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Abstract
Infant protein intake has been associated with child growth, however, research on maternal protein intake during pregnancy is limited.
Insulin-like growth factors (IGF) play a role in early fetal development and maternal protein intake may inﬂuence child body composition via
IGF-1. The aim of this study was to investigate the association of maternal protein intake throughout pregnancy on cord blood IGF-1 and child
body composition from birth to 5 years of age. Analysis was carried out on 570 mother–child dyads from the Randomised cOntrol trial of LOw
glycaemic index diet study. Protein intake was recorded using 3-d food diaries in each trimester of pregnancy and protein intake per kg of
maternal weight (g/d per kg) was calculated. Cord blood IGF-1 was measured at birth. Infant anthropometry was measured at birth, 6 months,
2 and 5 years of age. Mixed modelling, linear regression, and mediation analysis were carried out. Birth weight centiles were positively
associated with early-pregnancy protein intake (g/d per kg), while weight centiles from 6 months to 5 years were negatively associated
(B = − 21·6, P < 0·05). These associations were not mediated by IGF-1. Our ﬁndings suggest that high protein intake in early-pregnancy may
exert an in utero effect on offspring body composition with a higher weight initially at birth but slower growth rates into childhood. Further
research is needed to elucidate the exact mechanisms by which dietary protein modulates fetal growth.
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The in utero environment inﬂuences fetal development and
may have a lasting impact on offspring and their future disease
risk(1). Nutrition during pregnancy and the maternal environment have been associated with altered body composition for
the offspring at birth and offspring health later in life(2–4).
Inadequate energy or protein intakes in pregnancy have also
been linked with increased risk of non-communicable diseases
such as type 2 diabetes and obesity(5–7).
There is an increased energy requirement in healthy pregnancies as basal metabolic rate and protein deposition
increase(8). Additional dietary protein and amino acids are
required to support the physiological changes necessary for the
increase in maternal tissue and blood volume, alongside the
development of fetal and placental tissue(9). Total protein

deposition over the course of pregnancy has been estimated at
611–925 g, with an increase in the third trimester(8,10). The
Institute of Medicine (IOM) recommends that to support the
deposition of the additional maternal, fetal and placental tissue,
mothers require 0·8 g of protein/kg of body weight per day in
the ﬁrst trimester of pregnancy, then 1·1 g of protein/kg of body
weight per day for the rest of pregnancy(11). In well-nourished
populations current intakes during pregnancy appear to be in
line with these recommendations, however, research is limited
as to what impact achieving these guidelines has on offspring
growth and development(12–15).
Many reviews have examined the inﬂuence of energy and
protein levels during pregnancy on birth outcomes(16–18). A
Cochrane review found that increased maternal protein intake
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resulted in increased birth weights, particularly in undernourished women, and increased head circumferences at
birth(18). Balanced protein supplementation in pregnancy was
also associated with increased birth weights and fewer smallfor-gestational age births, however, they concluded that impact
of protein intake during pregnancy on the long-term growth
and health of the offspring was uncertain and a paucity of
knowledge in this area remains. Research to date has focused
on early infancy protein intake and growth, with high protein
intakes during infancy being associated with increased weight
gain, adiposity and risk of obesity in later life(5,19–21). However,
these studies did not examine maternal dietary habits during
pregnancy.
Intra-uterine exposures to maternal environmental factors,
such as particular nutrient supplies, may induce a ‘programming’ effect on fetal metabolic systems. One potential
mechanism through which maternal diet may inﬂuence infant
body composition is through insulin-like growth factors (IGF).
IGF-1 concentrations are inﬂuenced by dietary protein intakes
in childhood and adulthood(19,22). IGF-1 is thought to play a
vital role in early fetal development with concentrations in cord
blood being strongly associated with various measures of infant
weight and adiposity(23). Child IGF-1 concentrations have also
previously been shown to inﬂuence growth velocity and catchup growth in infancy, particularly for low-birth weight
infants(24), however there is a paucity of data relating to
maternal dietary intakes during pregnancy and whether this
may impact IGF-1 concentrations in the offspring.
We hypothesised maternal dietary protein intake during
pregnancy inﬂuences child body composition through modulation of IGF-1. We aimed to examine the association of
maternal dietary protein intake in trimesters 1, 2 and 3 on child
anthropometry at birth, 6 months, 2, and 5 years of age and
investigate whether the effect was mediated via IGF-1 concentrations at birth.
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beneﬁt the mothers in terms of having lower gestational weight
gain and improving glucose tolerance when compared
with mothers in the control group(25). The intervention also
impacted the mothers’ dietary intakes resulting in lower energy
intakes (P < 0·05), higher protein as a percentage of energy
(P < 0·01) and higher dietary ﬁbre intake (P < 0·01) postintervention(28).

