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BACKGROUND: While the World Health Organization (WHO) developed postnatal growth standards for infants, corresponding
body composition data remains scarce. This study explores growth and body composition trajectories in infants meeting the WHO
Multicentre Growth Reference Study (MGRS) eligibility criteria.
STUDY DESIGN: Infants enrolled in this longitudinal cohort underwent anthropometric and body composition measurement by air
displacement plethysmography (ADP) at 6 weeks, 12 weeks, and 5 months postnatally. Age and sex-specific growth and body
composition percentiles were generated using GAMLSS, with extrapolated data at 5 months for those exceeding ADP weight limits.
We evaluated which anthropometric measure (body mass index (BMI), weight for length or mid upper arm circumference) was
most closely related to adiposity.
RESULTS: Of the 225 infants with body composition measures, 187 met the WHO MGRS criteria. Their length and weight curves
were comparable with WHO growth curves. Trajectory curves for fat and fat-free mass were developed. Of the anthropometric
measures, BMI z score was most closely related to fat mass index z score at all timepoints.
CONCLUSION: This study presents body composition trajectories for infants meeting the WHO growth standard criteria. BMI z score
is the best anthropometric metric to estimate adiposity in infants.

Pediatric Research (2022) 92:1640–1647; https://doi.org/10.1038/s41390-022-02005-y

IMPACT:

● While postnatal growth standards derived from the WHO Multicentre Growth Reference Study (MGRS) exist for the routine
clinical assessment of infant growth, this study fills the previous gap in the availability of corresponding body composition data
for term-born, healthy, breastfed infants meeting the MGRS criteria.

● Extrapolation was used to obtain body composition values for infants exceeding the weight limit of the ADP device, to avoid
construction of biased body composition curves.

● Sex-specific growth curves for fat mass, fat-free mass, fat mass index, and fat-free mass index are presented for a population
meeting the World Health Organization growth standard criteria.

INTRODUCTION
It has long been hypothesized that fetal and early-life exposures
help shape health outcomes across the life course. According to
this concept, termed the ‘developmental origins of health and
disease,’ adverse conditions in early development result in
metabolic and other changes that may predispose individuals to
chronic disease1. The increasing prevalence of child overweight
and obesity is a growing global concern that has been linked, in
part, to growth in infancy. Rapid weight gain in the first 6 months
of life is associated with overweight and obesity during
childhood2,3 and adulthood4,5, and with increased total body fat
mass and central fat distribution in later life6–8. Measures of body
proportionality like weight for length (WFL) and body mass index

(BMI) and their z scores have been explored as surrogate measures
of adiposity in early infancy, with higher measures associated with
obesity in early childhood3,9. Additionally, mid-upper arm
circumference (MUAC), which is a simple and well-known tool
used for the identification of malnutrition in children under 5
years of age10, has also been used to identify obesity in children
and adolescents11,12.
Weight gain occurs due to increases in both fat mass and fat-

free mass (muscle, bone, water, skin, organs). It is important to
examine how these compartments, and not just total weight for
height, change during early growth to better understand the
relationship of anthropometric trajectories and health outcomes.
For example, in a study examining early body composition
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measurement and later obesity development, increased fat mass
accrual over the first 8 months of life was more predictive of
obesity in mid-childhood than weight gain13. In early infant
growth, percent fat mass increases for the first 3–6 months of
life14–21 and then declines to 1 year15,19,20. Studies examining early
growth of fat and fat-free mass have not consistently considered
the influence of other important factors known to impact growth
including exclusive/predominant breastfeeding for at least
4 months and continued breastfeeding to 12 months, significant
perinatal morbidity, maternal smoking, multiple pregnancy,
preterm or post-term birth, and health, environmental or
economic constraints to infant growth22,23. The availability of
reference data for body composition indices in early life in healthy,
breastfed infants would facilitate such research.
In 2006, the World Health Organization (WHO) Multicentre

Growth Reference Study (MGRS) developed and released a child
growth standard for infants and young children based on
longitudinal measurement. This growth standard included healthy
infants, born at full term, who had no exposure to maternal
smoking and who were exclusively or predominantly breastfed to
4 months of age. This anthropometric standard has been accepted
as the appropriate growth reference for infants in many countries,
including Canada23,24.
Utilizing data from a longitudinal study of healthy, term-born

infants with multiple measures of body composition, the aim of
this study was to describe body composition changes during the
first 5 months of life for infants who met the key MGRS criteria.
Growth percentiles for fat mass, fat mass index, fat-free mass, fat-
free mass index, and total body fat percent were planned. Further,
as measurement of body composition is not always practical, we
examined which anthropometric measures, WFL, BMI, or MUAC,
were most closely related to fat mass and fat-free mass in healthy
infants.

