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Birth weight is a commonly used indicator of the fetal environment and a predictor of future health outcomes. While
the etiology of birth weight extremes is likely multifactorial, epidemiologic data suggest that prenatal physical activity
(PA) may play an important role. The mechanisms underlying this association remain unresolved, although epigenetics
has been proposed. This study aimed to estimate associations between prenatal PA, birth weight, and newborn DNA
methylation levels at differentially methylated regions (DMRs) regulating 4 imprinted genes known to be important in
fetal development. Study participants (N D 1281) were enrolled as part of the Newborn Epigenetics Study. Prenatal PA
was ascertained using the Pregnancy Physical Activity Questionnaire, and birth weight data obtained from hospital
records. Among 484 term mother-infant pairs, imprinted gene methylation levels were measured at DMRs using
bisulfite pyrosequencing. Generalized linear and logistic regression models were used to estimate associations. After
adjusting for preterm birth and race/ethnicity, we found that infants born to mothers in the highest quartile of total
non-sedentary time had lower birth weight compared to infants of mothers in the lowest quartile (b D ¡81.16, SE D
42.02, P D 0.05). These associations appeared strongest among male infants (b D ¡125.40, SE D 58.10, P D 0.03).
Methylation at the PLAGL1 DMR was related to total non-sedentary time (P < 0.05). Our findings confirm that prenatal
PA is associated with reduced birth weight, and is the first study to support a role for imprinted gene plasticity in these
associations. Larger studies are required.

Introduction

Size at birth is a common indicator of the fetal environment,
as well as a predictor of survival and future health outcomes.1

Both low birth weight (LBW; <2500 g), due to prematurity or
growth restriction, and macrosomia (>4500g) are associated
with numerous deleterious health consequences in adulthood,
such as cardiovascular disease,2 type 2 diabetes (T2D),3 obesity,4

and some cancers.5 While the proportion of LBW declined 3%
between 2006 and 2012, the birth weight (BW) distribution has
shifted slightly toward heavier infants.6 There is urgent need for
a more detailed understanding of factors contributing to the inci-
dence of being born at the extreme tails of the BW distribution,
and downstream health outcomes. Although small reductions in
mean BW may be of relatively little significance for an individual

newborn, these changes are potentially important on a popula-
tion level.

Physical activity (PA) in pregnancy, a highly modifiable
behavior, has been associated with both fetal growth and BW,7

but the epidemiologic literature relating PA to BW remains
equivocal to date.8 There is evidence to suggest that maternal PA
may reduce risk of macrosomia,9 increasing the likelihood of
delivering an appropriate-for-gestational age infant. PA may
influence BW through its effects on maternal obesity, insulin sen-
sitivity, placental blood flow and nutrient delivery.10,11

The developmental origin of health and disease (DOHaD)
hypothesis posits that prenatal and early postnatal environments
can induce changes in development that subsequently alter adult
health and disease risk.12,13 While mechanisms are still poorly
understood,14epigenetics has been proposed to be one pathway
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through which maternal exercise influences fetal BW and subse-
quent health outcomes.15,16 However, epigenetic targets for PA
are largely unknown.

Genomically imprinted genes are involved in many disease
processes,17 and many are critical in fetal development, and could
play an integral role in regulating early growth and development
by allele-specific alterations in DNA methylation at differentially
methylated regions (DMRs). The methylation patterns at
imprinted DMRs are established before gastrulation, and are
maintained in somatic tissues.18 Therefore, any lack of fidelity in
preserving these marks through epigenetic reprogramming may
initiate changes that should be detectable in all tissues.18 Further,
because genomically imprinted genes may be networked,19 infor-
mation on dysregulation may inform changes in multiple
genes.20,21

Thus far, no studies have examined the potential epigenetic
effects of early prenatal exercise on birth outcomes. In these anal-
yses, we examine the association between prenatal maternal PA,
BW, and newborn DNA methylation status at 4 genomically
imprinted gene DMRs known to be important in fetal growth
and development.22,23 Given that black women have higher risk
of adverse pregnancy outcomes,24 overweight or obesity before
pregnancy is a risk factor for macrosomia,25 and epigenetic per-
turbations may be sex-specific,26 we examined potential modifi-
cation of the maternal PA-BW association by these factors.

Results

Table 1 summarizes demographic characteristics of the 1281
Newborn Epigenetics Study (NEST) participants reporting PA.
Total non-sedentary time varied by maternal age, race/ethnicity,
marital status, parity, household income, education and smoking
(P < 0.01). Participants were comparable with respect to gesta-
tional age at enrollment, folic acid supplementation, gestational
weight gain and body mass index (BMI) at last menstrual period
(LMP) (P > 0.05). Delivery outcomes (e.g., preterm birth, deliv-
ery mode, and infant sex) were not associated with quartiles of
total non-sedentary time (P > 0.05).

