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Abstract

Males and females have been proposed to have different prenatal growth strategies, whereby
males invest more in fetal growth and less in placental development, leaving them more sus-
ceptible to early-life adversity. We tested predictions of this hypothesis using data from the
National Collaborative Perinatal Project. Male newborns were heavier than females, but there
was no difference in placental weight, adjusting for birthweight. Among infants born prior to
33 weeks, the difference in birthweight between males and females was greater among those
who did not survive than among those who did, potentially reflecting a strategy whereby males
maintained growth in the face of prenatal insults, while females adjusted growth. However,
there was no significant difference in mortality between the sexes. Being born small-for-
gestational age or very preterm (prior to 33 weeks) was associated with significantly reduced
performance for most of the cognitive traits examined at 7 years, althoughmaternal preeclamp-
sia was associated with reduced performance in fewer traits. Generally, these effects of early-life
adversity (poor fetal growth, prematurity, and preeclampsia) did not differ between the sexes.
However, analyzing the sexes separately (rather than testing the interaction between sex and
adversity) resulted in numerous spurious sex-specific effects, whereby the effect of early-life
adversity appeared to be significant in one sex but not the other. Overall, we found little support
for the hypothesis that males prioritize growth more than females, and that this makes them
more susceptible to early-life adversity. Furthermore, our results show that analyzing the sexes
separately, rather than testing the adversity by sex interaction, can be highly misleading.

Introduction

The effects of early-life environment on health in later life may differ for males and females.
However, identifying general patterns of differences in susceptibility to specific insults in specific
traits has proven difficult. Some authors have suggested that increased sensitivity to prenatal
stress may be adaptive for females1 and found that the hypothalamic-pituitary-adrenal axis
of females is more vulnerable to long-term programming.2 However, many authors have sug-
gested that males may have greater susceptibility to early-life effects3 because of a strategy to
prioritize growth in the face of adversity, whereas females are more responsive to
challenges.4–6

Males are at increased risk of preterm birth7,8 and stillbirth.9 However, the sex ratio at con-
ception is not different from 50:50, and sex bias in mortality varies throughout gestation, such
that it is female-biased early in gestation and male-biased later, with total female prenatal mor-
tality greater than total male mortality.10 Thus, if males adopt a riskier strategy (i.e., prioritizing
growth), they only do so later in pregnancy. Sex differences in growth strategies and in the long-
term effects of prenatal environment are likely influenced by the placenta.11–21 For example, it
has been suggested that male placentas are more efficient but have less reserve capacity.4,22

However, direct tests of this hypothesis, or even a clear definition of “reserve capacity,” are lack-
ing. Furthermore, sex differences in placental function show no clear patterns regarding priori-
tization of fetal growth or responsiveness to insults such as suboptimal maternal nutrition.23

Another limitation to understanding sex differences in fetal strategies is that many studies test
the sexes separately, rather than explicitly testing the statistical interaction between sex and
early-life environment,3,6,24 even though the former approach is expected to generate spurious
sex-specific effects.25

The widespread use of inappropriate statistical approaches has the potential to obscure real
patterns of sex-dependent effects. Moreover, the lack of a clear hypothesis will impede our
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understanding of sex differences in the effects of early-life environ-
ment. The purposes of the present study are to (1) define clear, test-
able predictions that follow from the hypothesis that males
prioritize growth to an extent that makes them more susceptible
to early-life adversity and (2) examine how analyzing the sexes sep-
arately may lead to spurious results. We do so using a large dataset
that allows us to examine birthweights, placental weights as well as
cognitive outcomes at 7 years of age in the same population, the
National Collaborative Perinatal Project (NCCP).The NCCP col-
lected data from ~ 60,000 pregnancies, including information
about pregnancy outcome, placental pathology, and follow-up
psychological exams at various ages,26 and so provides the oppor-
tunity to test hypotheses regarding sex differences in fetal strategies
and the long-term effects of early-life environment. Although the
NCCP began over 60 years ago, the data are of good quality26,27 and
it forms the basis for many recent studies of placental pathology,28–
31 cognitive development,32–36 and other epidemiological ques-
tions.37–42 Importantly for the present study, the biology underly-
ing sex differences in fetal growth strategies would not have
changed over this time period, and most of the variables used
(e.g., birthweight, placental weight, and gestational age at birth)
are straightforward to measure. While updated in some cases,
many of the cognitive assessments are still in use.

Some early NCCP studies found associations between low
birthweight and cognitive abilities at 7 years among term infants
but did not examine the sex dependence of these effects.43–45

More recently, placental abruption and placental inflammation
were found to be associated with impaired development at 4 years
of age but not at 7 years, although again these studies did not exam-
ine sex dependence.31,33 Probable hypoxic-ischemic complication
was also associated with intelligence quotient (IQ) at 7 years
among term infants, but there was no interaction with sex.46

When separating effects of acute and chronic hypoxia, indices of
acute perinatal hypoxia were associated with a number of behav-
ioral and cognitive outcomes at age 7 in both sexes, whereas
chronic placental hypoxia (assessed by placental pathology) was
associated with some traits in females but not males.47 In contrast,
the associations between prenatal bacterial infection and 7-year
IQ,36 and the incidence of psychosis48 were stronger in males.

In the present study we use data from the NCCP to test predic-
tions of the hypothesis that male fetuses prioritize growth, even in
response to adversity, and that this strategy makes males more sus-
ceptible to mortality and long-term effects of prenatal insults.
Specifically, we predict: (1) Among healthy pregnancies, males will
be heavier than females and will have reduced placental reserve
capacity, defined as lighter placentas for a given birthweight.
(2) Among fetuses facing prenatal insults that ultimately lead to
death, males will have maintained growth while females will have
adjusted growth, resulting in a greater sex difference in birthweight
among infants that die prenatally or shortly after birth. (3) As a
result of taking a “riskier” strategy, males will be at greater risk
of fetal or neonatal death. (4) Males will be more susceptible to
long-term effects of early-life adversity such as low birthweight,
prematurity, and maternal preeclampsia, a condition associated
with impaired placental development. (5) Analyzing the sexes sep-
arately (rather than testing for the interaction between sex and
adversity) will result in spurious sex-specific effects.25

Method

The NCPP has been described elsewhere,26 and its data are publicly
available (https://catalog.archives.gov/id/606622). Recruitment

was carried out at 12 University hospitals in the United States
(in Baltimore (Maryland), Boston (Massachusetts), Buffalo (New
York), Memphis (Tennessee), Minneapolis (Minnesota), New
Orleans (Louisiana), Philadelphia (Pennsylvania), Portland
(Oregon), Providence (Rhode Island), and Richmond (Virginia),
with two in New York (New York)). Maternal race was categorized
asWhite or Black in over 90% of pregnancies, and so analyses were
restricted to these two races. We used only singleton primiparous
pregnancies49 where offspring sex was assigned male or female.
Where an individual had more than one pregnancy included in
the NCCP, we included only the first study pregnancy. Fetal
and neonatal deaths were included, but we excluded cases with
central nervous system defects or injury or congenital malforma-
tions to exclude complications due to an intrinsic problemwith the
fetus. We excluded pregnancies where the gestational age was
below 28 weeks (because fetal sex was missing for a large propor-
tion of observations) or over 43 weeks; gestational age was based on
the last menstrual period to the nearest week. We removed birth-
weights and placental weights that weremore than 3 standard devi-
ations away from the mean for their gestational week to objectively
exclude biologically implausible values (Fig. 1).

