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ABSTRACT
Background: Observational and experimental evidence demonstrates
that protein intake in infancy programs linear growth. To our knowl-
edge, few studies have examined prenatal maternal protein intake.
Objective: Our objective was to examine associations of maternal
protein intake during pregnancy with offspring linear growth.
Design: We analyzed data from 1961 mother–child pairs in Project
Viva. We assessed first- and second-trimester diet with the use of food-
frequency questionnaires and analyzed protein intake as grams per kilo-
gram prepregnancy weight per day. We used research measures of
offspring length at birth and in infancy (w6 mo), early childhood
(w3 y), and midchildhood (w7 y), as well as clinical growth measures
obtained from after birth through midchildhood. We calculated sex-
specific birth length z scores for gestational age with the use of interna-
tional reference data. We used mixed models with repeated length
measures to predict individual length gain velocities for birth to ,6 mo
and 6 mo to 7 y of age, then used these velocities as outcomes in adjusted
linear regression models with maternal protein intake as the main predictor.
Results:Mean (range) second-trimester protein intakewas 1.4 g $ kg21 $ d21

(0.3–3.1 g $ kg21 $ d21). After adjusting for maternal sociodemo-
graphics, gestational weight gain, maternal and paternal height, and
(for postdelivery outcomes) child sex, gestational age, and breastfeeding
duration, each 1-SD (0.36 g $ kg21 $ d21) increment in second-trimester
protein intake corresponded to a20.10 (95% CI:20.18,20.03) change
in birth length z score, a20.03 cm/mo (95% CI:20.05,20.01 cm/mo)
change in slope of length growth from birth to,6mo, and a20.09 cm/y
(95% CI: 20.14, 20.05 cm/y) change in slope of length growth from
6 mo to midchildhood. Results were similar for first-trimester intake.
Conclusions: In a population with relatively high protein intake
during pregnancy, higher protein intake was associated with shorter
offspring birth length and slower linear growth into midchildhood.
Results suggest that higher protein intake during pregnancy does
not increase fetal and child growth and may even reduce early
length growth. Project Viva was registered at clinicaltrials.gov as
NCT02820402. Am J Clin Nutr 2016;104:1128–36.
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INTRODUCTION

Nutritional exposures during the fetal period and infancy
contribute to determining future growth patterns. Protein and

dairy milk intake in particular appear to play major roles in
programming growth patterns in infancy and childhood, likely via
effects on concentrations of insulin-like growth factor I (IGF-I)7

(1, 2). Infants who are fed formula, which contains higher amounts
of protein than breast milk, show higher IGF-I concentrations at
3 mo of age and greater gains in body weight, length, and adiposity
between 3 and 12 mo of age than do breastfed infants (3). Inter-
estingly, there is a reversal of this association in later childhood,
when children breastfed as infants exhibit higher IGF-I concen-
trations and faster linear growth than those who were formula-fed
(2, 4, 5). In a randomized controlled trial of healthy European
infants, those receiving higher-protein formula had higher weight-
for-length z scores, but similar length, at 24 mo than did infants
receiving lower-protein formula or breast milk (6).

Despite evidence that higher protein intake in infancy pre-
dicts more rapid early growth, studies of the effects of maternal
protein intake during pregnancy on markers of fetal growth and
development have been inconclusive. Animal studies of prenatal
protein restriction indicate associated reductions in birth weight and
persistent indicators of cardiometabolic disorder (7–9), and, in
human studies, maternal low-protein diets are associated with
a “thin-fat” offspring phenotype characterized by low body weight
a but high proportion of adipose tissue (10). Effects of high protein
intake are less clear. Higher maternal protein intake was associated
with greater birth weight (11–16), head circumference (17), and
placental weight (13, 14) in some studies, but not others (18, 19).
Furthermore, some observational studies and supplementation tri-
als have shown lower birth weight (17, 20–23) and ponderal index
(17) with higher maternal protein intake.
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Although linear growth seems to be especially sensitive to var-
iations in protein intake during infancy, few studies have examined
birth length specifically as an outcome. One study of 216 mother–
infant pairs conducted in 1943 in Boston, Massachusetts, found
a dose–response association between maternal protein intake in the
second and third trimesters and infant birth length (r = 0.8) (16),
and, in a study of pregnant Danish women, greater milk intake
was associated with higher birth length (15). However, other
studies of maternal milk (12) and protein (17) intake did not show
direct associations with birth length. Factors such as maternal BMI,
gestational weight gain (GWG), parental height, and sociodemo-
graphics may confound the association between maternal diet dur-
ing pregnancy and birth outcomes and should be accounted for.
Finally, studies of fetal programming must be able to determine
whether effects persist into later life, and, to our knowledge there
have been no studies of maternal protein intake during pregnancy
extending to child growth outcomes beyond size at birth.

Our aim was to examine associations of maternal protein intake
in the first and second trimesters of pregnancy with early growth in
offspring, focusing on linear growth. On the basis of the literature
on protein intake in infancy and linear growth, we hypothesized that
higher maternal protein intake during pregnancy would be asso-
ciated with greater fetal growth, more rapid linear growth in infancy
and early childhood, and reduced linear growth in midchildhood.