METHODOLOGY
Study outline
Mother-infant pairs were recruited from midwifery practices in the
city of Hamilton and surrounding areas in Ontario, Canada, as part
of the Baby & Mi study25. Inclusion criteria, assessed in the second
trimester of pregnancy, included low-risk singleton pregnancy, a
planned vaginal birth, and ability to communicate in English in
order to provide informed, signed consent. The exclusion criteria
of preterm birth were re-assessed after 37 weeks gestation25.
Recruitment of mother-infant pairs took place between July 1st

2012 and March 9th 2018. Ethics approval for this work was
obtained at participating healthcare organizations (Hamilton
Integrated Research Ethics Board, St. Joseph’s Healthcare Hamil-
ton, Joseph Brant Hospital, Niagara Health System Research Ethics
Board, and Brantford Community Healthcare System Research
Ethics Committee). Mothers provided written, informed consent
for their engagement in the study at the time of enrollment and
legal guardians provided written, informed consent for their child.
The study participants for this analysis were the subgroup of

infants enrolled in the Baby & Mi study that had completed body
composition assessments using an air displacement plethysmo-
graphy (ADP) device (PEA POD Infant Body Composition System
Analysis, Cosmed USA, Inc., Concord, CA); a validated method for
non-invasive infant body composition measurements26. Measure-
ments collected from infants exposed to maternal smoking during
pregnancy, born post-term, with identified health conditions
including perinatal morbidities requiring neonatal intensive care
stay >24 h or without birth data available, or infants that were
completely weaned from breast milk prior to completing the ADP
measurements, were excluded from this analysis22,23,27. In apply-
ing the WHO MGRS definition of breastfeeding28, at each
timepoint, measurements from participating infants were further
classified as exclusively/predominantly breastfed (EBF) or, if they

were also receiving mixed feeds before or at 4 months, partially
breastfed (PBF) for the timepoint that they received mixed feeds
and subsequent timepoints. Measurements collected from infants
that abided by the WHO MGRS criteria, including classification as
EBF, were included in the development of body composition
trajectories. In a secondary analysis, the growth of EBF infants was
compared to infants that met the WHO MGRS criteria except that
they were PBF prior to, or at, 4 months of age. Infants that had
incomplete information available at 4 months of age but were PBF
at the 5-month visit were placed in the PBF group at 4 months.
Similarly, if they were EBF at 5 months, they were considered EBF
at 4 months.

Data collection and growth measurements
The Baby and Mi study enrolled women during pregnancy with
confirmation of enrollment after 37 weeks gestation when
inclusion criteria were confirmed. Mothers self-reported demo-
graphic information, pregnancy history, health history, and
smoking history, and this data was complemented by pregnancy
and birth data collected from the antenatal and birth forms. The
antenatal form and maternal and infant hospital records were
accessed by the participant’s midwife. After birth, parents
completed questionnaires on day 3 and day 10 of life and at
4 months of age, and three in-person study visits at 6 weeks,
12 weeks, and 5 months postpartum. Due to low participation, the
6 week in-person visit was adjusted to a parental questionnaire.
Thus, the physical measures at 6 weeks were only completed in a
subset of the cohort. Household income, maternal education and
infant ethnicity were reported by parents at 3 years postpartum.
At each study timepoint, questionnaires were completed addres-
sing infant health and breastfeeding history and the introduction
and patterns of consumption of other foods and beverages were
assessed through food frequency questionnaires29. Report of
consumption of mixed feeds, such as foods, milk other than breast
milk and fruit-based fluids (as detailed by the WHO MGRS study
criteria) >2 times per week at any time-point up to and including
4 months of age (i.e., greater than 12 days non-compliance)
resulted in the infant being classified as PBF for that time-point
and for all subsequent time-points28.
The in-person visits involving physical measures took place at

