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For over 2 decades, dual-energy X-ray absorptiometry (DXA) has been the gold standard for estimating bone mineral density
(BMD) and facture risk in adults. More recently DXA has been used to evaluate BMD in pediatrics. However, BMD is usually
assessed against reference data for which none currently exists in infancy. A prospective study was conducted to assess bone mass
of term infants (37 to 42 weeks of gestation), weight appropriate for gestational age, and born to healthy mothers. The group
consisted of 33 boys and 26 girls recruited from the Winnipeg Health Sciences Center (Manitoba, Canada). Whole body (WB)
as well as regional sites of the lumbar spine (LS 1–4) and femur was measured using DXA (QDR 4500A, Hologic Inc.) providing
bone mineral content (BMC) for all sites and BMD for spine. During the year, WB BMC increased by 200% (76.0 ± 14.2 versus
227.0±29.7 g), spine BMC by 130% (2.35±0.42 versus 5.37±1.02 g), and femur BMC by 190% (2.94±0.54 versus 8.50±1.84 g).
Spine BMD increased by 14% (0.266± 0.044 versus 0.304± 0.044 g/cm2) during the year. This data, representing the accretion of
bone mass during the first year of life, is based on a representative sample of infants and will aid in the interpretation of diagnostic
DXA scans by researchers and health professionals.

1. Introduction

Bone diseases are being increasingly recognized as a problem
which begins in early life. Dual-energy X-ray absorptiometry
(DXA) is an ideal method for the accurate assessment of bone
mineral content (BMC) in pediatrics as radiation exposure is
low and scan time is fast [1]. Despite the advantages of the
technology, DXA manufacturers have limited normal refer-
ence values available for pediatric use and none for infants.
There is a lack of consensus in the research area regard-
ing appropriate normative values for bone mineral content
(BMC) of infants because of differences in age of infants,
DXA manufacturers, and scan acquisition (Table 1). It is
clear that no one study has published on normative data
collected longitudinally during infancy that includes both
whole body and regional assessments. For the accurate
interpretation of DXA data, there is a need for individual
values to be expressed in relation to normative data.

The International Society for Clinical Densitometry
(ISCD) [2] supports the whole body and lumbar spine (LS)

as the preferred scan sites in pediatrics. Regional scans of the
spine may also be easier to obtain in infants and children
because these are less sensitive to movement artefact because
of the rapid scan acquisition and central image. Areal bone
mineral density (aBMD) measurements (g/cm2) are based
on a number of assumptions by DXA programs and are mis-
leading as area is a two-dimensional assessment that does not
account for the three-dimensional structure of bone. How-
ever, volumetric BMD (vBMD) can be estimated using DXA
with simple mathematical calculations that have been pro-
posed to overcome the problem of areal BMD, by eliminating
the effect of skeletal size [3]. Calculated vBMD in sexually
mature and immature primates [4] and adult humans [5]
agrees better with vBMD obtained from ash weight, the gold
standard method of measuring true BMC, than aBMD. Thus,
there remains a need for normal reference data of BMC as
well as vBMD in healthy infants.

The objectives of this paper are to create a normative
reference data set for infants between birth to 12 mo of age
for the (i) BMC of whole body as well as lumbar spine and
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femur and (ii) aBMD and vBMD of the lumbar spine. This
data will ultimately aid in the interpretation of bone scans in
infants.

2. Materials and Methods

2.1. Study Subjects. Infants were recruited from the Health
Sciences Center in Winnipeg, MB (latitude 49.54◦N), from
births delivered between August 2001 and April 2003. For
entry to the study, an infant had to be born between
37–42 weeks of gestation (based on ultrasound dating),
appropriate birth weight for gestational age based on Center
for Disease Control (CDC) 2000 growth charts (between 5–
95th percentile), and free of congenital malformations. Cord
blood and maternal blood (obtained at 0800 h within 48
hours of delivery) were collected into heparinized tubes, and
plasma was separated from red blood cells (by centrifugation
at 2000×g) followed by storage at −80◦C until analysis.
Follow-up visits were conducted within 2–4 weeks of birth
and at 6 and at 12 mo of age. The total cohort involved 72
infants, but the current evaluation was limited to 63 infants
(36 boys, 27 girls) who completed at least 2 of the 3 scheduled
visits. At each visit, mothers were questioned about infant
feeding practices (categorized as breastfed or formula fed)
and supplement use (taking vitamin D supplement or any
other infant multimineral/vitamin). Vitamin D supplements
(Enfamil V-Di-Sol, 400 IU/1 mL) or infant formula (Enfalac
standard term) were provided in kind by Mead-Johnson
depending on feeding type up to 1 year of age as per nutri-
tional requirements (formula fed infants do not require vita-
min D supplementation). Mothers were asked to self-identify
their ethnicity, and season of birth was determined based on
the solstices and equinoxes of the current calendar year. The
study was approved by the ethical review board of the Univer-
sity of Manitoba Ethics Review Board (Manitoba, Canada),
and informed consent was obtained for all participants.