For some analyses, we further restricted our sample to obtain a
population of healthy pregnancies (Fig. 1). This was achieved by
restricting to gestational ages of 39–41 weeks, inclusive, and
removing cases of placenta abruption, preeclampsia, knot in the
umbilical cord, c-section, induced labor, or where the child was
known to have died either prenatally or postnatally at any age.
We used a narrow range of gestational ages to avoid potentially
confounding effects of placental weight relative to birthweight
changing over the early-term period,50 and because early-term
births are associated with higher rates of adverse outcomes.51

C-sections were excluded because elective C-sections were very
rare at the time of the NCCP.52 In our healthy sample, we also
removed the top and bottom 10% of birthweights by sex and race,
as small-for-gestational age (SGA) and large for gestational age
(LGA) are sometimes considered pregnancy complications.

Measures of early-life adversity

We defined SGA as birthweight below the 10th percentile, adjust-
ing for gestational age, sex, and race. Prematurity was defined using
WorldHealth Organization categories, that is, very preterm (28–32
weeks, inclusive), moderate to late preterm (33–36 weeks, inclu-
sive), and term (37–43 weeks, inclusive). Preeclampsia included
severe preeclampsia and eclampsia, but excluded chronic hyper-
tension, unclassified hypertension, possible preeclampsia, and
mild preeclampsia. Mild preeclampsia was defined by the presence
of one or more of the following: (1) systolic blood pressure of
140 mmHg or over, or rise of 30 mmHg above the usual level on
at least two occasions, (2) diastolic blood pressure of 90 mmHg
or over, or rise of 15 mmHg above usual on at least two occasions,
(3) proteinuria of “significant degree” (þ1 or more/>30 mg) on
two successive days, (4) persistent edema of hands and face.
Severe preeclampsia was defined by the presence of one or more
of the following: (1) systolic blood pressure of 160 mmHg or over
on at least two occasions, (2) diastolic blood pressure of 110 mmHg
or over on at least two occasions, (3) proteinuria of 5 g or more
(þ3/þ4), (4) oliguria (400 cc or less in 24 h), (5) cerebral or visual
disturbances, retinopathy, headache, associated epigastric pain,
(6) pulmonary edema or cyanosis. Eclampsia was defined as pre-
eclampsia associated with convulsion and/or coma.
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Assessments at age 7

We examined assessments made on continuous scales at 7 years of
age, including seven subtests of the Wechsler Intelligence Scale for
Children (WISC), three tests from the Wide Range Achievement
Test (WRAT), the Bender Gestalt Test for Young Children and
the auditory-vocal association test from the Illinois Test of
Psycholinguistic Abilities. The subsets of theWISC included verbal
tests (vocabulary, information, comprehension and digit span, and

a measure of verbal memory) and performance tests (picture
arrangement, block design, and coding), with scores on each subset
ranging from 0 to 20. Verbal tests were used to derive a verbal IQ
score, while the performance tests were used to derive a perfor-
mance IQ score, and these two IQ scores were in turn used to derive
the full-scale IQ; IQ scores ranged from ranged from 44 to 156. The
WRAT tests included reading, spelling, and arithmetic compo-
nents and scores ranged from 0 to 97. The auditory-vocal tests

Fig. 1. Selection of cohorts used to test each prediction.
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assessed the ability to relate verbal symbols and provided both a
standard score (ranging from −300 to 227) and an estimate of lan-
guage age (ranging from 0 to 900). For all of these assessments, a
higher score indicated improved performance, except for the
Bender Gestalt, where the score was a measure of the number of
errors made in drawings (ranging from 0 to 21). These tests are
described in further detail elsewhere.36,44

Pregnancies were excluded where the 7-year assessment
occurred before 6.5 years of age or after 7.5 years. To reduce the
potential effects of bias, we excluded data from two institutions
(Children’s Hospital Medical Center, Boston and Metropolitan
Hospital, New York) where more than 30% of observations
(including only livebirths) were missing one or more of the 7-year
assessments (Fig. 1).

Covariates

Covariates included maternal age, race, education (number of
years), socioeconomic status (SES), and smoking status (yes/no).
SES was categorized as bottom third or above.

Statistical Analyses

We used SAS (Version 9.4) for all analyses, including linear models
(GLM procedure), nonparametric comparison of means
(NPAR1WAY procedure), and survival analysis (LIFETEST pro-
cedure). Models are described in further detail below.

Results

Prediction 1: Among healthy pregnancies, males will be
heavier than females and will have reduced placental reserve
capacity

2824 observations met our criteria of healthy pregnancies and had
nomissing values for birthweight, placental weight, sex or any cova-
riate (Fig. 1). Samples with data missing for one ormore variable did
not differ from those with complete data for all of the variables
included in this analysis (Supplementary Table S1). While both
birthweight and placental weight deviated significantly from a nor-
mal distribution (Kolmogorov–Smirnov test P< 0.01 in both cases),
values of skewness, and kurtosis were low (birthweight skewness:
0.05; birthweight kurtosis: −0.7; placental weight skewness: 0.36,
placental weight kurtosis: 0.13). We analyzed the effect of sex on
birthweight using amodel including effects of gestational age,mater-
nal race, SES, and smoking status. Male newborns were heavier than
female newborns (male: 3214 ± 7 g, female: 3123 ± 7 g, P< 0.0001).
A similar model found no difference in placental weight between the
sexes (male: 426 ± 2 g, female: 421 ± 2 g, P= 0.14). To test whether
there was a sex difference in the weight of the placenta relative to
birthweight, we included birthweight and the interaction between
birthweight and sex as additional terms in the model to avoid prob-
lems associated with the use of ratios.53 Adjusting for birthweight,
there was no difference in placental weight between the sexes (male:
425 ± 2 g, female: 432 ± 2 g, P= 0.29; Fig. 2).

Prediction 2: There will be a greater sex difference in
birthweight among infants that die prenatally or shortly
after birth

If there are sex differences in growth strategy, whereby females are
more responsive to adversity while males prioritize growth, we pre-
dict that the difference in birthweight between males and females
will be greater among infants that die prenatally or shortly after

birth (within 27 days) than among those who survive. Among
fetuses that do not survive, females are expected to have reduced
their growth, whereas males are expected to have attempted to
maintain their growth, even in unfavorable conditions. While
we did not examine specific causes of death, at least some cases
would be due to chronic conditions in response to which fetuses
might have adjusted growth. We included early postnatal death
because this may have been due to a prenatal complication.

When not restricting to healthy pregnancies, there were 11,880
pregnancies with complete data (Fig. 1). Because this analysis
included a wider range of gestational age (28–43 weeks, inclusive),
we log-transformed birthweight prior to analysis to improve the fit
of the model. To assess whether the sex difference in birthweight
among infants that die was greater than among infants who sur-
vived, we tested for an interaction between sex and survival. The
model included effects of sex, survival, the interaction between
sex and survival, gestational age, the interaction between gesta-
tional age and sex, the three-way interaction between sex, survival,
and gestational age, as well as maternal race, SES, and smoking sta-
tus. The three-way interaction between sex, survival, and gesta-
tional age was highly significant (P< 0.0001), indicating that the
interaction of interest, that is, between sex and survival, varied with
gestational age. To understand this interaction, we repeated the
analysis separately for prematurity categories, that is, very preterm
(28–32 weeks), moderately preterm (33–36 weeks), and term
(37–43 weeks), removing gestational age from the model. The
interaction between sex and survival on birthweight was only sig-
nificant among very preterm births (P= 0.0002), with the differ-
ence in birthweight between males and females greater among
those who did not survive, as predicted (Fig. 3). The interaction
was not significant among moderately preterm and term births
(P= 0.06 and P= 0.66, respectively, Fig. 3), that is, our prediction
was not supported for these gestational age categories.