METHODS

Subjects

We studied mother–child pairs enrolled in Project Viva
(NCT02820402), a prospective cohort study examining pre- and
perinatal factors in relation to pregnancy and child health outcomes.
Women were recruited between 1999 and 2002 at their initial ob-
stetric appointment from 8 offices of Atrius Health, a large multi-
specialty group practice in eastern Massachusetts. Exclusion criteria
included multiple gestation, inability to answer questions in English,
gestational age .22 wk at the time of the initial obstetric appoint-
ment, and plans to move out of the local area before delivery. Women
who agreed to participate (65% of those eligible) and provided in-
formed consent completed the first study visit after their obstetric
appointment. They ranged from 4.8 to 23.7 wk gestation (mean
10.5 wk) at this first visit. The second study visit was completed at
26–28 wk for most women. Project Viva participants delivered at 1
of 2 hospitals in Boston, Massachusetts, and the third study visit was
completed at the hospital 1–3 d after delivery. Detailed recruitment
and retention procedures have been described previously (24).

The Project Viva cohort consisted of the 2128 women who
delivered a live infant and their children. For this analysis, we
included 1961 mother–child pairs who completed any 1 of the 4
postnatal in-person visits: delivery, infancy (4.9–10.6 mo; median
6.3 mo), early childhood (2.8–6.3 y; median 3.2 y) or midchild-
hood (6.6–10.9 y; median 7.7 y). The institutional review boards
of participating institutions approved the study protocols, and
participants provided written informed consent.

Measurements

Exposure: protein intake

We derived data on maternal protein intake (total and from
plant and animal sources) from self-administered semiquantitative

food-frequency questionnaires (FFQs) that mothers completed dur-
ing the first and second study visits. The 166-item FFQ used in
Project Viva was validated in other cohorts, including the Nurses’
Health Study (25), and modified for use in pregnancy (26). The
reference time period for the first FFQ, administered at enrollment,
was the time since the last menstrual period (LMP). The reference
period for the second FFQ, administered at 26–28 wk gestation, was
the previous 3 mo (roughly corresponding to the second trimester).
We calculated protein intake with the Harvard nutrient composition
database, which includes food composition values from the USDA
and is supplemented by other sources, by multiplying
a weight assigned to the reported frequency of intake of each
protein-containing food by the protein content for the specified
portion size (27). To address the potential measurement error often
attributed to use of FFQs in assessing dietary intake, we adjusted
individual nutrient estimates for total energy intake with the use of
the nutrient residual method (28, 29). Adjustment for total energy
intake has been shown to reduce the impact of measurement error
inherent in use of FFQs for protein intake specifically (30).

The Estimated Average Requirement (EAR), or median nu-
trient requirement for a given life stage and sex group, may be
used to assess the adequacy of an individual’s usual intake (31,
32). The EAR for protein intake in the second half of pregnancy
is 67 g/d. This is based on an individual recommended intake
of 0.88 g $ kg21 $ d21, calculated with the use of prepregnancy
weight. The EAR for the first half of pregnancy is 38 g/d or
0.66 g $ kg21 $ d21, the same as that for nonpregnant women
(33). Because protein recommendations for pregnancy are based
on individual prepregnancy weight, we calculated first- and second-
trimester protein intake per kilogram of prepregnancy body weight
with the use of energy-adjusted protein intake and self-reported
prepregnancy weights, which previously have been validated in this
cohort (34). Further discussion of maternal protein intake will refer
to this weight-adjusted variable. We ranked these values into quar-
tiles separately for each trimester.

Outcome: newborn and child length and height

Research assistants (RAs) visited mother–infant pairs after de-
livery at the 2 primary delivery hospitals. RAs conducted post-
delivery visits (n = 1205) during business hours Monday through
Friday. We did not take any research measurements on babies who
were not available during this time frame (including those who
were in the neonatal intensive care unit), and these babies were not
included in the analyses of birth length or weight. We did include
these children in the growth trajectory analysis if they completed
the infancy, early childhood, or midchildhood research visit.
Subsequent follow-up visits were conducted in a study visit room
or in another convenient location, generally the participant’s
home. Trained RAs measured recumbent length at the postdelivery
and infancy visits and standing height in early and midchildhood
with the use of a stadiometer (Shorr Board; Weight and Measure).
We also obtained clinical data on child length and height through-
out the follow-up period from medical records for all participants
who provided consent to access their medical records and whose
pediatrician responded to our request. Both research and clinical
length and height measurements had a corresponding date of
measurement, which we used to calculate the child’s exact age
in months at each measurement. We obtained data on birth
weight for the entire cohort from hospital medical records and
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calculated sex-specific birth weight and length z scores by gesta-
tional age with the use of international reference data from the
International Fetal and Newborn Growth Consortium for the 21st
Century project (35).

