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A B S T R A C T

Background: Total body water (TBW) is commonly used to derive estimates of body composition. The deuterium oxide dose-to-mother (DTM)
technique for measuring breast milk intake requires an estimate of infant TBW. The DTM calculation employs a prediction equation for estimating infant
TBW from body weight (TBWpred), but the general validity of this equation is unknown.
Objectives: The objectives of this study were to assess the bias of TBW predicted by the equation used in DTM calculations (TBWpred); derive a new
equation based on a multicountry dataset of TBW measured by isotope dilution (TBWid) in breastfed infants, 0.5 (2 wk) to 24 mo old; and quantify the
impact of the new equation on measurements of breast milk and nonmilk water intake using the DTM technique.
Methods: We conducted a secondary analysis of 3756 TBWid measurements from 1457 infants, which were compared to TBWpred using the Bland-
Altman method and used to generate a new prediction equation. Values of breast milk intake and nonmilk water intake from 130 DTM calculation
spreadsheets were compared with recalculated values using the Bland-Altman method.
Abbreviations: DTM, dose-to-mother; IAEA, International Atomic Energy Agency; LoA, limits of agreement; MIBCRS, multicenter infant body composition reference study;
newTBWpred, total body water predicted from weight, age, and sex; TBW, total body water; TBWid, total body water measured with isotope dilution; TBWpred, total body water
predicted from weight.
* Corresponding author.
E-mail address: m.a.j.de.sevaux@umcg.nl (M.A. de S�evaux).

https://doi.org/10.1016/j.ajcnut.2025.06.004
Received 4 March 2025; Received in revised form 22 May 2025; Accepted 4 June 2025; Available online 14 August 2025
0002-9165/© 2025 The Authors. Published by Elsevier Inc. on behalf of American Society for Nutrition. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

mailto:m.a.j.de.sevaux@umcg.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajcnut.2025.06.004&domain=pdf
https://ajcn.nutrition.org/
https://doi.org/10.1016/j.ajcnut.2025.06.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ajcnut.2025.06.004
https://doi.org/10.1016/j.ajcnut.2025.06.004


TA
Ch

S

D
H
J
M

T
U
U
U
U

1

2

M.A. de S�evaux et al. The American Journal of Clinical Nutrition 122 (2025) 820–829
Results: TBWpred underestimates TBW, with absolute and relative bias increasing with age (3 mo: –1.4% � 9.2%; 24 mo: –11.3% � 8.3%) and dif-
ferential by sex (males: –6.4% � 9.6%; females: –2.4% � 9.9%). The best prediction equation incorporates log weight, age, and sex, explaining 93.7% of
the variability in log TBWid. Applying this new equation in DTM calculations results in higher estimates of breast milk and nonmilk water intake; for
example, in infants aged 6–12 mo, differences averaged 26 g/d (limits of agreement: –17, 69) and 13 g/d (limits of agreement: –10, 36), respectively.
Conclusions: The equation used in DTM calculations provides biased TBW estimates. This has implications for measuring breast milk intake and
nonmilk water intake and our understanding of nutritional needs during the first 2 y of life.

Keywords: infant, total body water, body composition, anthropometry, deuterium, doubly labeled water, isotope dilution, breast milk intake
Introduction

Total body water (TBW) refers to the total amount of water present
in the body. Water is the largest component of the body and is found
exclusively in the fat-free mass [1]. TBW is, therefore, widely used to
derive estimates of fat-free mass as a means for measuring body
composition [1]. This is particularly useful for infants and young
children, where other methods are either not feasible or costly or
restricted to centralized research facilities [2]. Information on infant
TBW is also a requirement for estimating breast milk intake using the
deuterium oxide (D2O) dose-to-mother (DTM) technique [3].

The most widely used protocol for calculating breast milk intake
using the DTM technique, along with spreadsheets for calculations, is
provided by the International Atomic Energy Agency (IAEA) [3]. This
technique utilizes a 2-compartment model to assess breast milk intake
[3]. Information on infant TBW is essential for the calculation of breast
milk intake, but it is almost always estimated rather than directly
measured. Direct measurement would involve an additional dose to the
infant, increasing both the time and resources needed. Instead, the
IAEA’s spreadsheets use a prediction equation to estimate infant TBW
from its body weight (W) using the equation; TBW ¼ 0:84*W 0:82 [3].
This equation was derived from data from young infants in Cambridge,
United Kingdom. To date, it is unclear how this equation performs in
infants �24 mo of age or in populations from other geographic
locations.