Associations between PA and BW
The mean BW in this cohort was 3264 g (standard deviation

D 603 g). Median time spent in light, moderate, intense, and
total physical activities were 8 hours/day, 3 hours/day, 1/2 hour/
day, and 61/2 hours/day, respectively. Coefficient estimates (bs)
and standard errors (SE) for the multivariate linear association
between maternal PA and infant BW are shown in Table 2. Mul-
tivariate models were adjusted for race/ethnicity and preterm
birth. With the exception of light PA, we observed inverse associ-
ations between all measures of maternal PA and BW. Associa-
tions were most pronounced for total non-sedentary time. We
observed an inverse association between total non-sedentary time
and infant BW when women in the highest quartile of total non-
sedentary time were compared to women in the lowest quartile
(b D ¡81.16, SE D 42.02, P D 0.05). Conversely, we found a
positive association between low levels of light maternal PA and

infant BW, which was attenuated with increasing light PA
(bQuartile 2 vs. 1 D 73.41, bQuartile 3 vs. 1 D 23.66, bQuartile 4 vs. 1

D 10.16, P trend D 0.0678). Restricting these analyses to
mother-infant pairs with �37 weeks gestation did not alter our
findings.

We additionally explored associations between maternal PA
and LBW/macrosomia. Adjusting for race/ethnicity and preterm
birth we observed increased risk of both LBW and macrosomia
at all levels of maternal light PA. In contrast, total non-sedentary
time was associated with reduced risk of macrosomia. Associa-
tions between total non-sedentary time and LBW were approxi-
mately null (ORs~1.0) among infants born to women in quartiles
2 and 3, while an imprecise positive association was observed
among infants born to mothers in the highest level of total non-
sedentary time (Table S2).

Stratified associations between total non-sedentary time and
BW by race/ethnicity, infant sex, and maternal BMI are pre-
sented in Table 3. We found more pronounced risk reductions
among Whites in the highest quartile of total non-sedentary time
compared to Blacks or Hispanics (b D ¡106.58, ¡79.58,
¡59.13, respectively). However, the cross-product term for PA
quartiles and race/ethnicity exceeded a of 0.05. Stratifying by
infant sex we observed striking difference by group. Male infants
born to mothers in the highest quartile of total non-sedentary
time experienced a large reduction in BW (b D ¡125.40,
SE D58.10, P D 0.03), whereas the association among female
infants was less pronounced and imprecise (b D ¡31.28, SE D
60.20, P D 0.60) (P for cross product term D 0.65). Finally,
although the highest quartile of total non-sedentary time was
inversely associated with BW at all levels of BMI, the association
was more pronounced among women with BMI <25 kg/m2 (b
D ¡112.55, SE D 68.71, P D 0.10) compared to BMI �30 kg/
m2 (b D ¡58.55, SE D 75.24, P D 0.44) (P for cross product
term D 0.55).

DNA methylation at DMRs regulating imprinted genes,
prenatal PA, and BW

We also examined whether total non-sedentary time was asso-
ciated with imprinted DMR methylation (H19, MEG3, SGCE/
PEG10, and PLAGL1). After adjusting for race/ethnicity, gesta-
tional age at delivery, folic acid intake, and maternal smoking,
we found that total non-sedentary time decreased DNA methyla-
tion at PLAGL1 DMR and appeared to be consistent with a
threshold effect (bQuartile 2 vs. 1 D ¡2.15, bQuartile 3 vs. 1 D
¡1.77, bQuartile 4 vs. 1 D ¡1.57, P trend D 0.0136) (Table 4).
We subsequently examined whether inclusion of the PLAGL1
DMR in the base model altered the association between total
non-sedentary time and BW. After multivariate adjustment,
including PLAGL1 DMR methylation into the base model atten-
uated the association (b D ¡11.10, SE D 62.17, P D 0.86).

Discussion

We estimated the association between prenatal PA and BW,
and subsequently examined the extent to which DNA
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Table 1.Maternal characteristics by total non-sedentary time derived from self-reported recreational, household, occupational and transport activity:
Newborn Epigenetic Study

Quartile 1 (N D 311) Quartile 2 (N D 337) Quartile 3 (N D 314) Quartile 4 (ND 319)

Birthweight
Low 23 (7%) 26 (8%) 26 (8%) 24 (8%)
Average 280 (90%) 308 (91%) 285 (91%) 291 (91%)
High 8 (3%) 3 (1%) 3 (1%) 4 (1%)
Covariate N (%) p-value

Age at delivery (years)
20–29 174 (56%) 217 (64%) 161 (51%) 153 (48%) 0.0033
18-<20 16 (5%) 12 (4%) 9 (3%) 16 (5%)
30–35 88 (28%) 80 (24%) 100 (32%) 103 (32%)
36C 33 (11%) 28 (8%) 44 (14%) 47 (15%)