Data collection
Anthropometry and body composition. Women were
recruited at their ﬁrst antenatal visit (12·8 weeks’ gestation
(± 2·3 weeks)) and had their height and weight measured by
the research team. Participant weight was recorded to the
nearest 0·1 kg and height was measured using a wall-mounted
stadiometer to the nearest 0·1 cm. BMI was calculated (kg/m2).
At birth, infant recumbent length (cm) and weight (kg) were
measured along with abdominal circumference (cm) and skinfold thickness of biceps, triceps, subscapular and thigh (mm).
The women were then asked to participate in follow-up visits
when their child was 6 months, 2 and 5 years of age. In this
analysis, 253 participants were followed-up at 6 months, 288
at 2 years and 327 at 5 years. Again, weight and length were
measured (recumbent length at 6 months and 2 years,
standing height at 5 years), and abdominal circumference
(cm) and skinfold thicknesses (bicep, tricep, subscapular and
thigh, in mm) were taken. Weight and BMI values were
converted to centiles, relative to 1990 UK reference data
using the Excel LMS Growth macro(29,30), to control for sex
and age differences in the children, and ratios for waist:
length and subscapular:tricep, sum of skinfold measurements
and sum of tricep and subscapular skinfold measurements
were calculated.

Demographics and dietary data
Methods
Study design
Analysis was carried out on 570 mother–child pairs from the
ROLO study (Randomised cOntrol trial of LOw glycaemic index
diet in pregnancy to prevent recurrence of macrosomia)(25). This
study was carried out in the National Maternity Hospital, Dublin,
with institutional ethical approval and written maternal consent,
in accordance with the Helsinki Declaration of 1975 as revised in
1983. The Clinical trial registry no. is ISRCTN54392969 (http://
www.isrctn.com/). This study involved 800 secundigravida
women who had previously given birth to a macrosomic infant
(birth weight >4 kg). Women were recruited who were
<18 weeks’ gestation with a singleton pregnancy, had no previous history of gestational diabetes, nor were taking any medication, and aged over 18 years. The women were randomised
into either the control arm (n 400), which was routine antenatal
care, or the intervention which was dietary advice to follow a low
glycaemic index diet (n 400). Detailed methods and results have
been previously published(25–27). In brief, the intervention did
not inﬂuence birth weight, the primary outcome, however, it did

The mothers completed demographic, health and lifestyle
questionnaires after their ﬁrst booking visit in the hospital. In all,
3-d food diaries were completed during each trimester of
pregnancy, one before the intervention and two after, to estimate dietary intake throughout the pregnancy. Total absolute
dietary protein intake (g/d) was calculated for each trimester
using nutritional analysis software NetWISP version 3.0 (Tinuviel Software). This software utilises the food composition
database from the sixth edition of McCance and Widdowson’s
food composition tables. Percentage of energy coming from
protein (Pro%Energy) was calculated from this to estimate the
proportion of protein in the diet and to control for energy
intake. As protein recommendations are based on individual
weight, we calculated protein intake per kg of early-pregnancy
body weight (g/d per kg) for each trimester of pregnancy. At
the 6 months, 2- and 5-year follow-up appointments mothers
completed a lifestyle questionnaire which asked about breastfeeding status. Breastfeeding was assessed as the child had
ever been breastfed. To increase statistical power this information was dichotomised into the infant having ever breastfed
or not.
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Laboratory analyses
A cord blood serum sample was collected at delivery and stored
at −80°C until batch analysis. IGF-1 was calculated by multianalyte proﬁling performed on the Luminex Mag-pix System
(Luminex Corporation) in accordance with the manufacturer’s
instructions. The techniques and the laboratory that carried out
these analyses were calibrated to National Institute of Standards
in Technology reference materials.

carried out where participants were assessed for underreporting
of energy intakes, classiﬁed as a cut-off of 0·9 using the Goldberg method(32) which has been used previously in pregnant
populations(33). The participants identiﬁed as potentialunderreporters were excluded from the analysis and the multiple regression models were run again to detect any differences. All statistical analyses were carried out using R and SPSS
(Statistical Package for the Social Sciences) software version
24.0 (IBM).