Prediction 3: Males are at greater risk of fetal or neonatal
death

When not restricting to pregnancies with data for birthweight, pla-
cental weight, and covariates, there were 12,404 pregnancies
(Fig. 1). Males were born slightly but significantly earlier (male

Fig. 2. The relationship between birthweight and placental weight among and
females from healthy pregnancies. Data are presented as 90% confidence ellipses
(ELLIPSE statement in proc SGPLOT, SAS, Version 9.4) with least-squares regression
lines.
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mean: 39.1 weeks, female mean: 39.3 weeks) whether tested with a
nonparametric Kruskal–Wallis test (χ1= 12.23, P= 0.0005) or
with survival analysis (Wilcoxon χ1= 12.23 P= 0.0005).
However, males were not more likely to die prenatally or prior
to 28 days postpartum or following delivery (Table 1). Survival
analysis yielded similar results. Stratifying by preterm status
yielded similar results, although there was a nonsignificant trend
for increased mortality of males among term births (Table 1).

Prediction 4: Males will be more susceptible to long-term
effects of early-life adversity

We tested whether the effects of early-life adversity (low birth-
weight, prematurity, and preeclampsia) on cognitive outcomes
at age 7 were more severe in males. After restricting to livebirths,
excluding known postnatal deaths, excluding observations where
the 7-year assessment occurred before 6.5 years of age or after
7.5 years, and excluding data from two institutions with high rates
of missing values (>30%), there were 7210 pregnancies with com-
plete data for all variables apart from the 7-year assessments. The
proportion of pregnancies that were missing assessments at 7 years
did not differ by sex, SGA status, prematurity status, or preeclamp-
sia status, although there were non-significant trends for a higher
proportion of missing values in infants with SGA, and a lower pro-
portion of missing values in preeclamptic pregnancies (Table 2).

We analyzed all 7-year assessments using linear models includ-
ing effects of SGA, prematurity, preeclampsia, sex, pairwise inter-
actions between sex and each of SGA, prematurity, preeclampsia,
as well as maternal race, age, education, SES, and smoking status.
Children born SGA had significantly reduced performance at 13
out of 16 of the tests; only the Bender Gestalt Test and the block
design and vocabulary subsets of the WISC were not affected by
SGA status (Table 3). Very preterm birth was associated with sig-
nificantly reduced performance at 13 out of 16 tests; only the cod-
ing, comprehension, and information subsets of the WISC were
not affected (Table 4). There were no differences between children
born moderately preterm and at term (Table 4). Severe

preeclampsia was associated with reduced performance in only
three tests: the Bender Gestalt Test, performance IQ and the pic-
ture arrangement subset of the WISC (Table 5).

Although SGA, prematurity, and preeclampsia had significant
effects on many traits (Tables 3–5), only one interaction with sex
was significant. SGA was associated with a reduction in perfor-
mance at the vocabulary subset of the WISC in girls but not boys
(Table 3). However, given that we tested three interactions in each
of 16 traits, that is, 48 tests, we expected approximately two tests to
be significant due to chance given a Type I error rate of 0.05. Thus,
we found little evidence of sex-dependent effects. Considering sex
effects, rather than sex by adversity interactions, girls had signifi-
cantly higher performance in the spelling and readingWRAT, and
the coding, comprehension, digit span and vocabulary subsets of
the WISC (Table 6).

Prediction 5: Analyzing the sexes separately will result in
spurious sex-specific effects

Many studies test for sex-dependent effects by analyzing the sexes
separately. We repeated the analyses above separately for each sex
to assess whether this approach resulted in spurious sex-dependent
effects compared with analyses that combined the sexes and tested
for a sex by adversity interaction. For SGA, 13 traits out of 16
showed spurious sex-specific effects, that is, where the effect of
SGA was significant in one sex but not the other, even though
the sex by SGA interaction was not significant in the combined
analysis (Table 3). For prematurity and for preeclampsia, 12 and
2 out of 16 traits showed spurious sex-specific effects, respectively
(Tables 4 and 5).

Discussion

Prediction 1: Among healthy pregnancies, males will be
heavier than females and will have reduced placental reserve
capacity

Males were heavier at birth, consistent with findings that males are
heavier as early as the first trimester.54–56 We found no difference
in placental weight between males and females, in contrast to some
studies that have found males to have larger placentas.57–61

Placental weight, adjusting for birthweight by including it as a
covariate, did not differ between males and females. Thus, we
found no evidence that male placentas are more efficient or main-
tain a reduced reserve capacity, defined as lighter placentas for a
given birthweight. However, it remains possible that differences
in placental structure and function could lead to sex differences
in the ability of the placenta to respond to adverse conditions such
as reduced nutrient supply.23,62

Prediction 2: There will be a greater sex difference in
birthweight among infants that die prenatally or shortly
after birth

If females are more responsive to prenatal insults, while males pri-
oritize growth, we expected that female fetuses that died prenatally
or shortly after birth would have reduced their growth more than
males in an attempt to survive. As a result, the difference in birth-
weight between females that survived and those that did not would
be greater than that among males, leading to a significant sex by
survival interaction. This prediction was supported, but only
among those born very preterm. While this result might reflect
a difference in strategy between the sexes, an alternative

Fig. 3. Birthweight in infants that died prenatally or within 27 days of birth and in
those that survived. Values are least squares means ± standard error from linear mod-
els including effects of sex, survival, the interaction between sex and survival, race,
SES, smoking status, and BMI, performed separately for each gestational age category.
Birthweight was log-transformed prior to analysis and back-transformed for presen-
tation. * indicates a significant (P < 0.01) interaction between sex and survival within a
gestational age category, whereby the difference in birthweight between males and
females is greater among those who did not survive.
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explanation is that males and females may have been susceptible to
different causes of death, whereby females were more likely to die
from chronic impairments and conditions that reduced growth
over a longer time period. We were not able to distinguish these
alternatives with the available data. However, given that the risks
of gestational diabetes, preterm birth, placental abruption and still-
birth are higher in male pregnancies,7–9,63,64 while the risks of pre-
term preeclampsia may be higher in female pregnancies,7,64 it is
plausible that the prevalence of specific types of insults differs
between the sexes.

A similar examination of sex-dependent responses to preec-
lampsia found a greater reduction in fetal growth in males than
in females,49 a result opposite to our prediction. In addition to
changes in fetal growth, another potential response to prenatal
insult such as maternal vascular malperfusion is accelerated

placental maturation, a compensatory response to improve placen-
tal transport capacity. However, in this population we previously
found that the odds of accelerated placental maturation do not dif-
fer by sex.65

Interpreting the results of such human studies is difficult due to
the presence of potentially confounding effects, for example, if
males and females are subject to different insults. Animal models,
allowing manipulation of prenatal conditions, are useful in this
respect. In rodents, the fetal growth response to a reduction in food
part way through pregnancy did not differ between the sexes, again
inconsistent with the view that males prioritize growth more, or
have less placental reserve capacity, than females.25 Similarly, sur-
gical models of reduced uterine perfusion pressure reduce fetal
weight in both sexes.66 While maternal inhalation hypoxia some-
times has sex-dependent effects of fetal growth, results from differ-
ent studies are conflicting.66

Prediction 3: Males are at greater risk of fetal or neonatal
death

While we did not observe a difference in perinatal mortality
between males and females, a meta-analysis of over 30 million
births found an increased risk of stillbirth among males.9

However, this discrepancy is likely due to the lower sample size
in the present study; the increased risk estimated in the meta-
analysis (~10%) was the same as we observed. The mechanisms
underlying sex differences in the risk of fetal and neonatal death
are not known. Some have speculated that higher mortality in
males is the result of increased growth rates making fetuses vulner-
able to stressors.4–6,9 However, such interpretations focus on deaths
in mid- to late-gestation, ignoring the female-biased mortality that
occurs early in gestation, when fetal loss may not be recognized, or
fetal sex not recorded.10 Thus, it may be that compromised males
are more likely to survive past early gestation than compromised
females, such that male deaths are more likely to be observed,
rather than more likely to occur.