This study aimed to 1) compare TBW predicted from weight
(TBWpred) against measurements of TBW using isotope dilution for
measurement of body composition (TBWid) to quantify the magnitude
of bias; 2) derive a new equation based on a multicountry dataset of
TBWid in breastfed infants from 0.5 to 24 mo old; and 3) quantify the
impact of the new prediction equation for TBW on measurements of
breast milk and nonmilk water intake by the DTM technique.
BLE 1
aracteristics and methods of data included in the pooled analysis.

tudy/reference Country Data type

avies et al. [12] United Kingdom Cross-sect
aisma et al. [6,7] Brazil Cross-sect
ain et al. [8] India Cross-sect
ulticenter infant body
composition reference
study [4,5]

Australia, Brazil, India,
Pakistan, South Africa,
and Sri Lanka

Longitudin

horisdottir et al. [9] Iceland Cross-sect
mbiBaby [11,14,15] South Africa Longitudin
mbiGodisa [11,16,17] South Africa Cross-sect
npublished data (study) India and Zambia Cross-sect
npublished data (follow-up of
Thorisdottir et al. [9])

Iceland Cross-sect

Australia: 52; Brazil: 629; India: 89, Pakistan: 737; South Africa: 1136; Sri L
India: 11; Zambia: 34.
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Methods

Data
This study conducted a secondary analysis of data from 9 studies

across 9 countries collected between 1986 and 2021 (Table 1). All
included studies received approval from the relevant institutional re-
view boards, and informed consent was provided for all participants by
their mothers or parents. The majority of data were from the multicenter
infant body composition reference study (MIBCRS) [4,5], and data
from the other studies were included to enrich data from younger (<3
mo) and older infants (�18 mo) and other geographic areas (Iceland,
United Kingdom, and Zambia). This yielded an initial pooled dataset of
4702 TBWid. Records were excluded from the initial dataset when the
difference between weight and the sum of fat mass and fat-free mass
exceeded 0.1 kg (n¼ 202), when there was doubt about the infant’s age
at measurement (n ¼ 22), when isotope enrichment levels were sug-
gestive of contamination or dosing errors (n ¼ 9), or the infant was
born prematurely (<37 wk) (n ¼ 43).

Only breastfed infants were considered eligible for this study
because the final aim was to assess the impact of a new prediction
equation for TBW on breast milk and nonmilk water intake measure-
ments by the DTM technique. Haisma et al. [6,7], Jain et al. [8],
Thorisdottir et al. [9], and the unpublished data from a study in India
and Zambia which was aimed at developing a DTM protocol with
fewer sampling times, included only breastfed infants. The MIBCRS
included mothers who intended to breastfeed exclusively until 6 mo
and continue breastfeeding until �12 mo [4,10]. Hence, records from
this sample were excluded when we could verify or had strong reason
to believe that the infant was not breastfed at the time of measuring
TBW, based on reported feeding practices (n ¼ 670) (Supplemental
Material 1). The UmbiBaby study and UmbiGodisa study were
Period of data
collection (years)

n records Age range or
approximate age
at follow-up (mo)

ional 1986–1987 20 1.5
ional 2001–2002 55 8
ional 2012–2014 133 0.5
al 2013–2019 31741 3–24

ional 2014–2019 21 6
al 2018–2020 243 1.4–24
ional 2018–2020 26 18
ional 2019–2021 452 7–24
ional 2014–2019 39 12

anka: 531.
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postnatal follow-up studies to the Umbiflow international study, which
collected information on breastfeeding practices through interviews
[11]. Only records from breastfed infants were shared for the present
study. Likewise, only data from breastfed infants in the study by Davies
et al. [12] and the unpublished follow-up study of Thorisdottir et al. [9]
were shared for the present study, as not all infants were still breast-
feeding at the time of follow-up. This resulted in a final sample size of
3756 TBW measurements in 1457 infants representing different ages
(Supplemental Figure 1). For all infants, data were available on age,
sex, weight, TBWid, and country. Length data were available for all
infants except 1 from Thorisdottir et al. [9]. Although reported in Jain
et al. [8], data on length from this study were not included in our
analysis for practical reasons, and we do not expect their exclusion to
have affected our results. Age groups were defined as follows: 0.5 mo
(�2), 3 mo (>2 to �4.5), 6 mo (>4.5 to �7.5), 9 mo (>7.5 to �10.5),
12 mo (>10.5 to�16.5), 18 mo (>16.5 to�20.5), and 24 mo (>20.5).

A second dataset was collated to quantify the impact of the new
prediction equation for TBW on measurements of breast milk and
nonmilk water intake. We had access to isotope enrichment data used
for calculating these intakes using the DTM method originating from
Brazil (n ¼ 11) [6,7], Indonesia (n ¼ 30) [13], and the studies in India
(n ¼ 44) and Zambia (n ¼ 52) by convenience. The infants from the
studies in India and Zambia were also part of the sample of TBW
measurements. The aim was to create a diverse sample of male and
female infants from birth to 24 mo, with variability in breast milk and
nonmilk water intakes. Data from 7 records (n¼ 3 from Brazil and n¼
4 from India) were excluded because they had unacceptable curve
fitting errors (>100 mg/kg) (n¼ 2), erroneous enrichment data (n¼ 4),
or incomplete available data (n ¼ 1). The methods used in all studies
were based on the protocol described by the IAEA [3], but the number
of sampling days varied. The study in India and Zambia applied a
protocol where saliva samples from mothers and infants were taken on
all 14 d postadministration of deuterium to the mother. In Brazil, in-
fants were sampled on 6 and mothers on 5-time points over 14 d, and in
the Indonesian sample, a 3-sample protocol was applied over 14 d [3,4,
6,7,13]. Original values of breast milk and nonmilk water intake were
calculated by use of the standard Excel spreadsheet as provided on the
IAEA’s website (https://www.iaea.org/resources/hhc/nutrition/breast-
milk-intake/guidance-material), which applies the Cambridge equa-
tion for predicting TBW. Isotope enrichment data were subsequently
transferred to a variation of the spreadsheet, which applies the equation
for predicting TBW derived in the present study from the multicountry
dataset of infants aged 0.5–24 mo (example available in Supplemental
File 2). We then reanalyzed the “Solver” function embedded in the
spreadsheet, recording the recalculated values of breast milk intake and
nonmilk water intake. This resulted in a pooled dataset of 130 paired
measurement points, where each infant’s TBW was calculated using
both equations and the minimum breast milk intake was 53 g/d (Sup-
plemental Figure 2). A sample size of 100 is sufficient to estimate the
difference between the original and recalculated measurements of
breast milk intake with an SD of 0.1 kg/d with a 20% margin of error
and 95% confidence interval (CI). The data that were available were
therefore deemed sufficient for our purpose.
TBWid
Established protocols for measuring TBW using stable isotope