Statistical analyses
All variables were assessed for normality by visual analysis of
histograms and normal P–P plots. Relationships between the
central tendencies for protein intake between trimester 1 and
trimesters 2 and 3 of pregnancy were examined using paired
sample t tests and intakes between the control and intervention
groups were examined using independent sample t tests. Linear
mixed-effects modelling (SPSS procedure MIXED) was carried
out to examine the association between maternal dietary protein
intake and the longitudinal child anthropometry measurements
from birth up to 5 years of age. Using protein intake – child age
interaction terms we investigated associations of maternal protein intakes with changes in child body composition from birth
to 6 months, 2 and 5 years of age. These models were adjusted
for membership of the intervention group, maternal BMI during
pregnancy, maternal education level, sex of the child and
gestational age. Models with a P < 0·05 were considered signiﬁcant and were then used to create multiple regression
models separately for each outcome of child anthropometry
(at the signiﬁcant age). In the linear regression models, we
uniformly adjusted for the following set of potential confounders; at birth we controlled for membership of the intervention group, maternal early-pregnancy BMI, gestational age,
infant sex, maternal education level and maternal smoking
during pregnancy. At 6 months, 2 and 5-years of age we controlled for the measurement at birth, membership of the intervention group, child sex, age at data collection, maternal
education level and breastfeeding. Longitudinal line plots were
created using the ggplot2 package for R for visual display of the
unadjusted associations between trimester one protein (g/d
per kg) intake and child weight and length over time.
Student’s t tests for normally distributed data or Mann–
Whitney U tests for non-normally distributed data were used to
examine differences in offspring weight centiles and length in
mothers meeting the dietary recommendations for protein
intakes during pregnancy compared with those who were not
meeting the recommended intakes. Pearson correlation was
used for normally distributed data, with Spearman’s correlation
for non-normally distributed data, to measure the correlation
between IGF-1 and each estimate of dietary protein intake in
each trimester in pregnancy. Similarly, correlations were also
measured between IGF-1 and each anthropometric measures of
child weight and adiposity (at birth, 6 months, 2 and 5 years of
age). Bivariate associations of P < 0·05 were considered signiﬁcant. Mediation analysis of IGF-1 mediating the association
between maternal protein intake and child body composition
was carried out using PROCESS(31). A sensitivity analysis was

Results
Cohort characteristics
The mothers in this analysis were predominately Caucasian,
highly educated, and had a mean BMI of 26·4 in early pregnancy,
which is in the overweight category (Table 1). Both absolute
protein intake and protein adjusted for maternal weight (g/d and
g/d per kg) increased signiﬁcantly from early pregnancy (trimester 1) to mid/late pregnancy (P < 0·05). The percentage of
energy coming from protein did not change over the course of
pregnancy in this cohort. There were no differences in absolute
or weight-adjusted protein intake between the ROLO intervention and control groups, however protein as a percentage of
energy was increased in the intervention group in both trimester
2 (17·8 v. 16·8 %, P < 0·001) and trimester 3 (17·6 v. 16·7 %,
P < 0·001). The mean birth weight of the children was 4·02 kg,
which is in the macrosomic range, and the mean birth weight
centile was 72·7 (Table 2). The weight centiles were lower at
subsequent ages compared with birth, with a mean weight
centile of 63·3 at 6 months, 62·55 at 2 years and 63·6 at 5 years of
age. There was a signiﬁcant difference in weight between males
and females up to 2 years of age with males being consistently
heavier (P < 0·001).

Mixed-effects modelling
The linear mixed-effects models identiﬁed associations between
maternal protein intakes during pregnancy, and offspring
weight and adiposity measures at birth, and changes from birth
to later ages (Table 3). Protein as a percentage of energy intake
was not associated with offspring anthropometry at any age
(P > 0·05). Maternal protein intake adjusted for maternal weight
(g/d per kg) appeared to primarily predict the changes in child
growth and adiposity. Weight centile was negatively associated
with weight-adjusted trimester 1 intake of protein (g/d per kg)
at 6 months, 2 and 5 years of age, and negatively with trimesters
2 and 3 protein intakes at 2 and 5 years, however birth weight
centile was positively associated with trimester 2 protein intake
(P < 0·05, Tables 3 and 4).
Unadjusted associations of trimester 1 weight-adjusted protein intake with child weight centile trajectories are displayed in
Fig. 1, showing a positive association at birth but negative at
6 months, 2 and 5 years (Fig. 1). Unadjusted associations of
trimester 1 weight-adjusted protein intake with child length
trajectories shows a negative relationship from birth up to 5
years of age (Fig. 2).
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Table 1. Characteristics of the Randomised cOntrol trial of LOw glycaemic index diet mothers and dietary protein during pregnancy (n 570)
(Mean values and standard deviations; numbers and percentages)
Mean
Characteristics of mothers during pregnancy
RCT group – intervention
n
%
Mother age at delivery (years)
Mother height (cm)
Mother weight (13 weeks’ gestation, kg)
Maternal BMI (13 weeks’ gestation, kg/m2)
Maternal BMI category (13 weeks’ gestation)
Normal (18·5–24·9 kg/m2)
n
%
Overweight (25–29·9 kg/m2)
n
%
Obese (>30 kg/m2)
n
%
Education status (third level)*
n
%
Ethnicity: Caucasian
n
%
Smoking during pregnancy
n
%
Gestational weight gain (kg)†

