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BACKGROUND/OBJECTIVES: Two compartment (2 C) models of body composition, including Air Displacement Plethysmography
(ADP) and Deuterium Dilution (DD), assume constant composition of fat-free mass (FFM), while 3-compartment (3 C) model
overcomes some of these assumptions; studies are limited in infants. The objective of the present study is to compare 3 C estimates
of body composition in 6-mo. old infants from Australia, India, and South Africa, including FFM density and hydration, compare with
published literature and to evaluate agreement of body composition estimates from ADP and DD.
METHODS: Body volume and water were measured in 176 healthy infants using ADP and DD. 3C-model estimates of fat mass (FM),
FFM and its composition were calculated, compared between countries (age and sex adjusted) and with published literature.
Agreement between estimates from ADP and DD were compared by Bland–Altman and correlation analyses.
RESULTS: South African infants had significantly higher % FM (11.5%) and density of FFM compared to Australian infants. Australian
infants had significantly higher % FFM (74.7 ± 4.4%) compared to South African infants (71.4 ± 5.0) and higher FFMI (12.7 ± 0.8 kg/
m2) compared to South African (12.3 ± 1.2 kg/m2) and Indian infants (11.9 ± 1.0 kg/m2). FFM composition of present study differed
significantly from literature. Pooled three country estimates of FM and FFM were comparable between ADP and DD; mean
difference of −0.05 (95% CI: −0.64, +0.55) kg and +0.05 (95% CI: −0.55, +0.64) kg.
CONCLUSIONS: 3C-model estimates of body composition in infants differed between countries; future studies are needed to
confirm these findings and investigate causes for the differences.
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INTRODUCTION
Body composition measurements in infants provide a critical
baseline for understanding associations between growth in early
life and the risk of disease throughout later life [1]. However, the
accurate assessment of body composition in infancy is challen-
ging, with errors due to unsuitable prediction equations, move-
ment artefacts during imaging methods, and the unsuitability of
many instruments for small infants. An optimal infant body
composition measurement method needs to be practical,
accurate, precise with minimal assumptions. Sexual dimorphism
in relation to adiposity is established in early infancy and may be
of relevance for later-life diseases [2, 3].
The 2C-model divides the body into FM and FFM, and 2 C

techniques such as densitometry (body volume measurements by
ADP) and isotope dilution (hydrometry, DD), have commonly been
used to assess body composition in infants and children [4, 5].
While these techniques are practical and relatively simple, they
assume values of FFM hydration or density, primarily based on
studies conducted on infants from Western countries by Fomon
et al. [6] and Butte et al. [7]; these assumed age- and sex-specific
FFM density or hydration may not be appropriate universally,
since many external factors can impact the process of growth and

maturation [8, 9]. These measurements are limited in infants from
diverse countries and ethnicities.
Multi-component models of body composition, combining

measurements from different techniques, can be used to directly
assess the FFM composition (water and mineral content) and thus
explore the variations in FFM hydration and density. In the
criterion four compartment (4 C) model [10, 11], total body water
(TBW), bone mineral content (BMC) and body density (from body
volume and weight), are assessed using hydrometry, dual-energy
X-ray absorptiometry (DXA) and ADP, respectively. However, since
DXA imaging involves exposure to a low dose of radiation and is
affected by movement artefacts, it may not be appropriate for
new-borns and young infants [2, 12]. On the other hand, the non-
imaging 3-compartment (3 C) model [13], which combines
measures of weight, body volume by ADP, and total body water
by DD, avoids the assumption of water content of FFM between
individuals and has been used safely in infants to yield estimates
of FM, TBW and the anhydrous FFM (mineral, protein and DNA/
glycogen) [14]. The 3 C model can be used in research settings to
explore the assumed constants of density and hydration of FFM
[6, 7] and provide important understanding and implications while
applying 2 C models. Evaluation of the FFM density of Fomon et al.
[6] against 3C-model estimates in a small number of Ethiopian
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infants aged 1.5–6 mo. [13], found them to be similar. However, to
our knowledge, no study has simultaneously estimated body
composition using the 3C-model in infants from countries with
varied income and environmental settings, which could affect the
FFM hydration or density.
This study firstly aimed to measure and compare the anthro-

pometry and body composition of 6-mo. old infants from
Australia, India and South Africa, using the 3C-model. Secondly,
the study aimed to investigate the FFM density and hydration of
infants and compare the values between countries and to
published values [6, 7] Thirdly, the study aimed to evaluate the
agreement of FM and FFM estimates between ADP and DD.

