minerals varies with infant size (appropriate compared to small for
gestational age), type of feeding (breast milk compared to formula) and exposure to steroid drugs,
but is seldom achieved by term corrected age.

» Future research is required to define maternal nutrition and lifestyle factors in pregnancy and in early
infancy in the context of genetic, epigenetic and metabolic factors that will optimize fetal and child
skeletal development, achievement of peak bone mass and protect against osteoporosis in later life.

Keywords Developmental origins * Pregnancy nutrition * Fetal bone ¢ Neonatal bone * Infant nutri-
tion * Bone mineral content ® Dual energy X-ray absorptiometry

12.1 Introduction

The trajectory for bone mineral deposition through the stages of fetal and infant development is
becoming better defined as data emerge on whole-body and regional analysis of bone mineral content
(BMC) using dual-energy X-ray absorptiometry (DXA). Previously, knowledge of fetal accretion of
nutrients was based on analysis of the chemical composition of fetal and neonatal bodies [1], and
more recently for minerals by neutron activation analysis [2]. Accretion of nutrients after birth was
derived primarily from metabolic balance studies that yielded retention of mineral. Beginning in the
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early 1980s, BMC of the radius or humerus using single-photon absorptiometry (SPA) was possible
to quantitate in small premature infants. Analysis of whole-body BMC by DXA was facilitated by
availability of size-specific software beginning in the 1990s, allowing DXA to be validated as a tool
[3, 4] for estimating bone, lean, and fat mass in small infants. All three sources of information—fetal
tissue analysis, metabolic balance studies, and estimation of BMC by DXA—have contributed to the
determination of recommended intakes of minerals and vitamin D to support healthy bone growth. In
addition to nutrients, early skeletal development is dependent on genetics, an appropriate endocrine
environment including parathyroid hormone (PTH), 1,25-dihydroxycholecalciferol, growth hormone
(GH), insulin and insulin-like growth factors (IGFs), as well as physical activity. The integration of
these factors is important to skeletal development per se and also the response of such factors to influ-
ences in the environment of the growing fetus and child.

12.2 Determinants of Fetal and Infant Bone

12.2.1 Developmental Programming

Observational studies have demonstrated a strong correlation between parental and offspring BMC
and bone mineral density (BMD) [5, 6]. Evidence from twin and family studies suggest that the
genetic contribution to BMD is between 60 and 90 % [7]. Some skeletal sites are shown to have a
higher degree of heritable contribution than others, with the greatest degree of association being the
head [7]. However, it is now acknowledged that environmental exposures during fetal and early life
may give rise to epigenetic processes that result in developmental “plasticity or the ability of a single
genotype to give rise to several phenotypes” [8].

The concept of “developmental programming” embraces the theory that metabolic events during
critical time periods of antenatal and postnatal development have moderating effects on later health.
Findings from human epidemiological and animal studies support a role for the interaction of gene
variants with exposures during pregnancy such as maternal nutrition and other lifestyle variables to
influence the programming of fetal, neonatal, and adult bone outcomes [8—11]. Maternal obesity on
entering pregnancy has been linked to bone outcomes in the offspring in some but not all studies. In a
multivariable regression analysis of 7,121 children at a mean age of 9.9 years, maternal prepregnancy
body mass index (BMI) was positively associated with offspring total bone less head (TBLH) BMC
and BMD, and spine BMC and BMD [12]. In contrast, maternal weight and gestational weight gain
were inversely related to cord blood concentrations of bone formation markers such as osteocalcin
and bone specific alkaline phosphatase [13]. Thus, further investigation is needed into the link between
maternal weight and offspring bone health, especially in terms of adiposity hormones such as leptin.

In observational studies, a relationship was documented between maternal intake of dairy foods dur-
ing pregnancy and a positive impact on bone mass in offspring between 6 and 16 years [14—16]. Not only
fetal/infant bone mass but bone size (length) is influenced by maternal diet. In adolescent mothers, con-
sumption of less than 2 dairy servings per day during pregnancy was associated with shorter fetal femur
length at 20-34 weeks gestation [17]. Fetal femur and humerus length and infant birth length were sig-
nificantly greater in adolescent mothers whose calcium intake was >1,050 mg/day, especially when
vitamin D status was low (<50 nmol/L) [18]. To date, only one RCT in a small sample (N=36) investi-
gated the effect of dairy product supplementation on BMD and bone turn-over in pregnant women in
China with habitual low calcium intake [19]. A beneficial effect of milk supplementation during preg-
nancy was demonstrated for bone mass density at the spine and on suppression of bone resorption [19].