Table 1. Numbers of infants who died prenatally or prior to 28 days

Survived, N (%) Died, N (%) Odds ratio P (chi-square test) P (survival analysis)

All births 1.1 (0.9–1.4) 0.39 0.43

Males 6176 (97.9) 135 (2.1)

Females 5976 (98.1) 117 (1.9)

Very preterm 0.98 0.98

Males 171 (79.9) 43 (20.1) 1.0 (0.6–1.6)

Females 160 (80.0) 40 (20.0)

Moderately preterm 0.35 0.33

Males 597 (95.8) 26 (4.2) 0.8 (0.5–1.3)

Females 551 (94.7) 31 (5.3)

Term 0.08 0.08

Males 5408 (98.8) 66 (1.2) 1.4 (1.0–2.0)

Females 5263 (99.1) 46 (0.9)

Included and excluded observations are as described in Fig. 1 for prediction 3 (N = 12,404).

Table 2. Numbers of children missing 7-year assessments

Missing 7 year assessment, N
(%)

PNo Yes

Males 2874 (78.6) 781 (21.4) 0.57

Females 2815 (79.2) 740 (20.8)

Not SGA 5135 (79.2) 1349 (20.8) 0.07

SGA 554 (76.3) 172 (23.7)

Very preterm 189 (79.4) 49 (20.6) 0.64

Moderately preterm 603 (77.6) 174 (22.4)

Term 4897 (79.1) 1298 (20.9)

No preeclampsia 3736 (79.3) 977 (20.7) 0.06

Preeclampsia 523 (82.5) 111 (17.5)

The number of observations is lower for preeclampsia status becausewe excluded 1863 cases
with chronic hypertension, unclassified hypertension, possible preeclampsia, or mild
preeclampsia.
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Table 3. Effects of being born small-for-gestational age (SGA) on cognitive assessments at 7 years of age

Trait

Males Females
Effect of
SGA

Sex by SGA interac-
tion

Effect of SGA in
males

Effect of SGA in
females

Spurious sex-specific
effect

Not SGA
(N= 1999)

SGA
(N= 217)

Not SGA
(N= 1976)

SGA
(N= 200) P P P P

Wechsler intelligence scale for children

Vocabulary 8.8 ± 0.1 9.0 ± 0.2 8.7 ± 0.1 8.2 ± 0.2 0.24 0.0073 0.28 0.0058 No

Information 9.4 ± 0.1 9.2 ± 0.2 9.4 ± 0.2 8.8 ± 0.2 0.0037 0.13 0.32 0.0019 Yes

Comprehension 9.1 ± 0.1 8.8 ± 0.2 8.6 ± 0.1 8.1 ± 0.2 0.0074 0.42 0.27 0.0098 Yes

Digit span 9.1 ± 0.1 8.8 ± 0.2 9.6 ± 0.2 9.2 ± 0.2 0.026 0.58 0.32 0.040 Yes

Picture
arrangement

9.6 ± 0.1 9.4 ± 0.2 9.4 ± 0.2 8.8 ± 0.2 0.012 0.20 0.45 0.0063 Yes

Block design 9.6 ± 0.1 9.4 ± 0.2 9.5 ± 0.1 9.3 ± 0.2 0.31 0.94 0.65 0.34 No

Coding 9.5 ± 0.2 9.5 ± 0.2 10.4 ± 0.2 9.9 ± 0.2 0.032 0.10 0.62 0.010 Yes

Verbal IQ 94.3 ± 0.7 93.5 ± 1.0 94.4 ± 0.7 91.2 ± 1.0 0.0017 0.06 0.47 0.0002 Yes

Performance IQ 96.9 ± 0.7 96.1 ± 1.1 98.4 ± 0.7 95.5 ± 1.1 0.0058 0.14 0.45 0.0016 Yes

Full IQ 95.2 ± 0.6 94.2 ± 1.0 95.9 ± 0.7 92.6 ± 1.0 0.0007 0.05 0.39 0.0001 Yes

Wide range achievement test

Reading 18.0 ± 0.5 17.1 ± 0.7 20.1 ± 0.5 18.4 ± 0.7 0.0040 0.40 0.12 0.013 Yes

Spelling 16.3 ± 0.4 15.4 ± 0.6 18.0 ± 0.4 16.5 ± 0.6 0.0014 0.33 0.07 0.0097 Yes

Arithmetic 16.7 ± 0.3 16.3 ± 0.5 18.1 ± 0.3 16.8 ± 0.5 0.0093 0.13 0.45 0.0029 Yes

Auditory-vocal

Standard score −40 ± 5 −44 ± 7 −26 ± 5 −42 ± 8 0.040 0.20 0.64 0.015 Yes

Language age 600 ± 6 588 ± 9 616 ± 6 593 ± 10 0.0056 0.36 0.23 0.0067 Yes

Bender Gestalt 7.3 ± 0.2 7.4 ± 0.3 7.6 ± 0.2 8.1 ± 0.3 0.09 0.23 0.68 0.05 No

Values are least squares means ± standard error from linear models including effects of SGA, prematurity, preeclampsia, sex, pairwise interactions between sex and each of SGA, prematurity, preeclampsia, as well as maternal race, age, education, SES, and
smoking status. Analyses were repeated separately for each sex, and P-values for the effect of SGA are provided. We deemed a sex-specific effect to be spurious if the sex by SGA interaction was not significant, but there was a significant effect of SGA in one sex
but not the other when analyzing the sexes separately.
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Table 4. Effects of being born premature (PT) on cognitive assessments at 7 years of age

Trait

Males Females
Effect of

PT

Pairwise
differences

Sex by PT inter-
action

Effect of PT in
males

Effect of PT in
females

Spurious sex-specific
effect

VPT
(N= 73)

MPT
(N= 243)

Term
(N= 1900)

VPT
(N = 67)

MPT
(N= 232)

Term
(N= 1877) P P P P

Wechsler intelligence scale for children

Vocabulary 8.2 ± 0.3 9.2 ± 0.2 9.2 ± 0.1 8.3 ± 0.3 8.5 ± 0.2 8.5 ± 0.1 0.032 VPT<MPT,
VPT< Term

0.29 0.021 0.62 Yes

Information 9.1 ± 0.3 9.4 ± 0.2 9.4 ± 0.1 8.7 ± 0.3 9.4 ± 0.2 9.3 ± 0.1 0.16 0.76 0.73 0.16 No

Comprehension 8.9 ± 0.3 8.8 ± 0.2 9.1 ± 0.1 8.1 ± 0.3 8.4 ± 0.2 8.4 ± 0.1 0.21 0.60 0.34 0.40 No

Digit span 8.4 ± 0.3 9.2 ± 0.2 9.2 ± 0.1 8.9 ± 0.4 9.6 ± 0.2 9.8 ± 0.1 0.0034 VPT<MPT,
VPT< Term

0.81 0.10 0.027 Yes

Picture
arrangement

9.2 ± 0.3 9.6 ± 0.2 9.7 ± 0.1 8.5 ± 0.4 9.3 ± 0.2 9.5 ± 0.1 0.0052 VPT< Term 0.63 0.31 0.0095 Yes