Race
Black 128 (46%) 166 (55%) 118 (41%) 98 (35%) <0.0001
White 69 (25%) 75 (25%) 106 (37%) 115 (41%)
Hispanic 79 (29%) 62 (20%) 63 (22%) 66 (24%)

Preterm birth
Term 281 (90%) 305 (91%) 283 (90%) 297 (93%) 0.5316
Preterm 30 (10%) 31 (9%) 31 (10%) 22 (7%)

Gestational age at enrollment
�10 weeks 101 (33%) 106 (32%) 134 (43%) 122 (38%) 0.0557
11–20 weeks 180 (58%) 198 (59%) 160 (51%) 174 (55%)
>20 weeks 29 (9%) 31 (9%) 20 (6%) 22 (7%)

Marital status
Married 111 (36%) 110 (33%) 151 (49%) 161 (51%) <0.0001
Never married 92 (30%) 123 (37%) 71 (23%) 67 (21%)
Living with partner 87 (28%) 81 (24%) 68 (22%) 73 (23%)
Widowed/divorced/separated 10 (3%) 7 (2%) 16 (5%) 9 (3%)
Other 8 (3%) 11 (3%) 4 (1%) 5 (2%)

Parity at enrollment
Multiparous 234 (75%) 221 (66%) 159 (51%) 211 (66%) <0.0001
Nulliparous 77 (25%) 116 (34%) 155 (49%) 108 (34%)

Household income
<$25,000 130 (54%) 162 (59%) 101 (40%) 123 (46%) <0.0001
$25,000-$49,999 46 (19%) 43 (16%) 37 (15%) 52 (19%)
$50,000–$100,000 44 (18%) 45 (17%) 70 (27%) 60 (22%)
>$100,000 21 (9%) 22 (8%) 47 (18%) 34 (13%)

Education
College graduate 75 (25%) 82 (25%) 135 (43%) 114 (36%) <0.0001
High school/GED 63 (20%) 78 (23%) 59 (19%) 59 (19%)
Less than high school 103 (34%) 106 (32%) 66 (21%) 89 (28%)
Some college 66 (22%) 66 (20%) 52 (17%) 56 (18%)

Smok status
No smoking 215 (71%) 253 (67%) 239 (77%) 233 (74%) 0.0028
Smoking prior to pregnancy 37 (12%) 29 (9%) 34 (11%) 35 (11%)
Smoking during pregnancy 51 (17%) 81 (24%) 37 (12%) 48 (15%)

Folic acid supplementation
Yes 275 (92%) 300 (92%) 270 (89%) 285 (90%) 0.4257
No 25 (8%) 26 (8%) 35 (11%) 31 (10%)

Type 2 diabetes
No 302 (98%) 327 (98%) 308 (99%) 314 (99%) 0.7180
Yes 6 (2%) 6 (2%) 3 (1%) 4 (1%)

Gestational diabetes
No 287 (93%) 312 (94%) 290 (94%) 296 (95%) 0.9389
Yes 20 (7%) 20 (6%) 20 (6%) 17 (5%)

Gestational weight gain
Adequate 82 (26%) 64 (19%) 87 (28%) 78 (25%) 0.1954
Less than adequate 77 (25%) 86 (26%) 70 (22%) 84 (27%)
Excessive 149 (48%) 180 (55%) 154 (50%) 151 (48%)

Vaginal delivery
Yes 214 (69%) 229 (68%) 199 (63%) 229 (72%) 0.1508
No 97 (31%) 106 (32%) 115 (37%) 90 (28%)

(Continued on next page)
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methylation differences for DMRs regulating growth and devel-
opment accounted for this association. We found that infants
born to mothers in the highest quartile of total non-sedentary
time had lower BW compared to infants of mothers in the lowest
quartile of total non-sedentary time. Associations appeared to be
strongest among male infants. DMR methylation at PLAGL1
was associated with total non-sedentary time, and may, in part,
account for the association between PA and BW.

There is accumulating evidence that regular PA during
pregnancy may increase the odds of delivering an appropri-
ate-for-gestational age infant by reducing the risk of babies
born at the extreme ends of the BW range,27 although results
are not entirely consistent.28,29 Further data suggest inverse
associations between PA and mean BW,30 but the differences
are generally small, and few reach statistical significance.