2.2. Anthropometric and BMC Measurements. At follow-up
visits, weight was taken to the nearest gram using an elec-
tronic scale (model SB 32000, Mettler-Toledo Inc., Greifen-
see, Switzerland), length to the nearest 0.1 cm using an infant
length board (O’Learly Length Boards, Ellard Instrument-
ation Ltd., Seattle, WA), and head circumference to the
nearest 0.1 cm using nonstretchable tape (Perspective Enter-
prises, Portage, MI). BMC of the whole body, lumbar spine
(vertebrae 1–4), and femur was assessed by a certified bone
densitometry technologist. Infants were scanned in array
mode by DXA (QDR 11.2, QDR 4500A Elite, Hologic Inc.,
Waltham, MA) for infant whole body software, anterior
posterior lumbar spine for vertebrae 1 to 4 using the AP spine
software, and femur using left hip subregion analysis. While
the lumbar spine scan is akin to that of adults, the femur scan
was of the whole femur from proximal to distal epiphyses
and analyzed as a whole bone to derive whole femur BMC.
The auto low density option was used for both spine and
femur detection and bone maps were manually traced. All
scans were independently reviewed by two certified bone
densitometry technologists. Scans were typically performed
in the following order: whole body, lumbar spine, and the

left femur. To limit error, infants were scanned while asleep
in order to minimize the potential for movement artefact and
maximize the probability that both regional and whole body
scans be performed with the infant in the same position.
For all analyses, scans were not used if >2 line breaks were
observed or if the infant was positioned on his/her side or
stomach although the errors obtained in altered positioning
are considered small [6]. Each infant wore a single light
sleeper with no metal or plastic components and a diaper;
infants were wrapped in a single receiving blanket. BMC was
expressed as absolute weight in grams. Areal BMD was cal-
culated for lumbar spine by the DXA software as BMC
divided by projected area of the scan. Volumetric BMD was
calculated using the Carter method [3] as aBMD divided by
the square root of the projected area. The CV for quality con-
trol measurements of BMC using a spine phantom (Hologic
phantom number 8832) over the course of the study was
<1.0%. This same DXA machine was used as part of the
Canadian Steroid-Associated Osteoporosis in the Pedia-
tric Population (STOPP) study [7] which involved 10 tertiary
children’s care centers across Canada between 2005 and
2007. A spine phantom (number S5550) was cross-calibrated
across study sites including the Manitoba Child Institute of
Child Health, and in vivo precision for LS BMD ranged from
0.003 to 0.0173 g/cm2.

2.3. Vitamin D Measurements. To further describe the
cohort, vitamin D was measured as 25-hydroxyvitamin D
(25(OH)D) in cord plasma in duplicates using a radioim-
munoassay (Diasorin, Stillwater, MN). The assay was run in
accordance with manufacturer’s specifications, with a coef-
ficient of variation less than 10%. The vitamin D status of
mothers and infants was categorized as deficient based on
a plasma 25(OH)D concentration less than 37.5 nmol/L for
mothers and less than 27.5 nmol/L for infants [8, 9].

