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Abstract
Growth patterns of breastfed infants show substantial inter-individual differences, partly influenced by breast milk (BM) nutritional composition.
However, BM nutritional composition does not accurately indicate BM nutrient intakes. This study aimed to examine the associations between
both BM intake volumes and macronutrient intakes with infant growth. Mother–infant dyads (n 94) were recruited into the Cambridge Baby
Growth and Breastfeeding Study (CBGS-BF) from a single maternity hospital at birth; all infants received exclusive breast-feeding (EBF) for at
least 6 weeks. Infant weight, length and skinfolds thicknesses (adiposity) were repeatedly measured from birth to 12 months. Post-feed BM
sampleswere collected at 6weeks tomeasure TAG (fat), lactose (carbohydrate) (both by 1H-NMR) and protein concentrations (Dumasmethod).
BM intake volumewas estimated from seventy infants between 4 and 6weeks using dose-to-the-mother deuteriumoxide (2H2O) turnover. In the
full cohort and among sixty infants who received EBF for 3þ months, higher BM intake at 6 weeks was associated with initial faster growth
between 0 and 6weeks (βþ SE 3·58þ 0·47 forweight and 4·53þ 0·6 for adiposity gains, both P< 0·0001) but subsequent slower growth between
3 and 12 months (βþ SE− 2·27þ 0·7 for weight and −2·65þ 0·69 for adiposity gains, both P< 0·005). BM carbohydrate and protein intakes at
4–6 weeks were positively associated with early (0–6 weeks) but tended to be negatively related with later (3–12 months) adiposity gains, while
BM fat intake showed no association, suggesting that carbohydrate and protein intakesmay havemore functional relevance to later infant growth
and adiposity.
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Early postnatal nutrition strongly affects or mediates the link
between early-life and long-term health outcomes(1). With
regard to this, breast-feeding (BF) has been associated with
desirable infancy growth patterns(2) and reduced future meta-
bolic risks(3).

Compared with infants receiving formula, breastfed infants
have been described to display remarkably different growth
trajectories(4), with faster weight and length gains in the first
months(4–6), an earlier infant BMI peak(7), and slower growth
gains up to 2–3 years(4–6). On the contrary, infants receiving

formula have slower beginning growth gains but the pace
constantly increases, resulting in higher weight (both weight-
for-age and weight-for-length Z-scores) compared with breastfed
infants observed as early as 6 months of age(6,8). Besides being
heavier, infants receiving formula are characterised by larger skin-
fold thicknesses and higher body fat percentage from 9 months
through 2 years of age(8,9). Moreover, the growth rate moderating
effect provided by BF (especially prolonged and exclusive BF)
appears to persist(8–10) and thus is associated with protection
against childhoodoverweight/obesity(3), particularly among those
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with higher risks, for example, born small/large for gestational age
with rapid weight gain in early infancy(11).

This overall growth trajectory of breastfed infants may be
influenced by the composition of human breast milk (BM)(12).
Several studies have highlighted the potential importance of
macronutrient composition in BM for weight and adiposity gains
during infancy(12–14). However, these strictly observational
studies relied mainly on maternal recall and were confounded
by many factors, including feeding behaviours, weaning/
complementary feeding and maternal/pregnancy/infant
co-morbidities(15). Furthermore, the concentration of nutrients
in BM does not reflect the absolute nutrient amounts consumed
by infants. Quantification of the nutrients consumed from BM
would therefore provide a better mechanistic link between BF
and infancy growth and adiposity.

In this study, we aimed tomeasuremacronutrient intake from
BM by quantifying carbohydrate, fat and protein concentrations
from BM combined with estimating the volume of BM consumed
by infants in a strictly monitored longitudinal UK-based
birth cohort. We hypothesised that the amount of BM intake
and specific BM composition are associated with weight and
adiposity gains during infancy.

Methods

Study design and participants

The Cambridge Baby Growth and Breastfeeding Study
(CBGS-BF)(16) comprises in total ninety-four mother–infant dyads
who were consecutively recruited at birth from one maternity
hospital in Cambridge, UK (2015–2017). These inclusion criteria
were applied: singleton pregnancy, no significant maternal illness
(including hypertension and/or diabetes during pregnancy
and any other chronic illnesses, or any regular medication use),
full-term vaginal delivery, maternal pre-pregnancy BMI within
the healthy range(17) and intention to exclusive breast-feeding
(EBF) for at least 6 weeks. The protocol of the study has been
published elsewhere(16). Given the strict inclusion criteria of the
study, the sample sizewas determined by the feasibility of recruit-
ment with a minimal number of samples of 67, aiming to detect a
minimal effect size of 0·2 with 90 % power at the 5 % level.

The total numbers of subjects with BM intake volume (main
outcome thus being the analytic sample) and BM macronutrient
concentrations measurements were 70 and 59, respectively.
In total, there were forty-seven subjects with complete measure-
ments (online Supplementary Table 1).

This study was conducted in compliance with the Declaration
of Helsinki. All procedures involving research participants in the
study were approved by the National Research Ethics Service
Cambridgeshire 2 Research Ethics Committee (reference
number 11/EE/0068. Written informed consent was obtained
fromallmothers in the study, for themselves and on behalf of their
infants.