Exposure to individual nutrients may also be important to programming of bone in utero. Given the
role of folate in methylation processes, a known mechanism of gene silencing, it is not surprising that
folate status of women in pregnancy has been associated with indicators of bone programming in the
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offspring. In the Avon Longitudinal Study of Parents and Children (ALSPAC) birth cohort study [20],
maternal dietary intake of folate was significantly associated with BMD and areal BMC of the spine
sub-region at 9 years of age. An association of the maternal MTHFR genotype with the same bone
measures was also observed at age 9 years [20].

Maternal vitamin D insufficiency in pregnancy impairs placental calcium transport, thus reducing
the trajectory of intrauterine bone accrual [21, 22]. This may occur via vitamin D-induced upregula-
tion of placental mRNA expression of PMCA isoforms 1-4, which predict neonatal bone mineral
content independent of other key maternal related variables [23]. In observational studies, vitamin D
deficiency in women during pregnancy is a risk factor for vitamin D deficiency in the newborn infant
[24], reduced intra-uterine long bone growth [25], lower bone mass at birth [26, 27], lower fetal long-
bone growth [28], neonatal rickets [29], and significantly lower whole body bone mineral content
(BMC), as well as lower lumbar spine BMC at 9 years of age [30]. Fetuses of vitamin D deficient
mothers had a pattern of femoral growth that resembled childhood rickets as measured by 3D ultra-
sound at 19 weeks of gestation [28]. Programming of fetal bone in relation to maternal vitamin D
status in pregnancy may also operate via gene methylation since vitamin D plays a regulatory role in
the transcription of DNA methyltransferase enzymes.

Maternal dietary intake of calcium during pregnancy was demonstrated to influence fetal bone
mineral accretion. For women with low dietary Ca intakes (<600 mg/day), a supplement of 2 g of
calcium from before 22 weeks of gestation resulted in higher BMC of the total body in infants born at
term [31]. In a prospective study in humans, higher first trimester maternal intakes of protein, calcium,
and phosphorus were associated with higher childhood (6 year) bone mass, while higher carbohydrate
intake was associated with lower bone mass [32]. The amount of dietary fat may also be important
since an animal study found that after 14 weeks, pups of mothers fed a high fat diet had higher tra-
becular and cortical bone area [33].

Bone outcomes in the child may also be predicted by fetal growth velocity at specific phases of
intrauterine development. Using data from a large (n=628 mother—child pairs) prospective cohort,
Harvey et al. [34] demonstrated that early pregnancy abdominal circumference growth defined as
11-19 weeks of gestation, was a stronger determinant of whole body bone area and bone mineral
content at 4 years of age while late pregnancy growth defined as 19-34 weeks was more strongly
associated with bone mass at birth.

The concept of fetal/neonatal programming of bone status is supported by knowledge of several
candidate genes that may explain the genetic basis of adult bone mass such as the vitamin D receptor
(VDR) [25], the gene encoding for type 1 collagen and the gene for estrogen receptor [35]. Intrauterine
exposure to specific nutritional imbalances may operate via fetal “programming” of candidate endo-
crine systems that influence skeletal metabolism such as the growth hormone/IGF-1 axis. Cord
IGF-1 in term infants was positively associated with whole body bone mineral content of newborn
infants but was independent of other proven influences on neonatal bone mass such as maternal body
composition and physical activity or birth weight [35].

The genetic variants responsible for BMD variation are beginning to be identified. To date, 66 BMD
loci have been identified through candidate gene and genome-wide association studies, confirming the
highly polygenic nature of BMD variation [36-38]. These BMD loci have been mostly identified in adult
general populations, and their impact on maintenance of BMD post-delivery has yet to be studied.

Other non-dietary factors related to maternal lifestyle such as, smoking, breast feeding and physi-
cal activity were identified as determinants of fetal/infant bone status in a population-based cohort
study. Infants born at term whose mothers smoked during pregnancy had significantly lower (by
11 %) whole-body BMC than infants of nonsmokers [39]. However, the impact of maternal smoking
on bone status of the offspring may not be sustained. In 415 infants in Southern Tasmania who were
followed from pregnancy to 16 years of age, maternal smoking was associated with lower bone mass
at 8 years but by 16 years there was no effect on bone mass at any site or incidence of fractures [40].
In the latter study, breastfeeding was associated a benefit of 2—-3 % higher BMD of the whole body
and hip and about a 30 % reduction in fracture risk after adjustment for confounders [40].
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Maternal physical exercise is generally promoted during pregnancy and may benefit fetal bone
outcomes, although the ideal intensity, duration and type of exercise to achieve a benefit to child bone
health are not well prescribed. Maternal thinness as reflected in low triceps skin fold thickness and
more frequent and vigorous activity in late pregnancy were also associated with a lower BMC in the
infants [39]. Further, analysis by this group reinforced these observations, showing that in a sample of
841 mother—baby pairs lower walking speed in late pregnancy and higher skin fold thickness in moth-
ers during pregnancy were positive predictors of greater neonatal whole body bone and BMC [10].
These maternal predictors of newborn bone mass were independent of placental weight and thus not
likely a result of reduced placental delivery of nutrients. However, intrauterine growth restriction lead-
ing to small infant size at birth may also be an important marker of ultimate skeletal development,
since birth weight is a recognized predictor of bone mass in later life [41, 42].