Previous investigations have largely focused on recreational
activities in late pregnancy. Our finding that total non-seden-
tary time during early pregnancy was associated with small
reductions in mean BW is therefore consistent with most pre-
vious reports. Exploratory analyses examining the association
between maternal PA and BW extremes suggest that total
non-sedentary time may reduce the risk of macrosomia. Fur-
ther, among women in the lowest quartiles of total non-sed-
entary time (Quartiles 1–3) we found null associations with
LBW. We observed elevated risk of LBW among women in
the highest quartile of total non-sedentary time, which was
primarily comprised of moderate to vigorous activity. High
levels of PA have been shown to: (1) increase the formation
of reactive oxygen and nitrogen species;31 (2) induce lipid
peroxidation; and (3) cause DNA damage. These biomarkers

Table 1.Maternal characteristics by total non-sedentary time derived from self-reported recreational, household, occupational and transport activity:
Newborn Epigenetic Study (Continued)

Quartile 1 (N D 311) Quartile 2 (N D 337) Quartile 3 (N D 314) Quartile 4 (ND 319)

BMI (kg/m2)
18.5–24.99 107 (36%) 115 (36%) 129 (43%) 128 (42%) 0.2198
25-29.99 87 (29%) 102 (32%) 80 (27%) 73 (24%)
>29.99 103 (35%) 106 (33%) 90 (30%) 102 (34%)

Infant sex
Male 164 (52%) 164 (49%) 176 (56%) 167 (52%) 0.3109
Female 147 (47%) 173 (51%) 138 (44%) 152 (48%)

Table 2. Crude and adjusteda regression coefficients and standard errors for the association between maternal physical activity and birthweight: Newborn
Epigenetic Study

Crude (N D 1281) Adjusted (N D 1144b)

b coefficient, Standard Error, p-value
Light physical activity (median D 8 hours/day)
Quartile 1 Reference Reference
Quartile 2 114.34, 46.28, 0.01 73.41, 39.90, 0.07
Quartile 3 79.13, 48.19, 0.10 23.66, 42.04, 0.57
Quartile 4 56.49, 47.40, 0.23 10.16, 41.43, 0.81

p trend D 0.0678
Moderate physical activity (medianD 3 hours/day)
Quartile 1 Reference Reference
Quartile 2 ¡70.86, 47.42, 0.14 ¡65.44, 40.64, 0.11
Quartile 3 ¡16.87, 50.00, 0.74 ¡50.86, 42.91, 0.24
Quartile 4 ¡21.87, 48.85, 0.65 ¡18.63, 42.54, 0.66

p trend D 0.0773
Intense physical activity (median D 1/2 hour/day)
None Reference Reference
�Median 47.98, 44.23, 0.28 ¡17.71, 38.18, 0.64
> Median 68.15, 49.88, 0.17 ¡0.73, 42.79, 0.99

p trend D 0.6428
Total non-sedentary time (median D 6.5 hours/day)
Quartile 1 Reference Reference
Quartile 2 ¡72.28, 47.47, 0.13 ¡43.63, 41.02, 0.29
Quartile 3 ¡47.28, 48.29, 0.33 ¡51.93, 41.59, 0.21
Quartile 4 ¡19.96, 48.11, 0.68 ¡81.16, 42.02, 0.05

p trend D 0.4342

aAdjusted for maternal race/ethnicity and preterm birth.
bN D 137 women were missing covariate values.
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have been associated with poor birth outcomes, including
LBW.32,33 However, these analyses were based on small num-
bers and should be interpreted with caution. If confirmed,
our collective data could indicate that increased PA could be
a useful strategy for reducing infant BW.

In our population, reductions in mean BW from total non-
sedentary activity was primarily limited to White, non-Hispanic
women and women with BMI <25 kg/m2. To date, there is lim-
ited data examining PA-BW associations by both race/ethnicity
and maternal BMI. Although we observed modest reductions in
BW among Black participants in the highest quartile of total
non-sedentary time, they were less in magnitude than that of
Whites, consistent with other studies in this demographic.34

While we observed risk reductions among obese women in the
highest quartile of total non-sedentary time, these data are impre-
cise. Our findings are in agreement with one study35 that found
overweight/obesity was associated with higher BW only among
women with no or low PA, but are contradictory to the findings
by Lof et al.,36 who showed that PA did not reduce the risk of
high BW infants in women who were overweight. Further
research on the effect of PA within strata of both race and

maternal BMI will be important in uncovering whether PA may
attenuate adverse consequences of race and/or excess maternal
body weight on infant BW.