METHODS
This study included 6-mo. old infants from three countries, who were part
of the larger multi-country Multi-center Infant Body Composition
Reference Study (MIBCRS), which aimed to accurately assess body
composition in healthy infants from birth to 2 y. The eligibility criteria for
recruitment into MIBCRS were consistent with the WHO Multicentre
Growth Reference Study (MGRS) [15], and full-term healthy infants (≥37 to
≤42 wk of gestation), weighing ≥2500 g, from singleton pregnancies of
healthy non-smoker mothers planning to breastfeed for at least up to 6
mo., were recruited into the study. Infants with significant morbidity and
congenital abnormalities were excluded. This multinational study fulfilled
International Ethical Guidelines for Biomedical Research involving human
participants, and each country site obtained approval from their local
ethics review committee. Informed consent form was obtained from the
mothers. The sample size of 44 infants in each country was estimated to
observe a mean difference of 3.0% in %FM between different countries,
with a SD of 3.9% and 4.2% [16], at 5% level of significance and 80%
power, after correcting for the multiple comparison between 3 countries.

Infant anthropometry
Infant weight on the day of measurement (at ~6 mo.) was measured using
a pediatric electronic scale accurate to the nearest 0.01 kg (SECA 376,
Hamburg, Germany, for Australian and South African infants; Salter 914,
Delhi, India, for Indian infants). Length was measured to the nearest 0.1 cm
using an infantometer (SECA 417, Hamburg, Germany). Standardized
protocols were developed based on the WHO MGRS protocol [17],
measurements were performed by staff who were initially trained at all
sites by an international expert and then retrained every 3 months.

Assessment of body density by ADP
Body volume, and thereby body density, was measured by ADP (PEA POD,
Software version 3.5.0, 201, COSMED, USA), with a mean precision of
0.07%. Precision was measured at each study site using a standard 3 L
volume phantom, provided by the manufacturer. The volume of the
phantom was measured 10 times for three days, and the coefficient of
variation (CV%) was calculated as standard deviation (SD)/ Mean. The
mean CV% of the three countries was reported. Standard protocol was
used at all sites [18]. The ratio of weight (kg) and the measured body
volume (L) was used to calculate total body density (kg/L), from which the
proportions of FM and FFM were calculated using assumed densities [6, 19]
for each. FM and FFM were expressed as a percentage of body weight (%
FM, % FFM), and in relation to height, as FMI (kg/m2) and FFMI (kg/m2).

Assessment of TBW by DD
Infant TBW was determined by DD, where a dose of 1 g deuterium oxide
(D2O; 99.8 atom %, Sigma-Aldrich, Canada) was orally administered to the
infant using a syringe, following a baseline saliva sample, collected at least
15min prior to their last feed. Saliva was sampled at 2.5 h and 3 h, allowing
sufficient time for the isotope to equilibrate in the body water. The 3-h
point was taken for the calculation [20]. Liquids were not provided to the
infants between dosing and saliva sample collections. The collected saliva
samples were stored in −20 °C freezer until analysis. The deuterium

Table 1. Maternal and infant characteristics of the study population.

Variables Australia (n= 46) India (n= 86) South Africa (n= 44) Pooled (n= 176) P-value

Maternal characteristics

Maternal age (y) 30.3 ± 4.3a,b 25.8 ± 6.4a 25.1 ± 5.4b 26.8 ± 6.0* <0.01

Gestational age (wk) 39.8 ± 1.0a,b 38.8 ± 0.9a 39.1 ± 1.4b 39.2 ± 1.2* <0.01

Mode of delivery (%)

Vaginal (spontaneous and assisted) 73.9 72.1 100.0 79.6 0.02

LSCSd 26.1 27.9 0.0 20.4

Parity %

Primiparous 35.2 57.0 56.1 53.4 0.17

Multiparous 64.8 43.0 43.9 46.6

Infant characteristics

Age (year) 0.49 ± 0.02a,b 0.51 ± 0.02a,c 0.50 ± 0.01b,c 0.50 ± 0.02* <0.01

Weight at birth visit (kg)e 3.3 ± 0.4a,b 2.8 ± 0.3a,c 3.0 ± 0.3b,c 3.0 ± 0.4* <0.01

Weight (kg) 7.3 ± 0.7 7.2 ± 0.8 7.2 ± 0.7 7.2 ± 0.8 0.75

Length (cm) 65.3 ± 2.2 66.0 ± 2.2 64.8 ± 2.9 65.5 ± 2.5 0.03

Sex %

Female 41.3 51.2 65.9 52.3 0.06

Male 58.7 48.8 34.1 47.7

Feeding practices at 3 mo. of infants age (%)