McMaster University Medical Centre, Hamilton, Canada, and
included measurement of infant length, weight, head circumfer-
ence, MUAC, and body composition by research personnel.
Recumbent length was measured once, to the nearest 0.1 cm,
using a pediatric length board (Ellard Instrumentation Ltd, WA).
Head circumference was measured once, to the nearest 0.1 cm,
using standardized paper measuring tape. MUAC was measured in
triplicate to the nearest 0.1 cm using standardized paper
measuring tape, and values were averaged. Weight (kg), fat mass
(kg), fat-free mass (kg) and body fat percentage (%) were assessed
using the ADP, according to the manufacturer’s recommenda-
tions. Body composition was calculated by the ADP according to
density values from Fomon30. This instrument has a maximum
weight capacity of 8 kg. Fat mass index and fat-free mass index
were calculated from the measured length and the fat mass and
fat-free mass values respectively (kg/m2).

Statistical analysis
Age, growth, and body composition are presented as means
(standard deviations). Postmenstrual age was used instead of
chronological age in order to control for differences in gestational
age at birth. Differences between male and female infants were
analyzed in IBM SPSS Statistics (IBM SPSS Statistics for Windows,
Version 27.0.1. Armonk, NY: IBM Corp.) using independent t-tests
(normal data) and Mann-Whitney U tests (non-normal data), and
normality was assessed using the Shapiro–Wilk test.
Body composition at 5 months of age was extrapolated for EBF

infants meeting the WHO eligibility criteria who were missing this
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data because they exceeded the weight limit of the ADP device
(8 kg). One infant weighing 7.96 kg at 5 months was marked as too
large for the device, and their values were also extrapolated.
Extrapolation is necessary here as ignoring the censored and not
randomly missing data would lead to a biased reference curve31.
Percent fat mass at 5 months of age was extrapolated using a
linear model based on sex, weight, length, and head circumfer-
ence measurements at 5 months of age, as well as percent fat
mass at 12 weeks. Infants that did not attend the 5-month visit
were not included in the extrapolation.
Weekly percentiles from 45 to 64 weeks postmenstrual age

were constructed based on available growth and body composi-
tion measures. Percentiles were calculated using the “gamlss”
function of the R package GAMLSS version 5.3–432. The general-
ized additive model for location, scale and shape (GAMLSS) was
employed to identify optimal distribution functions, according to
Generalized Information Criterion (GIC)23,33. This statistical analysis
was performed using R, version 4.1.2 (2021-11-01; Vienna,
Austria)34. Z scores for fat mass index and fat-free mass index
were calculated for male and female EBF infants using the optimal
distributions identified through GAMLSS. Z scores for WFL, BMI,
and MUAC were calculated using the macro “WHO Child Growth
Standards SPSS Syntax File (igrowup.sps).” Linear regression
models were used in SPSS to examine the association between
the body composition z scores and MUAC, as well as WFL, BMI,
and MUAC z scores at corresponding time-points. MUAC z score
could only be computed for infants after they had reached
3 months of age.
The longitudinal effects of EBF vs PBF on growth and body

composition were assessed using linear mixed modeling in R
(package lme4, version 1.1–26)35. A model was constructed for each
anthropometric and body composition outcome, and these models
included postmenstrual age, sex, and birth weight as fixed effects due
to their influence on growth and body composition, and participant
as a random effect in order to control for repeated sampling. For all
analyses, a p-value of < 0.05 was considered significant.