The use of z scores for birth weight and length removed the
contribution of gestational age. This isolated the contribution of
fetal growth, our outcome of interest, to birth weight and length.
We performed analyses with the use of raw birth weights and
lengths, as well as z scores, as outcomes. Results were very similar,
and we present only the z score results.

Covariates

Mothers completed questionnaires and interviews at the first and
second prenatal visits. We obtained data through self-report on
maternal age, education, race/ethnicity, parity, height, prepregnancy
weight and smoking, household income, paternal height andweight,
and child sex. GWG was calculated by subtracting self-reported
prepregnancy weight from the last clinical weight measured within
4 wk before delivery. The child’s gestational age at delivery was
derived from the delivery date and date of LMP, either reported by
the mother or from a second-trimester ultrasound if the dating
differed from the LMP by .10 d. Mothers self-reported breast-
feeding status when the child was 6 mo old. This was categorized
as breastfeeding only (feeding the baby breast milk and no infant
formula), formula only (had never fed the baby breast milk), mixed
(had fed the baby breast milk and was also feeding infant formula
at 6 mo of age), or weaned (had fed the baby at least some breast
milk but stopped by 6 mo of age).

Statistical analysis

We examined protein intake in the first and second trimesters
separately for all analyses. Results of all analyses were similar for
first- and second-trimester protein intake. Because fetal growth
occurs primarily during the second and third trimesters, we present
results of analyses while considering second-trimester protein
intake as the primary exposure and include results for first-trimester
intake in Supplemental Tables 1–3. We categorized protein in
quartiles, and because associations were reasonably incremen-
tal across quartiles, we also examined protein intake as a contin-
uous exposure and modeled the effect per 1-SD increment
(0.36 g $ kg21 $ d21 for second-trimester intake).

We used multiple imputation methods to impute missing
data. We generated 50 imputed data sets with the use of chained
imputation (36), and combined estimates with the use of Rubin’s
rules (37). We present results from the imputed analysis through-
out the manuscript unless otherwise indicated. All 2128 par-
ticipants were used in generating the imputed dataset, but only
the 1961 participants who were eligible for a birth length mea-
surement on their newborn (were visited by an RA and had $1
measurement taken at delivery; n = 1205) and/or completed an
in-person visit with their child in infancy (n = 1697), early
childhood (n = 1294), or midchildhood (n = 1116) were included
in the analysis. For each analysis, we used the sample size cor-
responding to participants who were eligible for that outcome
measurement; for analysis of birth weight z score, we further re-
stricted the sample to participants with a birth length measurement
to allow us to adjust the final model for birth length z score. We
performed all analyses with both original and imputed data and
results were very similar.

We examined parental and child characteristics for bivariate
associations with second-trimester protein intake (as a continuous
variable), and birth length and weight z scores. Next, we examined
differences in length at birth and infancy (6 mo) and height in
early and midchildhood across quartiles of protein intake. We
used multivariable linear regression models to examine associa-
tions of protein intake (total and from animal and plant sources
separately) with birth length z score. To examine whether pre-
viously reported associations between maternal protein intake and
infant birth weight might be explained at least in part by effects
on birth length, we also examined associations of protein intake
with birth weight z score, with and without adjustment for birth
length, with the use of multivariable linear regression.

We looked at the effect of maternal protein intake on growth
trajectories over time with the use of a 2-step approach. First, we
used mixed models to determine rate of growth over time for each
individual. To obtain the best estimate of individual growth tra-
jectories over time, we included length and height measurements
obtained from research visits as well as clinical visits in these
mixed models (no imputed data). This allowed us to use all
available measurements for each child. In a previous measurement
validation study in children aged 0 to ,24 mo, we found that
clinical staff systematically overestimated children’s length with
a paper and pencil method compared with a length board. Thus,
we used a regression correction factor to adjust for the over-
estimation [(clinical length in centimeters 3 0.953) + 1.88 cm]
(38). Each individual’s rate of growth was estimated with his or
her predicted random effect or empirical Bayes estimate, if he or
she had $2 length and height measurements. We then used linear
regression to model these rates as a function of maternal protein
intake, with adjustment for covariates (including imputed data).
Because the slope of growth was steeper between birth and 6 mo,
we performed this 2-step approach for length measurements from
birth up to just,6 mo only (age 0–5.98 mo and mean age 2.1 mo;
n = 1537) and then separately from 6 mo to midchildhood (age
6 mo to 10.9 y and mean age 3.0 y; n = 1,537).

We examined early growth at different time points and by using
slightly different methods for quantifying the exposure and out-
comes, but we did not adjust our results for multiple comparisons.
We used hypothesis-driven models to look for trends and con-
sistency of results across methods, and we interpreted all results in
the context of our prespecified hypothesis. All analyses were
performed with the use of SAS software, version 9.3.

RESULTS

Maternal education, race/ethnicity, household income at en-
rollment, smoking history, height, parity, prepregnancy BMI and
GWG, and paternal height all were associated with second-tri-
mester protein intake, birth length z score, and birth weight z score.
Maternal age at enrollment was associated with birth length and
weight z scores but not with protein intake (Table 1).