Block design 9.2 ± 0.3 9.6 ± 0.2 9.7 ± 0.1 9.0 ± 0.3 9.6 ± 0.2 9.7 ± 0.1 0.026 VPT< Term 0.96 0.49 0.022 Yes

Coding 9.2 ± 0.3 9.7 ± 0.2 9.6 ± 0.1 9.9 ± 0.4 10.2 ± 0.2 10.3 ± 0.1 0.24 0.77 0.34 0.44 No

Verbal IQ 91.7 ± 1.5 94.8 ± 0.9 95.3 ± 0.5 90.7 ± 1.5 93.7 ± 0.9 93.9 ± 0.6 0.0052 VPT<MPT,
VPT< Term

0.94 0.10 0.05 No

Performance IQ 94.2 ± 1.6 97.5 ± 1.0 97.8 ± 0.6 94.1 ± 1.7 98.0 ± 1.0 98.7 ± 0.6 0.0016 VPT<MPT,
VPT< Term

0.86 0.17 0.0041 Yes

Full IQ 92.1 ± 1.5 95.8 ± 0.9 96.2 ± 0.5 91.6 ± 1.5 95.4 ± 0.9 95.9 ± 0.6 0.0003 VPT<MPT,
VPT< Term

0.99 0.06 0.0035 Yes

Wide range achievement test

Reading 16.5 ± 1 18.1 ± 0.6 18.0 ± 0.4 17.3 ± 1.1 20.5 ± 0.6 19.9 ± 0.4 0.014 VPT<MPT,
VPT< Term

0.61 0.34 0.026 Yes

Spelling 15.1 ± 0.9 16.5 ± 0.5 16.0 ± 0.3 15.7 ± 0.9 18.2 ± 0.5 18.0 ± 0.3 0.014 VPT<MPT,
VPT< Term

0.47 0.25 0.035 Yes

Arithmetic 15.4 ± 0.7 17.1 ± 0.4 17.0 ± 0.3 15.7 ± 0.7 18.2 ± 0.4 18.4 ± 0.3 0.0001 VPT<MPT,
VPT< Term

0.51 0.09 0.0002 Yes

Auditory-vocal

Standard score −55 ± 11 −41 ± 7 −30 ± 4 −57 ± 12 −25 ± 7 −19 ± 4 0.0002 VPT<MPT,
VPT< Term

0.60 0.07 0.0010 Yes

Language age 572 ± 14 602 ± 8 608 ± 5 579 ± 15 616 ± 9 619 ± 5 0.0008 VPT<MPT,
VPT< Term

0.92 0.08 0.0092 Yes

Bender Gestalt 7.6 ± 0.4 7.3 ± 0.2 7.2 ± 0.1 8.5 ± 0.4 7.7 ± 0.3 7.5 ± 0.2 0.035 VPT< Term 0.55 0.50 0.045 Yes

VPT= very preterm (28–32 weeks); MPT=moderately preterm (33–36 weeks, inclusive); values are least squares means ± standard error from linear models including effects of SGA, prematurity, preeclampsia, sex, pairwise interactions between sex and each of SGA,
prematurity, preeclampsia, as well as maternal race, age, education, SES, and smoking status. Differences were assessed using Tukey’s multiple comparisons. Analyses were repeated separately for each sex, and P-values for the effect of prematurity are provided. We
deemed a sex-specific effect to be spurious if the sex by prematurity interaction was not significant, but there was a significant effect of prematurity in one sex but not the other when analyzing the sexes separately.
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Table 5. Effects of preeclampsia (PE) on cognitive assessments at 7 years of age

Trait

Males Females
Effect of

PE
Sex by PE interac-

tion
Effect of PE in

males
Effect of PE in

females

Spurious sex-specific
effect

Normal
(N= 1942)

PE
(N= 274)

Normal
(N= 1911)

PE
(N= 265) P P P P

Wechsler intelligence scale for children

Vocabulary 8.9 ± 0.1 8.8 ± 0.2 8.5 ± 0.1 8.3 ± 0.2 0.27 0.74 0.70 0.22 No

Information 9.4 ± 0.1 9.3 ± 0.2 9.2 ± 0.2 9.0 ± 0.2 0.25 0.65 0.92 0.12 No

Comprehension 8.9 ± 0.1 9.0 ± 0.2 8.2 ± 0.1 8.4 ± 0.2 0.52 0.70 0.68 0.61 No

Digit span 9.0 ± 0.1 8.9 ± 0.2 9.5 ± 0.2 9.4 ± 0.2 0.72 0.83 0.81 0.80 No

Picture
arrangement

9.7 ± 0.1 9.3 ± 0.2 9.2 ± 0.2 9.0 ± 0.2 0.020 0.52 0.040 0.21 Yes

Block design 9.7 ± 0.1 9.3 ± 0.2 9.4 ± 0.1 9.4 ± 0.2 0.23 0.08 0.11 0.93 No

Coding 9.6 ± 0.2 9.4 ± 0.2 10.3 ± 0.2 10.0 ± 0.2 0.08 0.61 0.38 0.09 No

Verbal IQ 94.1 ± 0.6 93.8 ± 0.9 93.0 ± 0.7 92.5 ± 1.0 0.48 0.94 0.90 0.37 No

Performance IQ 97.6 ± 0.7 95.4 ± 1.0 97.5 ± 0.7 96.4 ± 1.1 0.011 0.38 0.031 0.13 Yes

Full IQ 95.3 ± 0.6 94.0 ± 0.9 94.7 ± 0.7 93.9 ± 0.9 0.07 0.63 0.20 0.17 No

Wide range achievement test

Reading 17.8 ± 0.5 17.2 ± 0.6 19.5 ± 0.5 19.0 ± 0.7 0.16 0.94 0.31 0.33 No

Spelling 16.0 ± 0.4 15.7 ± 0.5 17.6 ± 0.4 16.9 ± 0.6 0.14 0.50 0.55 0.15 No

Arithmetic 16.9 ± 0.3 16.2 ± 0.4 17.4 ± 0.3 17.4 ± 0.5 0.19 0.17 0.10 0.82 No

Auditory-vocal

Standard score −37 ± 5 −48 ± 7 −33 ± 5 −35 ± 7 0.15 0.27 0.14 0.57 No

Language age 601 ± 6 587 ± 9 608 ± 6 601 ± 9 0.05 0.51 0.15 0.20 No

Bender Gestalt 7.1 ± 0.2 7.6 ± 0.3 7.6 ± 0.2 8.2 ± 0.3 0.0012 0.69 0.042 0.012 No

Values are least squares means ± standard error from linear models including effects of SGA, prematurity, preeclampsia, sex, pairwise interactions between sex and each of SGA, prematurity, preeclampsia, as well as maternal race, age, education, SES, and
smoking status. Analyses were repeated separately for each sex, and P-values for the effect of preeclampsia are provided. We deemed a sex-specific effect to be spurious if the sex by preeclampsia interaction was not significant, but there was a significant
effect of preeclampsia in one sex but not the other when analyzing the sexes separately.
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Prediction 4: Males will be more susceptible to long-term
effects of early-life adversity

We analyzed 7-year assessments using models that included effects
of SGA, prematurity and preeclampsia simultaneously. We tested
three interactions (between sex and each of SGA, prematurity and
preeclampsia) in each of 16 traits, that is, 48 tests, and found only
one interaction to be significant. For comparison, we expected
approximately 2 out of 48 tests to be significant due to chance given
a Type I error rate of 0.05. The one interaction that was significant
suggested that girls were more affected by SGA than boys.