RESULTS
Study cohort
Of the 256 infants enrolled in the Baby & Mi study, 225 completed
at least one ADP measurement during the study period for a total
of 433 measurements. Reasons for infants not completing the ADP
measurements at each visit are shown in Supplementary Table 1
but were most often related to parents declining this component
of the visit. 45 ADP measures (from 27 infants) were excluded from
this analysis for the following reasons: infant exposure to maternal
smoking (n= 9), post-term birth (n= 3), weaning prior to the
study visit (n= 13), perinatal morbidities including a stay in the
NICU extending beyond 24 h or missing birth data (n= 19), and
machine error in the ADP measurement (n= 1). The flowchart of
participant inclusion and exclusion is shown in Supplementary
Fig. 1. Of the remaining 388 measurements, 347 were collected
from infants that were EBF (n= 187) up to 4 months of age, thus
meeting the WHO criteria, and an additional 30 measurements
were extrapolated at the 5-month visit as described in the
methods section. All infants that were included were born at term
(37–<42 weeks gestation). Demographic characteristics of these
infants are shown in Table 1.

Development of body composition percentiles
Body composition trajectories were developed from 187 infants
with a total of 377 ADP measurements. As noted in Fig. 1, sex-
specific weight and length percentile curves constructed with data
from the EBF infants were comparable to the 2006 WHO child
growth curves. Anthropometric and body composition data for
male and female EBF infants included in the curve development
are presented in Supplementary Table 2 and described below.

As expected, weight (kg) was significantly higher in males
compared to females at 6 weeks (5.5 (0.5) vs 5.0 (0.6)), 12 weeks
(6.4 (0.6) vs 5.8 (0.6)), and 5 months (7.7 (0.7) vs 6.9 (0.7)). Similar
findings were observed when comparing length (cm) between
male and female infants at 6 weeks (57.8 (1.9) vs. 55.8 (2.0)),
12 weeks (61.5 (2.1) and 59.6 (1.7)), and 5 months (66.3 (2.0) vs
64.2 (2.2)). BMI (kg/m2) was higher in males vs females at 12 weeks
(17.0 (1.4) vs 16.3 (1.5)) and 5 months of age (17.5 (1.5) vs 16.6
(1.4)). Male and female body composition percentile curves were
constructed over postmenstrual age for body fat percentage, fat
mass, fat mass index, fat-free mass percentage, fat-free mass, and
fat-free mass index from 6 weeks to 5 months of age, or 45 weeks
to 64 weeks postmenstrual age, as shown in Fig. 2. Body fat
percentage and fat mass index were similar in males and females,
while fat mass was higher in males at 12 weeks and 5 months.

Table 1. Demographics of male and female infants who met the WHO
MGRS criteria.

All
(n= 187)

Males
(n= 86)

Females
(n= 101)

Maternal age (years) 32.3 (3.3) 32.4 (3.3) 32.3 (3.2)

Maternal pre-pregnancy
BMI (kg/m²)

24.0 (4.3) 24.2 (3.9) 23.8 (4.7)

Parity 1.0 (0.9) 0.9 (0.8) 1.0 (0.9)

Gestational age at birth
(weeks)

40.1 (1.0) 40.0 (1.1) 40.1 (0.9)

Infant Ethnicity

White 147 (78.6%) 64 (74.4%) 83 (82.2%)

Asian 2 (1.1%) 2 (2.3%) 0

Black 1 (0.5%) 0 1 (1.0%)

Hispanic 1 (0.5%) 0 1 (1.0%)

Other (Multi-ethnic) 9 (4.8%) 5 (5.8%) 4 (4.0%)

Unknown 27 (14.4%) 15 (17.4%) 12 (11.9%)

Birth weight (g) 3618 (420) 3684 (428) 3562 (408)

Birth length (cm) 51.9 (2.5) 52.5 (2.6) 51.4 (2.4)

Birth head
circumference (cm)

35.1 (1.3) 35.5 (1.2) 34.8 (1.2)

Birth BMI (kg/m²) 13.4 (1.3) 13.4 (1.2) 13.5 (1.4)

Maternal Education

Highschool/
secondary school

5 (2.7%) 1 (1.2%) 4 (4.0%)

College diploma 28 (15.0%) 14 (16.3%) 14 (13.9%)

Postsecondary
apprenticeship or
training certificate

3 (1.6%) 1 (1.2%) 2 (2.0%)

University
undergraduate degree

64 (34.2%) 30 (34.9%) 34 (33.7%)

Graduate degree 49 (26.2%) 20 (23.3%) 29 (28.7%)