Anthropometry

Trained paediatric research nurses measured infant weight,
length and skinfold thickness at four sites (triceps, subscapular,

flank and quadriceps). Following UK guidelines, weight, length
and BMI values were converted to sex- and age-adjusted stan-
dard deviation scores (SDS) using the British 1990 growth refer-
ence at birth (LMS Growth(18)) and subsequently using WHO
International Growth Standard (‘anthro’ package-WHO(19)).
Internal SDS were calculated for each skinfold thickness site
by employing the residuals from linear regression models,
adjusted for sex and age, and then the mean skinfolds SDS
was calculated as measures of infant adiposity.

Anthropometry data quality control was maintained by
involving the same paediatric research nurses throughout the
study, regular machine calibration, and periodical personnel
training and measurement review/monitoring conducted by
an anthropometry specialist in the unit.

Breast milk intake volume measurement

The volume of BM consumed by each infant at 4–6 weeks of age
was measured using the dose-to-the-mother deuterium-oxide
(2H2O) turnover technique, and the detailed methodology has
been described previously(16,20).

In brief, when infants were 4 weeks old, baseline urine
samples were taken from both mothers and infants. The next
day, mothers ingested 50 g of deuterium-enriched (tracer) water,
which was then incorporated into BM and passed to the infants
during BF. Repeated urine samples were collected from both
mothers and infants over the following 2 weeks. To collect urine
samples from infants, cotton wool was placed into the nappies
and checked every hour. Cotton wool that was saturated with
urine was transferred to a syringe barrel, and urine was extracted
using the syringe plunger.

2H is a non-radioactive, naturally occurring isotope. In this
study, 2H enrichment in the urine samples was measured using
isotope-ratio MS. The amount of BM intake volume was esti-
mated by formulating a curve of isotope enrichment transfer
between each mother and her infant(16,20).

Breast milk collection and macronutrient assays

Mothers were asked to hand or pump express their BM samples
after feeding their infants at each visit from birth until 12 months
of infant age (if mothers were still BF)(16). Expression was done
from the same breast last used to feed the infants. Individual
samples were kept frozen at -70°C until processed for further
analyses at a single time point. Of note, as reported in the liter-
ature, post-feed samples may contain higher fat(21) and total
protein(22) and therefore may not be able to represent the exact
estimates of macronutrient intakes in BM.

At the time of assay, individual BM samples were defrosted
and thoroughly mixed. From these homogenised BM samples,
lactose (as the predominant BM carbohydrate) and TAG
(as the predominant BM fat) concentrations were measured
by 1H-NMR(12,14). Total nitrogen was measured by the Dumas
method to calculate BM protein concentration(23). These BM
macronutrient assays were based on our previous work with
CV of 0·3–5·8 % for lipids and 0·4–4·7 % for polar metabolites
(e.g. lactose). These values have been reported in detail in
our previous publications(12).
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Since BM intake volume is not significantly different between
the age of 1 and 6 months(24), we used the single BM intake
volume measurement at the age of 6 weeks as an estimate for
other time points, that is, 6 weeks, 3 months and 6 months to
enable longitudinal BM macronutrient intake analyses.

Calculations and statistical analyses

Atwater conversions were used to calculate the metabolisable
energy concentration of BM, taking energy concentrations of
4, 9 and 4 kcal/g for lactose, fat and protein, respectively(25).
BM macronutrient intake (g/d) was calculated as the product
of each macronutrient concentration (g/100 ml) at the age of
6 weeks – 6 months and BM intake volume (l/d) at 6 weeks
as proxy for all other time points.

Continuous variables were summarised as mean and stan-
dard deviation or median (interquartile range), and categorical
variables as number (%). The analytic sample (n 70) did not have
any missing anthropometry or maternal/perinatal data. Subjects
without BM macronutrient concentrations measured were not
included in the relevant analyses (pairwise deletion method to
handle missing data).

Multiple linear regression models were run with BM intake
volume and BM macronutrient intakes as predictors and infant
growth gains as outcomes. Prior to this, both BM macronutrient
concentrations and intakes were found unrelated to maternal
age, ethnicity, pre-pregnancy BMI, height and parity from corre-
lation analyses; therefore, these factors were not included as
covariates in the regression models. Taking these preliminary
analyses into account and using a data-agnostic approach while
also considering biological plausibility, those regression models
were further adjusted for infant sex, birth weight SDS, GA, post-
natal age at visit and EBF status. To demonstrate robust associ-
ations between BMmacronutrient intakes and subsequent infant
growth outcomes, these regression analyses were performed
only among infants who received EBF for 3þ months (n 40,
online Supplementary Table 1).

To capitalise on the longitudinal growth and macronutrient
intakes data with appropriate handling of missing values, linear
mixed-effects models were used to examine the associations
between growth and body composition parameters, that is,
weight, height, BMI and mean skinfolds, with each BM macro-
nutrient intake, that is, carbohydrate, protein and fat. Themodels
were adjusted for the same set of covariates as themultiple linear
regressions. Due to non-linear relationships between growth
and age (as reported previously(26,27)), time was modelled using
linear splines with one knot at the age of 3 months, resulting in
two periods: 0–3 and 3–12months. Modelswere fitted to the data
by restricted maximum likelihood.

All analyses were performed using SPSS version 25 (IBM
Corp.) and R version 3.6.1 (R Foundation for Statistical
Computing). P< 0·05 indicated statistical significance in descrip-
tive statistics. Bonferroni corrections were used to take into
account the multiple comparisons, assuming 2X broad growth
phenotypes (adiposity and length) and 3X time periods for
multiple linear regression models (i.e. P< 0·05/6= 0·0083)
or 2X time periods for linear mixed-effects models
(i.e. P< 0·05/4= 0·0125).

