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A growing body of epigenetic research suggests that in-utero adaptations to environmental changes display important
sex-specific variation. We tested this heterogeneous adaptation hypothesis using data from 900 children born at the Univer-
sity Hospital in Sao Paulo, Brazil, between October 2013 and April 2014. Crude and adjusting linear models were used to
quantify the associations between prematurity, being small for gestational age, and children’s physical and mental develop-
ment at 12 months of age. Prematurity was negatively associated with neuropsychological development in final models (z
score difference, —0.42, 95% confidence intervals: —0.71, —0.14), but associations did not vary significantly by sex. For
being small for gestational age, associations with height-for-age, weight-for-age, and neuropsychological development
were also negative, but they were systematically larger for male than for female infants (P < 0.05 for all). These results sug-
gest that male fetuses may be more vulnerable to intrauterine adversity than female fetuses. Further research will be

needed to better understand the mechanisms underlying these sex-specific associations.

child development; intrauterine growth restriction; prematurity; small for gestational age

Abbreviations: ASQ, Ages and Stages Questionnaire; HAZ, height-for-age z score; HU-USP, Hospital Universitario da
Universidade de Sao Paulo; SGA, small for gestational age; WAZ, weight-for-age z score.

According to the latest estimates, more than 250 million chil-
dren under 5 years of age are not reaching their developmental
potential (1), and more than one-third of 3- and 4-year-olds show
delays in their cognitive or socioemotional development (2). Chil-
dren in low- and middle-income countries continue to be exposed
to a multitude of risk factors that can undermine their healthy
development individually as well as jointly (1, 3, 4). Experiences
in early life have lasting impacts, with often surprisingly
large and long-term ramifications of very early intrauterine
experiences (5, 6).

In 2010, an estimated 14.9 million infants were born preterm
(7), and 32.4 million were born small for gestational age (SGA)
(8). Both of these conditions are major risk factors for child mor-
tality (9) and childhood stunting (10), and they pose a serious
risk to healthy child development more generally (11-13). Chil-
dren born SGA (below the 10th percentile of weight for gesta-
tional age) have been shown to lag behind in terms of their
physical growth, neurodevelopmental performance, and cogni-
tion at preschool age (14), display learning difficulties in primary

school (15), and demonstrate deficits in academic achievement
as adolescents (16). A number of studies have also demonstrated
associations between adverse birth outcomes, such as size at
birth adjusted for gestational age, and behavioral problems,
including hyperactivity/inattention and total behavioral difficulties
(17-19). A separate, but closely related literature has examined
the associations between prenatal stress and developmental out-
comes of exposed children, and has identified relatively consistent
links between various types of maternal stress and child hyper-
activity, conduct and peer problems, and behavioral difficul-
ties (20-25).

Within this larger literature, male sex has been increasingly
recognized as a potential risk factor for adverse neurodevelop-
mental outcomes, particularly among low birth weight and pre-
term births (26, 27). Compared with female fetuses, male fetuses
appear to face increased risks of stillbirth (28), prematurity (29),
and infant mortality (30). Recent epigenetic research suggests
that early-life DNA methylation varies substantially by sex and
has raised the question of whether these sex-specific differences
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in methylation can at least partially explain the empirically
observed differences in developmental outcomes (31).

Empirically, evidence on the interactions between infant sex
and the developmental impact of prematurity and SGA remains
scarce and somewhat mixed (32), with some studies showing
increased developmental risk for male infants born preterm
or SGA (27, 33, 34) and other studies finding no such sex dif-
ferences (26).

In this study, we use a rich new data set from a child devel-
opment cohort in Sdo Paulo, Brazil, to further investigate the
empirical relationships between sex, adverse birth outcomes,
and child development.

METHODS
Study setting

The study was conducted in the Butanta-Jaguaré region, which
is located in the Western Region of Sdo Paulo, Brazil, municipal-
ity. The Butanta-Jaguaré region has an estimated population of
380,000. Infant mortality rates in the region vary between 4.4
deaths per 1,000 live births in Morumbi District and 10.3
deaths per 1,000 live births in Vila Sonia District (35, 36).