Postgraduate degree 11 (5.9%) 6 (7.0%) 5 (5.0%)

Unknown 27 (14.4%) 14 (16.3%) 13 (12.9%)

Household Income

$25,000 to $49,999 9 (4.8%) 3 (3.5%) 6 (5.9%)

$50,000 to $74,999 13 (7.0%) 3 (3.5%) 10 (9.9%)

$75,000 to $99,999 33 (17.6%) 11 (12.8%) 22 (21.8%)

$100,000 to $124,999 33 (17.6%) 18 (20.9%) 15 (14.9%)

$125,000 or more 72 (38.5%) 37 (43.0%) 35 (34.7%)

Unknown 27 (14.4%) 14 (16.3%) 13 (12.9%)
aValues are presented as mean (standard deviation) for continuous
variables and N (%) for categorical variables.
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Average fat-free mass was significantly lower in females across all
visits and fat-free mass index was lower in females at 12 weeks
and 5 months of age. Males demonstrated increases in fat-free
mass of 0.11 kg/week from 6 to 12 weeks and 0.08 kg/week from
12 weeks to 5 months, whereas females accrued fat-free mass at
an average rate of 0.09/week and 0.07 kg/week, respectively. In
male infants, fat-free mass index was relatively stable and on
average increased from 12.84 kg/m2 at 6 weeks to 12.93 kg/m2 at
12 weeks, before decreasing to 12.78 kg/m2 at 5 months, while it
declined over time in female infants from 12.56 kg/m2 to 12.19 kg/
m2 between 6 weeks and 5 months.
It is important to note that the curves depicted in Fig. 2 include

extrapolated values at the 5-month timepoint for 30 infants. In
total, 44 infants did not complete the ADP measurement at
5 months because they exceeded the machine’s maximum
capacity (Supplementary Table 1). Of these 44 infants, 30 infants
met the WHO criteria and had completed a previous ADP
measurement at 12 weeks, enabling extrapolation of their body
composition at 5 months based on previous measurements, as
described in the Methods section and shown in Supplementary
Fig. 2.

Comparison of BMI, WFL, and MUAC to body composition
outcomes
In EBF infants, both BMI and WFL z scores at 6 weeks, 12 weeks,
and 5 months of age, were associated with fat mass index and fat-
free mass index z scores at corresponding time-points (Table 2).
While MUAC and MUAC z score were significantly associated with
fat mass index z scores, very weak correlations were found
between fat-free mass index and MUAC and MUAC z score.
Compared to the other anthropometric measures, BMI z score was
found to explain a greater percentage of the variance in fat mass
index z scores at every time-point (55–68%). Changes in BMI
z score were also more closely predictive of positive changes in fat
mass index, as evidenced by the generally higher regression
coefficients (0.76–0.85), further suggesting that BMI z score is
more closely related to fat mass index than other metrics.
Conversely, the variance explained by WFL z score for fat-free
mass index z score was slightly greater than the variance

explained by BMI z score at 12 weeks and 5 months, although
the regression coefficients were lower at 6 and 12 weeks.

Comparison between EBF and PBF infants
Though most of the study participants in this cohort met criteria
for EBF, 28 infants were classified as PBF during the study period.
A total of 41 ADP measurements were collected from PBF infants;
34 measurements were from infants that had received breastmilk
and formula prior to 4 months of age and 7 measurements were
from infants receiving solids foods. We compared the body
composition measures for infants that were PBF to those that were
EBF (Table 3). Independent of birth weight, postmenstrual age,
and sex, EBF infants had higher weight (p= 0.01), but not length
(p= 0.17). Consistent with previous studies, EBF infants had higher
adiposity, including total body fat percentage, fat mass, and fat
mass index compared to PBF infants (p < 0.01). No significant
differences in fat-free mass were noted.