Mean

SD

Mean

SD

257
45·1
32·77
165·89
72·71
26·42

4·0
6·2
13·3
4·5

249
43·8
223
39·3
96
16·9
302
55·3
558
97·9
20
3·5
13·12

4·3

Trimester 1
Dietary intakes
Energy (kJ/d)
Energy (kcal/d)
Absolute protein (g/d)
Energy-adjusted protein (% of energy)
Weight-adjusted protein (g/d per kg)
Carbohydrates (g/d)
Total fat (g/d)

SD

7743·96
1850·85
77·84
17·01
1·11
231·82
74·06

Trimester 2

1851·84
442·6
19·6
3·1
0·3
60·8
23·3

7855·54
1877·52
79·60
17·22
1·13
231·30
76·47

1954·76
467·2
19·4
3·1
0·3
61·5
25·0

Trimester 3

7909·27
1890·36
79·73
17·10
1·14
233·76
76·71

1899·12
453·9
19·7
3·1
0·4
59·8
24·3

RCT, randomised control trial.
* Third level education: education from a higher education institute (universities, institutes of technology and colleges of education).
† Gestational weight gain was calculated as weight gained from the first booking visiting (13 weeks’ gestation) until week 38.

Multiple-regression
All multiple regression models are reported in Table 5. Early
pregnancy weight-adjusted protein intake was negatively
associated with child weight at 5 years of age with a 0·5 g/d
per kg increase in protein in trimester 1 predicting a decrease
of 10·82 in weight centile at 5 years. No other associations as
identiﬁed by the mixed-effects modelling remained
signiﬁcant.

to mothers who were meeting the recommendations for protein
intake in trimesters 2 and 3 of pregnancy had a higher centile
for birth weight (83·0 v. 74·9 in trimester 2 and 80·8 v. 76·8 in
trimester 3, P < 0·01 for both) while weight centiles at 6 months,
2 and 5 years were all lower in children whose mothers met
the recommendations (online Supplementary Table S1). While
no difference was seen at birth, length was lower at the subsequent ages in children whose mothers met the recommended 1·1 g/d·kg (online Supplementary Table S1).

Adherence to current dietary protein guidelines

Insulin-like growth factor-1

We examined the differences in child weight and length
between those born to mothers meeting the IOM recommendations of 0·8 g/d per kg in trimester 1 and 1·1 g/d per kg in
trimesters 2 and 3 of pregnancy (online Supplementary Table
S1). In trimester 1 83 % were consuming 0·8 g/d per kg or more,
50·9 % were consuming the recommended 1·1 g/d per kg in
trimester 2, and 51·7 % in trimester 3. We found that infants born

Mean cord blood IGF-1 concentration was 113·4 ng/ml
(SD 37·3). IGF-1 concentration was not signiﬁcantly associated
with any measure of maternal protein intake during pregnancy
(P > 0·05 for all). IGF-1 concentration was positively associated with birth weight centile (Pearson correlation = 0·331,
P < 0·001), birth waist:height ratio (Pearson correlation =
0·272, P = 0·012), birth abdominal circumference (Pearson
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0·03
4·0
10·2
4·0
0·2
68·00
43·0

4·5
111·67

0·50
55·33
38·28
16·08
0·63

327
327

Using the Goldberg ratio of below 0·9, 9·9 % of participants
were classiﬁed as under-reporters in trimester 1 and 10·5 % in
trimester 2. Re-running the regression analysis excluding these
potential under-reporters had no effect on the signiﬁcance of
any of the models or a signiﬁcant impact on the effect estimate
(data not shown), so results for the full cohort were reported in
this paper.

326
326
293
303
303
39·00
65·0

3·5

13·13

89·91

0·56
50·51
41·39
23·12
2·23

288
288

289
287

285
285
221
222
222

67·00
49·0

1·6

Underreporters

0·04
3·4
5·7
3·2
0·7

20·30
327
327

68·00
41·0

2·6

Mean
n
Mean
n

2 years

correlation = 0·252, P = 0·012) and sum of skinfolds (Pearson
correlation = 0·276, P = 0·013). IGF-1 was also positively
associated with sum of skinfolds at 6 months (Pearson correlation = 225, P = 0·034) and negatively with height at 5 years of
age (Pearson correlation = − 0·186, P = 0·025). IGF-1 was not
associated with child weight, height or body composition at
any other age. Mediation analysis found that <1 % of the variance in child body measurements was explained by maternal
protein intake in pregnancy via an indirect IGF-1 mediation
(P > 0·05).