Although mechanisms by which maternal PA could reduce
BW are unknown, it has been suggested that PA during preg-
nancy may influence fetal growth by improving maternal
insulin sensitivity and downstream regulation of fetal nutrient
supply.30 Data show that moderate increases in glucose are
associated with augmented levels of fetal insulin, insulin-like
growth factor (IGF)-1 and even increased incidence of macro-
somia.8,37 PA has been associated with decreased maternal
blood glucose immediately following PA,38,39 as well as
reduced cord blood concentrations of IGF-1 and IGF-2.30,40

Maternal exercise thereby influences fetal growth, in part,
through endocrine regulation. Another potential regulator of
fetal growth is the delivery of oxygen and nutrients, via the
placenta, to the developing fetus.8 PA has been shown to
influence parameters of placental development, which have
been correlated with offspring size at birth.30,37 Specifically,
data suggest that maternal activity during pregnancy is associ-
ated with greater placental volume and function.41,42 Acute

Table 3. Adjusted regression coefficients and standard errors for the association between total maternal physical activity and birthweight within strata of
maternal race, infant sex and maternal body size: Newborn Epigenetic Study

Total non-sedentary time

Quartile 1 Quartile 2 Quartile 3 Quartile 4

b coefficient, Standard Error, p-value

Maternal race a p trend
Blacks (N D 510) Reference ¡62.75, 58.50, 0.28 ¡46.72, 63.50, 0.46 ¡79.58, 66.79, 0.23 0.4098
Whites (N D 364) Reference ¡86.40, 83.65, 0.30 ¡76.66, 77.40, 0.32 ¡106.58, 76.17, 0.16 0.3781
Hispanics (N D 270) Reference 45.05, 80.29, 0.58 ¡41.95, 80.01, 0.60 ¡59.13, 79.13, 0.46 0.5505
Infant sex b

Male Infants (N D 602) Reference ¡53.18, 57.74, 0.36 ¡96.60, 56.98, 0.09 ¡125.40, 58.10, 0.03 0.4737
Female Infants (N D 542) Reference ¡21.26, 57.70, 0.71 ¡6.13, 60.31, 0.92 ¡31.28, 60.20, 0.60 0.8334
Maternal body mass index b

18.5–24.99 kg/m2 (N D 415) Reference ¡75.23, 69.05, 0.28 ¡105.91, 67.43, 0.12 ¡112.55, 68.71, 0.10 0.3124
25–29.99 kg/m2 (N D 301) Reference ¡62.67, 75.85, 0.41 ¡104.62, 80.52, 0.19 ¡25.47, 85.03, 0.76 0.2735
�30 kg/m2 n(N D 374) Reference ¡31.06, 73.90, 0.67 74.11, 75.86, 0.33 ¡58.55, 75.24, 0.44 0.8663

aAdjusted for birth.
bAdjusted for maternal race/ethnicity and preterm birth.

Table 4. Adjusted a regression coefficients and standard errors for the association between total maternal physical activity and offspring DMR methylation
(among term infants) at 4 regions: Newborn Epigenetic Study

H19 DMR MEG3 DMR SGCE/PEG10 DMR PLAGL1 DMR

mean methylation % (standard deviation) 47.85 (3.82) 72.40 (5.49) 45.13 (5.45) 57.54 (6.12)

b coefficient, Standard Error, p-value
Total non-sedentary time
Quartile 1 Reference Reference Reference Reference
Quartile 2 0.37, 0.56, 0.52 ¡0.16, 0.80, 0.84 ¡1.38, 0.75, 0.07 ¡2.15, 0.84, 0.01
Quartile 3 0.65, 0.60, 0.28 ¡0.88, 0.82, 0.28 ¡0.18, 0.79, 0.82 ¡1.77, 0.89, 0.04
Quartile 4 0.35, 0.58, 0.54 ¡0.45, 0.80, 0.57 0.23, 0.77, 0.76 ¡1.57, 0.86, 0.07
p trend 0.4385 0.7209 0.0570 0.0136

aAdjusted for gestational age, race/ethnicity, smoking and folic acid supplementation.
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activity is likely to cause intermittent fluctuations in oxygen
and nutrient delivery to the placenta, which, if performed
regularly, may stimulate placental growth.37 Fetal growth pat-
terns stimulated by recurrent acute stimuli, such as regular
PA, are unlike those produced by chronic depressions in oxy-
gen delivery, which may cause fetal hypoxia and growth
restriction. Discriminating among these possibilities will
require larger studies with serial specimens collected during
pregnancy.

While the benefits of prenatal PA on BW outcomes are well
documented, and epigenetics has been hypothesized to mediate
these relationships,43 there are a paucity of studies examining the
potential epigenetic programming effects of exercise during preg-
nancy. To the best of our knowledge, this is the first study to
examine the role of maternal exercise on DNA methylation of
regulatory sequences of genomically imprinted genes, and its
potential effects on BW outcomes. Certain epigenetic targets,
including IGF2, MEG3, SGCE/PEG10, and PLAGL1 have been
identified as key regulators of placental and fetal growth and have
been associated with BW in our study population.44 This study
found PA-associated methylation differences at PLAGL1 and
suggests that alterations at this DMR may partially mediate the
association between maternal PA and BW. PLAGL1, widely
expressed in many human tissues during fetal development and
throughout life, is part of a network of co-regulated imprinted
genes involved in the control of embryonic growth. Methylation
of the PLAGL1 DMR has been positively associated with fetal45