Although we found few interactions with sex, themain effects of
SGA and prematurity were significant for most of the 7-year traits
we examined, with infants born SGA and/or very premature hav-
ing lower performance, consistent with previous studies of low
birthweight and intrauterine growth restriction in this popula-
tion.43–45 In this population, IQ at 7 years was also associated with
birthweight within the normal range, although this association was
stronger in males when analyzing same-sex siblings.67 In other
populations, extremely low birthweight has been associated with
reduced cognitive and academic achievement in both sexes,68

although cognitive performance was more impacted by extreme
prematurity in males.69 The mechanisms underlying the effects
of SGA and prematurity on long-term cognitive outcomes remain
active areas of research. A compromised in utero environment
could directly affect brain structure and/or increase fetal exposure
to glucocorticoid levels as a result of reduced placental 11β-HSD-2

expression, and/or alter fetal exposure to serotonin produced by
the placenta.70,71. In contrast to SGA and prematurity, severe pre-
eclampsia was associated with reduced performance in only three
tests. Previous work in this population also found a stronger effect
of low birthweight than of hypoxia and ischemia, which was
defined in part by the presence of preeclampsia.44 Other work
did find an association between probable hypoxic-ischemic com-
plication and reduced full-scale IQ at 7 years, and no interaction
with sex,46 whereas in the present study the effect of severe preec-
lampsia on full-scale IQ was not significant, although performance
IQ was reduced. Placental pathology features characteristic of
chronic placental hypoxia were associated with reduced verbal
IQ in girls only.47

A negative effect of preeclampsia on intellectual abilities has
also been observed in other populations,72–74 although reductions
in intellectual performance wereminimal or not significant at older
ages.75–79 Few of these studies report sex-dependent effects,
although gross-motor scores were more affected in girls, while
fine-motor scores were more affected in boys.80

Prediction 5: Analyzing the sexes separately will result in
spurious sex-specific effects

Analyzing the sexes separately frequently resulted in significant
effects of SGA and/or prematurity in one sex but not the other,
even though the sex by adversity interaction was not significant
when the sexes were analyzed together.We defined these situations
as spurious sex-specific effects, and these were observed in 13 out
of 16 traits for SGA, 12 out of 16 traits for prematurity, and 2 out of
16 traits for preeclampsia. While the 16 traits we studied are not
independent, these results illustrate that analyzing the sexes sepa-
rately will frequently produce misleading sex-specific effects.

The problemwith analyzing the sexes separately is illustrated by
the following scenario: if the difference between SGA and non-
SGA infants is significantly different from zero in males, but not
in females, it does not necessarily follow that the effect size inmales
is significantly different from the effect size in females; the non-sig-
nificant effect in females is not evidence that the effect size in
females is actually zero. The false sex-specific effects that are
observed when the sexes are analyzed separately reflect an inflation
of the statistical error rate. When the sexes are analyzed together
and the sex by adversity interaction is explicitly tested, there is a
single opportunity to commit a type I or type II error. However,
when the sexes are analyzed separately, there are two opportunities
to commit each type of error. Even if sample sizes are large, the
probability of a type II error (accepting the null hypothesis when
it is false) may be substantial for a small effect size. As a result of
type II errors, there may be a substantial probability of observing a
significant effect in one sex but not the other, even if the actual
effect size is the same in both sexes.

While a diversity of statistical approaches are used in this field,
many studies test the sexes separately,3,6 rather than testing inter-
actions. We suggest that some of the reported sex-specific effects
may therefore be false positives. Such false positives will obscure
real patterns of sex-dependent effects.

Limitations

We restricted our analyses to primiparous White and Black partic-
ipants to obtain a more homogenous sample, and to avoid poten-
tially confounding effects. However, as a consequence, our results
may not generalize to other groups. Similarly, we included only

Table 6. Effects of sex on cognitive assessments at 7 years of age

Trait
Male

(N= 2216)
Female

(N= 2176) P

Wechsler intelligence scale for children

Vocabulary 8.9 ± 0.1 8.4 ± 0.2 0.032

Information 9.3 ± 0.2 9.1 ± 0.2 0.43

Comprehension 8.9 ± 0.2 8.3 ± 0.2 0.0029

Digit span 8.9 ± 0.2 9.4 ± 0.2 0.028

Picture
arrangement

9.5 ± 0.2 9.1 ± 0.2 0.10

Block design 9.5 ± 0.1 9.4 ± 0.1 0.61

Coding 9.5 ± 0.2 10.1 ± 0.2 0.0054

Verbal IQ 93.9 ± 0.7 92.8 ± 0.7 0.23

Performance IQ 96.5 ± 0.8 96.9 ± 0.8 0.68

Full IQ 94.7 ± 0.7 94.3 ± 0.7 0.66

Wide range achievement test

Reading 17.5 ± 0.5 19.2 ± 0.5 0.013

Spelling 15.9 ± 0.4 17.3 ± 0.4 0.012

Arithmetic 16.5 ± 0.3 17.4 ± 0.3 0.05

Auditory-vocal

Standard score −42 ± 5 −34 ± 6 0.27

Language age 594 ± 7 605 ± 7 0.26

Bender Gestalt 7.4 ± 0.2 7.9 ± 0.2 0.06

Values are least squares means ± standard error from linear models including effects of SGA,
prematurity, preeclampsia, sex, pairwise interactions between sex and each of SGA,
prematurity, preeclampsia, as well as maternal race, age, education, SES, and smoking
status.
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pregnancies ending at 28 weeks of gestation or later, and thus
would not have observed differences occurring earlier.

Our definitions of early-life adversity were limited by the avail-
ability of data. For instance, SGA was based entirely on birth-
weight, and thus would have included fetuses that were
intrinsically small but healthy; improved definitions of fetal growth
restriction involve both estimates of fetal weight and Doppler
abnormalities.81 Furthermore, the definition of severe preeclamp-
sia has changed since the NCCP study. Briefly, in NCCP data,
severe preeclampsia was defined as the presence of one or more
features, whereas the current definition includes severe hyperten-
sion and one or more features.82 Furthermore, even using the cur-
rent definition, preeclampsia is heterogeneous,83 which could
explain why fewer long-term effects were observed for this condi-
tion. Althoughwe did not detect any patterns tomissing data, these
could have introduced bias, for example, if more severe complica-
tions weremore likely to bemissing data because of urgency during
delivery. Potentially, these limitations could have led to the inclu-
sion or exclusion of a greater number of complications for one sex
than the other.

Conclusions

Among very preterm infants, the difference in birthweight between
females that survived and those that did not was greater than that
among males. This result is consistent with the hypothesis that
females are more responsive to prenatal insults (and so reduced
their growth in an attempt to survive), while males prioritize
growth. However, we did not observe this pattern at later gesta-
tional ages. Infants born SGA and/or very premature had lower
performance in most of 7-year assessments, but there was only
one significant interaction between sex and adversity, which sug-
gested that girls were more affected by SGA than boys. Analyzing
the sexes separately, rather than testing the adversity by sex inter-
action, resulted in numerous spurious sex-specific effects. The
hypothesis that male fetuses prioritize growth is very popular4,22

despite little direct support. Overall, we found little support for
our predictions deriving from this hypothesis. In light of our
results, and the excess female mortality early in gestation,10 the
view that males have increased vulnerability as a result of priori-
tizing growth and reduced placental reserve should be reevaluated.