Exclusively breastfed 60.9 94.9 21.4 66.9 <0.01

Exclusively formula fed 13.0 0.0 2.4 4.2

Values are mean ± SD; P values using ANOVA, Pearson’s chi-square, or ANCOVA test as appropriate.
*P < 0.05;
aWithin a row, superscripts denote significance between countries—Australia vs. India
bWithin a row, superscripts denote significance between countries—Australia vs. South Africa
cWithin a row, superscripts denote significance between countries—India vs. South Africa.
dLower Segment Cesarean Section;
e0–8 d of postnatal age.
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abundance in the thawed saliva samples was analyzed in duplicate by
Fourier transformed infrared spectrometry (FTIR, Agilent 4500 Series, USA)
in separate laboratories. Similar SOPs were followed in all countries and
efforts were made to harmonize the equipment and protocol. Quality
control of TBW analysis was assured by the regular site visits by IAEA
technical expert and the interlab studies, which were comparable
(Supplementary Table 1). TBW was calculated as the ratio of the
administered dose of deuterium to its steady state enrichment in the
body water, corrected for deuterium exchange into protein using a
correction factor of 1.044 [21]. FFM was calculated from TBW assuming an
age- and sex-specific hydration value of FFM [6, 22]. FM was calculated as
the difference in body weight and FFM.

Estimation of FM, FFM, density, and hydration of FFM, using
the 3 C model
The 3C-model estimates of FM and FFM were derived using body weight
(BW), body volume (BV, measured by ADP) and TBW (estimated from DD),
assuming the density of fat (DFM) to be 0.9007 kg/L [19], and the density of
water (DW) to be 0.9937 kg/L at body temperature [19]. The density (DDB)
and composition of the ‘dry’ body (FM and the anhydrous FFM) were
calculated using the Archimedes principle for binary mixtures with the
proportions and assumed densities of fat (PF and DF) and the density of
anhydrous FFM (Dp+m), rearranging to calculate the unknown fat
proportion PF as shown below.

1
DDB

¼ PF
DF

þ 1� PF
Dpþm

The density of the protein and mineral (Dp+m) component was derived
as 1.4959 kg/L, using sex-specific proportions and densities of protein (Pp,
Dp) and mineral (Pm, Dm) in a 6-mo infant [19].

1
Dpþm

¼ Pp
Dp

þ Pm
Dm

FFM density (DFFM) was calculated from the ratio of FFM and FFM
volume as below:

DFFMðkg=LÞ ¼ Body weight ðkgÞ � FM ðkgÞ
Body volume ðLÞ � ðFM=FMdensityÞ ðLÞ

FFM hydration (HF) was calculated as ratio of measured TBW, and 3C-
model estimate of FFM.

Statistical analysis
Primary measurements were tested for normality assumptions using Q-Q
plot and Shapiro Wilk test (p > 0.05). Continuous variables are presented as
mean ± SD, while categorical variables are presented as percentage (%).
Maternal and infant characteristics were compared between countries
using Pearson’s Chi-square test and analysis of variance (ANOVA), as
appropriate and multiple comparison was performed by 2 × 2 Chi-square
(adjusted for p value) and Bonferroni correction method, respectively. The
main effect of country and interaction effect of country x sex were
analysed using Analysis of covariance (ANCOVA) to compare the infant
anthropometry and body composition estimates from 3 C model, between
the three countries adjusted for age and sex, followed by Bonferroni
correction for multiple comparisons. The agreement of FM and FFM
estimates obtained from ADP vs. DD were assessed using intraclass
correlation (ICC) and the Bland–Altman method [23]. The one sample t-test
was used to determine if the mean difference of FM estimates from ADP
and DD were significantly different from zero. The estimated DFFM and HF
were compared with published data [6, 7] using the one sample t-test. The
mean precision of the estimated FM (kg) using the 3 C model from the
three countries, obtained from the propagation of error method was
±0.03 kg (1.3% of FM), calculated using the known error in measuring TBW
from DD (0.02 kg), body weight (0.01 kg) and body volume (0.002 L). SPSS
statistical package version 26.0 (SPSS Inc. Chicago, Illinois) was used.
P < 0.05 was considered statistically significant.

RESULTS
The data were normally distributed; maternal and infant
characteristics are presented in Table 1. Australian mothers were
significantly older than mothers from India and South Africa.
Majority (95%) of the Indian infants were exclusively breastfed
(EBF) at 3 mo., while 61% and 21% of infants were EBF in Australia
and South Africa, respectively. About 91% of Australian infants
were Caucasian, while all infants from India were of Asian ethnicity
and South African infants belonged to Black African ethnicity.
There were no between-country body weight and length
differences in infants at 6 mo. of age.

3C-model estimates of body composition
Body composition estimates obtained from the 3C-model for infants
are presented in Table 2. Australian infants had significantly higher

Table 2. Body composition estimates using the 3C-model in infants from the three countries at 6 mo. of age.