DISCUSSION
Body composition in infancy is an important predictive factor of
subsequent growth patterns and metabolic health, but normative
data has been scarcely available. While length, weight, and head
circumference growth curves for a population based on a growth
standard (term born, healthy, breastfed infants not exposed to
maternal smoking) collected longitudinally are available, compar-
able curves for body composition of these healthy infants are
lacking. In this study, we explored growth and body composition
in infancy by generating age and sex-specific body composition
growth curves for a cohort of healthy, breastfed, full term infants
that adhere to the eligibility requirements of the WHO child
growth standards.
Consistent with sex-based anthropometric differences, sex

differences in body composition were also evident. Fat-free mass
was significantly lower in females compared to males at all time-
points, consistent with previous studies15,18,20. Furthermore, fat-
free mass index, which accounts for differences in length, was also
lower in females at 12 weeks and 5 months of age. While fat-free
mass index was generally stable in male infants, increasing slightly

Table 2. Association between WHO z scores and body composition indices z scores at 6 weeks, 12 weeks, and 5 months.

Fat mass index Z score Fat-free mass index Z score

Regression coefficient 95% Confidence interval R2 Regression coefficient 95% Confidence interval R2

6 Weeks

WFL Z Score (n= 53) 0.56 0.37–0.76 0.40 0.62 0.46–0.78 0.55

BMI Z Score (n= 53) 0.76 0.57–0.95 0.55 0.71 0.53–0.89 0.55

MUAC (n= 53) 0.52 0.28–0.76 0.27 0.14 −0.12–0.40 0.02*

MUAC Z Score (n= 0)

12 Weeks

WFL Z Score (n= 170) 0.69 0.58–0.80 0.49 0.71 0.60–0.83 0.49

BMI Z Score (n= 170) 0.81 0.70–0.92 0.57 0.76 0.63–0.88 0.46

MUAC (n= 170) 0.71 0.58–0.84 0.41 0.24 0.06–0.41 0.04

MUAC Z Score (n= 26) 0.83 0.50–1.17 0.52 0.18 −0.30–0.66 0.03*

5 Months

WFL Z Score (n= 154) 0.83 0.74–0.93 0.67 0.67 0.55–0.79 0.46

BMI Z Score (n= 154) 0.85 0.75–0.94 0.68 0.67 0.55–0.79 0.44

MUAC (n= 154) 0.61 0.50–0.72 0.43 0.19 0.04–0.33 0.04

MUAC Z Score (n= 154) 0.74 0.61–0.87 0.46 0.23 0.06–0.40 0.05
a Results of the univariate regression models are presented as the unstandardized regression co-efficient, its 95% confidence interval, and the coefficient of
determination (R2). All results were significant (p < 0.05), except for univariate regressions between 6 week MUAC and fat-free mass index z score, and 12 week
MUAC z score and fat-free mass index z score, as indicated by *(p > 0.05).
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between 6 and 12 weeks, and decreasing between 12 weeks and
5 months, females had declining fat-free mass index over time.
These early differences in growth patterns between sexes may be
related to the hormonal changes that occur within the first few
months of life, the so-called “minipuberty”36. This involves the
transient re-activation of the hypothalamic-pituitary-gonadal
(HPG) axis and elevation of gonadotrophin levels, resulting in
increased gonadal hormone production36. Kiviranta and collea-
gues (2016) explored the relationship between linear growth
velocity and infant sex steroid levels and found significant positive
correlations between testosterone levels, which were higher in
male infants throughout the study period, and concurrent linear
growth velocity during the first 5 months of life37. Body
composition was not measured by Kiviranta et al., but differences
in linear growth velocity may be related to the greater fat-free
mass observed in male infants. Maximal sex-based differences in
growth velocity in that study were observed within the first
2 months of life, which overlaps with the period of peak HPG axis
activity and testosterone levels37. Perhaps the slight decline noted
in fat-free mass index in our cohort from 12 weeks to 5 months is
related to the fall in testosterone levels following the postnatal
surge. Thus, the physiological mechanisms underlying sex
differences in body composition and their implications for later
health outcomes need to be further explored.
To date, two other studies with sample sizes of 59 and 160