Study population

The study population was composed of 900 children forming
part of the Sdo Paulo Western Region Birth Cohort. The Western
Region Birth Cohort comprises all infants born at the Hospital
Universitario da Universidade de Sdo Paulo (HU-USP) between
2012 and 2014. For this study, we used data from a subsample of
children born between October 1, 2013, and March 31, 2014,
who were assessed as part of the baseline survey for an ongoing
intervention trial at 12 months of age (ClinicalTrials.gov
NCT02704000). HU-USP is the main public general hospital
of the Butantd-Jaguaré region, where 82% of the births by
(the mostly poor) women covered in the public health sector
(Sistema Unico de Sadde, Brazil’s National Health System) and
about 40% of all births in the region take place (37). The 900
children were randomly selected among all births occurring in
HU-USP within the study period to mothers living in the Butan-
ta-Jaguaré region for the aforementioned intervention study.

Hospital birth records

HU-USP maintains detailed digital records on gestational age
at birth, size for gestational age, mode of delivery, date of deliv-
ery, and age of mother at delivery. Gestational duration is esti-
mated using the modified Ballard scale (38). Weight and length
are measured immediately after birth by delivering providers.

Outcome variables

The primary outcome of interest was children’s development
at 12 months of age. For physical development, age- and sex-
normalized height-for-age and weight-for-age z scores (HAZ and
WAZ) were computed using the World Health Organization
Anthro software (39). To account for premature deliveries, cor-
rected ages of children were calculated as the number of months
between the time of the assessment and the expected date of
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delivery. Children’s neuropsychological development was as-
sessed using the Ages and Stages Questionnaire (ASQ), previ-
ously validated in Brazil (40). The ASQ is based on caregiver
reports, which were collected as part of a home visit by trained
interviewers. Raw ASQ scores were normalized within the sam-
ple to amean of 0 and a standard deviation of 1.

Primary exposure variables

The 2 primary exposure variables of interest were prematurity
and being born small for gestational age. Prematurity (delivery
before 37 weeks of gestation) was based on provider-estimated
gestational lengths. The Ballard scoring system used at HU-USP
has been shown to have both specificity and sensitivity of >95%
for prematurity in the Brazilian context (41). We also collected
self-reported due dates from mothers after delivery; results did not
change when this alternative measure was used to establish
prematurity. As for gestation-adjusted weight, the hospital uses
sex-specific reference norms derived for Brazil (42). To ensure
that our results were not driven by these specific weight reference
tables, we also used alternative SGA codes based on INTER-
GROWTH fetal growth standards (43) as well as Oken’s growth
standards (44) in our sensitivity analyses.

Statistical analysis and empirical strategy

We first estimated multivariable linear regression models to
quantify the associations between prematurity, SGA, and devel-
opmental outcomes. The basic model estimated can be described
as follows:

y; = + PSGA, + dpreterm; + Xy + &;, (1)

where y; is the child development outcome of interest for child i
in the cohort, SGA is an indicator for small for gestational age,
preterm is an indicator for children born prior to 37 weeks of
gestation, and X is a vector of maternal and child characteristics
(displayed in Table 1). We fitted crude models and models with
adjustments in the pooled (both sexes together) sample; we then
fitted these models separately for male and female children.
Finally, we tested whether the observed sex-specific differences
were statistically significant in pooled linear models with inter-
action terms. We used robust standard errors to account for any
heteroskedasticity in the data.

All statistical analysis was performed using Stata, version
14 (StataCorp LP, College Station, Texas) (45).

Ethical clearance

Ethical clearance for the data collection was obtained from
HU-USP’s institutional review board (protocol number 890.325).