dilution were applied in the individual studies, although there were
some variations in the exact methodology. The protocol for measuring
TBW as described by the IAEA was applied by the MIBCRS, Umbi-
Baby, UmbiGodisa, and the study in India and Zambia [1,4,14–17]. In
822
short, infants received an oral dose of D2O (99.8 atom% 2H). Saliva
samples were collected before and on 1 or more occasions after
administration of the dose. Jain et al. [8] also dosed the infants with
D2O (99.9 atom% 2H) but took urine samples. D2O enrichment in
saliva or urine was measured either by Fourier transform infrared
spectroscopy or by isotope ratio mass spectrometry. TBW was calcu-
lated by the plateau method [18], using the weight of D2O consumed,
the enrichment of the deuterium in the dose, and the postdose enrich-
ment of deuterium in the saliva or urine sample, with a correction
(4.1%) for nonaqueous exchange of deuterium [1].

Other studies calculated TBW using the back extrapolation method
with slight variations in dosing protocols [18]. Haisma et al. [6,7]
administered doubly labeled water (0.18 g/kg H2

18O and 0.10 g/kg
2H2O). Davies et al. [12] administered a dose of 2.8 g/kg body weight
of 10% H2

18O, and the infants in the study by Thorisdottir et al. [9]
received an oral dose of 0.1 g/kg body weight of >99.9 atom% 2H2O
and 2.5 g/kg 10 atom% H2

18O. In these studies, isotope enrichment in
the pre and postdose urine samples was analyzed using isotope ratio
mass spectrometry. TBW was subsequently calculated as the mean of
the isotope distribution spaces of 2H (V) and 18O (V’) and corrected for

nonaqueous isotope exchange as follows: TBW ¼ �
V

1:04þ V
0

1:01

��
2 [6,

18]. The studies that measured TBW at multiple time points – i.e., that
were longitudinal (Table 1 [4,5,11,14,15]) – repeated the protocol at
each measurement point. Standard quality control procedures to ensure
accuracy of the data included duplicate or triplicate analyses, calibra-
tion with international reference standards, and repeat measurements
when variation between replicates exceeded predefined thresholds
(Fourier transform infrared spectroscopy: coefficient of variation�1%;
isotope ratio mass spectrometry:>0.5‰ 18O or 5.0‰ 2H) [1,9,19,20].
As TBW was calculated using either the plateau or back extrapolation
method, minor differences in TBW values may arise due to method-
ological variation [18], which we were unable to fully control for.
Detailed descriptions of how TBWid was measured in each individual
study are provided elsewhere [1,4,6–9,12,14–18].
Equation for predicting TBWpred
The Cambridge equation for predicting TBWpred based on data

from young infants is: TBW ¼ 0:84*W 0:82 [3].
Statistical analysis
The differences between TBWpred and TBWid were tested using the

Wilcoxon signed-rank nonparametric test for paired samples because
the distribution was not normal. Spearman’s correlation coefficient was
computed to quantify the association between TBWid and TBWpred.
The bias of TBWpred relative to TBWid was plotted and computed using
the Bland-Altman method [21]. The bias was studied in the complete
sample, stratified by age, sex, and country, excluding infants from the
United Kingdom [12] (n ¼ 20) as they were part of the sample used to
develop the Cambridge TBW prediction equation. Absolute bias was
calculated as TBWpred � TBWid , and relative bias as a percentage using
the natural log transformation of the individual values and multiplying
by 100 as follows:

Bias TBWpred ð%Þ¼
�
ln
�
TBWpred

�� lnðTBWidÞ
�
x 100%

Spearman’s correlation coefficient was used to quantify the
correlations between the bias of TBWpred and age. To develop and
cross-validate new prediction equations, the original dataset, including
the infants from the United Kingdom, was randomly split into a
development (80%; n ¼ 3006) and a validation (20%; n ¼ 750) dataset

https://www.iaea.org/resources/hhc/nutrition/breast-milk-intake/guidance-material
https://www.iaea.org/resources/hhc/nutrition/breast-milk-intake/guidance-material
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using the R-package “caret” [22]. Linear mixed models, including
complete cases and a random effect for infants, taking into account the
repeated TBW measurements, were used to derive new equations for
predicting TBW. Nested models incorporating different combinations of
the potential predictor variables infant weight (kilogram), length
(centimeter), sex, and age (month) were constructed for improved ac-
curacy. The variables TBWid, weight, and length were transformed and
included in the models as natural log values to obtain a normal distri-
bution. The R2, Akaike information criterion, and root mean square
error were used to evaluate model performance, and nested models were
compared using likelihood ratio tests. The coefficients of the final model
were additionally compared with those of a bootstrap linear mixed
regression analysis of 5000 sample replications to check the internal
validity of the model. The bias of the new prediction equation compared
with TBWid was computed and plotted using the Bland-Altman method
[21]. Spearman’s correlation coefficient was used to quantify the cor-
relations between the bias of the new equation and weight or age. Lastly,
the Bland and Altman method [21] was used to calculate the limits of
agreement (LoA) of the differences between recalculated and original
breast milk and nonmilk water intake. Spearman’s correlation coeffi-
cient was calculated to measure the association between the difference
in original and recalculated intakes and age or mean intake. Sex dif-
ferences were assessed using an independent samples t-test, and
Cohen’s d was used as a measurement of the effect size. All analyses
were performed using R statistical software (v4.2.0) [23], and P values
<0.05 were considered statistically significant.

Results

Characteristics of the study population are presented for the com-
plete sample and stratified by age and country in Table 2. The female-
to-male ratio was 49/51 in the complete sample and was similar in all
age categories.
FIGURE 1. Scatterplot of total body water (TBW) as measured with isotope
dilution (TBWid) and predicted from body weight (TBWpred) using the
Cambridge equation (TBWpred ¼ 0.84 * weight0.82) (n ¼ 3736). The solid
line (red) represents the relationship between measured and estimated TBW,
and the dashed line (blue) is the identity line (y ¼ x).
Evaluation of bias by TBWpred
A scatterplot of TBWid and TBWpred is presented in Figure 1,

representing the association between measured and estimated TBW.
Means, SD, absolute and relative biases, and the LoA of TBWid and
TBWpred are presented in Table 3. The mean absolute bias was –0.3 kg,
and the mean relative bias was –4.4%. The Bland-Altman plot
(Figure 2) illustrates that TBWpred underestimated TBW, particularly in
infants whose TBW was larger than 5–6 kg, as additionally shown by
TABLE 2
Population characteristics.

n Weight1 (kg) Length1 (cm) Country2

Australia Brazil Iceland

Overall 3756 7.9 � 2.2 69.3 � 8.7 52 (1.4) 684 (18) 60 (1.6
Age group3 (mo)
0.5 191 3.6 � 0.9 55.1 � 2.2 0 (0) 0 (0) 0 (0)
3 897 6.0 � 0.8 59.6 � 2.5 0 (0) 172 (19) 0 (0)
6 785 7.4 � 0.9 65.7 � 2.6 52 (6.6) 134 (17) 21 (2.7
9 593 8.4 � 1.1 70.0 � 2.9 0 (0) 177 (30) 0 (0)
12 617 9.3 � 1.2 74.5 � 3.3 0 (0) 92 (15) 39 (6.3
18 354 10.4 � 1.4 80.3 � 3.6 0 (0) 63 (18) 0 (0)
24 319 11.3 � 1.5 85.0 � 3.5 0 (0) 46 (14) 0 (0)

Abbreviation: SD, standard deviation.
1 Mean � SD.
2 n (%).
3 0.5 mo (�2), 3 mo (>2 to �4.5), 6 mo (>4.5 to �7.5), 9 mo (>7.5 to �10.5
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the statistically significant negative correlation between bias and the
mean of TBWpred and TBWid (ρ ¼ –0.49, P < 0.001). The LoA were
–1.3 and 0.8 kg.

Beyond the age of ~6 mo, the underestimation of TBW by TBWpred

increased with age, as demonstrated by the statistically significant
negative correlation between bias and age (ρ ¼ –0.40, P < 0.001).
Bland-Altman plots per age category are shown in Supplemental
Figure 3. The underestimation of TBW by TBWpred was significantly
greater in male infants compared to female infants, with a mean dif-
ference of 0.2 kg [95% CI: 0.17, 0.24 kg; t(3731)¼ 12.47, P< 0.001)].
Supplemental Figure 4 presents Bland-Altman plots by sex. Addi-
tionally, the mean bias varied by country, with TBWpred under-
estimating TBW by>6.6% in Brazil, Pakistan, Sri Lanka, and Zambia,
whereas the negative bias was <0.6% in Australia, Iceland, and South
Africa. Country-specific Bland-Altman plots are shown in Supple-
mental Figure 5.
India Pakistan South Africa Sri Lanka UK Zambia

) 232 (6.2) 737 (20) 1406 (37) 531 (14) 20 (0.5) 34 (0.9)

132 (69) 0 (0) 39 (20) 0 (0) 20 (10) 0 (0)
0 (0) 145 (16) 443 (49) 137 (15) 0 (0) 0 (0)

) 89 (11) 144 (18) 226 (29) 118 (15) 0 (0) 1 (0.1)
3 (0.5) 122 (21) 176 (30) 104 (18) 0 (0) 11 (1.9)

) 7 (1.1) 114 (18) 278 (45) 76 (12) 0 (0) 11 (1.8)
1 (0.3) 106 (30) 124 (35) 50 (14) 0 (0) 10 (2.8)
0 (0) 106 (33) 120 (38) 46 (14) 0 (0) 1 (0.3)

), 12 mo (>10.5 to �16.5), 18 mo (>16.5 to �20.5), and 24 mo (>20. 5).