Results

All seventy infants (analytic sample) were EBF for at least 6
weeks. After that, ten commenced mixed feeding with the intro-
duction of formula between 6 and 12weeks, while the remaining
sixty (86 %) were EBF for 3þmonths, of which thirty-eight were
EBF for the first 3–6months and twenty-two infants were EBF for
6þ months. Their characteristics are summarised in Table 1. All
mothers had BMI values that were within the healthy range(17)

(meanþ SD: 22·54þ 2·71). Almost 40 % were primiparous and
most (94 %) were of White/European ethnicity. Their baseline
demographics did not differ from the whole study population
(n 94; online Supplementary Table 2).

Breast milk intake volumes

The values of BM intake volume measured at 4–6 weeks ranged
from 0·45 to 1·26 (meanþ SD 0·78þ 0·16) l/d and were higher in
male v. female infants (0·81þ 0·17 v. 0·73þ 0·14, respectively,

Table 1. Baseline characteristics of the analytic study sample (n 70)

Characteristics n Mean SD

Maternal
Age at delivery (years) 70 33·57 4·3
Pre-pregnancy BMI (kg/m2) 70 22·54 2·71

n %

Parity (primiparous) 70 26 37·1
Ethnicity (White/European ethnicity) 70 66 94·3

Infants
Birth
Sex (male) 70 41 58·6

Mean SD

Gestational age (weeks) 70 40·36 1·08
Weight (kg) 70 3·63 0·43
Weight-SDS 70 0·14 0·76
Length (cm) 70 51·29 1·8
Length-SDS 70 −0·18 0·74
BMI (kg/m2) 70 13·78 1·16
BMI-SDS 70 0·09 0·92

6 weeks
Weight (kg) 70 5·06 0·66
Weight-SDS 70 0·22 0·97
Length (cm) 70 56·35 2·14
Length-SDS 70 0·12 1·02
BMI (kg/m2) 70 15·89 1·37
BMI-SDS 70 0·21 0·96

3 months
Weight (kg) 70 6·12 0·83
Weight-SDS 70 0·01 1·05
Length (cm) 70 60·6 2·21
Length-SDS 70 0·09 1·03
BMI (kg/m2) 70 16·61 1·52
BMI-SDS 70 −0·05 0·99

12 months
Weight (kg) 70 9·67 1·17
Weight-SDS 70 0·19 0·96
Length (cm) 70 75·25 2·6
Length-SDS 70 −0·004 1·0
BMI (kg/m2) 70 17·04 1·41
BMI-SDS 70 0·27 0·94

SDS, standard deviation scores.
Values are mean and SD or n (%) as appropriate.
SDS values at birth are based onBritish 1990 growth reference and at other time points
are based on WHO International Growth Standard.
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P= 0·044). When corrected for body size, mean and standard
deviation of BM intake volume in this study is 0·15þ 0·02l/kg
body weight/d. Compared with infants who continued EBF
for 6–12 weeks, EBF infants for 3þ months consumed higher
volumes of BM daily (0·8þ 0·16 v. 0·66þ 0·13, P= 0·017).

Infants with higher BM intake volumes at 4–6 weeks
showed faster weight (adjusted Pearson’s R correlation
coefficient= 0·71, P< 0·0001; Fig. 1), height and adiposity gains
between birth and age 6 weeks (while all infants received EBF).
Conversely, subsequent growth displayed the opposite correla-
tions: infants with higher BM intake volumes at 4–6 weeks
showed slower weight and adiposity gains between 3 and
12 months of age (online Supplementary Table 3). Similar
associations were identified among the sixty infants who were
EBF for 3þ months: higher breast milk intake volumes at
4–6 weeks predicted slower weight gain between 3 and
12 months (Table 2).

BM macronutrient concentrations and intakes

Table 3 shows BM macronutrient concentration at 6 weeks
(expressed as calories/100 ml and percentage of total calorie
concentration (%TCC)). Compared with data from an earlier
CBGS cohort(12), the current BM samples contained significantly
lower lactose, higher TAG and similar protein concentrations.

BM protein concentration was negatively associated with BM
intake volume (Table 4). In addition, protein concentration was
positively correlated with fat concentration, and both protein
and fat were positively correlated with BM TCC.

BM macronutrient intakes and infant growth over time

The associations between BM intake volume as well as macro-
nutrient intakes and infant growth between 0 and 12 months
were evaluated.

Separately at each time point, carbohydrate and protein
intakes at 4–6 weeks were positively correlated with all early
growth parameters, that is, at 6 weeks and 3 months (online
Supplementary Table 4). In linear regression models, carbohy-
drate and protein intakes were positively associated with early
gains in weight, BMI and adiposity between 0 and 6 weeks
but tended to show inversely associations with later gains in
weight, BMI and adiposity from 3 to 12 months, although only
protein and change in skinfolds reached Bonferroni significance
(Table 2). Linear mixed-effects models confirmed the positive
associations between carbohydrate and protein intakes with
early gains in weight between 0 and 3 months and showed a
negative association between carbohydrate intakes with later
weight between 3 and 12 months (Table 5).