0·03
1·8
4·9
2·8
0·5
0·64
44·48
41·82
23·39
1·97
254
254
199
200
200

69·74

0·04
2·1
5·1
2·7
0·2

253
252
2·3

0·63
33·41
28·55
13·87
1·00
189
229
191
191
191

* Non-normal data are reported as medians and IQR.

52·73
489
–

–
–

79·20
33·5
4·02
570
532

Weight (kg)
Weight centile
Median
IQR
Height (cm)
BMI centile
Median
IQR
Waist:height ratio
Abdominal circumference (cm)
Sum of skinfolds (mm)
Subscap and tricep skinfold (mm)
Subscap:tricep skinfold ratio

Mean
n
Time point

Main ﬁndings

38·50
57·8

2·9
68·00
46·0

1·2
8·40
253
253
0·5

Mean
SD

n

6 months

SD

Discussion

Birth

Table 2. Body composition measures of the Randomised cOntrol trial of LOw glycaemic index diet children from birth up to 5 years of age*
(Mean and standard deviations; numbers, medians and interquartile ranges (IQR))

SD

5 years

SD

A. A. Geraghty et al.

In this cohort, we identiﬁed a relationship with weightadjusted maternal protein intake (g/d per kg) in early- and
mid-pregnancy and changes in child weight from birth up to
5 years of age. We found no associations between the proportion of energy coming from protein during pregnancy and
child growth or body composition. IGF-1 concentration was
not associated with maternal protein intakes and did not
mediate any of these associations with later child body
composition.
Associations with protein intake have been reported in previous studies, with higher protein and energy during pregnancy
leading to higher birth weight(18), however, the relationship
between early pregnancy weight-adjusted protein intake and
weight centiles is quite novel. We found that higher weightadjusted protein intakes in early- and mid-pregnancy may result
in a higher birth weight centile initially but a reduction in weight
as the child ages. This suggests that higher protein intakes in
early pregnancy may result in high rates of fetal growth in utero
but less accelerated growth in early childhood. These ﬁndings
are corroborated by results recently published from project Viva
in the USA(34). Taking the same approach of categorising protein intake in g/kg of maternal weight, they found higher protein intake in early- and mid-pregnancy were associated with
slower growth into childhood. They concluded that high protein intakes during pregnancy did not increase child growth and
may even reduce it. In contrast to our ﬁndings, a study carried
out in Australia found that higher absolute protein in the third
trimester was associated with lower birth weights and lower
ponderal index in large birth weight infants only(35). They also
associated an increase in the percentage of energy from protein
in trimester 3 with lower birth weights, however, after adjusting
our models for confounders, we found no associations with
child body composition and percentage of energy coming from
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Table 3. Mixed model coefficients for the effects of maternal protein intake at birth and changes in child weight, length, waist:height ratio and BMI up to
5 years of age†
(B coefficients and 95 % confidence intervals)
Δ Birth to 6 months

Birth

Weight centile
T1 weight-adjusted
T2 weight-adjusted
T3 weight-adjusted
Length (cm)
T1 weight-adjusted
T2 weight-adjusted
T3 weight-adjusted
Waist:height ratio
T1 weight-adjusted
T2 weight-adjusted
T3 weight-adjusted
BMI centile‡
T1 weight-adjusted
T2 weight-adjusted
T3 weight-adjusted

Δ Birth to 2 years

Δ Birth to 5 years

B

95 % CI

B

95 % CI

B

95 % CI

B

95 % CI

protein (g/d per kg)
protein (g/d per kg)
protein (g/d per kg)

7·45
11·07*
4·61

− 0·11, 15·01
3·60, 18·55
−3·01, 12·24

−15·08
−11·23
−6·12

−26·70, −3·46
−22·75, 0·29
−17·17, 4·92

−15·08*
−15·05*
−13·68*

−24·74, −5·43
−24·79, −5·31
−23·27, −4·10

−17·06*
−11·75*
−11·81*

−24·81, −9·32
−19·43, −4·08
−19·69, −3·93

protein (g/d per kg)
protein (g/d per kg)
protein (g/d per kg)

0·13
0·60
0·15

−0·59, 0·84
−0·12, 1·32
−0·59, 0·88

−0·14
−0·25
−0·43

−1·35, 1·08
−1·46, 0·95
−1·59, 0·73

protein (g/d per kg)
protein (g/d per kg)
protein (g/d per kg)