TABLE 3
Comparison of population means, SD, bias, and limits of agreement of total body water as measured with isotope dilution and predicted from weight.

n TBWid
1 (kg) TBWpred

1 (kg) P value2 Bias3 (kg) Limits of agreement (kg) Bias1,4 (%)

Overall 3736 4.83 � 1.32 4.58 � 1.05 <0.001 –0.25 –1.29, 0.78 –4.43 � 9.93
Age group5 (mo)
0.5 171 2.50 � 0.59 2.35 � 0.48 <0.001 –0.15 –0.55, 0.26 –5.49 � 8.53
3 897 3.70 � 0.48 3.64 � 0.39 <0.001 –0.06 –0.74, 0.62 –1.37 � 9.17
6 785 4.35 � 0.55 4.32 � 0.44 0.019 –0.03 –0.81, 0.74 –0.53 � 8.83
9 593 5.04 � 0.69 4.79 � 0.51 <0.001 –0.25 –1.22, 0.72 –4.71 � 9.77
12 617 5.56 � 0.74 5.22 � 0.56 <0.001 –0.35 –1.39, 0.70 –6.09 � 9.67
18 354 6.38 � 0.86 5.71 � 0.61 <0.001 –0.67 –1.88, 0.54 –10.76 � 9.51
24 319 6.91 � 0.92 6.15 � 0.65 <0.001 –0.76 –1.92, 0.41 –11.30 � 8.34

Sex
Female 1824 4.64 � 1.26 4.49 � 1.03 <0.001 –0.15 –1.12, 0.82 –2.35 � 9.89
Male 1912 5.01 � 1.35 4.66 � 1.07 <0.001 –0.35 –1.40, 0.69 –6.41 � 9.56

Country
Australia 52 4.29 � 0.47 4.26 � 0.33 0.613 –0.04 –0.73, 0.65 –0.54 � 8.09
Brazil 684 5.12 � 1.24 4.75 � 0.94 <0.001 –0.37 –1.33, 0.59 –6.62 � 8.53
Iceland 60 5.27 � 0.88 5.20 � 0.58 0.287 –0.07 –1.03, 0.89 –0.44 � 9.39
India 232 3.15 � 1.15 3.06 � 1.13 <0.001 –0.08 –0.69, 0.53 –2.80 � 9.30
Pakistan 737 5.16 � 1.30 4.72 � 0.97 <0.001 –0.44 –1.41, 0.54 –7.81 � 8.49
South Africa 1406 4.74 � 1.23 4.70 � 1.03 0.077 –0.04 –0.97, 0.89 –0.06 � 9.40
Sri Lanka 531 4.94 � 1.26 4.42 � 0.85 <0.001 –0.52 –1.64, 0.60 –9.80 � 10.19
Zambia 34 5.48 � 0.88 5.05 � 0.67 <0.001 –0.43 –1.21, 0.35 –7.70 � 6.78

Abbreviations: SD, standard deviation; TBW, total body water; TBWid, total body water measured with isotope dilution; TBWpred, total body water predicted from
weight.
1 Mean � SD.
2 Wilcoxon signed-rank nonparametric test for paired samples.
3 Bias (kg) ¼ TBWpred – TBWid.
4 Bias (%) ¼ ðlnðTBWpredÞ � lnðTBWidÞÞ x 100%.
5 0.5 mo (�2), 3 mo (>2 to �4.5), 6 mo (>4.5 to �7.5), 9 mo (>7.5 to �10.5), 12 mo (>10.5 to �16.5), 18 mo (>16.5 to �20.5), 24 mo (>20. 5).

FIGURE 2. Bland-Altman plot to examine bias of total body water (TBW)
predicted from body weight (TBWpred) using the Cambridge equation
(TBWpred ¼ 0.84 * weight0.82) relative to TBW measured with isotope
dilution (TBWid) (n ¼ 3736).
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New predictive equations
The development and validation samples had comparable distri-

butions of age, sex, weight, length, and country of origin. New equa-
tions predicting lnTBWid in the development sample (n ¼ 3006) are
presented in Table 4. The natural logarithm of weight alone accounted
for 92.8% of the variability in lnTBWid (model 1). Including age
resulted in 93.6% of the variability explained by the model (model 2),
with a significant improvement in model fit from a likelihood ratio test
[X2(1) ¼ 388, P < 0.001]. Including sex increased the explained
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variability by another 0.1% (model 4), with a significant improvement
in model fit compared with model 2 [X2(1) ¼ 104, P < 0.001].
Including length in the model introduced multicollinearity indicated by
high variance inflation factors (>16), and it was therefore excluded.
Replacing weight with length in the models resulted in poorer perfor-
mance compared with models that included weight (results not shown).
Model 4 was, therefore, considered the most favorable. Bootstrapping
resulted in very similar regression coefficients (Table 4). Converting
the equation from the natural logarithmic scale back to its original scale
results in the following prediction equation: TBW ¼0.951 *
weight0.729 * 1.009age * 1.044(female ¼ 0; male ¼ 1), where weight is
measured in kilogram and age in month.
Cross-validation of the new equation
The mean TBWid in the validation sample (n¼ 750) was 4.79 kg (SD