12.3 Nutrient Needs for Fetal Skeletal Development

Deposition of the key essential minerals for fetal bone development—calcium (Ca), phosphorus (P),
and magnesium (Mg)—occurs predominantly in the third trimester of pregnancy, during which
approximately 80 % of the mineral of the infant born at term is accrued in the skeleton [43]. A mater-
nal source of vitamin D appears to be important for the transplacental transfer of Ca (and presumably
P) to the fetus, and the synthesis of the active metabolite (1,25-dihydroxyvitamin D) that functions in
this transport role appears to occur not only in maternal tissues but also in placental tissue and the fetal
kidney (reviewed in [21, 44]). After birth, infants are dependent on a normal circulating concentration
of 25-hydroxyvitamin D to produce the active metabolite.

12.3.1 Estimates of Intrauterine Accretion of Bone Minerals

Biochemical analysis of body composition of aborted fetuses or infants dying shortly after birth have
formed the basis of estimations of accretion of nutrients in the third trimester of pregnancy [1, 43, 45].
From the compositional data, and using weight growth curves of more recent studies, mineral accre-
tion over the period of 24—36 weeks of gestation was estimated to be 90-120 mg/kg fetal body weight/
day for Ca, and possibly higher from 36 to 38 weeks of gestation, which is the time of peak fetal
accretion of bone mineral [45]. During this intrauterine growth period, P is deposited in amounts of
about 60-75 mg/kg/day and Mg is deposited in amounts of about 2.5-3.4 mg/kg/day [45]. The exact
amount of maternal vitamin D intake required to optimize fetal bone accretion is unknown. The
25-hydroxyvitamin D accumulates in the fetus and serum concentrations at term birth will reflect
maternal vitamin D status, race (African-American being lower than Caucasian), and season of the
year [46]. In preterm infants, cord blood concentration of this vitamin D metabolite is variable, with
some lower and some higher than the normal reference range (50-215 pmol/L) [47].

12.3.2 Accretion of Bone as a Measure of Calcium Needs During Fetal Life

In vivo intrauterine estimates of fetal bone mineral accretion have not been measured even with DXA
technology, due to the small exposure to radiation (of the order of 0.3 mrem per scan). Instead, estimates
of BMC at sequential gestational ages have been inferred from cross-sectional measures in preterm
infants taken shortly after birth using DXA. For example, in a cross-sectional study of German infants
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born at a gestational age of 2542 weeks, lumbar spine BMC increased 5.5-fold and mid-humerus BMC
increased 2.4-fold over the first year of life [48]. In a similar cross-sectional study of US infants [49],
accretion of Ca in utero in the third trimester of pregnancy was estimated to be 23.2+35 g (mean+SD),
assuming that bone mineral contains 32.2 % Ca. Reference intrauterine values for BMC in Belgian
infants were converted to Ca content of bone and found to compare favorably with the Ca content mea-
sured by chemical analysis or with neutron activation analysis [50].

12.3.3 Maternal Nutrition in Pregnancy to Support
Nutrient Accretion of Fetal Bone

In pregnancy, maternal vitamin D status is critical to the vitamin D status of the infant at birth and may
even program for bone development in childhood. Recommended intakes of vitamin D in pregnancy
vary between reports. While the Dietary Reference Intakes from the Institute of Medicine in
Washington, DC and Health Canada [51], recommend 600 IU vitamin D day (same amount as for
nonpregnant women), the Canadian Pediatric Society recommends 2,000 IU/day [52]. For the preven-
tion of vitamin D deficiency in pregnancy, the American Endocrine Society recommends at least
600 IU/day of vitamin D and states that at least 1,500-2,000 IU/day of vitamin D may be needed to
maintain a blood level of 25(OH)D above 30 ng/ml (75 nmol/L) [53]. The latter states that “pregnant
women are at high risk for vitamin D deficiency” and that “daily doses of 600 IU vitamin D do not
prevent deficiency in pregnant women” [53]. However, claims of “pandemic” or high prevalence of
vitamin D deficiency in pregnant and lactating women [52, 53] are not founded on population-based
surveys but rather cite literature primarily from Afro-American and Aboriginal groups. The higher
recommendations for vitamin D intake in pregnancy are difficult to reconcile based on scientific evi-
dence [54]. In pregnancy, absorption of calcium doubles owing to doubling of the synthesis of the
active metabolite 1,25-dihydroxyvitamin D via a non-parathyroid hormone mechanism that upregu-
lates renal 1-alpha-hydroxylase enzyme [21].