0·00
0·01
0·01

−0·02, 0·03
−0·01, 0·03
−0·01, 0·03
–
–
–

protein (g/d per kg)
protein (g/d per kg)
protein (g/d per kg)

0·01
−0·01, 0·03
−0·00
−0·03, 0·02
−0·00
−0·2, 0·02
6 months
−2·37
−15·32, 10·58
7·25
−5·54, 20·04
4·52
−7·93, 16·97

−1·00
−0·30
−0·97

−2·14, 0·14
−1·48, 0·89
−2·14, 0·20

0·01
−0·01, 0·04
−0·00
−0·03, 0·02
0·00
−0·02, 0·03
Δ 6 months to 2 years
4·70
−9·43, 18·84
−1·72
−15·90, 12·46
−2·37
−16·05, 11·31

−0·56
0·40
−0·45
−0·00
−0·01
−0·00
Δ 6 months
−5·00
−4·64
−7·82

−1·84, 0·72
−0·89, 1·69
−1·78, 0·88
−0·02, 0·02
−0·03, 0·02
−0·2, 0·02
to 5 years
−16·55, 6·55
−16·30, 7·01
−18·85, 3·20

T1, trimester 1; T2, trimester 2; T3, trimester 3; Δ, change over the specified time period.
* P < 0·05.
† All models were adjusted for membership of the intervention group, maternal BMI during pregnancy, maternal education level, sex of the child, and gestational age.
‡ BMI centile was just calculated at the 6-month, and 2- and 5-year time points.

Table 4. Mixed model coefficients for the effects of maternal protein intake at birth and changes in child circumferences and skinfold measures up to
5 years of age†
(B coefficients and 95 % confidence intervals)
Birth

Chest circumference (cm)
T1 weight-adjusted protein (g/d
T2 weight-adjusted protein (g/d
T3 weight-adjusted protein (g/d
Abdominal circumference (cm)
T1 weight-adjusted protein (g/d
T2 weight-adjusted protein (g/d
T3 weight-adjusted protein (g/d
Sum of skinfolds (mm)
T1 weight-adjusted protein (g/d
T2 weight-adjusted protein (g/d
T3 weight-adjusted protein (g/d
Subscapular:tricep skinfold ratio
T1 weight-adjusted protein (g/d
T2 weight-adjusted protein (g/d
T3 weight-adjusted protein (g/d

B

95 % CI

per kg)
per kg)
per kg)

−0·33
0·14
−0·07

−1·55, 0·88
−1·04, 1·31
−1·22, 1·07

per kg)
per kg)
per kg)

−0·03
0·50
0·31

per kg)
per kg)
per kg)
per kg)
per kg)
per kg)

Δ Birth to 6 months
B

Δ Birth to 2 years

Δ Birth to 5 years

95 % CI

B

95 % CI

B

1·58
0·73
1·04

−0·50, 3·65
−1·30, 2·76
−0·89, 2·96

0·67
−0·30
0·40

−0·81, 2·15
−1·77, 1·17
−1·02, 1·82

−0·56
−0·83
−0·63

−1·88, 0·77
−2·11, 0·46
−1·89, 0·62

−1·00, 0·94
−0·43, 1·43
−0·60, 1·21

0·63
−0·30
−0·04

−0·48, 1·74
−1·38, 0·78
−1·08, 0·99

0·55
−0·38
0·12

−1·04, 2·13
−1·97, 1·21
−1·41, 1·67

−0·68
−0·36
0·08

−2·19, 0·84
−1·82, 1·11
−1·40, 1·57

1·22
−0·76
0·88

−1·34, 3·79
−3·02, 3·25
−1·64, 3·39

−0·06
0·12
−0·88

−3·16, 3·03
−3·02, 3·25
−3·86, 2·11

−0·29
−0·27
−0·44

−3·48, 2·89
−3·44, 2·90
−3·59, 2·71

−4·14*
−2·75
−2·91

−0·04
0·01
−0·01

−0·13, 0·05
−0·07, 0·10
−0·10, 0·08

0·01
0·09
−0·03

−0·20, 0·23
−0·13, 0·32
−0·24, 0·18

−0·06
−0·14
−0·13

−0·37, 0·24
−0·45, 0·17
−0·44, 0·18

0·02
−0·05
0·00

95 % CI

−8·08, −0·19
−6·53, 1·04
−6·79, 0·98
−0·08, 0·13
−0·16, 0·05
−0·97, 0·10

T1, trimester 1; T2, trimester 2; T3, trimester 3; Δ, change over the specified time period.
* P < 0·05.
† All models were adjusted for membership of the intervention group, maternal BMI during pregnancy, maternal education level, sex of the child, and gestational age.