¼ 1.29), and the mean TBW estimated by the new equation based on
weight, age, and sex (newTBWpred) was 4.80 kg (SD ¼ 1.25). A Wil-
coxon signed-rank test indicated that the difference between TBWid and
newTBWpred was not significant (P ¼ 0.94). The Spearman correlation
coefficient between TBWid and newTBWpred was 0.95 (P < 0.001).

The mean absolute bias of newTBWpred was 0.01 kg (LoA: –0.83,
0.85), and the mean relative bias was 0.35%. The Bland-Altman plot
(Figure 3) illustrates that bias was randomly distributed around 0. The
bias was not correlated with weight (ρ ¼ 0.06, P ¼ 0.13) or age (ρ ¼
0.03, P ¼ 0.41). The mean bias of females and males was similar (P ¼
0.33), with bias averaging 0.02 kg (SD ¼ 0.40) for females and –0.01
kg (SD ¼ 0.44) for males. A comparison of country-related bias of
TBWpred in the complete sample (excluding the United Kingdom) and
newTBWpred in the validation sample is presented in Figure 4, illus-
trating that the tendency toward a negative bias observed for TBWpred

was not present for newTBWpred in any of the countries.



TABLE 4
Linear mixed models for predicting the natural logarithm of total body water in the development sample [n¼ 3006 data points from 9 countries (Australia, Brazil,
Iceland, India, Pakistan, South Africa, Sri Lanka, United Kingdom, and Zambia)] with a random effect for infants to account for repeated measurements.

Model Predictor Coefficient SE of coefficient Bootstrapped coefficient1 Bootstrapped SE1 AIC R2 RMSE

1 Constant –0.288 0.012 –0.288 0.012 -5750.7 0.928 0.07
lnWeight 0.895 0.006 0.896 0.006

2 Constant –0.046 0.016 –0.046 0.018 -6136.8 0.936 0.06
lnWeight 0.740 0.009 0.740 0.009
Age 0.008 0.000 0.008 0.000

3 Constant –0.298 0.012 –0.298 0.012 -5806.5 0.928 0.07
lnWeight 0.892 0.006 0.892 0.006
Sex (if male) 0.035 0.004 0.035 0.004

4 Constant –0.050 0.016 –0.050 0.016 -6239.0 0.937 0.06
lnWeight 0.729 0.009 0.729 0.009
Age 0.009 0.000 0.009 0.000
Sex (if male) 0.043 0.004 0.042 0.004

Abbreviations: AIC, Akaike Information Criterion; ln, natural logarithm; RMSE, root mean square error; SE, standard error; TBWid, total body water measured
with isotope dilution.
1 Results from a bootstrap linear mixed regression analysis of 5000 sample replications

FIGURE 3. Bland-Altman plot of total body water (TBW) measured with
isotope dilution (TBWid) and predicted by the generated equation estimating
TBW based on infant weight (kilogram), age (month), and sex [newTBWpred

¼ 0.951 * weight0.729 * 1.009age * 1.044(female ¼ 0; male ¼ 1)].
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Implications for measurements of breast milk and
nonmilk water intake

The 130 spreadsheets used to recalculate breast milk and nonmilk
water intake originated from infants between the ages of 1 and 24 mo
(mean ¼ 10.3, SD ¼ 5.4), with 73 (56%) of them being female. The
mean weight at the time of administering the dose of deuterium was 7.9
kg (range¼ 3.2–12.7, SD¼ 1.6). Before recalculation, the mean breast
milk intake was 701 g/d (SD ¼ 237), and the mean nonmilk water
intake was 294 g/d (SD ¼ 234).

Recalculating breast milk and nonmilk water intake using the newly
derived equation for estimating newTBWpred resulted in overall higher
estimates of both breast milk and nonmilk water intake (Figure 5). The
difference between recalculated and original breast milk intake ranged
from –36 to 89 g/d, with a mean of 31 g/d (LoA: –18, 81). In relative

terms, calculating the bias as
�

recalculated�original
ðrecalculatedþoriginalÞ=2*100%

�
, the mean

difference between original and recalculated values of breast milk
intake was 4.9% (range: –3.3–18.4). For nonmilk water intake, the
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difference between recalculated and original values ranged from –10 to
199 g/d, with a mean of 19 g/d (LoA: –31, 68), which equates to 6.4%
(range: –200–422) in relative terms.