Australia (n= 46) India (n= 86) South Africa (n= 44) Pooled (n= 176) P-value

Primary parameters

Weight (kg) 7.3 ± 0.7 7.2 ± 0.8 7.2 ± 0.7 7.2 ± 0.8 0.50

TBW (kg) 4.3 ± 0.4a,b 4.1 ± 0.5a 4.0 ± 0.4b 4.2 ± 0.4* 0.01

TBW % 59.4 ± 4.1b 57.7 ± 4.5 56.1 ± 4.6b 57.7 ± 4.5* 0.01

Body volume (kg/L) 7.2 ± 0.7 7.1 ± 0.8 7.1 ± 0.7 7.1 ± 0.8 0.63

Body composition estimates

FM (kg) 1.9 ± 0.4 2.0 ± 0.5 2.1 ± 0.5 2.0 ± 0.5 0.13

FFM (kg) 5.4 ± 0.5a,b 5.2 ± 0.5a 5.1 ± 0.4b 5.2 ± 0.5* 0.01

% FM 25.3 ± 4.4b 27.4 ± 4.9 28.6 ± 5.0b 27.1 ± 4.9* 0.02

% FFM 74.7 ± 4.4b 72.6 ± 4.9 71.4 ± 5.0b 72.9 ± 4.9* 0.02

FMI (kg/m2) 4.3 ± 1.0 4.5 ± 1.1 5.0 ± 1.4 4.6 ± 1.2 0.07

FFMI (kg/m2) 12.7 ± 0.8a,b 11.9 ± 1.0a 12.3 ± 1.2b 12.2 ± 1.1* <0.01

DFFM (kg/L) 1.067 ± 0.006b 1.067 ± 0.006 1.071 ± 0.008b 1.068 ± 0.007* 0.03

HF 0.795 ± 0.015 0.795 ± 0.017 0.785 ± 0.020 0.792 ± 0.018 0.03

DFFM Density of fat-free mass, HF Hydration factor, FMI Fat Mass Index, FFMI Fat-free mass index, TBW Total body water;
Values are mean ± SD; P values for main effects of country x sex using ANCOVA.
*P < 0.05,
aWithin a row, superscripts denote significance between countries—Australia vs. India;
bWithin a row, superscripts denote significance between countries—Australia vs. South Africa;
cWithin a row, superscripts denote significance between countries—India vs. South Africa
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TBW (kg) and FFM (kg) when compared to Indian and South African
infants, but %TBW adjusted for body weight (59.4 ± 4.1%), was only
significantly higher than infants from South Africa (56.1 ± 4.6%). The
%FFM of Australian infants (74.7 ± 4.4%) was significantly higher than
infants from South African (71.4 ± 5.0%), while the %FM was
significantly lower in Australian infants (25.3 ± 4.4%), when compared
to South African (28.6 ± 5.0%). The FM (kg) was similar among the
three countries. Infants from Australia had a significantly higher FFMI
(12.7 ± 0.8 kg/m2) compared to infants from India (11.9 ± 1.0 kg/m2)
and South Africa (12.3 ± 1.2 kg/m2). Pooled sex-specific estimates of
the body composition showed that males had significantly higher
TBW (kg), %TBW, FFM (kg), %FFM and FFMI, while females had
significantly higher %FM. These results along with the within country
sex-specific results are summarized in Supplementary Table 2.

Density and hydration of FFM
The DFFM of South African infants (1.071 ± 0.008 kg/L) was signifi-
cantly higher than Australian infants (1.067 ± 0.006 kg/L, P value=
0.047), but not Indian infants (1.067 ± 0.006 kg/L, P= 0.087). The HF
of South African infants (0.785 ± 0.020) was lower compared to
Australian infants (0.795 ± 0.020), however, not significant.
(P= 0.050). These results are reported in Table 2. Sex-specific analysis
between countries (Supplementary Table 1) showed that South
African females were significantly different from Indian females, but
not Australian females in both DFFM and HF.
When comparing the sex-specific DFFM and HF estimates from

the present study with those of Fomon et al. [6], only females from
South Africa had significantly higher DFFM and lower HF, while
comparison of DFFM and HF data from the present study with
estimates from Butte et al. [7] showed that they were significantly
different in infants from all three countries (Table 3).