Of 1961 Project Viva participants included in our analytic
sample, estimated usual protein intake was at or above the weight-
based EAR for 98% of women in the first trimester and 91% in the
second trimester. This indicated that only a small percentage of our
sample (2% in the first trimester and 9% in the second trimester)
likely did not have a sufficient intake of protein (31).

The mean and range of total protein intake by quartile are
shown in Supplemental Table 1 (first trimester) and Table 2
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TABLE 1

Association of characteristics of Project Viva participants with second-trimester protein intake and birth weight z score (N=1961) and birth length z score (N=1205)1

Second-trimester protein intake,

g $ kg prepregnancy body weight21 $ d21 Birth weight z score2 Birth length z score2

% Mean 6 SD Mean 6 SD % Mean 6 SD

Overall 100 1.4 6 0.4 0.55 6 1.03 100 0.25 6 1.12

Maternal characteristics

Education

#High school 11 1.2 6 0.4 0.29 6 1.04 11 20.00 6 1.21

Some college 23 1.3 6 0.4 0.50 6 1.03 22 0.13 6 1.15

4-y college 36 1.4 6 0.4 0.66 6 1.04 36 0.33 6 1.21

Graduate school 30 1.4 6 0.3 0.56 6 1.00 31 0.33 6 1.19

P3 ,0.0001 ,0.0001 ,0.01

Race/ethnicity

Asian 6 1.6 6 0.4 0.12 6 1.01 5 0.16 6 1.25

Black 16 1.2 6 0.4 0.30 6 1.05 17 20.04 6 1.16

Hispanic 7 1.3 6 0.4 0.42 6 1.05 6 0.12 6 1.26

Other 4 1.2 6 0.4 0.49 6 1.14 4 0.09 6 1.30

White 67 1.4 6 0.3 0.66 6 1.00 69 0.35 6 1.21

P3 ,0.0001 ,0.0001 ,0.001

Household income at enrollment

#$20,000 5 1.2 6 0.5 0.15 6 1.15 5 20.17 6 1.33

$20,001–$40,000 12 1.3 6 0.4 0.44 6 1.18 12 0.13 6 1.27

$40,001–$70,000 24 1.3 6 0.4 0.54 6 1.04 24 0.26 6 1.18

.$70,000 59 1.4 6 0.3 0.61 6 1.03 58 0.31 6 1.25

P3 ,0.0001 ,0.001 0.02

Smoking history

Never 69 1.4 6 0.4 0.55 6 1.02 69 0.24 6 1.21

Before pregnancy 19 1.4 6 0.3 0.65 6 1.00 19 0.45 6 1.18

During pregnancy 12 1.3 6 0.4 0.40 6 1.14 12 0.03 6 1.15

P3 ,0.001 0.01 ,0.01

Age at enrollment, y

,20 3 1.3 6 0.4 20.06 6 0.95 4 20.41 6 1.03

20 to ,30 27 1.3 6 0.4 0.36 6 1.04 26 0.16 6 1.16

30 to ,40 66 1.4 6 0.4 0.66 6 1.01 66 0.33 6 1.23

$40 4 1.4 6 0.3 0.54 6 0.94 4 0.13 6 1.22

P3 0.11 ,0.001 ,0.001

Height, m

#1.57 10 1.5 6 0.4 0.15 6 1.04 10 20.21 6 0.11

.1.57–1.68 61 1.4 6 0.4 0.49 6 1.01 60 0.20 6 1.19

.1.68 29 1.2 6 0.3 0.82 6 1.00 30 0.51 6 1.18

P3 ,0.0001 ,0.0001 ,0.0001

Parity

0 48 1.4 6 0.4 0.35 6 1.00 48 0.12 6 1.23

$1 52 1.3 6 0.4 0.73 6 1.02 52 0.37 6 1.20

P3 ,0.001 ,0.0001 ,0.001

Prepregnancy BMI, kg/m2

,18.5 3 1.8 6 0.4 0.12 6 0.88 3 0.18 6 1.10

18.5–24.9 59 1.5 6 0.3 0.46 6 1.01 59 0.19 6 1.19

25.0–29.9 22 1.2 6 0.3 0.78 6 1.02 22 0.46 6 1.24

$30 16 0.9 6 0.3 0.67 6 1.07 16 0.21 6 1.19

P3 ,0.0001 ,0.0001 0.01

Gestational weight gain

Inadequate 13 1.4 6 0.4 0.18 6 1.04 12 20.02 6 1.19

Adequate 29 1.4 6 0.4 0.34 6 0.98 29 0.16 6 1.15

Excessive 58 1.3 6 0.4 0.74 6 1.01 59 0.35 6 1.25

P3 ,0.0001 ,0.0001 ,0.001

Other characteristics

Child sex

F 49 1.4 6 0.4 0.51 6 1.02 49 0.25 6 1.22

M 51 1.3 6 0.4 0.59 6 1.03 51 0.25 6 1.20

P3 0.16 0.07 0.92

(Continued)