RESULTS

Table 1 shows descriptive statistics by gestation and weight
category. Fifty-five percent of children in the sample were female,
8% were born preterm, and 8% were born small for gestational
age. On average, children in the sample were relatively close to
the global reference population with respect to height, with 7% of
children stunted (HAZ of <—2 standard deviations of the global
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Table1. Descriptive Statistics of Children From the Western Region Cohort Who Were Born in Brazil Between October 1, 2013, and March 31,2014=
Variabl Full Term Preterm Normal Weight for Gestation SGA &3 All
ariable o
Mean (SD) Proportion (SD) Mean (SD) Proportion (SD) Mean (SD) Proportion (SD) Mean (SD) Proportign (SD) Mean (SD) Proportion (SD)
Height-for-age z score -0.11(1.4) 0.18(1.4) —0.04 (1.4) -0.71(1.3) ?lo —0.09 (1.4)
Child is stunted (HAZ < 0.07 (0.3) 0.05(0.2) 0.06 (0.2) 0 12@.3) 0.07 (0.3)
— o
<
Weight-for-age z score 0.46 (1.3) 0.61(1.1) 0.53(1.3) -0.23(1.3) é 0.47 (1.3)
ASQzscore 0.03(1.0) —-0.36(1.1) 0.01 (1.0) -0.11(1.0) ; 0.00 (1.0)
Adjusted age of child, 12.58 (1.8) 11.33(1.8) 12.49(1.8) 12.23(1.9) =2 12.47 (1.8)
months g
=0
Child is female 0.56 (0.5) 0.49(0.5) 0.55(0.5) 0.59.5) 0.55(0.5)
Biological mother is 0.75(0.4) 0.69 (0.5) 0.75(0.4) 0 71@.5) 0.75(0.4)
primary caregiver F
Caregiver has secondary 0.41(0.5) 0.44 (0.5) 0.42(0.5) 0.3940.5) 0.41(0.5)
education 5
D
Caregiver has higher 0.16 (0.4) 0.17(0.4) 0.17(0.4) 0.11¢0.3) 0.16 (0.4)
education =
Home activity score® 4.79(1.3) 4.97(1.2) 4.82(1.2) 4.7 (1.5) % 4.81(1.3)
Assessor home 7.90(1.9) 7.77(1.9) 7.88(1.9) 7.99 (2.3) = 7.89(1.9)
environment score® &
Asset quintile 2 0.27 (0.4) 0.21(0.4) 0.26 (0.4) 0. 279 4) 0.26 (0.4)
Asset quintile 3 0.14(0.3) 0.15(0.4) 0.14(0.4) 0.11§.3) 0.14(0.3)
Asset quintile 4 0.20 (0.4) 0.17(0.4) 0.20 (0.4) 0.20 @ 4) 0.20 (0.4)
Asset quintile 5 0.19(0.4) 0.20(0.4) 0.20 (0.4) 0.17 @ 4) 0.19(0.4)
QO
Abbreviations: ASQ, Ages and Stages Questionnaire; HAZ, height-for-age z score; SD, standard deviation; SGA, small for gestational age. &

@ Caregivers were asked whether they had done any of the following activities with the child in the previous 3 days: read books; tell stories; name o@“ects count, or draw; play; sing songs; or
take child outside. These questions are based on those in the Multiple Indicator Cluster Survey.
b At the end of the interview, assessors were asked to make a subjective assessment of the physical quality of the home overall on a scale for 1 (worst they have seen) to 10 (best they have

seen).
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growth standard median) and a mean HAZ of —0.09. Children
were on average 12 months old at the time of the assessment.
Mothers were the primary caregiver in 75% of cases. Forty-one
percent of caregivers had at least a secondary education, and 16%
had tertiary or higher-level education; virtually all caregivers had
at least some primary education. On average, caregivers appeared
to be very engaged in early childhood care, with caregivers report-
ing having engaged in an average of 4.8 different caregiver-child
activities within 3 days of the interview.