Discussion

The objective of this study was to investigate the associations
between BM macronutrient intakes and infant growth/adiposity
and therefore require a well-controlled mother–infant dyad
study population. In this cohort, all infants were vaginally born
of healthy mothers with BMI in the healthy range and were EBF
for the first 6 weeks. The prevalence of EBF at 3 months in this
cohort (86 %) was much higher than the UK national prevalence
in 2010 (17 %)(28).

Infant sex and EBF duration influenced BM intake volumes,
with males and longer EBF duration associated with higher BM
intake volumes at 6 weeks of age. The effect of infant sex on BM
intake volume reported in this study (male infants consumed
80 g more BM daily) was similar to a multinational study
conducted by Da Costa et al. with 50 g/d more BM consumed
by males than females(29).

Comparedwith previous data from an earlier CBGS cohort(12)

and a published overview by Ballard and Morrow(14), BM in this
study contained lower lactose, higher fat, but comparable
protein concentrations (term BM macronutrient concentrations
according to the overview were(14): 0·9–1·2 g/100 ml protein,
3·2–3·6 g/100 ml fat and 6·7–7·8 g/100 ml lactose). BM TCC
was similar to previous reports: in this study BM at 6 weeks
contained 65·0þ 19·5 kcal TCC/100 ml compared with values
in the published overview (65–70 kcal/100 ml BM(14)). Lower
lactose and higher fat BM contents observed in this study might
be due to differences in BM sampling at distinct time points as
compared with the pooled sampling over a 2-week period in
the previous CBGS study(12).

It might be expected that higher BM intake volumes in EBF
infants would be positively related to growth rates. Indeed,
we observed that shortly after birth, infants with higher BM
intake volumes at 4–6 weeks displayed faster gains in all growth
parameters. However, at later time points, weight and adiposity
gains were slower in these infants (Fig. 2, online Supplementary
Table 2, Supplementary Fig. 1). This growth pattern is in accor-
dance with the characteristics of breastfed infants: rapid growth

Fig. 1. Correlation between BM intake volume at 4–6 weeks and infant weight
gain from 0 to 6 weeks. Two-tailed partial correlation coefficient is presented,
adjusted for infant sex andGA. BM, breast milk; GA, gestational age; SDS, stan-
dard deviation scores.
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gains during early infancy but slower in later months(8). This
slower growth pattern in later infancy is speculated to be protec-
tive against obesity risk in adolescence and adulthood(30).
The main objective of this study was to investigate which

macronutrients of BM were related to this typical growth pattern
of breastfed infants.

Of note, of all covariates included in the models, birth weight
and gestational age were the most significant contributors to

Table 2. Associations between BM macronutrient intake at 6 weeks with infant growth and adiposity

Outcomes (changes in SDS)

Predictors

BM macronutrient intake at 6 weeks

BM intake volume (l/d) Carbohydrate (g/d) Fat (g/d) Protein (g/d)

β SE P β SE P β SE P β SE P

Weight gain
0–6 weeks 3·39 0·43 <0·001* 0·04 0·01 <0·001* 0·01 0·01 0·3 0·22 0·04 <0·001*
6 weeks–3 months 0·16 0·31 0·6 0·001 0·01 0·78 0·001 0·004 0·88 0·03 0·03 0·34
3–12 months −2·21 0·64 0·001* −0·03 0·01 0·025 −0·005 0·01 0·6 −0·13 0·06 0·05

Length gain
0–6 weeks 1·42 0·63 0·03 0·01 0·01 0·52 −0·02 0·01 0·02 0·11 0·06 0·08
6 weeks–3 months 0·22 0·44 0·62 0·01 0·01 0·17 0·01 0·01 0·01 0·05 0·04 0·27
3–12 months −0·92 0·65 0·16 −0·02 0·01 0·15 −0·005 0·01 0·51 −0·06 0·06 0·29

BMI gain
0–6 weeks 3·68 0·78 <0·001* 0·05 0·01 0·002* 0·03 0·01 0·02 0·22 0·08 0·01
6 weeks–3 months −0·12 0·48 0·81 −0·01 0·01 0·4 −0·01 0·01 0·38 −0·01 0·05 0·91
3–12 months −2·33 0·75 0·003* −0·03 0·01 0·08 −0·003 0·01 0·81 −0·13 0·08 0·1

Skinfold gain
0–6 weeks 4·53 0·6 <0·001* 0·06 0·01 <0·001* 0·02 0·01 0·1 0·28 0·07 <0·001*
6 weeks–3 months −0·92 0·48 0·06 −0·01 0·01 0·38 −0·001 0·01 0·84 −0·05 0·05 0·32
3–12 months −2·65 0·69 <0·001* −0·04 0·01 0·009 −0·01 0·01 0·6 −0·19 0·07 0·006*

BM, breast milk; EBF, exclusive breast-feeding; SDS, standard deviation scores; βþ SE, unstandardised regression coefficient þ standard error.
* Statistical significance after Bonferroni correction for multiple comparisons (P< 0·0083).
The models include only infants with EBF 3þmonths (n 40 for macronutrients models and 60 for BM intake volume models). All multiple linear regression models were adjusted for
infant sex, birth weight SDS, gestational age, postnatal age at visit, EBF status at 6 months and other BMmacronutrient concentrations at 6 weeks (for macronutrients models only).
Associations at P< 0·05 are indicated in bold.