protein. These results highlight the potential differences in the
timing of nutrient exposure during pregnancy. Our results
suggest that protein intakes in early- and mid-pregnancy may
induce a programming effect on later child growth, while results
from other studies suggest that protein intakes in late pregnancy
have a more direct effect on child body composition at birth.
An Indian study examined maternal intakes of milk and
protein during pregnancy and found that in utero fetal growth
rates were inﬂuenced by protein intake(36). They reported offspring of mothers consuming 50–70 g protein/d had higher

abdominal circumference, femur length and head circumference between 16 and 38 weeks’ gestation. Although
average absolute protein intakes in this cohort were 63·3 g/d
(with the percentage of energy coming from protein at
approximately 12·7 %), which was slightly lower than our
cohort, these ﬁndings are in line with our results of higher
protein intake leading to higher birth weight centiles. The
inﬂuence of child sex is important as there was a signiﬁcant
difference in weight with males being born heavier and
remaining heavier than females up to 2 years of age in this
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Fig. 1. Longitudinal line plot displaying unadjusted relationship of maternal
protein intake and child weight centile trajectories from birth to 5 years of age.
Grey lines display individual participant values and their change over time from
birth to 6 months, 2 and 5 years of age; coloured lines indicate estimated
marginal means predicted based on the indicated protein intakes in the first
trimester of pregnancy.

also been associated with increased fat mass and central fat
distribution(39). With rapid weight gain in infancy being a risk
factor for increased adiposity and adverse health in later life,
this slowed growth identiﬁed with higher protein intakes during
pregnancy may be beneﬁcial for the offspring.
In line with previous research(23), we also found IGF-1
concentration in cord blood was associated with various
measures of infant weight and adiposity up to 6 months of age
in our cohort. While the research on protein intakes in
infancy modulating IGF-1 concentration is quite clear, we
found no link between maternal protein intakes and IGF-1
concentration in cord blood. To our knowledge, we are one of
the ﬁrst studies to report that the associations between maternal protein intakes and the resulting child body composition
were not mediated by IGF-1 and the mechanism behind these
relationships remain unclear. Previously, it was suggested that
higher protein diets may result in lean mass sparing and
improved glycaemic control(35), however further research in
this area is required to fully elucidate the mechanisms for this
potential hypothesis.

Strengths and limitations
125
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Fig. 2. Longitudinal line plot displaying unadjusted relationship of maternal
protein intake and child length trajectories from birth to 5 years of age. Grey
lines display individual participant values and their change over time from birth
to 6 months, 2 and 5 years of age; coloured lines indicate estimated marginal
means predicted based on the indicated protein intakes in the first trimester of
pregnancy.

cohort. Weight centiles take child age and sex into account and
this positive association with maternal protein intake remained
after controlling for additional confounders. In addition, a study
carried out in the Netherlands reported that after controlling for
socioeconomic factors, higher maternal protein intakes were
associated with higher lean body mass, but not fat mass or
BMI(37). While we found associations with maternal protein
intake and birth weight centiles, we found no association with
offspring BMI or skinfolds, which potentially could indicate that
this association may be due to changes in offspring lean
body mass.
High weight gain in the ﬁrst 2 years of childhood has been
shown to result in a higher BMI later in life(5). Accelerated
catch-up growth in early childhood has been associated with
increased risk of adverse health and cardiovascular events in
later life(38,39). Greater weight gain from birth during infancy has