Table 2 shows estimated adjusted and crude associations
between HAZ, WAZ, and ASQ z scores as outcomes. In our
final models (bottom panel), preterm birth was not associated
with any of the physical measures, but it was associated with
a 0.42-standard-deviation reduction in ASQ z scores (95% confi-
dence intervals: 0.71, 0.14). SGA was not associated with ASQ
z scores but showed negative associations with HAZ (standard
deviation reduction of 0.73, 95% confidence intervals: 1.04, 0.42)
and WAZ (standard deviation reduction of 0.78, 95% confidence
intervals: 1.11, 0.45) in the pooled sample with final models.

Table 3 shows the same (final) models stratified by sex. Simi-
lar to the results in Table 2, we found SGA to be predictive of
physical growth outcomes only and preterm birth to be predic-
tive of ASQ z scores as a measure of neuropsychological devel-
opment in both the male and female subsamples. While the
association between prematurity and ASQ appears to be larger
for girls than for boys, the estimated coefficients are not statisti-
cally different from each other (P = 0.705). The same is not true
for SGA, which showed consistently larger associations with
growth outcomes for boys than for girls. The estimated coeffi-
cients for HAZ and WAZ were more than twice as large for
boys as for girls, and the interaction term was significant at the
10% level (P = 0.063 and 0.059, respectively). Estimated sex
differences with respect to SGA were largest for ASQ scores,
which showed no evidence of associations with SGA for girls

but large negative associations for boys (z score difference,
—0.55, 95% confidence intervals: 1.11, 0.01; statistically signifi-
cant at the 10% level). We rejected the null of equal associations
with a P value of 0.043.

Figure 1 further illustrates these estimated sex differences with
respect to SGA. Overall, 12% of SGA children were stunted at
age 12 months (age corrected for gestational length) in the sam-
ple; this high stunting prevalence is, however, almost exclusively
driven by boys in this subgroup, with an estimated stunting preva-
lence of 25.9% among boys born SGA compared with an esti-
mated rate of 2.4% among girls born SGA. For ASQ, boys born
SGA had an average score that was 0.5 standard deviations below
the sample average, while girls scored slightly higher than the
sample average.

DISCUSSION

In this study, we used data from Sdo Paulo’s Western Region
Birth Cohort to test the extent to which birth outcomes predict
child development at age 1 year as well as to assess the extent to
which associations between adverse pregnancy outcomes and
child development vary according to child sex. Overall, we found
strong negative associations between SGA and measures of phys-
ical development but no association with neuropsychological
development. The opposite was true for prematurity, which was
not predictive of physical development at age 1 year but highly
predictive of neuropsychological development. While we found
relatively minor sex differences for the associations between pre-
maturity and neuropsychological development, we observed large
sex-specific differences with respect to SGA. For boys, we found
that being born SGA (compared with being born normal size for
gestational age) was associated with an HAZ and WAZ decrease
of more than 1 standard deviation, as well as substantial reduction

Table2. Pooled Associations Between Prematurity, Being Small for Gestational Age, and Child Development
Among Children From the Western Region Cohort Who Were Born in Brazil Between October 1, 2013, and March 31,

2014

Outcome Variable®

HAZ (n = 894) WAZ (n = 790) ASQ z Score (n = 675)
Coefficient 95% ClI Coefficient 95% Cl Coefficient 95% Cl

Crude estimates

SGA -0.665° -0.982,-0.347 -0.762° -1.093,-0.432 -0.134 —0.424,0.156

Preterm birth 0.288° -0.035,0.612 0.140 —0.140, 0.421 -0.399¢  -0.704, -0.093
Adjusted estimates

SGA -0.728° -1.038,-0.418 -0.783° —1.114,-0.453 —-0.152 -0.415,0.112

Preterm birth 0.134 —-0.201,0.469 0.170 -0.117,0.456 -0.423°  -0.709,-0.138

Abbreviations: ASQ, Ages and Stages Questionnaire; Cl, confidence interval; HAZ, height-for-age z score; SGA,

small for gestational age; WAZ, weight-for-age z score.