To date, evidence to support higher intakes of vitamin D in pregnancy have relied on a single ran-
domized clinical trial in which 494 women were randomized in early pregnancy to vitamin D supple-
ments of 400, 2,000 or 4,000 IU per day and 350 women were followed to term birth [55]. For the
groups receiving 2,000-4,000 IU/day, >80 % of subjects achieved a serum 250HD of >80 nmol/L and
both maternal and cord blood 250HD was significantly higher than for the group randomized to
400 IU/day vitamin D [55]. No adverse effects were reported for hypercalcemia or hypocalcemia,
hypercalciuria or parathyroid hormone level [55]. However, the higher vitamin D status was not
reported to benefit clinical outcomes of infant growth (including birth weight which was similar
across vitamin D supplement groups) or bone size or bone mass; nor was there any association of
vitamin D status with outcomes of pregnancy comorbidities [56]. These findings support data from a
previous study in 125 Gambian women who all achieved serum vitamin D in pregnancy >50 nmol/L
[57]. No differences in birth weight, infant length, whole body, or radius bone measures by DXA at
1 year of age were observed between groups whose mothers had vitamin D status during pregnancy
above or below 80 nmol/L [57]. Thus, the need to achieve vitamin D status in pregnancy over
80 nmol/L in order to optimize bone size and mass outcomes in the offspring does not seem warranted
based on existing evidence. In addition, there is no evidence that increasing the vitamin D content of
breast milk by super dosing the mother produces sufficient transfer of vitamin D to the infant to main-
tain a normal vitamin D status unless the mother consumes >6,400 [U/day for >6 months [58]. At
maternal intakes of 2,000 IU vitamin D/day for 3 months during lactation, milk vitamin D rose only
moderately (from 40 to 70 IU/L) and no effect was observed on vitamin D status of the nursing infant [58].
Thus, recommendations for vitamin D intakes beyond the 600 IU/day in pregnant and lactating
women do not appear warranted. A prudent approach is to follow current guidelines of directly sup-
plementing the infant with 400 IU/day of vitamin D [51] rather than super dosing the mother.
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Table 12.1 Comparison of nutrient recommendations by various groups for mineral and vitamin
D intakes of premature infants

Preterm infants— Preterm infants— Preterm infants—
US [59] Europe [60] Tsang et al. [61]
Calcium, mg/day 115-220 120-140 160-220
Phosphorus, mg/day 75-140 65-90 78-118
Vitamin D, IU/day 200-400 800-1,000 400

12.4 Nutrient Needs for Skeletal Development in Premature Infants

Recommendations for nutrient intakes for premature infants vary among international sources.
A comparison of current recommendations for the bone nutrients—calcium, phosphorus, and vitamin
D—for premature infants by the American Academy of Pediatrics in the United States [59], the
European Society for Pediatric Gastroenterology, Hepatology and Nutrition [60], and a global con-
sensus [61] is shown in Table 12.1. The recommendations are provided as a range of values reflecting
the fact that not all preterm infants are the same and nutrient needs will vary depending of stage of
prematurity, size at birth (small versus appropriate for gestational age), and rate of growth.

For vitamin D, the European recommendation is more than twice that of the North American
sources. The rationale for this discrepancy is not clear in their report [60]. Premature infants are at risk
of poor vitamin D status due to low nutrient stores at birth, low content of vitamin D in human milk
and prolonged hospitalization, which prevents endogenous production of vitamin D [47]. For preterm
infants or very low birth weight preterm infants, there are three randomized trials supporting the posi-
tion that 400 IU per day is sufficient supplemental vitamin D for both short term [about 3 months
[47]], and long term (9-11 years) normal bone health [62, 63]. After discharge from hospital, prema-
ture infants should receive vitamin D supplements as recommended for term infants.

Premature infants fed premature formula or expressed breast milk fortified with human milk forti-
fiers that have vitamin D added require a vitamin D supplement until they are being fed at least 300—
400 ml/day, depending on the product being used. This volume of formula or fortified expressed
breast milk is the amount that would supply 400 IU/day of vitamin D. There are few situations where
calcium supplementation of infants is indicated. Preterm infants have higher calcium requirements
than term infants and preterm formulas and human milk fortifiers are accordingly fortified with added
calcium. There is no evidence to indicate, once term corrected age is reached, that higher amounts of
calcium need be provided as a supplement.

12.5 Nutrient Needs for Skeletal Development in Term-Born Infants

The most recent nutrient-based recommendations for mineral and vitamin D intakes are those of the
Food and Nutrition Board, Institute of Medicine (IOM) [51, 64], which are intended for use by
Americans and Canadians (Table 12.2). For infants, the recommended intakes are intended for term-
born, healthy, breast-fed infants who are considered the model for normal infant growth.