infants and conducted in Italy by Roggero et al. and in the United
States by Fields et al., respectively, have reported longitudinal
body composition data to 6 months of age using ADP for a cohort
of exclusively breastfed, term infants whose key criteria for
inclusion were based on the WHO MGRS38,39. At around 3 months,
our values for average body fat percentage were notably lower
than both Roggero et al. and Fields et al., which reported greater
fat mass and less fat-free mass38,39. At 5 months, body fat
percentage was more similar to Fields et al., while average body
weight, specifically fat mass in males and fat-free mass in males
and females, were higher in our cohort compared to both studies.
Recently, these two studies were pooled to generate postnatal
body composition percentiles to 27 weeks of age40. These authors
did not present the comparability of the length and weight
measurements to the WHO growth standard. This is an important
consideration since these previous studies included smaller
sample sizes for measurements at 5 and 6 months due to loss
to follow-up. Further, as with our study, these studies identified a
proportion of babies whose weight exceeded 8 kg. Infants
exceeding the PEAPOD weight limit were left out of the curve
development in the pooled study, resulting in body composition
curves that did not include the heavier babies. The weight
limitation of the ADP machine hinders longitudinal studies by
preventing the assessment of larger infants at 5–6 months of age,

resulting in the under representation of infants with higher
weights at these time-points41. In constructing the body
composition percentiles of EBF infants meeting the WHO growth
standards criteria, the present study included extrapolated body
composition measurements for 30 infants exceeding the size
capacity of the ADP device, and presents median length and
weight curves that are similar in shape and trajectory to the WHO
growth standards.
As body composition measurement is not feasible in all clinical

environments, BMI, WFL, and MUAC have been used as alternative
measures – though the relative strength of the relationship of
these to fat mass and fat-free mass is uncertain. BMI is used to
evaluate the weights of individuals of difference sizes; however,
fluctuations in the 50th percentile for BMI are observed through-
out infancy, and in adulthood, a normal BMI can range from 18.5
to 24.9 kg/m2. Similarly, while fat mass over height squared and
fat-free mass over height squared have been proposed as height-
normalized indices for body composition42, their role in adjusting
for differences in infant size and capturing infant health risk
remains unclear. That is why the utilization of age-and sex-specific
z scores for body composition are needed, and their relationship
with anthropometric measures require exploration. Here, we have
demonstrated that BMI z score is more closely related to the fat
mass index z score from 6 week to 5 months of age compared to
MUAC, MUAC z score, and WFL z score. Similar findings have been
reported when comparing BMI and WFL z scores in 293 infants at
1 month of age43. Infant BMI z score has also been shown to be a
stronger indicator of obesity risk in children9,44. Together, these
findings suggest that BMI z score may offer greater utility in
clinical settings as an estimation of adiposity than WFL, MUAC, or
the MUAC z score. In contrast, WFL z score was more tightly
correlated to fat-free mass index than BMI z score at 12 weeks and
5 months. Meanwhile, MUAC and MUAC z score were found to be
stronger correlates of fat mass than fat-free mass, as previously
reported by others45–47.
In the sub-analysis in which we compared measurements from

EBF infants that met the WHO MGRS criteria to infants who met
the criteria except that they were PBF by 4 months, differences in
body composition were identified. On average, weight, body fat
percentage, fat mass, and fat mass index were significantly higher
in EBF infants compared to PBF infants after controlling for the
effects of postmenstrual age, sex, and birthweight. This finding is
consistent with other studies that have reported higher fat mass in
exclusively/predominantly breastfed infants compared to formula-
fed infants or infants receiving mixed feeds from 3–6 months of
age48,49. While breastfeeding appears to be related to higher fat
mass up to 6 months of age, formula-feeding has been associated
with higher fat mass at 1 year48, as well as an increased risk of
overweight and obesity from childhood to early adulthood50.

Table 3. Multivariate analysis of predictors of growth and body composition metrics, including: feeding mode, sex, postmenstrual age, and birth
weight.