Table 3. BM macronutrient concentrations and intakes at 6 weeks

Macronutrients

BM macronutrient concentrations

Current study Previous CBGS(12)*

6 weeks 4–8 weeks

n 59 n 614

Mean SD Mean SD

Carbohydrate (kcal/100 ml) 25·1 1·5 34·3 1·8
Carbohydrate (% TCC) 42·3 12·8 55·2 11·3
Fat (kcal/100 ml) 35·3 19·0 23·1 12·6
Fat (% TCC) 50·4 14·2 37·3 15·2
Protein (kcal/100 ml) 4·6 0·9 4·6 0·7
Protein (% TCC) 7·4 1·7 7·5 1·9
Total calorie concentration (kcal/100 ml) 64·98 19·48 61·8 13·04

Macronutrients

BM macronutrient intakes**

n 47

Mean SD Not available

Carbohydrate (g/d) 50·8 11·7
Fat (g/d) 29·6 17·4
Protein (g/d) 9·1 2·1
Total energy intake (kcal/d) 506·4 175·5

BM, breast milk; CBGS-BF, the Cambridge Baby Growth and Breastfeeding Study; % TCC, % total calorie content (calculated as macronutrient energy/total energy concentration).
* The comparisons of carbohydrate and fat concentrations between current and previous studies reached significance (P< 0·05).
** BM intake volume was not available in the previous CBGS.
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Table 4. Correlations between BM intake volume (measured between 4–6 weeks) and macronutrient concentrations (measured at 6 weeks)

Carbohydrate concentration
(g/100 ml)

Fat concentration
(g/100 ml)

Protein concentration
(g/100 ml)

Total energy concentration
(kcal/100 ml)

Intake volume (l/d) R 0·14 −0·19 −0·29 −0·19
P 0·3 0·2 0·05 0·2

Carbohydrate concentration (g/100 ml) R 1 −0·14 −0·13 0·02
P 0·4 0·4 0·9

Fat concentration (g/100 ml) R 1 0·66 0·997
P <0·001 <0·001

Protein concentration (g/100 ml) R 1 0·69
P <0·001

BM, breast milk.
Pearson’s R correlation coefficients and their corresponding P values are presented.
Statistically significant correlations (P< 0·05) are highlighted in bold.

Table 5. Longitudinal associations between BM macronutrient intake and infant growth and adiposity

Outcomes (changes in SDS)

Predictors

Carbohydrate (g/d) Fat (g/d) Protein (g/d)

Estimate SE P Estimate SE P β SE P

Early infancy period: 0–3 months
Weight SDS 0·02 0·01 0·002* 0·005 0·003 0·07 0·05 0·02 0·01
Length SDS 0·004 0·01 0·48 0·002 0·003 0·38 0·01 0·02 0·55
BMI SDS 0·02 0·01 0·008* 0·004 0·004 0·23 0·06 0·03 0·04
Mean SF SDS 0·01 0·01 0·2 0·001 0·004 0·85 0·02 0·03 0·41

Late infancy period: 3–12 months
Weight SDS −0·02 0·01 0·03 −0·003 0·004 0·44 −0·06 0·05 0·6
Length SDS −0·02 0·01 0·04 −0·005 0·004 0·17 −0·03 0·04 0·45
BMI SDS −0·02 0·01 0·15 −0·001 0·01 0·88 −0·02 0·05 0·74
Mean SF SDS −0·03 0·01 0·08 −0·002 0·01 0·73 −0·05 0·06 0·38

BM, breast milk; SDS, standard deviation scores, SF, skinfolds; GA, gestational age; EBF, exclusive breast-feeding.
* Statistical significance after Bonferroni correction for multiple comparisons (P< 0·0125).
Fixed effect estimates þSE are displayed.
Analyses are based on linear mixed-effect models, adjusted for infant sex, birth weight SDS, GA, postnatal age at visit, EBF status at 3 months and other BMmacronutrient concen-
trations. Smoothing splines were added to the models with knot at 3 months. Associations at P< 0·05 are indicated in bold.

Fig. 2. Correlation between carbohydrate intake at 6 weeks and infant weight gain. SDS, standard deviation scores.
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early weight gain 0–6 weeks (% variance explained 9 % and 3 %,
respectively). As shown in Supplementary Fig. 1, the highest
tertile BM intake group were born heavier compared with the
other groups.

In our previous CBGS cohort, BM fat and carbohydrate
concentrations were associated with changes in infancy weight
and adiposity up to age 12 months; BM protein concentration
was positively correlated with 12-month BMI(12). However, data
on milk intakes were not available in that cohort. In contrast, the
current study design, including BM intake volumemeasurement,
allowed for exploration of the effects of macronutrient intakes
from BM on infancy growth and adiposity. Positive associations
were identified between BM carbohydrate and protein intakes
with weight and BMI during early infancy period, but negative
trends were seen with later outcomes. However, no associations
were found between BM fat intake and infant growth.