MATERNAL PROTEIN INTAKE AND CHILD LINEAR GROWTH 1131

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcn/article-abstract/104/4/1128/4557114 by guest on 18 D

ecem
ber 2018



(second trimester). First- and second-trimester protein intake was
highly correlated (Spearman r = 0.79, P, 0.0001); 40% of women
were in the first or second quartile of intake in both trimesters, and
41% were in the third or fourth quartile in both trimesters. Mean
(range) intake of animal protein was 60.2 g/d (3.5–124.7 g/d) and
0.93 g $ kg21 $ d21 (0.04–2.56 g $ kg21 $ d21) in the first tri-
mester and 61.5 g/d (1.78–137.0 g/d) and 0.95 g $ kg21 $ d21

(0.02–2.60 g $ kg21 $ d21) in the second. Mean (range) intake of
plant protein was 26.8 g/d (9.11–77.5 g/d) and 0.42 g $ kg21 $ d21

(0.06–1.62 g $ kg21 $ d21) in the first trimester and 26.1 g/d (7.95–
66.9 g/d) and 0.41 g $ kg21 $ d21 (0.07–1.22 g $ kg21 $ d21) in
the second.

In bivariate analyses (Table 2), we observed an inverse relation
of protein intake with length at birth and at later time points
through midchildhood. For example, mothers in the top quartile of
protein intake had babies who were 0.4 cm shorter at birth than
mothers in the bottom quartile of protein intake. In addition, children
of mothers who were in the top 2 quartiles of protein intake were
shorter at the infancy, early childhood, and midchildhood visits than
were children of mothers who were in the bottom 2 quartiles.

In multivariable regression analyses (Table 3), we observed
a negative association between protein intake in the second tri-
mester and birth length z score. In unadjusted analysis, each 1-SD
(0.36 g $ kg21 $ d21) increment in maternal protein intake during
the second trimester corresponded to a 20.10 (95% CI: 20.17,
20.03) change in birth length z score. This association strength-
ened after we adjusted in addition for maternal education, age at
enrollment, race/ethnicity, and household income (20.15; 95% CI:
20.22, 20.08) but attenuated back to the effect estimate observed
in the first model after further adjustment for GWG and maternal
and paternal height (20.10; 95% CI: 20.18, 20.03). Further ad-
justment for maternal smoking and parity did not change the effect
estimates, and we did not retain these variables in the final model.

Results of analyses comparing quartiles of protein intake were
similar: in the fully adjusted model, being in the top quartile of
second-trimester maternal protein intake was associated with
a change of20.23 (95% CI:20.43,20.03) in birth length z score
compared with the bottom quartile. Results were very similar for
first-trimester protein intake (Supplemental Table 2).

We examined the intake of protein from animal and plant
sources separately; both showed negative associations with birth
length z score similar to that of total protein intake. In models
fully adjusted for maternal education, maternal race/ethnicity,
household income and maternal age at enrollment, GWG, and
maternal and paternal height, a 1-SD (0.30 g) increase in second-
trimester animal protein intake corresponded to a 20.08 (95%
CI: 20.15, 20.01) change in birth length z score, and the effect
was similar for a 1-SD (0.13 g) increase in plant protein (20.08;
95% CI: 20.15, 20.01).

In the model adjusted for maternal education, maternal race/eth-
nicity, household income, maternal age at enrollment, GWG, and
maternal and paternal height, each 1-SD (0.36 g $ kg21 $ d21) in-
crease in second-trimester protein intake corresponded to a 20.12
(95% CI: 20.18, 20.06) change in birth weight z score (Table 4).
Further adjustment for birth length z score attenuated the regression
coefficient to 20.06 (95% CI: 20.11, 20.01). We saw similar re-
sults when protein intake was analyzed in quartiles: birth weight z
score decreased with increasing protein intake after we adjusted for
all covariates, including birth length, although estimates were not
statistically significant after adjusting for birth length. Results also
were similar for first-trimester protein intake (Supplemental Table 3).

Stratification by maternal race/ethnicity for the fully adjusted
models examining associations of second trimester maternal pro-
tein intake presented as a continuous variable with birth length
and weight z scores demonstrated similar associations for all
race/ethnicity groups (data not shown).