For vitamin D, setting an Al could not be based on the content of human milk as it contains only
marginal amounts of vitamin D. An Al for vitamin D of 400 IU/day was set for infants from O to
12 months, based on this intake being associated with maintenance of serum 25-hydroxyvitamin D
above 30 nmol/L and likely closer to 50 nmol/L, which represent a vitamin D status that is above that
usually associated with clinical rickets in infants. The revised Al for vitamin D of 400 IU/day for
infants now set by the Institute of Medicine was previously established by the Canadian Pediatric
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Table 12.2 Dietary Reference Intakes for minerals calcium,
phosphorus, magnesium, and fluoride for infants [51, 64]

Nutrient 0—6 months 7-12 months
Calcium

Al (mg/day) 200 260
UL ND ND
Phosphorus

Al (mg/day) 100 275
UL ND ND
Magnesium

Al (mg/day) 30 75
UL ND ND
Fluoride

Al (mg/day) 0.01 0.5
UL (mg/day) 0.7 0.9

Al Adequate Intake, ND not determinable due to lack of data
of adverse effects in infants, RDA Recommended Dietary
Allowance, UL upper limit

Society [52] and the American Academy of Pediatrics [65]. For breast-fed infants to meet the Al of
400 IU of vitamin D/day they must be provided with a vitamin D supplement. For formula-fed infants,
intake of nearly 1,000 ml/day is required to achieve the Al for vitamin D since infant formulas in
North America are regulated to contain 400 IU/L of liquid formula.

The DRIs for calcium, phosphorus and magnesium for infants were based on the content of human
milk to derive an estimated average intake (Al) for age 0—6 months and with the addition of intake
from complementary foods for age 7—12 months. For calcium, the values reflect those provided in the
revised DRI report for Calcium and Vitamin D [51]. The Al value of 200 mg/day for breast-fed infants
from O to 6 months was substantiated by considering that average calcium absorption in infants is
around 60 % thus yielding retention of calcium of 120 mg/day, a value about 20 % higher than the
estimated accretion of calcium for an infant of about 100 mg/day. For infants 6—12 months of age,
recent data on calcium intakes from solid foods for formula fed infants was used to add to the intake
from breast milk to yield an Al of 260 mg/day. For fluoride, intake from human milk was the reference
for the first 6 months only. After 6 months, the Al for fluoride was set at 0.05 mg/kg/day and adjusted
to a reference weight for age, based on the well-documented evidence of the benefit of fluoride intake
for the prevention of dental caries (Table 12.2).

12.6 Infants at Risk of Bone Abnormalities due to Nutritional
Deficiency/Excess

Sub-optimal bone mineralization still exists in certain infant groups despite widespread recommenda-
tions of supplementation with vitamin D. In a survey of rickets by the Canadian Pediatric Society
[29], 104 documented of infants with rickets (at a mean age of 1.4 years, range 2 weeks—6.3 years)
were identified and associated with vitamin D deficiency. The primary cause was attributed to 94 %
of the cases of rickets having been or currently being breast fed, most with no vitamin D supplements.
Another causative factor may have exposure to maternal subclinical vitamin D deficiency in utero. As
demonstrated in this Canadian surveillance of rickets [29], subclinical maternal vitamin D deficiency
was likely since 79 % of mothers did not drink milk during pregnancy and only 12.5 % had taken a
supplement with vitamin D. Another key risk factor identified was dark skin colour since 33 % of
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infants were Afro-American, 24 % were First Nations or Inuit, 14 % were middle Eastern with only
10 % Caucasian and living in the north (the Territories and Nunavut), Thus, a key issue is not that
400 IU/day vitamin D is not adequate for pregnant women or infants but rather that compliance with
taking that recommended amount of vitamin D was almost non-existent [29]. Clearly, the lack of
compliance with current recommendations for breast-fed infants to receive 400 IU vitamin D/day
from birth is a key issue that needs to be addressed through improved education by health
professionals.

In some situations, the recommendation of 400 IU vitamin D per day may not be adequate in the
following subgroups of infants: infants born to mothers with sub-clinical or overt vitamin D defi-
ciency due to inadequate placental transfer of vitamin D in utero to build the infant body stores of
250H-D [29]; infants with liver or renal disease or malabsorption syndromes [66—68]; obese infants
due to possible sequestration of vitamin D metabolites in the excess adipose [69]; or those with inter-
mediate or dark skin, who avoid exposure to sun or who cover the majority of their skin outside the
home [70]. Such infants may require greater than 400 IU vitamin D per day but intake should not be
in excess of the Upper Level (UL) set by the DRI of 1,000 IU/day for infants to 6 months and 1,500 U/
day for infants 612 months [51]. For infants living in northern communities (above 40° north), espe-
cially those with intermediate or dark skin colour, the Canadian Pediatric Society Nutrition Committee
supports the recommendation to supplement term infants with 400 [U/day of vitamin D, but further
recommends that infants living in the far north be supplemented with 800 IU/day of vitamin D [52].
However, this recommendation is not based on clinical trial evidence. Rather, risk of vitamin D defi-
ciency has been implied from observational studies in regional communities such as in the Winnipeg
area in Aboriginal populations [71].