The positive associations between BM carbohydrate and
protein intakes with earlier infant growth gains found in this
study are in line with the associations of the concentrations of
those macronutrients with early growth that have been reported
in the existing literature(12,31). The excess of BM carbohydrate
intake could presumably be stored as glycogen and fat and
therefore result in greater growth and increased adiposity(32).
To the best of our knowledge, the evidence linking protein
intakes from BM with infant growth is still scarce, unlike studies
involving formula. High protein intakes from traditional formula
has been linked with rapid weight gain in comparison with both
breastfed(13) and infants fed with low-protein formula(33). In this
study, the independent positive association between BM protein
intake with early infant growth was also not confounded by BM
intake volume, since BM protein concentrations were inversely
correlatedwith BM intake volume (Table 4), which is also consis-
tent with previous observations(34,35). In the Davis Area Research
on Lactation, Infant Nutrition and Growth (DARLING) study,
milk protein concentration was negatively correlated with milk
volume at 6 and 9 months, while milk lactose was positively
correlated(34). Similar to our findings, the milk energy density
in that study was highly correlated with lipid concentration.
Furthermore, the robust positive association between protein
intakes and early postnatal growth parameters that persisted
after Bonferroni correction for multiple comparisons are consis-
tent with observations linking high protein intake from formula
with rapidweight gain(13), possibly by promoting higher levels of
insulin-like growth factor 1. Animal and human studies have
reported that high protein intakes increase insulin-like growth
factor 1 secretion and therefore may accelerate gains in both
muscle and fat(36,37).

Interestingly, inverse associations or trends were also
observed between BM carbohydrate intake with later weight
and adiposity gains, as well as between BM protein intake with
later adiposity gain (Table 2). This might suggest that both
macronutrients substantially contribute to the typical growth
pattern of breastfed infants.

High intake of protein, especially if sustained in long dura-
tion, appears to help reduce food intake, body weight and body
adiposity in many well-documented studies(38–40). Therefore,
increasing protein intake is also one of the established strategies
to lose weight, especially to maximise fat loss while avoiding the

detrimental loss of fat-free or muscle mass(39). This is because
dietary proteins are anabolic dietary compounds as their break-
down predominate over their synthesis(39). In addition, proteins
are considered to have a greater satiating effect than carbohy-
drate or fat, because protein intake could induce the release
of satiety hormones from gastrointestinal tract, for example,
cholecystokinin, peptide YY and glucagon-like peptide 1(41).
All of these could probably explain the mechanism behind the
strong inverse relationship between BM protein intake and later
skinfold gain between 3 and 12 months in this study.

The lack of associations between BM fat intake with infant
growth was unexpected and inconsistent with previous studies
which have suggested that greater BM fat content might promote
infant satiety and hence may be beneficial in preventing rapid
gains in infant weight and adiposity(42,43). Further exploration
using qualitative analyses of BM fat contents beyond only
TAG, for example, BM SCFA composition, may provide a better
understanding.

The main strength of this study is the measurement of BM
intake volume that enables BM nutrient intakes calculation.
There are previous studies investigating BM macronutrient
intakes, but they usually estimated BM intake volume via 24-h
test weighing (i.e. weighing infants before and after every feed
for a 24-h period)(44,45) during EBF period or using the values
reported from the literature(46). In this study, 2H-labelled water
was perceived to provide more precise BM intake volume esti-
mates compared with the other methods. Apart from that, this
method is also non-invasive, does not require researcher’s inten-
sive observation during the procedure, should not affect milk
production or feeding pattern and is reported to highly correlate
with 24-h test weighing(47). As demonstrated here, BM intake
volumes and BMnutrient intakes, rather than simply BM concen-
trations, are important factors contributing to the effects of
BF on infant growth and therefore should be considered in
future studies. In addition, longitudinal study design and
analyses of specific growth periods are crucial to understanding
nutrition-related factors affecting infant growth and weight/
adiposity gains.

However, we recognise several limitations, especially the use
of single milk sample per visit rather than a pooled sampling that
can take into account sample variability as demonstrated in our
previous study(12). We assume the higher fat and lower lactose
concentrations observed in this study were due to distinct time
points during sampling. Second, only 31 % of the analytic sample
(22 out of 70) continued EBF for at least 6 full months, while the
remaining infants experienced substantially reduced exposure
of BM before 6 months. This could bias towards the null associ-
ations between BM macronutrient intakes and growth that were
analysed longitudinally until 12 months of age in this study.
Moreover, although serial BM macronutrients were conducted,
BM intake volume was only measured at a single point, that
is, 6 weeks. Since most of our research participants were of
White/European ethnicity, the applicability of the results of this
study needs validation in larger and more diverse populations.
The small number of subjects, especially those with complete
measurements, reduced the power in statistical analyses, and
therefore the results require confirmation. Comprehensive
dietary evaluations of both mothers during EBF and infants
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during complementary feeding should also be included in future
studies.

In conclusion, BF may affect immediate and subsequent
infancy growth, and this effect could be modified by BM intake
volumes. BM macronutrient intake, especially lactose and
protein, may have functional relevance to infant growth and
adiposity.

Acknowledgements

The authors acknowledge the CBGS research nurses Suzanne
Smith, Anne-Marie Wardell and Karen Forbes, all the families
who contributed to the study, the staff at the National Institute
for Health Research (NIHR) Cambridge/Wellcome Trust Clinical
Research Facility, the NIHR Cambridge Comprehensive
Biomedical Research Centre, the midwives at the Rosie
Maternity Hospital, Cambridge, UK, and all laboratory staff at
the Department of Paediatrics, University of Cambridge, espe-
cially Karen Whitehead and Dianne Wingate. The authors also
thank Priya Singh andMichelle Venables (MRC ElsieWiddowson
Laboratory) for measuring breast milk intake volume and
all laboratory staff at Vervoort’s group, Department of
Agrotechnology and Food Sciences, Wageningen University
for measuring BM macronutrient concentrations. The authors
would also like to thank MH Schoemaker for her involvement
during initiation of the study.