Comparison of ADP and DD
The ICC of pooled FM and FFM estimates obtained from ADP and
DD was high (0.90, 95% CI: 0.86–0.92 and 0.91, 95% CI: 0.88–0.94,
respectively). The mean difference in the pooled FM and FFM
estimates obtained from DD and ADP was −0.05 ± 0.30 (95% CI:
−0.64, +0.55) kg and +0.05 ± 0.30 (95% CI: −0.55, +0.64) kg
respectively, which were significantly different from zero (P < 0.05)
(Fig. 1). The mean difference between the two methods for
Australia, India, and South Africa were 0.00 ± 0.27 (95% CI: −0.55,
+0.54) kg, −0.01 ± 0.28 (95% CI: −0.57, +0.55) kg, −0.17 ± 0.33
(95% CI: −0.82, +0.49) kg, respectively for FM and 0.00 ± 0.27 (95%
CI: −0.54, +0.55) kg, +0.01 ± 0.28 (95% CI: −0.55, +0.57) kg,
0.17 ± 0.33 (95% CI: −0.49, +0.82) kg, respectively for FFM. The
correlation between the difference and average of FM derived
from ADP and DD was inverse and significant (r=−0.18, p= 0.02;
y=−0.1108x+ 0.171), while it was linear and significant for FFM
(r=+0.18, p= 0.02; y=−0.1059x+ 0.6034).

DISCUSSION
This paper presents, for the first time, 3C-model body composition
estimates of 6 mo. infants recruited from three different countries
in a simultaneous multicenter study. The rank order of FFMI was
Australia > South Africa > India, while for FMI, it was South
Africa > India > Australia. Infants from South Africa had signifi-
cantly higher density of FFM when compared to infants from
Australia. Sexual dimorphism existed in South African infants,
females had a significantly higher DFFM and lower HF when
compared to published estimates [6]. Pooled FM (kg) and FFM (kg)
estimates from the three countries, measured by ADP and DD, had
good reliability and relatively low differences.
Measurement of body composition at 6 mo. can provide

insights on the effect of feeding patterns on body composition. A
systematic review summarized the effect of infant feeding (breast
feeding vs formula feeding) on infant (0–12 mo.) body composi-
tion and observed that formula-fed infants had lower FM whenTa
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compared to breast fed infants at 3–4 mo. and 6 mo., but there
was a trend toward higher FM in formula-fed infants at 12 mo. of
age [24]. Similar results were observed in a large, mother-baby
dyad group in USA, where breastfed babies had higher percent
body fat at 6 mo. of age [25]. Breast fed infants were observed to
have higher circulating leptin in comparison to formula-fed infants
at ages <4 mo., but not in later infancy [26, 27], which could be a
reason for the observed higher FM in breast fed infants during
early infancy. Similarly, breastfeeding was associated with lower
FFM in infants between 3–6 mo. [24, 28] and at 6 mo., when
compared to formula feeding [24]. The higher protein content of
formula feeds compared to breast milk [25] may explain the
higher accrual of FFM in early life, however, these findings need to
be prospectively confirmed in longitudinal studies.
In the present study, sex-based differences in DFFM and HF were

only observed in South African infants, however, since males only
comprised 34% (n= 15), results need to be considered with
caution. Earlier studies [7, 29, 30] have not observed any

significant sex-specific differences and it has been suggested that
attempts to identify sex-based differences in the composition of
FFM in infants may not be desirable unless the methodology was
perfect [31].
Most body composition reference data for infants have been

published using [13, 18, 32–34] the 2 C model, which assumes
constant values for the composition of FFM [6, 7]. The values from
Fomon et al. [6], were based on data from different published
reports, modeled with many assumptions to derive reference data
for DFFM and HF. Butte et al. values [7] were based on longitudinal
data from infants of US aged birth to 2 y. The DFFM of infants from
all three countries in the present study were significantly higher,
while HF estimates were significantly lower than those from Butte
et al. [7]. Similarly, lower body FM estimates at 12 wk of age [35],
was observed when using the DFFM value from Butte et al. [7] in
comparison to Fomon et al. [6], being particularly evident at 1 wk
of age, which could have implications for estimates of FM and FM
accretion in early life. However, the biological importance of these
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Fig. 1 Bland–Altman plot comparing the body composition estimates of Air displacement plethysmography (ADP) vs. Deuterium dilution
(DD) in infants from the three countries at 6 mo. of age. A Fat mass obtained from ADP vs. DD. B Fat-free mass obtained from ADP vs. DD.
Circles denote Australia (n= 46), squares denote India (n= 86) and triangles denote South Africa (n= 44). The black solid line refers to zero.
The black dashed line represents the mean difference (−0.05 kg) for FM and (+0.05 kg) for FFM, which was significantly different (P < 0.05),
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findings may be more relevant rather than just the statistical
significance and hence population specific DFFM and HF, which
may be best applicable for each country should be used.
Estimates of body composition measured by ADP and DD in the