12.7 Bone Mineral Content in Term and Preterm Infants

Term infants: In term infants, accretion of bone mass in the whole body measured by DXA over the
first year of life follows the pattern shown in Fig. 12.1. Longitudinal measures of whole-body bone
mineral content (WBBMC) in term-born infants demonstrated that BMC increases by 2.5-3.6-fold
over the first year of life [72, 73]. Based on reports of DXA measures of body composition in term
infants, Koo [74] estimated that BMC increased by 400 % during infancy while body weight increased
by 330 %. However, body weight appears to be the strongest determinant of BMC in growing healthy
infants [50, 75]. The independent influence of diet—such as vitamin D or mineral intake or dietary
practice of breast feeding compared to formula feeding—on bone mineral accretion in infancy has
been addressed in a few studies.

Whole-body BMC in breast-fed term infants has consistently been observed to be lower than in
formula-fed infants [73, 75]. In one study [73], a significantly lower BMC was observed at 3 and
6 months of age in breast-fed infants (average milk Ca and P of 300 and 150 mg/L) compared to those
fed formula containing moderate amounts of Ca and P (510 and 390 mg/L) but not low Ca and P (430
and 220 mg/L). However, from 6 to 12 months of age, the previously breast-fed infants were fed for-
mula with moderate or high (1,350 mg Ca and 900 mg P/L) mineral content now demonstrated a
greater rate of accretion of BMC (81161 mg/6 months) than the infants fed formula in the first
6 months (73+15 and 71+ 15 mg/6 months). As a result, by 12 months of age there were no differ-
ences in whole-body BMC between feeding groups. If infants were breast-fed beyond 6 months, a
lower whole-body BMC than formula-fed infants was maintained to 12 months of age, but such dif-
ferences were not apparent by 2 years of age [75]. A lower intake of protein and macrominerals from
exclusive feeding with breast milk compared to standard infant formulas is the likely explanation for
observed variations in growth patterns in early life [75]. Taken together, the available studies indicate
that slower accretion of bone mass in early life may represent the biological norm and is not predictive
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Fig.12.1 Pattern of whole-body bone mineral content (WBBMC) accretion by DXA in Canadian term born infants fed
standard term formula from birth to 1 year is shown in hatched lines (mean+2 SD). The solid green lines indicate the
pattern of change in WBBMC in preterm infants of different birth weight categories and feeding regimens after hospital
discharge: filled circle Low birth weight (birth weight=1,154 g, N=24) and breast fed to 6 months and then some term
formula to 12 months; filled square Low birth weight (birth weight=1,029 g, N=22) and fed term formula to 12 months;
filled triangle very low birth weight (birth weight=866 g, N=18) and fed term formula (Data provided by S Atkinson)

of lower ultimate bone mass in early childhood. It remains to be determined whether differences in
patterns of skeletal accretion of bone mineral in fetal and early life influences subsequent metabolic
programming of growth and final adult bone mass.

Preterm infants: In utero, the fetus experiences the greatest deposition of calcium and phosphorus
into bone during the third trimester of pregnancy, peaking between 32 and 34 weeks of gestation [1,
43]. Thus, preterm infants are born with lower bone mass compared to term born infants. The short-
term impact of early nutrition (while in hospital) on whole-body measures of BMC at term-adjusted
age have been evaluated in relation to feeding of fortified mother’s milk compared to preterm formu-
las. In some studies in infants less than 1,500 g birth weight and gestational age less than 32 weeks,
no differences in whole-body BMC were observed at or near term age between those fed fortified
mother’s milk or preterm formula in hospital [76, 77]. But the mean BMC of the preterm infants was
lower than —1 SD from the mean value for the term infants [76, 77]. In preterm infants of larger birth
weight (<1,750 g), feeding of preterm formula compared to fortified human milk for 3 weeks resulted
in higher whole-body BMC at 37 weeks gestational age [78]. However, BMC related to bone area or
to body weight were similar between the feeding groups and represented about a —2 z-score compared
to term-born reference infants [78]. Taken together, the reported studies provide evidence that bone
mineral deposition equivalent to that which occurs in utero in the third trimester of pregnancy is not
achieved by term age in infants born prematurely, despite the many advances in the delivery of nutri-
ents in early life in this population.