@ Each column represents the results of a separate linear regression model, with 95% confidence intervals based
on heteroskedasticity-robust standard errors. Models adjusted for the full list of covariates displayed in Table 1, includ-
ing age, sex, caregiver education, home activity scores, and socioeconomic variables.

bp <0.01.
°p<0.1.
4P <0.05.
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Table 3. Sex-Specific Associations Between Prematurity, Being Small for Gestational Age, and Child Development Among Children From the
Western Region Cohort Who Were Born in Brazil Between October 1, 2013, and March 31,2014

Outcome Variable®

HAZ WAZ ASQz Score
Coefficient 95% CI Coefficient 95% CI Coefficient 95% ClI

Girls

SGA -0.485° -0.839,-0.130 -0.509° -0.830,-0.188 0.094  -0.180,0.368

Preterm birth -0.043  -0.444,0.358 0.112  -0.214,0.438 -0.507° —1.001,-0.013
Boys

SGA -1.108° -1.662,-0.553 —1.177° —-1.794,-0.559 -0.549° —1.110,0.013

Preterm birth 0.275  -0.266,0.816 0.212  -0.257,0.682 -0.392° —0.722,-0.062
Ho: No sex difference for SGA (P value) 0.063¢ 0.059¢ 0.043°
Ho: No sex difference for prematurity (P value) 0.354 0.730 0.705

Abbreviations: ASQ, Ages and Stages Questionnaire; Cl, confidence interval; HAZ, height-for-age z score; SGA, small for gestational age;

WAZ, weight-for-age z score.

2 All models adjusted for child sex, child age in months, caregiver education, Multiple Indicator Cluster Survey home activity score, assessor
home score, and asset quintiles. The 95% Cls are based on heteroskedasticity-robust standard errors. P values are based on a pooled model with

linear interaction terms.
bpP <0.01.
°P <0.05.
9P <0.1.

in ASQ. For girls, SGA was associated with smaller reductions in
HAZ and WAZ and was not associated with ASQ scores at all.

Our sex-specific results are consistent with other studies that
found that female infants with extremely low birthweight or who
were born extremely preterm had better cognitive outcomes than
male infants with the same birth conditions (26, 32). Our study
further adds to this literature by studying both preterm and SGA
infants and by examining both neuropsychological and physical
growth outcomes.

Even though our data do not allow us to directly identify the
causal mechanisms underlying these differentials, the overall
patterns observed suggest that male infants born SGA either
have different in-utero experiences than female infants do or that
male fetuses respond more strongly to such adversity in terms of
programmed changes in their early life growth and develop-
ment, as well as potentially in terms of their long-term metabolic
systems (5, 6). Given that SGA rates were marginally higher
among female infants than among male infants in our sample,
one possibility is that male SGA births may represent a subset of
infants with more severe adversity. Empirically, the differences
in SGA prevalence appear to be minor, however. Using the hos-
pital’s classification system, 7.2% of boys and 8.2% of girls in
the sample were classified as SGA. Using the most recently pub-
lished INTERGROWTH standards, the rates were 11.2% and
13.6% for boys and girls, respectively. In both cases, sex differ-
ences were present but relatively small, so that large differences
in selection appear unlikely (and the sex-specific associations
estimated do not change qualitatively when these alternative
measures are used).

The findings presented in this study seem consistent with a
growing body of evidence highlighting large sex differences in
children’s general developmental trajectories. A recent review
concluded that boys might be less resilient to early adversity

but that the true extent of these differences is hard to measure
due to higher perinatal mortality experienced by male infants (46).
The results presented here definitely seem consistent with this
finding. The large sex differentials observed also appear to align
well with a broader set of research documenting sex-specific re-
sponses to adversity. Several recent studies have shown that girls
experiencing trauma, physical abuse, or maternal distress during
infancy show higher rates of depression, anxiety, and post-
traumatic stress disorder compared with boys with the same
experience (47, 48). In contrast, boys appear more vulnerable
to developing schizophrenic, autism, and attention deficit
hyperactivity disorder symptoms in response to perinatal and
intrauterine stress (49-51).