Feeding mode (EBF) Sex (Male) Postmenstrual age (weeks) Birth weight (kg)

Weight (kg) 0.23 (0.05–0.41)* 0.63 (0.47–0.80)† 0.13 (0.12–0.13)† 0.48 (0.29–0.68)†

Length (cm) 0.44 (−0.18–1.05) 1.94 (1.44–2.44)† 0.53 (0.51–0.55)† 1.40 (0.80–2.00)†

% Body fat 2.61 (1.22–4.01)† −0.42 (−1.66–0.82) 0.33 (0.29–0.37)† 0.50 (−0.97–1.98)

Fat mass (kg) 0.24 (0.12–0.37)† 0.13 (0.02–0.25)* 0.05 (0.05–0.06)† 0.14 (0.006–0.27)*

Fat mass index (kg/m2) 0.50 (0.20–0.80)** 0.08 (−0.20–0.36) 0.07 (0.06–0.08)† 0.21 (−0.12–0.54)

Fat-free mass (kg) 0.0006 (−0.11–0.11) 0.50 (0.40–0.60)† 0.08 (0.07–0.08)† 0.35 (0.23–0.46)†

Fat-free mass index (kg/m2) −0.04 (−0.33–0.25) 0.51 (0.31–0.72)† −0.02 (−0.03–(−0.005))** 0.34 (0.09–0.58)**

p < 0.05*, p < 0.01**, p < 0.001† a Regression data are presented as regression co-efficient estimate (95% confidence interval). b Values for feeding mode are
expressed as the adjusted difference between EBF infants compared to PBF infants, with positive values indicating higher growth metrics in EBF infants and
negative values indicating lower growth metrics in EBF compared to PBF infants. c Values for sex are expressed as the adjusted difference between male
infants compared to female infants.
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Conversely, breastfeeding is believed to exert a protective effect
against obesity51,52. These findings highlight the importance of
body composition measurement and underscore the need for
further research to explore whether the effects of infant feeding
on later obesity risk are related to body composition differences in
infancy.
While this study reports longitudinal sampling of a cohort of 187

infants for the construction of body composition trajectories, there
are some limitations. Firstly, the limited number of timepoints for
growth assessment, the low rate of ADP completion at the first
timepoint, and the separate assessment of body composition for
male and female infants, reduce the amount of data available for
analysis. This small sample size is partially compensated for by use
of the GAMLSS method, which allows for the construction of
percentile data from smaller cohorts, but larger sample sizes and
more frequent sampling would have led to greater accuracy of the
reference body composition curves appropriate for clinical use,
similar to the construction of the WHO growth standards. The use
of extrapolation in this study allowed for the inclusion of larger
infants for analysis, removing the systematic bias presented by
using the ADP device, and thereby enabling presentation of a
more comprehensive distribution of infant weight and body
composition measures at 5 months. However, this did require
extrapolation based on infant size and as such may have
introduced some uncertainty compared to actual values. Addition-
ally, while ADP is considered a valuable tool for non-invasive body
composition assessment, reporting satisfactory reproducibility and
accuracy in body fat percent measures in full term infants,
concerns have been raised regarding its estimation of body
composition in leaner individuals, prompting the need for
additional study53. Furthermore, the applicability of this data to
other environments and populations is uncertain. While the infants
included in our study were predominantly White, it is important to
note that ethnic differences in body composition have previously
been reported, with studies of multi-ethnic cohorts identifying
differences in the amount and distribution of fat mass between
neonates and infants of different racial/ethnic backgrounds54,55.
Other cohort characteristics not discussed in this analysis, including
maternal parity, obesity, and other maternal metabolic factors and
disorders, may also influence infant growth and body composition,
and so research on larger cohorts accounting for these factors are
needed56. Finally, as discussed throughout this paper, the relation-
ship between infant body composition trajectories and clinical
outcomes in later life are still under investigation, so the utility of
this data in clinical settings for the evaluation of infant growth
requires further exploration.
In conclusion, data generated from this study provide age and

sex-specific body composition percentile curves from 6 weeks to
5 months of age for infants that meet the inclusion criteria of the
WHO MGRS. Notably, our study population reflects similar median
weight and length percentiles to WHO growth standards.
Extrapolation enabled inclusion of heavier infants with weight
exceeding the ADP machine’s upper limit—one of the key
limitations in the prior literature. These curves will help facilitate
future studies aimed at understanding the relationship of early life
body composition and subsequent health outcomes. Further, we
have demonstrated that BMI z score is more closely related to fat
mass index z score than MUAC, WFL z score or MUAC z score at
study timepoints.
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