Some of the observed differences in BMC at term age between reported studies may relate to dif-
ferences in birth size, particularly if the population studied included infants of extremely LBW or
small for gestational age [79]. As published previously [80], mean values for whole-body BMC at term-
corrected age for preterm infants of varying birth weight and in-hospital feeding regimens fall below
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(<—1.5 SD) that of term reference infants (see values at term age in Fig. 12.1). Mean absolute BMC
for preterm infants who were appropriate for gestational age (AGA) at term-corrected age was
16-30 % lower, and for those who were small for gestational age (SGA) was 36 % lower than BMC
in term-born infants [80]. Since most preterm infants are smaller in both weight and length at term-
corrected age than term-born infants, BMC values were expressed as a function of weight or length.
Compared to a whole-body BMC for body weight of 20+2 g/kg for term infants, SGA infants
(17+3 g/kg) and AGA infants (17 +2 g/kg) had lower bone mass at term-corrected age [80]. Expressed
as a function of length, BMC g/cm was 1.5+0.2, 1.0+0.3, and 1.1+0.2 for the term, preterm SGA,
and preterm AGA infants, respectively [80]. Thus, even with correction for body size, the premature
infants did not attain a bone mass comparable to term infants at birth.

The impact of mineral fortification of mother’s milk or specialized formulas for preterm infants in
early life during hospitalization on accretion of bone mineral measured by bone densitometry has
been inconsistent. In a systematic review [81], the effectiveness of multicomponent fortification of
human milk on the promotion of growth and bone mineralization in preterm infants was evaluated.
Ten trials (N=596 infants) were included in the analysis, which represented random or quasi-random
allocation to supplementation of human milk with multiple nutrients or no supplementation within a
nursery setting. Unfortunately, only half of the reported trials measured BMC, and there was incon-
sistency in the use of radial or whole-body measures of bone. The main results of the review showed
that BMC was increased by nutrient fortification of formula. However, in four of five studies in which
BMC was measured, there were no statistical differences between control and treatment groups.
A meta-analysis of BMC measures from the 5 studies (in which one study contributed 59 of 79
infants) showed a positive effect on BMC of fortification of mother’s milk with a human milk fortifier
(weighted mean difference [WMD] 8.3 mg/cm, 95 % confidence interval (CI) 3.8-12.8 mg/cm) [81].
Plasma alkaline phosphatase, a marker of bone turnover, was not different between treatment groups.

Physical activity, in particular weight-bearing exercise, positively influences bone mass accretion
even in preterm infants in early neonatal life as measured using SPA [82] or DXA [83]. Using quan-
titative ultrasound of the tibia early (about 2 weeks postnatal), intervention with brief daily passive
range of motion exercise reduced the usually observed postnatal decline in tibial speed of sound
(SOS) measures [84]. The interactive effects of diet and physical activity on accretion of bone mass is
just beginning to be addressed in young children [85], but in preterm infants they remain to be
elucidated.

The expected time for “catch-up” growth and bone accretion and the nutrients needed to support
skeletal development in preterm infants are not well defined. Longitudinal measures of whole-body
BMC from term date to 1 year corrected age demonstrated that prematurely born infants [86, 87]
experience an increase in BMC of 3.6—4-fold from term corrected age to 12 months, similar to that of
term-born infants [80]. However, the velocity of accretion of BMC and capacity for catch-up bone
mineral accretion (that which crosses centile or standard deviation lines) in the whole body of preterm
infants appears to vary with birth size and nutritional management over the first year of life (Fig. 12.1).
By 12 months corrected age, “catch-up” in BMC to above —1 SD was achieved only in infants of mean
birth weight over 1,000 g who were AGA (Fig. 12.1). Those infants who were SGA or of ELBW had
whole-body BMC at 12 months corrected age between —2 and —1 SD compared to term-born refer-
ence infants (Fig. 12.1). Breast-fed premature infants who received more than 60 % of milk intake as
breast milk, had lower WBBMC at 3 and 6 months corrected age when compared to formula-fed term
infants but by 12 months corrected age their BMC was similar to the formula—fed preterm infants,
albeit still below the mean value for term born formula-fed infants (Fig. 12.2).