2.4. Sample Size Estimations. The primary objective of this
report is to describe the bone mass of infants over the
first year of life; thus, given our available sample size, the
desired total width (margin of error) was estimated between
the observed mean and the population mean. The desired
sample total width was based on the following calculation:
W2

= 4z2
αS

2/n [10], where z2
α = 95% confidence level, S =

standard deviation of spine bone mineral density from previ-
ous studies (based on 0.132 g/cm2) [11–13], and W = width
of the margin of error. Based on our sample size of 63 infants,
we are 95% confident that the true mean spine bone mineral
density of sampled infants is within 6.5% of the true popula-
tion mean. However, the width of the confidence interval
for LS BMC (based on standard deviation of 0.77 g) was
within 38% of the true population mean, and to decrease the
margin of error to within 15%, the sample size would need
to increase to 405 infants.

2.5. Statistical Analyses. Descriptive results for continuous
variables are expressed as arithmetic mean (±SD). All BMC
measurements were considered as continuous variables, and
differences compared among sex, feeding mode, and season
of birth were tested using Student’s t-test at each time
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point. Differences in bone parameters over time were tested
by one-way analysis of variance (ANOVA) with the Tukey
adjustment for multiple comparisons. Statistical significance
was set at P ≤ 0.05, and all P values presented are two
tailed. Data was analyzed using Statistical Analysis System
(SAS) version 9.2 statistical software (SAS Institute Inc.,
Cary, NC). A reference curve was generated for lumbar spine
BMD using the “LMS” method [14]. The curve was con-
structed using LMS Chartmaker Pro (version 2.54; T Cole
& H Pan, copyright 1997–2006, Medical Research Council,
UK). The LMS method fits 3 parameters (LMS) as cubic
splines by nonlinear regression [14, 15]. The 3 parameters
represent the median (M), SD (S), and power in the Box-Cox
transformation (L) that vary as a function of age using the
following formula: BMD centile =M(1+L·S·Z)1/L [14, 15],
where L, M, S are age-specific and Z is the Z-score that
corresponds to a given percentile. Fit of the curves was eval-
uated by graphical inspection of the curves relative to the raw
data and by Q-Q plots.

3. Results

3.1. Subject Characteristics. Subject and maternal character-
istics are presented in Table 2. At birth, the mean gestational
age of infants was 39 (±1) wk and weight-for-age percentile
was 52.1 (±26.4) in accordance with inclusion criteria. Based
on self-reports, approximately 29% of infants were formula
fed from birth, 49% were breastfed for less than 6 mo, and
22% were breastfed for longer than 6 mo. Mother’s age at
birth was 28 (±6) y. The majority of mothers self-identified
their race as being white (65%), 16% were of First Nations
status, 3% were black, and the remainder were of other
ethnicity (Hispanic, East Asian, etc.). Season of birth was
equally divided among all participants, 51% of infants were
born during the summer/fall, and 49% were born during the
winter/spring months. Plasma 25(OH)D was <27.5 nmol/L
in 19 (30%) infants and <37.5 nmol/L in 23 (37%) mothers.

3.2. Bone Mineral Content. Mean BMC of whole body,
lumbar spine, and femur at term and 6 and 12 mo is shown
in Table 3. There was a rapid increase of 123% in whole
body BMC up to 6 mo from term (P < 0.01), and this rate
slows to a 34% increase from 6 to 12 mo of age. There were
significant sex differences for whole body BMC noted at 6 mo
of age (P < 0.01) between boys (184.49 ± 27.09 g) and girls
(149.46± 17.22 g) which disappeared at 12 mo of age. Femur
BMC grows rapidly from 6 mo of age (at an increase of 90%
from term to 6 mo and 52% from 6 to 12 mo), whereas
spine BMC increases more linearly over the first year. Signi-
ficant differences were observed between boys (3.81± 0.59 g;
5.65 ± 1.03 g) and girls (3.30 ± 0.56 g; 5.02 ± 0.91 g) at both
6 (P < 0.01) and 12 mo (P < 0.05), respectively, for spine
BMC. Similarly, there were significant differences between
boys (8.97 ± 1.79 g) and girls (7.90 ± 1.75 g) at 12 mo (P <
0.05) for femur BMC. There were significant differences (P <
0.05) in spine BMC at both 6 and 12 mo between infants
which were formula fed (3.81 ± 0.63 g; 5.79 ± 0.90 g) and
those breastfed for at least 1 mo (3.48±0.60 g; 5.18±1.02 g),
respectively, but no differences were detected in femur BMC

Table 2: Infant and maternal characteristics.