present study showed good reliability, with a low mean difference,
concurring to results observed in infants aged 0.5 to 6 mo., where
no significant differences were observed between percent FM
estimates obtained from both methods [36]. While DD is accurate
for estimating body composition in infancy, it is not practical in
infants under 3 mo. due to difficulties in dosing or collecting saliva
samples. ADP is a safe and rapid measurement, validated using
the 4C-model in term infants [37, 38], but being practical only for
infants weighing up to 8 kg. The results from the two methods
should, however, not be used interchangeably while measuring
body composition in infants, and may be reliable only for
population estimations rather than individual measurements.
Limitations of the present study were the single DD measure-

ment and the lack of feeding data at 6 mo. Factors such as socio-
economic status, feeding patterns, ethnicity, and climate, which
may have contributed, were not considered in the analysis. In
conclusion, accurate estimates of body composition in infants
from three countries, using 3 C model suggests some significant
between-country variability, however, in view of the significant
demographic, social, and environmental differences among the
countries, larger studies are needed to investigate the true causes
of the differences. Estimates using ADP and DD correlated well
with relatively low bias, however, the wide 95% CI suggests that
these techniques may be more reliable for population estimates.
The DFFM of South African infants differed from Australian infants
and from estimates from Fomon et al. [6], while all countries
differed from estimates of Butte et al. [7]. This highlights the need
for further investigation of the assumed FFM variables in infancy,
which may have important implications for the different 2 C
models used in infant research.

DATA AVAILABILITY
Data described in the manuscript, code book, and analytic code will be made publicly
and freely available without restriction at, https://osf.io/r5pbn, OSF | Body
composition of infants at 6 months of age using a 3-compartment model.

REFERENCES
1. Wells JC. Body composition in infants: evidence for developmental programming

and techniques for measurement. Rev Endocr Metab Disord. 2012;13:93–101.
2. Davis SM, Kaar JL, Ringham BM, Hockett CW, Glueck DH, Dabelea D. Sex differ-

ences in infant body composition emerge in the first 5 months of life. J Pediatr
Endocrinol Metab. 2019;32:1235–9.

3. Gale C, Logan KM, Jeffries S, Parkinson JR, Santhakumaran S, Uthaya S, et al.
Sexual dimorphism in relation to adipose tissue and intrahepatocellular lipid
deposition in early infancy. Int J Obes (Lond). 2015;39:629–32.

4. Demerath EW, Fields DA. Body composition assessment in the infant. Am J Hum
Biol. 2014;26:291–304.

5. Gallagher D, Andres A, Fields DA, Evans WJ, Kuczmarski R, Lowe WL Jr, et al. Body
composition measurements from birth through 5 years: challenges, gaps, and
existing & emerging technologies-a National Institutes of Health Workshop. Obes
Rev. 2020;21:e13033.

6. Fomon SJ, Haschke F, Ziegler EE, Nelson SE. Body composition of reference
children from birth to age 10 years. Am J Clin Nutr. 1982;35:1169–75.

7. Butte NF, Hopkinson JM, Wong WW, Smith EO, Ellis KJ. Body composition during
the first 2 years of life: an updated reference. Pediatr Res. 2000;47:578–85.

8. Wells JCK. Body composition of children with moderate and severe under-
nutrition and after treatment: a narrative review. BMC Med. 2019;17:215.

9. Wang Z, Deurenberg P, Wang W, Pietrobelli A, Baumgartner RN, Heymsfield SB.
Hydration of fat-free body mass: review and critique of a classic body-
composition constant. Am J Clin Nutr. 1999;69:833–41.

10. Wells JC, Fuller NJ, Dewit O, Fewtrell MS, Elia M, Cole TJ. Four-component model
of body composition in children: density and hydration of fat-free mass and
comparison with simpler models. Am J Clin Nutr. 1999;69:904–12.

11. Heyward V. ASEP methods recommendation: body composition assessment. J
Exerc Physiol Online. 2001;4:1–12.

12. Toro-Ramos T, Paley C, Pi-Sunyer FX, Gallagher D. Body composition during fetal
development and infancy through the age of 5 years. Eur J Clin Nutr.
2015;69:1279–89.

13. Andersen GS, Girma T, Wells JC, Kæstel P, Leventi M, Hother AL, et al. Body
composition from birth to 6 mo of age in Ethiopian infants: reference data
obtained by air-displacement plethysmography. Am J Clin Nutr. 2013;98:885–94.

14. Siri WE. Body composition from fluid spaces and density: analysis of methods.
1961. Nutrition. 1993;9:480–91.

15. de Onis M, Garza C, Victora CG, Onyango AW, Frongillo EA, Martines J. The WHO
Multicentre Growth Reference Study: planning, study design, and methodology.
Food Nutr Bull. 2004;25:S15–26.

16. Paley C, Hull H, Ji Y, Toro-Ramos T, Thornton J, Bauer J, et al. Body fat differences
by self-reported race/ethnicity in healthy term newborns. Pediatr Obes.
2016;11:361–8.