TABLE 1 (Continued )

Second-trimester protein intake,

g $ kg prepregnancy body weight21 $ d21 Birth weight z score2 Birth length z score2

% Mean 6 SD Mean 6 SD % Mean 6 SD

Gestational age at birth, wk

,37 7 1.4 6 0.4 0.10 6 1.06 4 0.05 6 1.29

37–42 92 1.4 6 0.4 0.58 6 1.02 94 0.26 6 1.22

.42–43 1 1.4 6 0.4 0.43 6 1.15 2 20.09 6 1.01

P3 0.9 ,0.001 0.22

Breastfeeding status at 6 mo

Formula only 12 1.2 6 0.4 0.58 6 1.16 12 0.30 6 1.28

Weaned 39 1.3 6 0.4 0.49 6 1.10 38 0.19 6 1.27

Mixed 24 1.4 6 0.4 0.56 6 1.05 25 0.28 6 1.30

Breastfeeding only 25 1.4 6 0.4 0.63 6 1.01 26 0.29 6 1.16

P3 ,0.0001 0.14 0.58

Paternal height, m

#1.68 10 1.3 6 0.4 0.26 6 1.00 10 0.01 6 1.23

.1.68–1.78 40 1.4 6 0.4 0.49 6 1.05 40 0.11 6 1.28

.1.78 50 1.4 6 0.4 0.65 6 1.01 50 0.40 6 1.15

P3 0.02 ,0.0001 ,0.0001

1Includes all mother–child pairs who completed any 1 of the 4 in-person visits from delivery to midchildhood (protein intake and birth weight z score) or

who had $1 measurement taken on the newborn at delivery (birth length z score).
2Based on International Fetal and Newborn Growth Consortium for the 21st Century growth standards; sex-specific by gestational age.
3Global (type 3) P value testing for difference in outcome across categories of maternal and other characteristics.
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Because the slope of growth tended to be steepest in the first 6mo,
we modeled the slope of growth from birth up to (but not including)
6 mo and again from 6 mo to midchildhood (age w7 y) as
a function of second-trimester maternal protein intake. In models
adjusted for child sex and gestational age at delivery, a 1-SD in-
crease in second-trimester protein intake corresponded to a
20.04 cm/mo change (95% CI: 20.06, 20.02 cm/mo) in slope
of growth from birth to ,6 mo. Adding maternal education,
race/ethnicity and age at enrollment, household income at en-
rollment, GWG, and maternal and paternal height to the model
slightly attenuated this association (20.03 cm/mo; 95% CI:
20.05, 20.01 cm/mo); this estimate did not change after further
adjustment for duration of breastfeeding. In the model fully
adjusted for all of these covariates, including breastfeeding
duration, a 1-SD increase in second-trimester protein intake cor-
responded to a 20.09 cm/y change (95% CI: 20.14, 20.05 cm/y)
in slope of growth from 6 mo to midchildhood. We also ex-
amined slope of length gain during both of these time intervals
as a function of protein intake categorized into quartiles, and the

results suggested an inverse association between protein intake
and early growth (Figures 1 and 2).

DISCUSSION

In a large cohort of mother–child pairs with data on protein intake
at 2 time points in pregnancy over 8 y of follow-up with multiple
measures of growth and information on many potential confounders,
we observed a consistent negative association between maternal
protein intake during pregnancy and markers of offspring growth
measured at birth through midchildhood. This finding was contrary to
our hypothesis that there would be a direct relation between maternal
protein intake and child growth during the fetal, infancy, and early
childhood periods and a reversal of this association in midchildhood.

The few studies examining associations of maternal intake of
protein during pregnancy with offspring growth have focused
primarily on birth weight (11, 13, 14, 20, 21, 23). Our main focus
was on linear growth, and we also examined associations with
birth weight (with and without adjustment for birth length) for
comparison with other studies in the literature, and to determine

TABLE 3

Association of second-trimester maternal protein intake, presented as a continuous variable and by quartile, with birth length z score1

Second-trimester maternal protein intake

Mean birth

length, cm

Mean birth length

z score

Birth length z score2 (n = 1205)

Model 13 Model 24 Model 35

Continuous 1-SD (0.36 g $ kg

prepregnancy body weight21 $ d21)

increment

20.10 (20.17, 20.03) 20.15 (20.22, 20.08) 20.10 (20.18, 20.03)

Quartile (median intake, g $ kg

prepregnancy body weight21 $ d21)

1 (0.94) 49.9 0.35 Ref Ref Ref

2 (1.23) 49.8 0.32 20.03 (20.22, 0.17) 20.10 (20.29, 0.10) 20.07 (20.26, 0.13)

3 (1.46) 49.7 0.20 20.15 (20.35, 0.05) 20.25 (20.45, 20.05) 20.19 (20.39, 0.01)

4 (1.75) 49.5 0.12 20.23 (20.43, 20.04) 20.35 (20.54, 20.15) 20.23 (20.43, 20.03)

1Based on International Fetal and Newborn Growth Consortium for the 21st Century growth standards; sex-specific by gestational age. Ref, reference.
2Values are b (95% CI), based on multivariable linear regression models. Protein intake is adjusted for total energy intake.
3Unadjusted.
4Adjusted for maternal education, maternal race/ethnicity, household income at enrollment, and maternal age at enrollment.
5Adjusted for covariates in Model 2 plus gestational weight gain and maternal and paternal height.