The Cambridge Baby Growth-Breastfeeding Study (CBGS-
BF) has been supported by Reckitt/Mead Johnson Nutrition,
the National Institute for Health Research/Wellcome
Trust Clinical Research Facility at Cambridge University
Hospitals-NHS Foundation Trust and the NIHR Cambridge
Comprehensive Biomedical Research Centre. KKO is supported
by the Medical Research Council (Unit programmes: MC_UU_1
2015/2 and MC_UU_00006/2). The original Cambridge Baby
Growth Study (CBGS) and the CBGS Paediatric Research
Nurses had been supported by the European Union (QLK4-
1999-01422), theWorld Cancer Research Foundation International
(2004/03), the Medical Research Council (7500001180), the NIHR
Cambridge Comprehensive Biomedical Research Centre, Newlife
– The Charity for Disabled Children (07/20) and Mothercare
Foundation (RG54608). The funders of the study had no role in
study design, data collection, data analysis, data interpretation or
writing of the report. The corresponding author had full access
to all the data in the study and had final responsibility for the deci-
sion to submit for publication.

JAvD, GG and MJ are current employees of Reckitt/Mead
Johnson Nutrition, and EAvT was also an employee of Mead
Johnson Nutrition at the time of the study. No other authors
declare a conflict of interest.

The authors’ responsibilities were as follows: J. V., J. A. V. D.,
G.G., P.M. P., M. J., E. A. V. T., C. J. P., I. A.H., D. B.D. andK.K.O.
were involved in designing the project; P. M. P. and L. O. were
responsible for subject recruitment and sample collection/
management; J. V. was responsible for all BM macronutrient
measurements; J. V. and L. O. were responsible for data wran-
gling and manipulation; L. O. performed statistical analyses;
J. A. V. D., G. G., C. J. P., D. B. D. and K. K. O. critically reviewed

all statistical analyses performed in the manuscript; L. O.,
J. A. V. D., G. G., D. B. D. and K. K. O. wrote the manuscript;
K. K. O. had primary responsibility for final content; and all
authors critically revised the manuscript for important intel-
lectual content and read and approved the final manuscript.

Supplementary material

For supplementary material/s referred to in this article, please
visit https://doi.org/10.1017/S0007114522003178

References

1. Lanigan J & Singhal A (2009) Early nutrition and long-term
health: a practical approach. Proc Nutr Soc 68, 422–429.

2. Ziegler EE (2006) Growth of breast-fed and formula-fed infants.
Nestlé Nutr Work Ser Pediatr Progr 58, 51–63.

3. Bergmann KE, Bergmann RL, Von Kries R, et al. (2003) Early
determinants of childhood overweight and adiposity in a birth
cohort study: role of breast-feeding. Int J Obes 27, 162–172.

4. Ong KK, Preece MA, Emmett PM, et al. (2002) Size at birth and
early childhood growth in relation to maternal smoking, parity
and infant breast-feeding: longitudinal birth cohort study and
analysis. Pediatr Res 52, 863–867.

5. Michaelsen KF (2010) WHO growth standards-should they be
implemented as national standards? J Pediatr Gastroenterol
Nutr 51, Suppl. 3, 151–152.

6. Küpers LK, L’Abée C, Bocca G, et al. (2015) Determinants of
weight gain during the first 2 years of life-the GECKO
Drenthe birth cohort. PLOS ONE 10, 1–15.

7. Jensen SM, Ritz C, Ejlerskov KT, et al. (2015) Infant BMI peak,
breastfeeding, and body composition at age 3 years. Am J Clin
Nutr 101, 319–325.

8. Dewey KG, Heinig MJ, Nommsen LA, et al. (1992) Growth of
breast-fed and formula-fed infants from 0 to 18 months: the
DARLING study. Pediatrics 89, 1035–1041.

9. Gale C, Logan KM, Santhakumaran S, et al. (2012) Effect of
breastfeeding compared with formula feeding on infant body
composition: a systematic review and meta-analysis. Am J
Clin Nutr 95, 656–669.

10. Johnson L, Van Jaarsveld CHM, Llewellyn CH, et al. (2014)
Associations between infant feeding and the size, tempo and
velocity of infant weight gain: SITAR analysis of theGemini twin
birth cohort. Int J Obes 38, 980–987.

11. Ejlerskov KT, Christensen LB, Ritz C, et al. (2015) The impact of
early growth patterns and infant feeding on body composition
at 3 years of age. Br J Nutr 114, 316–327.

12. Prentice P, Ong KK, Schoemaker MH, et al. (2016) Breast
milk nutrient content and infancy growth. Acta Paediatr
105, 641–647.

13. Haschke F, Grathwohl D, Detzel P, et al. (2016) Postnatal high
protein intake can contribute to accelerated weight gain of
infants and increased obesity risk. Nestle Nutr Inst Workshop
Ser 85, 101–109.

14. Ballard O & Morrow A (2013) Human milk composition:
nutrients and bioactive factors. Pediatr Clin North Am 60,
49–74.

15. Adair LS (2008) Child and adolescent obesity: epidemiology
and developmental perspectives. Physiol Behav 94, 8–16.

16. Olga L, Petry CJ, van Diepen JA, et al. (2021) Extensive study
of breast milk and infant growth: protocol of the Cambridge
baby growth and breastfeeding study (CBGS-BF). Nutrients
13, 2879.