Given the potential for spurious effects illustrated by the present
study, tests for sex-dependent effects must use robust statistical
approaches, for example, interaction terms, effect modification,84

Bayesian approaches,24 or other explicit tests of whether effects dif-
fer between the sexes. Studies that simply analyze the sexes sepa-
rately should be viewed, at best, with caution. A better
understanding of sex-dependent fetal growth strategies and sus-
ceptibility to prenatal adversity will identify whether there is a need
for sex-dependent interventions for specific pregnancy complica-
tions and, if so, how such interventions might be developed.

Supplementary materials. For supplementary material for this article, please
visit https://doi.org/10.1017/S2040174422000204

Acknowledgements. Bernard Crespi and Pablo Nepomnaschy provided help-
ful discussion at early stages of this study, and two anonymous reviewers pro-
vided detailed and constructive comments.

Financial support. This study was funded by a Natural Sciences and
Engineering Research Council of Canada Discovery Grant (JKC; grant number
RGPIN-2016-04047).

Conflicts of interest. None.

Ethical standards. The authors assert that all procedures contributing to this
work comply with the ethical standards of the relevant national guidelines on
human experimentation (Tri-Council Policy Statement: Ethical Conduct for
Research Involving Humans) and with the Helsinki Declaration of 1975, as
revised in 2008. This study was based on publicly available, anonymized data
and therefore did not require approval by an institutional committee.

References

1. Glover V, Hill J. Sex differences in the programming effects of prenatal
stress on psychopathology and stress responses: an evolutionary perspec-
tive. Physiol Behav. 2012; 106(5), 736–740. DOI 10.1016/j.physbeh.2012.
02.011.

2. Carpenter T, Grecian SM, Reynolds RM. Sex differences in early-life pro-
gramming of the hypothalamic-pituitary-adrenal axis in humans suggest
increased vulnerability in females: a systematic review. J Dev Orig Health
Dis. 2017; 8(2), 244–255. DOI 10.1017/S204017441600074X.

3. DiPietro JA, Voegtline KM. The gestational foundation of sex differences in
development and vulnerability. Neuroscience. 2017; 342, 4–20. DOI 10.
1016/j.neuroscience.2015.07.068.

4. Eriksson JG, Kajantie E, Osmond C, Thornburg K, Barker DJP. Boys live
dangerously in the womb. Am J Hum Biol. 2010; 22(3), 330–335. DOI 10.
1002/ajhb.20995.

5. Sandman CA, Glynn LM, Davis EP. Is there a viability-vulnerability trade-
off? Sex differences in fetal programming. J Psychosom Res. 2013; 75(4),
327–335. DOI 10.1016/j.jpsychores.2013.07.009.

6. Sutherland S, Brunwasser SM. Sex differences in vulnerability to prenatal
stress: a review of the recent literature. Curr Psychiatry Rep. 2018; 20(11),
102. DOI 10.1007/s11920-018-0961-4.

7. Verburg PE, Tucker G, Scheil W, Erwich JJHM, Dekker GA, Roberts CT.
Sexual dimorphism in adverse pregnancy outcomes - A Retrospective
Australian Population Study 1981-2011. PLoS One. 2016; 11(7),
e0158807. DOI 10.1371/journal.pone.0158807.

8. Al-Qaraghouli M, Fang YMV. Effect of fetal sex on maternal and obstetric
outcomes. Front Pediatr. 2017; 5, 144. DOI 10.3389/fped.2017.00144.

9. Mondal D, Galloway TS, Bailey TC,Mathews F. Elevated risk of stillbirth in
males: systematic review and meta-analysis of more than 30 million births.
BMC Med. 2014; 12(1), 220. DOI 10.1186/s12916-014-0220-4.

10. Orzack SH, Stubblefield JW, Akmaev VR, et al. The human sex ratio from
conception to birth. Proc Natl Acad Sci U S A. 2015; 112(16), E2102–E2111.
DOI 10.1073/pnas.1416546112.

11. Gabory A, Roseboom TJ, Moore T, Moore LG, Junien C. Placental contri-
bution to the origins of sexual dimorphism in health and diseases: sex chro-
mosomes and epigenetics. Biol Sex Differ. 2013; 4(1), 5. DOI 10.1186/2042-
6410-4-5.

12. Kalisch-Smith JI, Simmons DG, Dickinson H, Moritz KM. Review: sexual
dimorphism in the formation, function and adaptation of the placenta.
Placenta. 2017; 54, 10–16. DOI 10.1016/j.placenta.2016.12.008.

13. Rosenfeld CS. Sex-specific placental responses in fetal development.
Endocrinology. 2015; 156(10), 3422–3434. DOI 10.1210/en.2015-1227.

14. Dearden L, Bouret SG, Ozanne SE. Sex and gender differences in develop-
mental programming of metabolism. Mol Metab. 2018; 15, 8–19. DOI 10.
1016/j.molmet.2018.04.007.

15. Tarrade A, Panchenko P, Junien C, Gabory A. Placental contribution to
nutritional programming of health and diseases: epigenetics and sexual
dimorphism. J Exp Biol. 2015; 218(1), 50–58. DOI 10.1242/jeb.110320.

16. Cheong JN,WlodekME,Moritz KM, Cuffe JSM. Programming ofmaternal
and offspring disease: impact of growth restriction, fetal sex and transmis-
sion across generations. J Physiol. 2016; 594(17), 4727–4740. DOI 10.1113/
JP271745.

17. Pérez-Cerezales S, Ramos-Ibeas P, Rizos D, Lonergan P, Bermejo-Alvarez
P, Gutiérrez-Adán A. Early sex-dependent differences in response to envi-
ronmental stress. Reproduction. 2018; 155, R39–R51. DOI 10.1530/REP-
17-0466.

776 J. K. Christians et al.

https://doi.org/10.1017/S2040174422000204 Published online by Cambridge University Press

https://doi.org/10.1017/S2040174422000204
https://doi.org/10.1016/j.physbeh.2012.02.011
https://doi.org/10.1016/j.physbeh.2012.02.011
https://doi.org/10.1017/S204017441600074X
https://doi.org/10.1016/j.neuroscience.2015.07.068
https://doi.org/10.1016/j.neuroscience.2015.07.068
https://doi.org/10.1002/ajhb.20995
https://doi.org/10.1002/ajhb.20995
https://doi.org/10.1016/j.jpsychores.2013.07.009
https://doi.org/10.1007/s11920-018-0961-4
https://doi.org/10.1371/journal.pone.0158807
https://doi.org/10.3389/fped.2017.00144
https://doi.org/10.1186/s12916-014-0220-4
https://doi.org/10.1073/pnas.1416546112
https://doi.org/10.1186/2042-6410-4-5
https://doi.org/10.1186/2042-6410-4-5
https://doi.org/10.1016/j.placenta.2016.12.008
https://doi.org/10.1210/en.2015-1227
https://doi.org/10.1016/j.molmet.2018.04.007
https://doi.org/10.1016/j.molmet.2018.04.007
https://doi.org/10.1242/jeb.110320
https://doi.org/10.1113/JP271745
https://doi.org/10.1113/JP271745
https://doi.org/10.1530/REP-17-0466
https://doi.org/10.1530/REP-17-0466
https://doi.org/10.1017/S2040174422000204


18. Zazara DE, Arck PC. Developmental origin and sex-specific risk for infec-
tions and immune diseases later in life. Semin Immunopathol. 2019; 41(2),
137–151. DOI 10.1007/s00281-018-0713-x.

19. Bronson SL, Bale TL. The placenta as a mediator of stress effects on neuro-
developmental reprogramming. Neuropsychopharmacol. 2016; 41(1), 207–
218. DOI 10.1038/npp.2015.231.

20. Burton GJ, FowdenAL, Thornburg KL. Placental origins of chronic disease.
Physiol Rev. 2016; 96(4), 1509–1565. DOI 10.1152/physrev.00029.2015.