TABLE 2

Length at birth and in infancy and height in early childhood and midchildhood by quartile of second-trimester maternal protein intake1

n

Quartile of second-trimester protein intake,

g $ kg prepregnancy body weight21 $ d21

P2All 1 2 3 4

Protein intake 19613

g $ kg prepregnancy body weight21 $ d21 1.4 (0.3–3.1) 0.9 (0.3–1.1) 1.2 (1.1–1.3) 1.5 (1.3–1.6) 1.8 (1.6–3.1)

g/d 88 (42–153) 77 (42–131) 84 (52–131) 89 (58–132) 100 (67–153)

Birth length, cm 12054 49.8 49.9 49.8 49.7 49.5 ,0.05

Infant (6-mo) length, cm 16975 66.8 67.2 67.0 66.6 66.5 0.0001

Early childhood height, cm 12946 97.6 98.9 97.9 96.7 96.9 ,0.0001

Midchildhood height, cm 11167 128.8 130.7 129.7 127.2 127.5 ,0.0001

1Values are means or means (ranges).
2From a test for linear trend.
3Includes all participants eligible for a length measurement at any time point.
4Includes all participants eligible for a newborn length measurement (had either newborn anthropometric measurements, length, or blood pressure).
5Includes all participants eligible for an infant length measurement (completed an in-person visit in infancy).
6Includes all participants eligible for an early childhood height measurement (completed an in-person visit in early childhood).
7Includes all participants eligible for a midchildhood height measurement (completed an in-person visit in midchildhood).
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whether previously observed associations with birth weight
might be due to effects on birth length. Our results are consistent
with the inverse association with birth weight observed in some
studies (20, 21), and are in contrast to the direct relation seen in
others (11–16). These discrepancies in part may result from dif-
ferences in the specific type of protein examined (total, animal,
plant, or dairy protein), timing of exposure assessment [evidence
from animal studies and natural human experiments suggests that
outcomes depend on the timing of alterations in maternal nutrient
status (39)], and mean protein intake in the population. In addi-
tion, we used a slightly different approach to categorize the ex-
posure in considering protein intake in grams per kilogram of
prepregnancy weight, which aligns with the weight-specific die-
tary guidelines for pregnancy. This approach also helps to mini-
mize any confounding effect of the mother’s weight status.

To our knowledge, few previous studies have examined relations
with birth length (15–18), a proxy measure of fetal length growth,
although it is possible that associations of maternal protein intake
with birth weight are a result of effects on fetal linear growth. In
contrast to our results, Burke et al. (16) observed a direct dose–
response relation between the protein content of the mother’s diet
and infant birth length. However, that was a small study conducted
in 1943, and 68% of the women in this study consumed ,70 g
protein/d in the fourth through ninth months of pregnancy. Over 91%
of women in our sample had an estimated protein intake above the
late-pregnancy EAR of 0.88 g $ kg21 $ d21 in their second trimester.
Our results may be reconciled with those of Burke et al. (16) by
considering the possibility that maternal protein intake has a
U-shaped relation with fetal growth: growth is optimized at a mod-
erate intake but is restricted by both inadequate and very high intake.

This U-shaped relation was observed by Sloan et al. (21) in
a cohort of low-income urban women and their babies. In com-
parison with women with intermediate protein intake during preg-
nancy, those with either high ($85 g) or low (,50 g) protein intake
had babies with lower birth weight. Quadratic models indicated that
birth weight increased with protein intake #69.5 g/d and declined
with higher intake. In our cohort, intake was above this threshold for
88% of women in the first trimester and 90% in the second tri-
mester, which may explain the observed negative relation between
protein intake and measures of fetal growth. Watson et al. (20) also
observed a quadratic relation between protein intake and birth
weight, but with a higher quadratic curve maximum of 108 g/d.

Maternal diet during pregnancy is a proxy measure of fetal
nutrient exposure, with the fetus at the end of a complex nutrient
supply line. Delivery of nutrients to the fetus is modulated by
maternal metabolism and partitioning of nutrients, the intrauterine
environment, placental characteristics affecting the efficiency of
nutrient transfer, and the fetal endocrine environment and me-
tabolism (39, 40). Normal fetal growth requires an adequate supply
of amino acids and effective transport across the placenta.
Compromised maternal nutritional status appears to impair
placental amino acid transport (41), and pregnancies complicated

TABLE 4

Association of second-trimester maternal protein intake, presented as a continuous variable and by quartile, with birth weight z score1

Second-trimester maternal

protein intake

Mean

birth

weight, kg

Mean birth

weight

z score

Birth weight z score2 (n = 1205)

Model 13 Model 24 Model 35 Model 46

Continuous 1-SD (0.36

g $ kg prepregnancy

body weight21 $ d21)

increment

20.15 (20.21, 20.09) 20.17 (20.23, 20.11) 20.12 (20.18, 20.06) 20.06 (20.11, 20.01)

Quartile (median intake,

g $ kg prepregnancy

body weight21 $ d21)

1 (0.94) 3.6 0.72 Ref Ref Ref Ref

2 (1.23) 3.5 0.62 20.11 (20.28, 0.07) 20.16 (20.33, 0.02) 20.13 (20.30, 0.04) 20.10 (20.23, 0.04)