and post-natal weight and is known to correlate with maternal
BMI.46 The results from our investigation may suggest that
maternal PA during the prenatal period favorably alters offspring
methylation of the PLAGL1 regulatory DMR, resulting in
reduced BW. Further, PLAGL1 is a candidate tumor-suppressor
gene known to regulate apoptosis and cellular growth.47 While
the longer term effects of prenatal exposure on PLAGL1 and
chronic diseases are still unknown, we posit that PA-induced loss
of methyl groups at this imprinted domain may increase mRNA
expression of PLAGL1. Loss of expression has been observed in a
number of adult cancers; maternal PA may provide one avenue
through which epigenetic programming alter cancer risk.

Our findings, that maternal PA may influence DNA methyla-
tion markers in offspring, are biologically plausible and sup-
ported by recent intervention and clinical studies. Among men
exposed to regular exercise, genome-wide epigenetic modifica-
tions were induced in skeletal muscle48 and adipose tissue,49 and
altered micro RNA expression was observed at both sites. Many
of the genes identified in these studies affect glucose and lipid
metabolism and are candidates for T2D. The findings of this
study supports the DOHaD hypothesis, which suggests that
impaired preadipocyte maturation, due to aberrant DNA meth-
ylation among LBW individuals, may contribute to the increased
risk of T2D in adulthood.

Although it has been hypothesized,43 we present one of the
first studies to examine epigenetic targets in relation to maternal
PA and BW. Strengths of our study include its population-based
design, relatively large sample size, and detailed exposure assess-
ment. However, our study is limited by the assessment of

maternal PA at a single point in time point during early preg-
nancy. Data have shown that exercise levels tend to decline across
pregnancy.50 While our assessment may not reflect all the appro-
priate exposure windows in pregnancy for effects on timing of
BW, it is an appropriate time window for understanding the
effects on epigenetic regulation of imprinted genes. While we
made every effort to correct for potential over-reporting of mater-
nal PA by study participants, we were unable to re-contact
women to verify that our adjustment was valid. However, given
our unbiased approach, based on empirical data from national
surveys, we were likely successful in ranking women for compari-
sons. Further, restriction of these analyses to plausible respond-
ents did not substantially alter data interpretation. Another
potential limitation of these analyses is that we used infant BW
to evaluate fetal growth. Although BW is a crude estimation of
overall fetal development, it is easily measured in large studies,
tends to reflect the in utero environment, and has been associated
with later postnatal health outcomes.8 Unfortunately, due to the
low proportion of LBW and marcrosomic infants our analyses
were exploratory in nature and estimates imprecise. The imprint
regulatory network contains other DMRs that were not evaluated
in this study. Higher resolution genome-wide studies in diverse
populations with improved exposure assessment are necessary to
better characterize these epigenetic networks, potential regulators,
and their interactions.

Data from our study support those of other previous investi-
gations: maternal PA may reduce infant BW, particularly in
White, non-overweight populations, and male infants. However,
our understanding of potential mechanisms underlying this asso-
ciation is lacking. We found that methylation at the PLAGL1
DMR was associated with both maternal PA and BW, and per-
turbations in this gene may partially account for this association.
Further research on the long term effects of changes at the
PLAGL1 DMR may be important for understanding the extent
to which prenatal PA may modify subsequent health effects. If
replicated, these findings could provide insights into the mecha-
nisms underlying associations between maternal PA and BW and
provide epigenetic targets for surveillance or intervention.

Materials and Methods

Study participants
Study participants were enrolled as part of the Newborn Epi-

genetics Study (NEST), a prospective study of women and their
offspring. Methods for enrollment have been detailed else-
where.51 Briefly, between 2009 and 2011, English or Spanish
speaking pregnant women aged 18 y and older were identified
from clinic logs of 5 prenatal clinics in Durham County, NC,
USA. Women who intended to relinquish custody of the child,
planned to move from the area in the subsequent 3 years, or did
not intend to use one of the participating obstetric facilities for
delivery were excluded from the study. Additionally, women
with confirmed human immunodeficiency virus (HIV) infection
were excluded due to uncertainty about how HIV positivity and
treatment may alter methylation profiles. Of 2548 women who
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met eligibility criteria, 1700 (66.7%) consented and were
enrolled. Women who declined study participation were more
likely to be of Asian and Native American descent (P < 0.001),
but were similar to enrolled participants with respect to age
(P D 0.70). Of the 1700 women who consented, we excluded 36
women who delivered multiple gestation. An additional 383
were excluded due to infant deaths before, during, or soon after
birth; illiteracy; being underage; subsequent refusal; delivery at a
non-participating hospital (precluding collection of parturition
data); or missing PA data, such that 1281 (75.4%) women
remained in this analysis. The study protocol was approved by
the Duke University and Durham Regional Hospital Institu-
tional Review Boards.