Characteristic Mean (± SD)

Gestational age, weeks 39.3 ± 1.1

Weight-for-age percentile
(CDC 2000 growth charts) 52.1 ± 26.4

Feeding type, n (%)
Formula

18 (28.6)

Breastfeed < 6 moψ 31 (49.2)

Breastfeed > 6 mo 14 (22.2)

Season of birth, n (%)

Summer/fall 32 (50.8)

Winter/spring 31 (49.2)

Infant’s vitamin D status

Deficient1 19 (30.2)

Sufficient 44 (69.8)

Mother’s age at birth, years 27.7 ± 6.1

Mother’s race, n (%)

White 41 (65.1)

First nations 10 (15.9)

Asian 7 (11.1)

Black 2 (3.2)

Other 3 (4.8)

Mother’s vitamin D status

Deficient2 23 (36.5)

Sufficient 40 (63.5)
1

Infant: 25(OH)D ≤ 27.5 nmol/L,
2
Mother: 25(OH)D ≤ 37.5 nmol/L—

Institute of medicine dietary reference intakes [8, 9]. ψMay include exclusive
breastfeeding and mixed feeding. Exclusive breastfeeding refers to an infant
receiving only breast milk without additional liquid or solid food.

by feeding mode. As well, there were differences noted in
both spine BMC at term by season of birth; spring babies had
higher (P < 0.05) spine BMC (2.51± 0.39 g) than fall babies
(2.07 ± 0.33 g). These differences did not persist at 6 and
12 mo of age. Ethnicity and race differences were not consid-
ered because of the limited number of participants in each
category.

3.3. Spine Bone Mineral Density. Mean BMD of lumbar
spine at term and 6 and 12 mo is shown in Table 3. Spine
BMD decreased by 5% from term to 6 mo of age and then
increased by 21% from 6 to 12 mo of age. No significant
differences were noted at each time point according to sex
or infant’s vitamin D status at birth (deficient/sufficient).
However, there were significant differences (P < 0.01) in
spine BMD at the 12 mo time point between infants which
were formula fed (0.328 ± 0.040 g/cm2) and those breastfed
(0.293 ± 0.043 g/cm2). As well, spring babies had higher
(P < 0.05) spine BMD (0.290± 0.038 g/cm2) than fall babies
(0.248 ± 0.037 g/cm2). The final smoothed percentile curve
for spine aBMD is shown in Figure 1 depicting the 3, 10, 25,
50, 75, 90, and 97th percentiles.

Volumetric BMD was calculated for lumbar spine
(Table 3). During the first 6 mo, there appears to be a
decrease in vBMD followed by stabilization up to 12 mo.
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Table 3: Mean± SD (n) bone mineral content of whole body, femur, lumbar spine, and bone area, areal bone mineral density, and volumetric
bone mineral density of the lumbar spine from birth to 12 mo of age in term infants. Means with different superscript letters indicate
statistically significant differences between time points (P < 0.05, post-Tukey adjustment).

Site Term 6 mo 12 mo

Total WB BMC, g 75.98 ± 14.17a (52) 169.48 ± 29.01b (35) 227.0 ± 29.73c (11)

Total WB BMC/body weight, g/kg 20.71 ± 2.49a (52) 21.41 ± 1.89a (35) 23.39 ± 1.17b (11)

WB BMC less head, g 43.58 ± 8.13a (52) 87.66 ± 16.32b (35) 114.8 ± 21.86c (11)

WB BMC less head/body weight, g/kg 11.89 ± 1.59a (52) 11.04 ± 1.08b (35) 11.75 ± 0.75a,b (11)

Femur BMC, g 2.94 ± 0.54a (61) 5.58 ± 1.46b (60) 8.50 ± 1.84c (54)

Lumbar spine BMC, g 2.35 ± 0.42a (62) 3.59 ± 0.63b (62) 5.37 ± 1.02c (57)

Lumbar spine area, cm2 8.86 ± 1.10a (62) 14.28 ± 2.01b (62) 17.67 ± 2.52c (57)

Lumbar spine areal BMD, g/cm2 0.266 ± 0.044a (62) 0.252 ± 0.031a (62) 0.304 ± 0.044b (57)

Lumbar spine volumetric BMD, g/cm3 0.090 ± 0.017a (62) 0.067 ± 0.010b (62) 0.073 ± 0.012b (57)
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Figure 1: Spine BMD-for-age reference curve for infants, birth to
12 mo.