Our findings also corroborate previous literature examining
the general relationship between preterm and neuropsychologi-
cal development (27, 52) and SGA and anthropometric mea-
sures (53). We did not find preterm birth to be associated with
the anthropometric measures of HAZ and WAZ when we used
gestation-adjusted ages, which suggests that infants born pre-
term can catch up physically to those born at full term. Preterm is,
however, associated with lower ASQ scores, which suggests that
neuropsychological development remains delayed even when ad-
justing for age, as we did in our analysis. While we found that
SGA was associated with delayed physical growth, we did not
find that SGA was associated with ASQ scores in this sample.
This suggests that the causal determinants of SGA—which likely
include both genetic and environmental factors—shape the
medium- to long-run linear growth trajectories of children but
that that these physical growth trajectories are not necessarily
predictive of neurocognitive outcomes.

The analysis presented here has several limitations. First,
despite the longitudinal nature of the study, our ability to inter-
pret estimated associations causally is limited; it is possible
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Figure 1. Stunting prevalence (A) and average Ages and Stages
Questionnaire (ASQ) z score (B), stratified by sex, being small for ges-
tational age (SGA), and preterm status, Brazil, 2013-2015. Children
were part of the Western Region Cohort and were born between Octo-
ber 1, 2013, and March 31, 2014. ASQ z scores and stunting preva-
lence were assessed at 12 months of age.

that prematurity and SGA are correlated with other causal de-
terminants of child development not included in our model,
which may confound our results. To address this, we included in
our model a large number of family characteristics collected
through personal surveys with caregivers, which should reduce
the risk of large confounding biases to a minimum. Confounding
biases seem even less likely in the male-female comparisons
given that there is no evidence of sex selection through abortion
in the study setting, which means that the correlation between sex
and potential unobserved parental confounders should be mini-
mal. Another general concern with studies related to in-utero ex-
posures is that the exact measurement of gestational length, as
well as an exact classification of gestation-adjusted weight catego-
ries, is challenging. To address this, we used both maternal reports
and provider estimates of gestational length for the classification
of prematurity, and we explored 3 different standards for the clas-
sification of SGA. While the specific standard applied changes
the estimated average SGA prevalence noticeably—from 7.8% to
12.6% if INTERGROWTH rather than Brazilian standards
are applied, and to 8.0% if Oken’s US-based standard are

Am J Epidemiol. 2018;187(11):2324—2331

applied—the overall associations found appear to be highly
consistent across measures in our sensitivity analysis (results
available in Web Tables 1 and 2, available at https://academic.
oup.com/aje). One further limitation of the present study is that
our core exposure variables (SGA and prematurity) do not allow
for direct assessment of the nature or intensity of the causal de-
terminants of these outcomes. Although SGA is sometimes used
as a proxy measure for intrauterine growth restriction, some chil-
dren are born small for genetic reasons rather than due to lack of
nutrients or exposure to stress. The extent to which SGA is
driven by in-utero lack of nutrients and oxygen needed for
proper growth and development in our sample is unknown;
larger associations seem likely if the empirical model could be
restricted to those children who experienced such in-utero adver-
sity. Finally, while the ASQ has been extensively used and val-
idated (54-56), it relies on parental report of child development
measures, which may be subject to social desirability bias (57,
58). However, we have no reason to believe that this bias is dif-
ferential by sex or by SGA or preterm.

In conclusion, the results presented in this paper suggest that
adverse birth outcomes may be more harmful to the development
of male infants than to the development of female infants. Further
research is needed to better understand the mechanisms underly-
ing these sex-specific relationships as well as to remediate any
effects.
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