Data collection
A self-administered questionnaire was completed by all partic-

ipants at enrollment, and queried women on their sociodemo-
graphic, reproductive and lifestyle characteristics in the 6 months
prior, including periconception. Upon delivery, medical records
were abstracted to collect information on birth outcomes and
infant cord blood specimens were obtained.

Assessment of maternal PA
As part of the NEST baseline questionnaire, participants were

asked about their involvement in PA since LMP using a modifi-
cation of the Pregnancy Physical Activity Questionnaire, which
has been previously validated.52 Specifically, participants were
asked to report how much time they spent in 32 activities using a
5-point scale: none, <1/2 hour/day, 1/2 to <1 hour/day, 1 to
<2 hours/day, 2 to <3 hours/day, and �3 hours/ day. The
questions covered 4 modes of activity including household/care-
giving (N D 13 activities), recreational (N D 8 activities), occu-
pational (N D 4 activities), and transportation (N D 2 activities)
(Table S1). The questionnaire also included 5 sedentary activities
(excluded from these analyses).

For these analyses, we were interested in exploring associations
with BW and methylation status by intensity level, regardless of
the mode. Metabolic equivalent (MET) values were assigned to
each reported activity according to the Compendium of Physical
Activities.53 Using the standard cutoffs54 for light (<3.0 METs),
moderate (3–6 METs), and intense (>6 METs) activities, we
summarized total non-sedentary PA by intensity category. For
example, if a woman reported walking slowly for exercise (3.8
METs) 1 hour/day, playing with children (4.0 METs) for 1/2
hour/day, and gardening (4.5 METs) for 1 hour/day, her cumu-
lative moderate activity would be 21/2 hours/day. We similarly
calculated total light and intense activity for each participant.
Finally, we summed the duration of all non-sedentary activities
to obtain each participants total non-sedentary time per day.

We found that NEST participants had a high degree of over-
reporting compared to other studies of prenatal PA55,56 which
may suggest that some women misread the questionnaire
response as hours/week rather than hours/day. Our sensitivity
analyses showed that 3%, 30%, 4%, and 40% of respondents
had implausible values for light (>16 hours/day), moderate
(>8 hours/day) intense (>2 hours/day) and total non-sedentary

(>16 hours/day) activities, respectively based on data among
women from the Bureau of Labor Statistics.57 We identified no
demographic differences among participants who over-reported
compared to those with plausible values. We therefore rescaled
women exceeding the aforementioned cutoffs by dividing their
total or intensity-specific activity contribution by 7. We also con-
ducted analyses to confirm that excluding women with rescaled
data did not meaningfully influence our results.

Our final analysis included 4 mutually exclusive PA variables,
3 of which account for both intensity and duration (light, moder-
ate and intense hours/day), and a summary variable (total non-
sedentary time), which accounts for duration only. Light activity
contributed to 64%, 60%, 56%, and 48% of total non-sedentary
time for quartiles 1–4, respectively.

Assessment of birth outcomes
Parturition data, abstracted via medical records by trained per-

sonnel after delivery, included BW, gestational age at birth,
infant sex, and delivery mode. Infant BW (measured in grams g)
showed no evidence of departure from normality and was ana-
lyzed as both a continuous and categorical variable. Trichoto-
mous categories included LBW (<2500 g), normal weight
(2500–4500 g), and macrosomia/high birth weight (>4500 g).
Given the low proportion of BW extremes, however, these analy-
ses were exploratory in nature.

Assessment of covariates and effect measure modifiers
Maternal age at delivery, race/ethnicity, marital status, parity,

diabetes, and weight and height at LMP were self-reported and
then verified with abstracted medical records. Household
income, maternal education, cigarette smoking, and folic acid
supplementation were self-reported via questionnaire.

A priori we considered race/ethnicity, infant sex and maternal
BMI as potential modifiers of the association between PA and
BW. Race/ethnic categories were assigned based on women’s self-
identification as Black/African American, Non-Hispanic White,
or Hispanic White. Infant sex was abstracted from medical
records as previously described. Maternal BMI was calculated
from self-reported weight and height at LMP, converted to kilo-
grams (kg) and meters (m) and expressed as kg/m2.