17. de Onis M, Onyango AW, Van den Broeck J, Chumlea WC, Martorell R. Mea-
surement and standardization protocols for anthropometry used in the con-
struction of a new international growth reference. Food Nutr Bull.
2004;25:S27–36.

18. Urlando A, Dempster P, Aitkens S. A new air displacement plethysmograph for
the measurement of body composition in infants. Pediatr Res. 2003;53:486–92.

19. Brozek J. Densitometric analysis of body composition: revision of some quanti-
tative assumptions. Ann NY Acad Sci. 1963;110:113–40.

20. Murphy-Alford AJ, Johnson W, Nyati LH, Santos IS, Hills AP, Ariff S, et al. Body
composition reference charts for infants from birth to 24 months: multi-center
infant body composition reference study. Am J Clin Nutr. 2023;117:1262–9.

21. Racette SB, Schoeller DA, Luke AH, Shay K, Hnilicka J, Kushner RF. Relative dilution
spaces of 2H- and 18O-labeled water in humans. Am J Physiol. 1994;267:E585–90.

22. Schoeller DA. Hydrometry. In: Heymsfield S, Lohman T, Wang Z-MGS editors.
Human body composition 918, human kinetics: champaign. 2nd edn. IL, USA; Am
J Clin Nutr. 2005. p. 536.

23. Bland JM, Altman DG. Statistical methods for assessing agreement between two
methods of clinical measurement. Lancet. 1986;1:307–10.

24. Gale C, Logan KM, Santhakumaran S, Parkinson JR, Hyde MJ, Modi N. Effect of
breastfeeding compared with formula feeding on infant body composition: a
systematic review and meta-analysis. Am J Clin Nutr. 2012;95:656–69.

25. Tahir MJ, Ejima K, Li P, Demerath EW, Allison DB, Fields DA. Associations of
breastfeeding or formula feeding with infant anthropometry and body compo-
sition at 6 months. Matern Child Nutr. 2021;17:e13105.

26. Heinig MJ, Nommsen LA, Peerson JM, Lonnerdal B, Dewey KG. Energy and pro-
tein intakes of breast-fed and formula-fed infants during the first year of life and
their association with growth velocity: the DARLING Study. Am J Clin Nutr.
1993;58:152–61.

27. Savino F, Costamagna M, Prino A, Oggero R, Silvestro L. Leptin levels in breast-fed
and formula-fed infants. Acta Paediatr. 2002;91:897–902.

28. Sauder KA, Kaar JL, Starling AP, Ringham BM, Glueck DH, Dabelea D. Predictors of
infant body composition at 5 months of age: the Healthy Start Study. J Pediatr.
2017;183:94–99.e1.

29. Fuller NJ, Jebb SA, Laskey MA, Coward WA, Elia M. Four-component model for the
assessment of body composition in humans: comparison with alternative
methods, and evaluation of the density and hydration of fat-free mass. Clin Sci
(Lond). 1992;82:687–93.

30. Wells JC, Fuller NJ, Wright A, Fewtrell MS, Cole TJ. Evaluation of air-displacement
plethysmography in children aged 5-7 years using a three-component model of
body composition. Br J Nutr. 2003;90:699–707.

31. Fomon SJ, Nelson SE. Body composition of the male and female reference infants.
Annu Rev Nutr. 2002;22:1–17.

32. Rigo J, Nyamugabo K, Picaud JC, Gerard P, Pieltain C, De Curtis M. Reference
values of body composition obtained by dual energy X-ray absorptiometry in
preterm and term neonates. J Pediatr Gastroenterol Nutr. 1998;27:184–90.

33. Fields DA, Gilchrist JM, Catalano PM, Giannì ML, Roggero PM, Mosca F. Long-
itudinal body composition data in exclusively breast-fed infants: a multicenter
study. Obesity (Silver Spring). 2011;19:1887–91.

34. Wells JCK, Davies PSW, Fewtrell MS, Cole TJ. Body composition reference charts
for UK infants and children aged 6 weeks to 5 years based on measurement of
total body water by isotope dilution. Eur J Clin Nutr. 2020;74:141–8.

35. Eriksson B, Löf M, Eriksson O, Hannestad U, Forsum E. Fat-free mass hydration in
newborns: assessment and implications for body composition studies. Acta
Paediatr. 2011;100:680–6.

36. Ma G, Yao M, Liu Y, Lin A, Zou H, Urlando A, et al. Validation of a new pediatric air-
displacement plethysmograph for assessing body composition in infants. Am J
Clin Nutr. 2004;79:653–60.

37. Ellis KJ, Yao M, Shypailo RJ, Urlando A, Wong WW, Heird WC. Body-composition
assessment in infancy: air-displacement plethysmography compared with a
reference 4-compartment model. Am J Clin Nutr. 2007;85:90–5.