Catch-up in bone accretion in preterm infants following discharge from hospital was proposed as
a benefit of feeding nutrient-fortified formulas. In two randomized trials of a dietary intervention to
3 months corrected age, nutrient-enriched formula that included supplemental dietary protein, Ca, and
P after hospital discharge had a positive immediate benefit to BMC when the intervention was
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Fig. 12.2 Whole-body bone mineral content by DXA in prematurely born infants fed primarily mother’s breast milk or
standard term formula. The Breastfeeding Group of preterm infants was fed fortified human milk in hospital and
received >60 % of feeding as mother’s milk after hospital discharge (N =27, birth weight=1,187+232 g, gestational age
at birth=29+3 weeks). The Formula Group of premature infants was fed standard term infant formula (FF) from hos-
pital discharge to 1 year corrected age (N=26, birth weight=1,068+328 g, gestational age at birth=29+3 weeks).
NOTE: At 3 and 6 months of age, BMC for the Formula Group was significantly greater than Breastfeeding Group
(p<0.05) but not at 12 months corrected age (Data provided by SA Atkinson, McMaster University)

continued to 3 months [88] or 9 months [89] corrected age. However, such a positive effect of early
nutrition on BMC is not always sustained [87, 90]. A randomized trial in small-for-gestational age
premature infants in response to nutrient-fortified formula feeding to 1 year corrected age, demon-
strated that the nutrient enriched formula did not support significantly greater bone mass accretion
(Fig. 12.3). Both feeding intervention groups achieved some “catch-up” in BMC as referenced to term
infants although neither reached the mean value for term infants by 12 months corrected age
(Fig. 12.3). Thus, the whole-body BMC attained in the preterm infants does not catch up to that of
term infants at 1 year of age, regardless of receiving protein and mineral intakes that are greater than
those fed to term born infants in the first year of life.

Does early nutrition of preterm infants influence bone health in childhood and adolescence? Early
“catch-up” of bone mass may not be important for preterm infants if final bone growth and attainment
of peak bone mass is not compromised [91]. This question has recently been addressed through obser-
vational studies of former preterm infants at various stages of childhood or adolescence. At 8—12 years
of age, whole-body BMC in prematurely born infants was significantly lower than for children of
similar age born at term [62]. However, the preterm infants were also shorter and lighter, so that their
BMC was appropriate for body mass when compared with children born at term. Neither diet in early
life (breast milk compared to formula) nor current calcium intake or weight-bearing physical activity
was significant determinants of BMC at this peripubertal age [62]. Measures of bone mass of the
radius and lumbar spine in 70 preterm infants followed at 9-11 years of age were also lower and
height shorter than in term infants; and neonatal diet interventions of Ca, P, or vitamin D were not
associated with BMC in childhood [62]. Preliminary evidence suggests that catch-up does not occur
during the pubertal growth spurt. Further follow-up of the Fewtrell et al. cohort (N=202) in young
adulthood (~20 years), found the former preterm infants to be significantly shorter and with lower
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Fig. 12.3 Whole-body bone mineral content (WBBMC) in small-for-gestational age preterm infants randomized from
hospital discharge and fed to 1 year corrected age on enriched post-discharge formula (EPDF) (n=22, birth
weight=1,410+422 g, gestational age=33.5+3 weeks) indicated by M; or standard term formula (SF) (n=28, birth
weight=1,411+461 g, gestational age=33.4+3 weeks) indicated by A. Data for SGA preterm infants are plotted
against reference data for term infants who were fed standard infant formula. Absolute means and velocity of WBBMC
were not different between SF and EPDF groups. (Data provided by SA Atkinson, McMaster University)

lumbar spine BMD compared to reference data [91]. This observation was particularly apparent in
those former preterm infants who were born small-for-gestational age [91]. In a study in Canada,
former preterm infants (n=26) studied at 16—19 years were also found to be shorter and with lower
BMC in the whole body, hip, and lumbar spine, although the BMC was appropriate for body size
compared to 23 adolescents who were born at term [92]. In the latter study, early life variables such
as the amount of human milk fed and duration of time until regain of birth weight was achieved were
inversely associated with BMC at adolescence [92].

Birth size and neonatal exposure to steroid therapy may also impact later skeletal development.
Extremely low birth weight infants (birth weight=839+189, N=47) who received dexamethasone
therapy in early life to low birth weight infants (birth weight=1,167+215 g, N=36) had significantly
whole body BMC Z-scores and lower BMD at the lumbar spine at 6-8 years of age compared to term
born infants (birth weight 3,470+391 g, N=36) [93]. Explanation for the significant delay in bone
mass accretion for the extremely low birth weight infants may be multifactorial including lung disease
that was treated with steroid therapy in early life, their earlier gestational age, and possibly greater
exposure to inhaled steroids in childhood. Delayed early growth may also have contributed to the later
delay in bone accretion in childhood [93].

12.8 Conclusion

In summary, evidence is emerging on the significance of exposures during pregnancy including mater-
nal diet and lifestyle factors as well as early nutrition, physical activity and growth patterns in the
infant, to achievement of peak bone mass by the end of the second decade and long-term program-
ming of skeletal health. Once such knowledge is confirmed, recommendations for nutrient require-
ments and lifestyle practices can be better defined in order to optimize skeletal mineralization,
achievement of peak bone mass and reduced risk of osteoporosis in later life.
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