The spine vBMD measurement was not subject to gender
differences, as well, there were no differences according to
infant’s vitamin D status at birth. Similar to aBMD, there
were significant differences (P < 0.05) in spine vBMD at
12 mo between infants which were formula fed (0.079 ±
0.01 g/cm3) and those breastfed (0.070± 0.01 g/cm3).

4. Discussion

The ISCD recommends spine and whole body as the pre-
ferred scan sites for the diagnosis of bone diseases in children
[2, 16]; however, presently no specific recommendations
exist for infants. In infants, the head can represent up to
50% of total BMC, and due to inaccuracies in the algorithm
for determining skull BMC [17], the use of the whole body
less head measurement may be preferred. As infants grow, it
becomes increasingly difficult for them to fall asleep on the
DXA bed making the whole body assessment challenging to
attain because of movement artefact. The challenge is even
greater when you have a child with contractures, mental
impairment, or other impediments to scanning which is of
importance as these children may have conditions which pre-
dispose them to low bone density [18]. Observations from
previous research utilizing pediatric DXA had similar sample
size reductions with increasing age [19, 20]. In one study,
movement artefact was reported in 20% of infants scanned

rendering the whole body scan unusable [20]. While our data
for whole body BMC is robust up to 6 mo, it is not reliable
beyond the 6 mo time point because of our limited sample
size due to movement artefact. The data on whole body BMC
up to 6 mo was consistent with previous researchers who
tracked 87 term infants until 6 mo [21]. Due to the variability
in obtaining a scan for whole body measurements, regional
sites may have more clinical utility. Although data is available
for spine measurements using DXA, the previously published
data consist mostly of cross-sectional studies. Thus, this
present work provides much needed data on healthy infants
followed longitudinally in the first year of life.

Lumbar spine vertebra is the easiest measurement site
to obtain in infants because it is less subject to movement
artefact while providing minimal effective dose of radiation
[22]. Although validation studies for the lumbar spine are
not available on the QDR 4500A, precision for lumbar spine
measurements in infants has also been reported to be good
in an older model with a coefficient of variation of 2.4% and
1.55% for BMC and BMD, respectively [11]. In addition,
spine is formed mainly by trabecular bone, and the rate of
bone turnover in the trabecular compartment is much more
rapid than in the cortical area, thus, allowing for better track-
ing of bone changes in clinical trials. Thus, rates of change in
bone density will be greater in sites that are predominately
trabecular bone such as the spine. The previous literature
on lumbar spine bone mineral mass is inconsistent because
of the use of different vertebrae for analysis; however, the
most recent publications have focused on lumbar vertebrae
1–4 [13, 23]. While spine BMC is the most easily obtained
measurement, it seems to have the lowest rate of accretion
over the first year. Even for BMD, increments were only 14%
suggesting that growth and mineral accretion is lower during
this time compared to the long bones.

Not much is known about infant femur BMC, and this
study provides extended knowledge in this area. Cortical
bone mass is lower in infants born small-for-gestational-age
compared to appropriate-for-gestational-age infants [24].
Although DXA cannot distinguish between cortical and
trabecular bone mass, the content of cortical bone is higher
in the femur than in the spine. Interestingly, Weiler et al. [25]
found premature infants born with very low birth weight
(≤1200 g) who were supplemented with early minimal
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enteral feeds had higher elevations in femur bone mass
(36%) compared to spine bone mass (16%). In these infants
[25], femur responded to a greater extent than spine and
may prove valuable in assessing response to treatment. In
addition, Lu et al. [26] observed that vBMD of the femur and
not the lumbar spine was less dependent on growth variables
in their study with children and young adults.