DNA methylation analysis
Maternal peripheral blood samples were collected at enroll-

ment and infant cord blood specimens were collected at birth.
Samples were collected in EDTA-treated tubes and centrifuged
using standard protocols to allow for collection of plasma and
buffy coat for DNA extraction (Qiagen, Valencia, CA, USA);
samples were stored at ¡80�C prior to use. DNA was extracted
using Puregene reagents according to the manufacturer’s protocol
(Qiagen), and quantity and quality assessed using a Nanodrop
1000 Spectrophotometer (Thermo Scientific; Wilmington, DE,
USA). Maternal and infant genomic DNA (800 ng) was modi-
fied by treatment with sodium bisulfite using the Zymo EZ
DNA Methylation kit (Zymo Research; Irvine, CA, USA). Pyro-
sequencing was performed using a Pyromark Q96 MD pyrose-
quencer (Qiagen) to measure DNA methylation at 9 imprint
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regulatory regions in mothers and newborns. Four DMRs previ-
ously shown to be associated with BW in this study were
included in these analyses including: the H19 DMR regulating
the IGF2/H19 domain, the MEG3 DMR regulating the DLK1/
MEG3 domain, the SGCE/PEG10 DMR positioned between
Epsilon Sarcoglycan and Paternally Expressed Gene 10 and the
PLAGL1 DMR.18 Assays were designed to query established
imprinted gene DMRs using the Pyromark Assay Design Soft-
ware (Qiagen). Polymerase chain reaction conditions were opti-
mized to produce a single, robust amplification product by
adjusting annealing temperature and magnesium chloride con-
centrations. Defined mixtures of fully methylated and unmethy-
lated control DNAs were used to show a linear increase in
detection of methylation values as the level of input DNA meth-
ylation increased (Pearson r > 0.99 for all DMRs). Once optimal
conditions were defined, each DMR was analyzed using the same
amount of input DNA from each specimen (40 ng, assuming
complete recovery following bisulfite modification), keeping the
thermocycler and pyrosequencer constant. Percent methylation
for each CpG cytosine was determined using Pyro Q-CpG Soft-
ware (Qiagen). We interrogated between 3 and 10 CpG sites per
DMR: 4 for H19, 8 for MEG3, 6 for SGCE/PEG10, and 6 for
PLAGL1.

Statistical analysis
Chi-squared tests58 were used to compare the distribution of

demographic and obstetric descriptors across quartiles of total
non-sedentary time. Variables were selected based on their
known or suspected associations with either infant BW or mater-
nal PA. We used generalized linear models to estimate associa-
tions between maternal PA and mean BW59 (a priori P � 0.05).
Logistic regression models were used to estimate associations
between maternal PA and BW extremes.60 In all models, we con-
sidered adjustment for maternal age (<20, 20–29, 30–35, and
>35 years); race/ethnicity (Black, White, Hispanic); preterm
birth (yes/no); gestational age at enrollment (�10, 11–20, and
>20 weeks); marital status (married, never married, living with
partner, widowed/divorced/separated, and other); parity upon
enrollment (nulliparous and multiparous); household income
(<$25000, $25000–$49999, $50000–$100000, and
>$100000); maternal education (less than high school, high
school/GED, some college, college graduate); maternal smoking
(no smoking prior to pregnancy and smoking during pregnancy);
type 2 diabetes (yes/no); gestational diabetes (yes/no); and vagi-
nal delivery (yes/no). BMI and total energy were not considered
as confounders in these analyses because they are likely on the
causal pathway between PA and BW. The refined list of con-
founders was selected based on directed acyclic graphs60 and
backward elimination.61 Only race/ethnicity and preterm birth
remained in our final main effects models. Refined models
adjusted for race/ethnicity and preterm birth were used to

examine potential effect modification of BMI at LMP
(BMI18.5–24.99, 25–29.99, �30 kg/m2) and infant sex (male/
female). Race/ethnic stratified models (Black, White, and His-
panic) were adjusted only for preterm birth.

Among the 484 term (�37 weeks gestation) mother-infant
pairs where methylation data for at least one of four DMRs
(H19, MEG3, SGCE/PEG10, and PLAGL1) was available, we
examined associations with maternal PA. Mother-infant pairs
with DMR data available were similar to those without DNA
methylation data with respect to maternal age (P D 0.59), total
activity (P D 0.30), and BW (P D 0.52). DNA methylation frac-
tions at two DMRs (SGCE/PEG10 and PLAGL1 DMRs) were
not normally distributed as assessed via Kolmogorov-Smirnov
tests.51 Additionally, Cronbach’s alphas for all DMRs considered
were >0.89. We therefore used mean methylation level for each
DMR in our models.51 We used F-tests,61 for parametric analy-
ses, and Wilcoxon rank-sum tests58 to examine DNA methyla-
tion levels by PA, adjusting for factors previously shown to
influence DNA methylation62 (a priori P � 0.05). The subset of
DMRs associated with both maternal PA and BW were then
included in refined models to determine the extent to which the
main effects were attenuated. All statistical analyses were con-
ducted in SAS v9.3 (SAS Institute, Cary, NC, USA).
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