3 (1.46) 3.5 0.55 20.17 (20.34, 0.00) 20.23 (20.40, 20.06) 20.16 (20.33, 0.01) 20.06 (20.19, 0.08)

4 (1.75) 3.4 0.38 20.34 (20.51, 20.17) 20.39 (20.56, 20.21) 20.25 (20.43, 20.08) 20.13 (20.27, 0.02)

1Based on International Fetal and Newborn Growth Consortium for the 21st Century growth standards; sex-specific by gestational age. Ref, reference.
2Values are b (95% CI), based on multivariable linear regression models. Protein intake is adjusted for total energy intake.
3Unadjusted.
4Adjusted for maternal education, maternal race/ethnicity, household income at enrollment, and maternal age at enrollment.
5Adjusted for covariates in Model 2 plus gestational weight gain and maternal and paternal height.
6Adjusted for covariates in Model 3 plus birth length.

FIGURE 1 Difference in slope of length gain from 0 to ,6 mo of age
(0–5.98 mo of age; mean age 2.1 mo) by quartile of maternal protein intake
(grams per kilogram per day) compared with the lowest quartile of intake.
Dots indicate the difference from the lowest quartile in the mean predicted
random effect (i.e., mean slope) for subjects in that protein intake group, with
95% CIs indicated by error bars. From multivariable linear regression models
adjusted for child sex and gestational age at delivery, maternal education,
maternal race/ethnicity, household income at enrollment, maternal age at en-
rollment, gestational weight gain, maternal and paternal height, and duration
of breastfeeding (months). Includes 1537 mother–child pairs.
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by intrauterine growth restriction are characterized by reductions
in both cord plasma amino acid concentrations and placental
amino acid transporter activity (42, 43). Although reduced amino
acid availability to the fetus can result from inadequate ma-
ternal concentrations, placental transport and umbilical uptake of
certain amino acids may also be impaired by high maternal
concentrations because of competition for transporters (43). Thus,
the quadratic relation between maternal protein intake and mea-
sures of fetal growth may be explained at least in part by in-
sufficient transport of the amino acids required for fetal growth at
both low and high maternal concentrations. This also may explain
the discrepancy in results between our study, which showed an
inverse association between maternal protein and fetal and infant
growth, and other studies indicating that greater maternal protein
intake is associated with higher measures of early growth.

Our study has several limitations. First, we do not have data on
birth length for the entire cohort. Measurements were missing for
higher proportions of Asian and Hispanic women and women with
lower education levels, and babies who did not have a birth length
measurement had a lower gestational age at delivery (39.1 compared
with 39.7 wk; P, 0.0001) and lower birth weight (3379 compared
with 3524 g; P , 0.0001) than did babies who did have their birth
length measured. Maternal protein intake did not differ between
observations with and without a birth length measurement. In ad-
dition, few participants had data from all 4 research visits, but the
use of linear mixed models allows for inclusion of observations with
missing data in modeling growth over time, assuming data were
missing at random. We also included clinical measurements ob-
tained from medical records to increase the number of observa-
tions and available data points for the mixed models, and we used
multiple imputation methods, a commonly accepted statistical
technique for increasing the number of observations available for
analysis while maintaining the uncertainty inherent in the imputed
values and thus allowing valid statistical inference (44, 45), to
increase the number of observations included in our analyses.

We used dietary data obtained from FFQs administered during
the first and second trimesters only. Although the FFQ used in this
study has been validated extensively in several populations, FFQs

in general are subject to several limitations in measuring nutri-
tional exposures. Absolute nutrient intake is estimated with some
degree of measurement error, but we have used several methods
to address this error. First, results were consistent when we
ranked participants into quartiles of protein intake and when we
examined protein intake as a continuous variable. This approach is
accepted as a valid method for analyzing data obtained from FFQs,
and has been used in several analyses of maternal diet variables in
Project Viva specifically (46, 47). In addition, one common tech-
nique for improving the validity of FFQs is adjusting for total energy
intake (28, 29), and our nutrient intake estimates were energy
adjusted with the use of the nutrient residual method.

Residual confounding remains a possibility, particularly given the
influence of genetic factors on length growth.We accounted for many
potential confounders, including both maternal and paternal height, in
multivariable models, but we did not have results of genetic analyses
available to fully account for genetic contributions to growth. Finally,
our sample is not representative of pregnant women in the general US
population.Allwomen in the ProjectViva cohort resided in the greater
Boston area and had health insurance at the time of recruitment.Many
were college educated, and the cohort was w67% white. Protein
intake in our sample may have been higher than that in other pop-
ulations of women of childbearing age (48, 49). Our results may not
be generalizable to all populations of pregnant women.

In conclusion, in a cohort of pregnant women with relatively
high protein intake, higher intake was associated with a lower
offspring birth length z score, slower linear growth through 6 mo
of age and into midchildhood, and a lower birth weight z score
after adjusting for a variety of confounding factors. Although
adequate protein intake during pregnancy is important for fetal
growth and development, our results suggest the possibility that
the high dietary intake observed in well-nourished women may
slightly impair fetal and early growth.
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