The Carter method for the calculation of vBMD has
been widely used in adults [27–29] and is being increasingly
recognized for use with children [30, 31]. Much of this data
has been derived from pencil beam DXA systems [27, 29],
and new fan-beam systems have shown improvements over
pencil beam technology [32, 33]. However, the objective
of reporting this calculated value using our dataset was to
provide reference data for those clinicians who favor this
approach while acknowledging that validation studies have
found conflicting results. In cadavers of older adults, vBMD
was estimated from an equation similar to the Carter method
and was strongly correlated with true vBMD calculated by
dividing ash weight by CT-derived volume (r2

= 0.94)
[34]. In children and adolescents, volumetric adjustments
improved only slightly the correlation with CT-measured
vBMD (r2

= 0.13 and 0.60 from r2
= 0.02 and 0.51 in Tanner

stages 1–3 and 4-5, resp.) [35]. Although this method has
been used in infancy [35], it has not been validated in this
population group. It has been suggested that, using an aver-
age of anterior posterior (AP), lumbar spine and lateral ver-
tebral scans can approximate vBMD because it makes asses-
sments of vertebral height, width, and depth. Even in infants
with osteopetrosis, which causes an increase in bone mass,
the average AP and lateral spine measurements correlated
well with CT measures of BMD (r2

= 0.851, P < 0.001) [36].
In an older group, a comparison of paired AP lateral spine
and estimated vBMD using the Carter method found a signi-
ficant correlation of r = 0.81 [37]. Although considered indi-
rectly, this implies that estimated vBMD values show pro-
mise even though this remains to be directly validated
against CT in infants. In our study, spine vBMD decreases
during the first 6 mo because this is a period of rapid bone
modeling and the bone is mineralizing at a slower rate
than the bone is growing. This is a normal phenomenon
as previously observed [38] and is not a sign of bone loss.
The mineralization starts to catch up by 6 mo, and vBMD
remains fairly stable up to 12 mo. Volumetric BMD of the
spine may become a preferred assessment site because it is
also not subject to gender differences in infancy.

Percentile curves for growth have been widely used to
assess the nutritional status and general health of infants,
children, and adolescents. Bone mass data assessed by DXA
is limited in healthy, term infants, and at present there is
no available data that presents normative bone mass mea-
surements for infants using percentile charts. The percentile
chart that was constructed for spine bone mineral density is
displayed to show a possible alternative way to illustrate nor-
mative data. Presenting data in this manner will help health
care professionals and clinical researchers plot infants and
compare to healthy infants of the same age and gender, thus
determining adequacy. Larger datasets using prospectively
collected data can be utilized in the same manner [14]. Mode

of infant feeding can have an important influence on growth
and body composition [39]. Our data corroborate these
findings as we found that being formula fed had a significant
effect on the aBMD of the spine by 12 mo of age. The differ-
ences in bone mass noted between sexes may be related to
differences in growth as anthropometric characteristics were
significantly different at each time point; however, there were
no growth differences between the feeding groups. Accord-
ing to Statistics Canada’s 2003 Canadian Community Health
Survey (CCHS) [40], approximately 85% of Canadian
women attempted breastfeeding and 47% did so for longer
than 6 mo. In our group, approximately 71% were breast fed
for at least 1 mo of age of which 31% were breastfeeding for
longer than 6 mo. Therefore, the present data set provides a
representative sample of breast-fed and formula-fed infants
in keeping with current Canadian statistics. Although a vita-
min D supplement was provided to all participating breast-
feeding mothers in this study, compliance data was self-
reported. An optimal growth reference should be based on a
group of healthy, breast-fed infants receiving vitamin D sup-
plementation.

There are limitations with this data because it is not
based on a nationally representative sample and observations
were recorded at 6 mo intervals during the first year. Infants
were recruited solely from Winnipeg, MB, which is located at
the 49th parallel north and in south central Canada. None-
theless, our results were similar to those obtained in southern
Ontario [21]. Furthermore, the prevalence of maternal
vitamin D deficiency from this group was similar to that
reported from other Canadian studies [41, 42]. Future
research should seek pooled data from cross country sites
with observations recorded at 1–3 mo intervals to create a
combined bone mass percentile chart data set.

In summary, DXA is a valuable tool for the screening and
diagnosis of pediatric bone diseases. This data provides the
foundation for future research, but also provides important
reference data not currently available, for infants on femur
BMC and vBMD. This in addition to clinical data will ulti-
mately aid in the diagnosis, interpretation, and response to
treatment for pediatric bone diseases.
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