Age was strongly correlated with the difference between original and
recalculated values of breast milk intake (ρ ¼ 0.64, P < 0.001) and
nonmilk water intake (ρ ¼ 0.82, P < 0.001) (Figure 6). The mean
difference between recalculated and original breast milk intake was 26
g/d (LoA: –17, 69) for infants aged 6–12 mo and 46 g/d (LoA: 5, 87) for
infants aged 12 mo or older. The mean difference between recalculated
and original nonmilk water intake was 13 g/d (LoA: –10, 36) for infants
aged 6–12 mo and 33 g/d (LoA: –25, 91) for infants aged 12 mo or
older. In addition, the differences between the 2 values increased in
absolute terms with higher values of intake in infants older than ~6 mo.

Mean breast milk intake for infants >6 mo
�originalþrecalculated

2

�
was

positively correlated with the difference between recalculated and
original (recalculated – original) intake (ρ ¼ 0.28, P ¼ 0.01). A strong
positive correlation was also observed in the case of nonmilk water
intake (ρ ¼ 0.70, P < 0.001). Furthermore, the differences between
recalculated and original intakes were greater for males than for females
(Figure 6). The mean recalculated breast milk intake was 43 g/d (LoA:
–0.1, 86) greater than the original intake in males and 22 g/d (LoA: –25,
70) greater in females. A significant sex difference was observed (P <

0.001), with a strong effect size indicated by Cohen’s d (d¼ –0.87; 95%
CI: –1.24, –0.51). Notably, recalculated breast milk intake for females
younger than 6–7 mo was lower than the original value for a number of
infants (Figure 6), with the mean difference being –3.8 g/d (–0.12%) for
females younger than 7 mo. For nonmilk water intake, the mean dif-
ference between the recalculated and original values was 23 g/d (LoA:
–41, 87) for males and 16 g/d (LoA: –17, 49) for females. This sex
difference was not significant (P¼ 0.12), with a small to medium effect
size indicated by Cohen’s d (d ¼ –0.30; 95% CI: –0.64, 0.05).
Discussion

This study quantified the bias of an equation for estimating TBW in
breastfed infants, widely used in spreadsheets to calculate breast milk
intake, relative to TBWid in a large multicountry sample spanning a
wide age range. Our main findings were that the old equation increasingly
underestimates TBW in older infants, with the bias greater for males than
for females. Second, we generated a new predictive equation for



FIGURE 4. Mean relative bias (�SD) of total body water (TBW) predicted from body weight (TBWpred) using the Cambridge equation (TBWpred ¼ 0.84 *
weight0.82) in the complete dataset [excluding the United Kingdom (UK)] (n ¼ 3736) and TBW predicted from body weight (kilogram), age (month), and sex
[newTBWpred ¼ 0.951 * weight0.729 * 1.009age * 1.044(female ¼ 0; male ¼ 1)] in the validation dataset (20% of complete dataset; n ¼ 750). Relative bias was
calculated as ðlnðnewTBWpredÞ � lnðTBWidÞÞ x 100%. ln, natural logarithm; SD, standard deviation.
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FIGURE 5. Scatterplot including loess curves of original and recalculated estimates of (A) breast milk intake (gram/day) and (B) nonmilk water intake (gram/
day) by infant age (month).
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newTBWpred ½TBW ¼ 0.951 * weight0.729 * 1.009age * 1.044(female ¼ 0;

male ¼ 1)], which predicted TBW with a mean error of 0.35% in the vali-
dation sample. We finally showed that applying this equation in the cal-
culations for breast milk intake and nonmilk water intake using the DTM
technique leads to overall higher estimated values, particularly for older
and male infants.

The difference in TBW between the Cambridge equation and
isotope dilution became increasingly greater with higher TBW
values and thus with age. Given that all infants in the present
study were breastfed, the observed underestimation of TBW
beyond ~6 mo is unlikely to stem from differences in body
composition related to feeding type [24]. More plausibly, it reflects
the changing association by age between weight, fat, and lean
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mass [4,25]. In infants under 3 mo, fat comprises a substantial
portion of infant weight, but fat accumulation slows rapidly as
infants get older [4,25]. Thus, heavier 3-mo-olds would show
smaller increases in predicted TBW compared to older infants.
Because the Cambridge equation was derived from young infants,
it likely persists in the assumption that a higher weight corre-
sponds predominantly to fat, leading to the observed underesti-
mation of TBW in older infants.

Studies show that males have higher levels of fat-free mass,
although fat is similar between sexes [4,25]. An equation that
over-attributes greater weight to greater fat mass helps explain why the
underestimation of TBW in our study was more than twice as great for
males than for females.



FIGURE 6. Scatterplots of the difference between recalculated and original breast milk intake (gram/day) and age (month) in (A) female (n ¼ 73) and (B) male
(n ¼ 57) infants, and the difference between recalculated and original nonmilk water intake (gram/day) and age in (C) female and (D) male infants. The red line
represents the relationship between the differences and age.