8 L. Olga et al.

https://doi.org/10.1017/S0007114522003178  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114522003178
https://doi.org/10.1017/S0007114522003178


17. WorldHealthOrganization (2010) BodyMass Index –BMI.World
Health Organization, Europe Regional Office. https://www.
euro.who.int/en/health-topics/disease-prevention/nutrition/
a-healthy-lifestyle/body-mass-index-bmi (accessed March
2022).

18. Pan H & Cole T (2012) LMSgrowth, A Microsoft Excel Add-In to
Access Growth References Based on the LMS Method. http://
www.healthforallchildren.co.uk/ (accessed March 2022).

19. Schumacher D, Borghi E, Polonsky J, et al. (2021) Computation
of the WHO Child Growth Standards: Package “Anthro”.
World Health Organization. https://github.com/worldhealth
organization/anthroBugReports (accessed March 2022).

20. Haisma H, Coward WA, Albernaz E, et al. (2003) Breast milk
and energy intake in exclusively, predominantly, and partially
breast-fed infants. Eur J Clin Nutr 57, 1633–1642.

21. Khan S, Hepworth AR, Prime DK, et al. (2013) Variation
in fat, lactose, and protein composition in breast milk over
24 h: associations with infant feeding patterns. J Hum Lact
29, 81–89.

22. van Sadelhoff JHJ, Mastorakou D, Weenen H, et al. (2018)
Short communication: differences in levels of free amino acids
and total protein in human foremilk and hindmilk. Nutrients
10, 1828.

23. Dumas J (1831) Procedes de l’analyse organique (Methods of
organic analysis). Ann Chim Phys 47, 198–205.

24. Kent JC, Mitoulas LR, Cregan MD, et al. (2006) Volume and
frequency of breastfeedings and fat content of breast milk
throughout the day. Pediatrics 117, e387–e395.

25. Southgate D (1981) The Relationship between Food
Composition and Available Energy. Joint FAO/WHO/UNU
Expert Consultation on Energy and Protein Requirements.
http://www.fao.org/3/M2847E/M2847E00.htm (accessed
March 2022).

26. Prentice PM, Olga L, Petry CJ, et al. (2019) Reduced size at birth
and persisting reductions in adiposity in recent, compared with
earlier, cohorts of infants born to mothers with gestational
diabetes mellitus. Diabetologia 62, 1977–1987.

27. Olga L, van Diepen JA, Gross G, et al. (2022) Early weight gain
influences duration of breast feeding: prospective cohort study.
Arch Dis Child 107, 1034–1037.

28. McAndrew F, Thompson J, Fellows L, et al. (2012) Infant
Feeding Survey 2010: Summary. Leeds: NHS Digital-Health
and Social Care Information Centre.

29. Da Costa THM, Haisma H, Wells JCK, et al. (2010) How much
human milk do infants consume? Data from 12 countries
using a standardized stable isotope methodology. J Nutr
140, 2227–2232.

30. Mameli C, Mazzantini S & Zuccotti GV (2016) Nutrition in the
first 1000 d: the origin of childhood obesity. Int J Environ Res
Public Health 13, 1–9.

31. Butte NF, Wong WW, Hopkinson JM, et al. (2000) Infant
feeding mode affects early growth and body composition.
Pediatrics 106, 1355–1366.

32. Maljaars J, Romeyn EA, Haddeman E, et al. (2009) Effect of fat
saturation on satiety, hormone release, and food intake. Am J
Clin Nutr 89, 1019–1024.

33. Inostroza J, Haschke F, Steenhout P, et al. (2014) Low-protein
formula slows weight gain in infants of overweight mothers.
JPGN 59, 70–77.

34. Nommsen L, Lovelady C, Heinig MJ, et al. (1991) Determinants
of energy, protein, lipid, and lactose concentrations in human
milk during the first 12months of lactation: the DARLING study.
Am J Clin Nutr 53, 457–465.

35. Czosnykowska-Łukacka M, Królak-Olejnik B & Orczyk-
Pawiłowicz M (2018) Breast milk macronutrient components
in prolonged lactation. Nutrients 10, 1–15.

36. Hoppe C, Mølgaard C, Thomsen BL, et al. (2004) Protein intake
at 9 months of age is associated with body size but not with
body fat in 10-years-old Danish children. Am J Clin Nutr 79,
494–501.

37. Desclée de Maredsous C, Oozeer R, Barbillon P, et al. (2016)
High-protein exposure during gestation or lactation or after
weaning has a period-specific signature on rat pup weight,
adiposity, food intake, and glucose homeostasis up to 6 weeks
of age. J Nutr 146, 21–29.

38. Westerterp-Plantenga MS, Lemmens SG & Westerterp KR
(2012) Dietary protein – its role in satiety, energetics, weight
loss and health. Br J Nutr 108, Suppl. 2, S105–S112.

39. Simonson M, Boirie Y & Guillet C (2020) Protein, amino
acids and obesity treatment. Rev Endocr Metab Disord 21,
341–353.

40. Paddon-Jones D, Westman E, Mattes RD, et al. (2008)
Protein, weight management, and satiety. Am J Clin Nutr 87,
1558–1561.

41. Cuenca-Sánchez M, Navas-Carrillo D &Orenes-Piñero E (2015)
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