R. Kuriyan et al.

941

European Journal of Clinical Nutrition (2024) 78:936 – 942

https://osf.io/r5pbn


38. Heard-Lipsmeyer ME, Hull H, Sims CR, Cleves MA, Andres A. Evaluating body
composition in infancy and childhood: a comparison between 4C, QMR, DXA, and
ADP. Pediatr Obes. 2020;15:e12617.

ACKNOWLEDGEMENTS
The authors acknowledge the study team at the different sites and are grateful to all
the mothers and their infants who participated in the study. We thank Jonathan CK
Wells for his guidance with the 3 C model.

AUTHOR CONTRIBUTIONS
RK, APH, NMB, AJMA, LN, and SN designed the research (project conception,
development of overall research plan, and study oversight); RK, RP, and AVK
performed the statistical analyses and wrote the drafts of the paper. RK has primary
responsibility for the final content. All authors have read and approved the final
manuscript. The authors declare no competing financial interests.

FUNDING
This work was supported, in part, by the International Atomic Energy Agency (CRP
E43028) and the Bill & Melinda Gates Foundation [OPP1143641]. Under the grant
conditions of the Foundation, a Creative Commons Attribution 4.0 Generic License
has already been assigned to the Author Accepted Manuscript version that might
arise from this submission. Bill & Melinda Gates Foundation did not participate in the
design, management, analysis, interpretation, or preparation of the manuscript.

COMPETING INTERESTS
R.K. is an Associate Editor of European Journal of Clinical Nutrition. The other authors
have no conflicts or competing financial interests to declare.

ETHICAL APPROVAL
In each country, the study protocol was cleared by the Ethics Research Committee of
the institution where the study was conducted. All women signed an informed
consent form agreeing to participate in the study.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41430-023-01351-2.

Correspondence and requests for materials should be addressed to Rebecca Kuriyan.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

MULTI-CENTER INFANT BODY COMPOSITION REFERENCE STUDY (MIBCRS)

Shabina Ariff6, Andrew P. Hills 2, Rebecca Kuriyan 1✉, Shane Norris 4,5, Ina S. Santos7, V. Pujitha Wickramasinghe8,
Alexia J. Murphy-Alford3, Lukhanyo Nyati4, Caroline S. Costa7, Nishani Lucas8, Tanvir Ahmad9, Kiran D. K. Ahuja2, Jeffrey M. Beckett2,
Renata M. Bielemann7, Nuala M. Byrne2, Laila Charania6, Michele P. Christian1, Priscilla J. Divya1, Anne Hanley2, Manoja P. Herath2,
Leila C. Ismail10,11, Sisitha Jayasinghe2, Anura V. Kurpad 1, Pulani Lanerolle8, Cornelia Loechl3, Najat Moktar3, Upul Senerath8,
Christine Slater3, Sajid Soofi6, Steven J. Street2, Neiva C. J. Valle7 and Ayesha Yameen9

6The Aga Khan University, Karachi, Pakistan. 7Federal University of Pelotas, Pelotas, Brazil. 8University of Colombo, Colombo, Sri Lanka. 9Isotope Application Division, Pakistan,
Institute of Nuclear Science and Technology (PINSTECH), Islamabad, Pakistan. 10University of Sharjah, Sharjah, United Arab Emirates. 11University of Oxford, Oxford, UK.

R. Kuriyan et al.

942

European Journal of Clinical Nutrition (2024) 78:936 – 942

https://doi.org/10.1038/s41430-023-01351-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-7787-7201
http://orcid.org/0000-0002-7787-7201
http://orcid.org/0000-0002-7787-7201
http://orcid.org/0000-0002-7787-7201
http://orcid.org/0000-0002-3864-574X
http://orcid.org/0000-0002-3864-574X
http://orcid.org/0000-0002-3864-574X
http://orcid.org/0000-0002-3864-574X
http://orcid.org/0000-0001-7124-3788
http://orcid.org/0000-0001-7124-3788
http://orcid.org/0000-0001-7124-3788
http://orcid.org/0000-0001-7124-3788
http://orcid.org/0000-0001-7998-2438
http://orcid.org/0000-0001-7998-2438
http://orcid.org/0000-0001-7998-2438
http://orcid.org/0000-0001-7998-2438

	Body composition of infants at 6 months of age using a 3-compartment model
	Introduction
	Methods
	Infant anthropometry
	Assessment of body density by ADP
	Assessment of TBW by DD
	Estimation of FM, FFM, density, and hydration of FFM, using the 3&#x02009;C model
	Statistical analysis

	Results
	3C-model estimates of body composition
	Density and hydration of FFM
	Comparison of ADP and DD

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