M.A. de S�evaux et al. The American Journal of Clinical Nutrition 122 (2025) 820–829
The Cambridge equation for TBW estimation showed varying
degrees of bias in the countries represented in our dataset, ranging
from an underestimation of almost 10% in the Sri Lankan sample to
0.06% in the sample from South Africa. We showed that the new
prediction equation reduced the negative bias observed across various
countries. Notably, countries with near-0 bias using the Cambridge
equation (Australia, Iceland, India, and South Africa) exhibit a slightly
positive bias with the new equation. This likely stems from the
Cambridge equation’s overall negative bias. By addressing this issue,
the new equation achieves a more balanced distribution of biases,
resulting in both positive and negative values that are not significant in
any country. It should additionally be noted that although the evidence
remains sparse, previous studies have described differences in body
composition during infancy and early childhood related to ancestry
[26–28]. For instance, infants of South Asian ancestry have less
fat-free mass than infants of White European origin, even when cor-
recting for size [27]. Although the Cambridge sample was mainly of
European ancestry, interpreting our findings or hypothesizing about
the underlying mechanism of the observed country differences in the
present study is difficult without sufficient knowledge about the
827
ancestry of our sample. Nevertheless, a key strength of this study was
its multicountry sample, representing diverse geographic and eco-
nomic contexts. This emphasizes the need to shed further light on
regional differences in body composition during the first 2 y of life and
to develop prediction equations tailored to specific countries or pop-
ulations with shared ancestry to enhance the accuracy of TBW
estimates.

Another strength of this analysis was that TBWid is a reference
method for measuring body composition [2]. Our study population was
substantially larger than prior studies on TBW prediction equations,
and the only one focused on infants [29–32]. Cross-validation of the
generated equation estimating newTBWpred showed a mean bias of
0.35%, with no correlation to age, weight, or sex. Bootstrapping sup-
ported the robustness and reliability of the equation, as the estimates
produced were nearly identical to the original model. This indicates
that this equation resolves the majority of the systematic bias in the
Cambridge equation and predicts TBW more accurately for infants
�24 mo of age. Additional out-of-sample validation in diverse pop-
ulations could further strengthen the robustness and generalizability of
the new equation.
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Our findings have important implications for estimating breast
milk and nonmilk water intake using the DTM technique. Replacing
the original Cambridge equation with the newly derived TBW
equation resulted in higher estimates of both breast milk intake and
nonmilk water intake for infants older than ~6 mo. It was reassuring
that the mean difference between the recalculated and original values
was only 4.9% for breast milk intake and 6.4% for nonmilk water
intake, although these differences increased with age. As anticipated,
the age- and sex-related patterns observed in the original TBW
equation reappeared for fluid intakes, reflecting their integration into
the new equation. These findings imply that there is some error in
previous reports of fluid intakes based on the DTM technique,
particularly for young females and older infants. Future studies
should be aware of this and should consider adopting the equation
generated in the present study. This equation could also be applied
in research with only basic anthropometric data or in clinical prac-
tice to guide dialysis or medication prescriptions [29,33]. However,
the new equation was generated from a sample of breastfed infants,
and its validity needs to be evaluated for nonbreastfed infants.
Although intake recalculations were based on studies with varying
protocols, this is not expected to influence the difference between
the original and recalculated values of breast milk or nonmilk water
intake.

This study also had some limitations. First, although our study
population originated from various countries, they may not represent
the general population. In addition, the ages at which TBW was
measured differed between countries. Second, the generated equations
for estimating TBW have residual error and R2 values of 93%–94%
(Table 4). Although it is not possible to resolve all errors, we strove to
address them to the best of our ability. Third, we had a limited number
of spreadsheets to recalculate intake in infants aged >18 mo and a few
<3 mo. The smaller sample sizes for these ages may have led to an
underestimation of the effect of the new prediction equation for TBW
on estimates of breast milk and nonmilk water intake in older infants
and female infants younger than ~7 mo. Finally, it is important to
acknowledge the plausible slight overestimation of TBW in our data.
The majority of the TBW measurements in this study, originating from
the MIBCRS, UmbiBaby, UmbiGodisa, and the studies in India and
Zambia, were calculated using the plateau method, which has been
reported to overestimate TBW by 7%–8% [18]. However, several
differences in the protocols of the included studies likely reduced this
bias: postdose samples were collected after 2 or 3 h instead of the 5 h in
the study by Davies and Wells [18], measurements were taken in saliva
rather than urine, and breastfeeding was restricted to within 1 h post-
dose in the MIBCRS. These factors limit the loss of isotope from the
body and fluid intake during the equilibration period, thereby reducing
the bias [1]. Although we cannot quantify the exact magnitude of
overestimation, it is unlikely to exceed more than a few percentage
points, which would then also be present in the recalculated intake
values.

In conclusion, the Cambridge equation for predicting TBW, applied
in the DTM method for calculating breast milk intake, increasingly
underestimates TBW with age, shows greater bias in males, and varies
in accuracy across countries. Our newly generated equation improved
the estimation of TBW and resulted in higher breast milk and nonmilk
water intakes for older infants and lower breast milk intake estimates in
females under ~7 mo. This has important implications for under-
standing nutritional needs during the first 2 y of life and could also be
applied in clinical practice when pharmacologic or dialysis dosages are
tailored to anthropometry.
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