Our study had many strengths in that it was a comprehensive
longitudinal follow-up study with detailed measures of child
growth and body composition taken at multiple ages in early
childhood. These anthropometric measures, for both mother
and child, were carried out by trained healthcare professionals,
rather than based on self-reported measures. We collected
information on maternal protein intakes during each trimester
of pregnancy, that allowed us to examine the importance of
timing of nutrient exposure on the fetus. We also took two
different approaches to examine maternal intakes of protein; as
a percentage of total energy and in proportion to maternal
weight status, as per dietary guidelines for protein. These different approaches may have allowed us to more comprehensively decipher the relationship between protein intake and
child growth velocity. Some limitations exist; the anthropometric measurements collected at each age primarily assess
child weight and adiposity levels, not lean mass. As, potentially,
these associations may be related to the muscle mass in the
child, we did not have speciﬁc measurements to allow us to
investigate this in more detail. As with all self-reported food
intake methods, there is the risk of participant underreporting
with the food diaries, however to attempt to control for this we
ran a sensitivity analysis excluding any potential underreporters
and this had no impact on our ﬁndings. This analysis was carried out using data from a randomised control trial that altered
maternal dietary intakes; however, membership of the intervention group was controlled for in all analyses. The average
birth weight of the infants was 4·02 kg, which is in the macrosomic range, and every mother in this cohort had previously
given birth to a macrosomic infant. While this is a healthy
longitudinal cohort and we had a large sample size, this may
limit the representativeness of the results to other populations.
An important limitation to note was that detailed dietary intakes
and physical activity habits during childhood were not available
in this cohort, which would be particularly important in terms of
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Table 5. Multiple linear regression models for maternal protein intakes and child body composition measures
Model
6 month weight centile†
T1 weight-adjusted protein (g/d per kg)
2 year weight centile†
T1 weight-adjusted protein (g/d per kg)
5 year weight centile (cm)†
T1 weight-adjusted protein (g/d per kg)
Birth weight centile (cm)‡
T2 weight-adjusted protein (g/d per kg)
2 year weight centile (cm)†
T2 weight-adjusted protein (g/d per kg)
5 year weight centile (cm)†
T2 weight-adjusted protein (g/d per kg)
2 year weight centile (cm)†
T3 weight-adjusted protein (g/d per kg)
5 year weight centile (cm)†
T3 weight-adjusted protein (g/d per kg)
5 year sum of skinfold measures (mm)§
T1 weight-adjusted protein (g/d per kg)

B

P

95 % CI, lower

r² adj

F

P

− 5·635

0·433

− 19·805

8·535

0·162

4·885

<0·001

− 8·568

0·246

− 23·123

5·988

0·152

4·411

0·001

− 21·648

0·001*

− 34·383

− 8·913

0·201

6·247

<0·001

0·091

0·165

− 0·037

0·219

0·192

17·606

<0·001

− 2·095

0·774

− 16·474

12·284

0·143

4·162

0·002

− 9·087

0·193

− 22·815

4·640

0·127

3·656

0·004

− 3·806

0·594

− 17·890

10·278

0·138

4·070

0·002

− 12·117

0·066

− 25·067

0·832

0·145

4·346

0·001

− 4·946

0·234

− 13·155

3·264

0·120

1·380

0·227

95 % CI, upper

T1, trimester 1; T2, trimester 2; T3, trimester 3; RCT, randomised control trial.
* Significant at P <0·05.
† Model adjusted for RCT group, maternal education level, breast-feeding and birth weight centile.
‡ Model adjusted for RCT group, maternal BMI during pregnancy, maternal education level and smoking during pregnancy.
§ Model adjusted for RCT group, maternal education level, breast-feeding, skinfold measures at birth and age at data collection.

growth and health. Future research would beneﬁt by taking this
into consideration.

Future research
Our ﬁndings suggest that high maternal protein intake in earlyand mid-pregnancy may have a programming effect on the
offspring and result in slower growth rates into early childhood. With recent research focusing on the associations with
early childhood protein intake and growth, more focus is
needed on dietary protein intakes in pregnancy and the effect
this has both in utero and in later childhood. Pregnancy is a
time when women have increased interaction with healthcare
professionals and the drive for healthy outcomes can be a
powerful stimulus in altering food habits and dietary
intakes(40). This provides a unique opportunity for interventions which can be aimed at reducing later health risks for the
offspring. This may be beneﬁcial in curbing the current
childhood obesity crisis and to promote healthier growth
patterns. To our knowledge, we are one of the ﬁrst studies to
report that the associations between maternal protein intakes
and the resulting child body composition are not mediated by
IGF-1. Further research is required to substantiate our ﬁndings
in additional cohorts and to elucidate the exact mechanisms by
which maternal protein intake inﬂuences the developing fetus
into early childhood.

Conclusion
We found maternal protein intake was associated with child
weight and length up to 5 years of age. Our ﬁndings suggest
that high protein intake in early-pregnancy may exert an
in utero effect on offspring body composition with a higher
weight initially at birth, but slower growth rates into childhood.

Protein intakes below IOM recommendations (1·1 g/kg per d in
later pregnancy) were associated with higher weights and
lengths in early childhood. These associations between prenatal
protein intakes and child body composition were not mediated
by IGF-1. Further research is needed to investigate how dietary
protein modulates fetal growth. With accelerated catch-up
growth in early childhood being associated with increased risk
of adverse health, these novel ﬁndings may be beneﬁcial in
curbing the current childhood obesity crisis and in promoting
healthier growth patterns. Further research is required to corroborate these ﬁndings in additional cohorts and to elucidate
the mechanisms by which maternal protein intake inﬂuences
the developing fetus into early childhood.
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