21. Clifton VL. Review: sex and the human placenta: mediating differential
strategies of fetal growth and survival. Placenta. 2010; 31, S33–S39.
DOI 10.1016/j.placenta.2009.11.010.

22. MeakinAS, Cuffe JSM,Darby JRT,Morrison JL, CliftonVL. Let’s talk about
placental sex, baby: understanding mechanisms that drive female- and
male-specific fetal growth and developmental outcomes. Int J Mol Sci.
2021; 22(12), 6386. DOI 10.3390/ijms22126386.

23. Christians JK. The placenta’s role in sexually dimorphic fetal growth strat-
egies. Reprod Sci. 2021; 34, 95. DOI 10.1007/s43032-021-00780-3.

24. Chin EH, Christians JK. When are sex-specific effects really sex-specific? J
Dev Orig Health Dis. 2015; 6(5), 438–442. DOI 10.1017/S20401
74415001348.

25. Christians JK, Shergill HK, Albert AYK. Sex-dependent effects of prenatal
food and protein restriction on offspring physiology in rats and mice: sys-
tematic review and meta-analyses. Biol Sex Differ. 2021; 12(1), 21. DOI 10.
1186/s13293-021-00365-4.

26. Hardy JB. The collaborative perinatal project: lessons and legacy. Ann
Epidemiol. 2003; 13(5), 303–311. DOI 10.1016/S1047-2797(02)00479-9.

27. Klebanoff MA. The collaborative perinatal project: a 50-year retrospective.
Paediatr Perinat Epidemiol. 2009; 23(1), 2–8. DOI 10.1111/j.1365-3016.
2008.00984.x.

28. White M, Grynspan D, Van Mieghem T, Connor KL. Isolated fetal neural
tube defects associate with increased risk of placental pathology: evidence
from the Collaborative Perinatal Project. Placenta. 2021; 114, 56–67. DOI
10.1016/j.placenta.2021.08.052.

29. Misra DP, McNally S, Chen S, Salafia CM. Placental infarcts in the collabo-
rative perinatal project: variable associations infer variable constructs.
Placenta. 2020; 99(3), 1–7. DOI 10.1016/j.placenta.2020.06.004.

30. Ghazarian AA, Trabert B, Graubard BI, Longnecker MP, Klebanoff MA,
McGlynnKA. Placental weight and risk of cryptorchidism and hypospadias
in the Collaborative Perinatal Project. Am J Epidemiol. 2018; 187(7), 1354–
1361. DOI 10.1093/aje/kwy005.

31. Ananth CV, Friedman AM, Lavery JA, VanderWeele TJ, Keim S, Williams
MA. Neurodevelopmental outcomes in children in relation to placental
abruption. Br J Obstet Gynaecol. 2017; 124(3), 463–472. DOI 10.1111/
1471-0528.14049.

32. Gleason JL, Gilman SE, Sundaram R, et al. Gestational age at term delivery
and children’s neurocognitive development. Int J Epidemiol. 2021, dyab134.
DOI 10.1093/ije/dyab134.

33. Chen C, Lu D, Xue L, Ren P, Zhang H, Zhang J. Association between pla-
cental inflammatory pathology and offspring neurodevelopment at 8
months and 4 and 7 years of age. J Pediatr. 2020; 225, 132–137.e2.
DOI 10.1016/j.jpeds.2020.05.049.

34. Liu C, ChenY, ZhaoD, Zhang J, ZhangY. Association between funisitis and
childhood intellectual development: a prospective cohort study. Front
Neurol. 2019; 10, 612. DOI 10.3389/fneur.2019.00612.

35. Alamiri B, Nelson C, Fitzmaurice GM, Murphy JM, Gilman SE.
Neurological soft signs and cognitive performance in early childhood.
Dev Psychol. 2018; 54(11), 2043–2052. DOI 10.1037/dev0000566.

36. Lee YH, Papandonatos GD, Savitz DA, Heindel WC, Buka SL. Effects of
prenatal bacterial infection on cognitive performance in early childhood.
Paediatr Perinat Epidemiol. 2020; 34(1), 72–81. DOI 10.1111/ppe.12603.

37. Huang L, Jiang S, Xu J, Lei X, Zhang J. Associations between prepregnancy
body mass index, gestational weight gain and weight catch-up in small-for-
gestational-age children. Matern Child Nutr. 2022; 18(1), e13235. DOI 10.
1111/mcn.13235.

38. Huang G, Aroner SA, Bay CP, et al. Sex-dependent associations of maternal
androgen levels with offspring BMI and weight trajectory from birth to
early childhood. J Endocrinol Invest. 2021; 44(4), 851–863. DOI 10.1007/
s40618-020-01385-4.

39. Chen Y, Zhao D, Wang B, Zhu J, Zhang J, Zhang Y. Association of intra-
uterine exposure to aspirin and blood pressure at 7 years of age: a secondary
analysis. Br J Obstet Gynaecol. 2019; 126(5), 599–607. DOI 10.1111/1471-
0528.15561.

40. Wang B, Liu J, Zhang Y, et al. Prenatal exposure to antibiotics and risk of
childhood obesity in a multicenter cohort study. Am J Epidemiol. 2018;
187(10), 2159–2167. DOI 10.1093/aje/kwy122.

41. Houghton LC, Goldberg M, Wei Y, et al. Why do studies show different
associations between intrauterine exposure to maternal smoking and age
at menarche? Ann Epidemiol. 2018; 28(3), 197–203. DOI 10.1016/j.
annepidem.2018.01.004.

42. Lei X, Zhao D, Huang L, et al. Childhood health outcomes in term, large-
for-gestational-age babies with different postnatal growth patterns. Am J
Epidemiol. 2018; 187(3), 507–514. DOI 10.1093/aje/kwx271.

43. Strauss RS, DietzWH.Growth and development of term children bornwith
low birth weight: effects of genetic and environmental factors. J Pediatr.
1998; 133(1), 67–72. DOI 10.1016/S0022-3476(98)70180-5.

44. Seidman LJ, Buka SL, Goldstein JM, Horton NJ, Rieder RO, Tsuang MT.
The relationship of prenatal and perinatal complications to cognitive func-
tioning at age 7 in the New England Cohorts of the National Collaborative
Perinatal Project. Schizophr Bull. 2000; 26(2), 309–321. DOI 10.1093/
oxfordjournals.schbul.a033455.

45. PylipowM, Spector LG, Puumala SE, Boys C, Cohen J, Georgieff MK. Early
postnatal weight gain, intellectual performance, and body mass index at 7
years of age in term infants with intrauterine growth restriction. J Pediatr.
2009; 154(2), 201–206. DOI 10.1016/j.jpeds.2008.08.015.

46. Goldstein JM, Seidman LJ, Buka SL, et al. Impact of genetic vulnerability
and hypoxia on overall intelligence by age 7 in offspring at high risk for
schizophrenia compared with affective psychoses. Schizophr Bull. 2000;
26(2), 323–334. DOI 10.1093/oxfordjournals.schbul.a033456.

47. Anastario M, Salafia CM, Fitzmaurice G, Goldstein JM. Impact of fetal ver-
sus perinatal hypoxia on sex differences in childhood outcomes: develop-
mental timing matters. Soc Psychiatry Psychiatr Epidemiol. 2012; 47(3),
455–464. DOI 10.1007/s00127-011-0353-0.

48. Lee YH, Cherkerzian S, Seidman LJ, et al.Maternal bacterial infection dur-
ing pregnancy and offspring risk of psychotic disorders: variation by
severity of infection and offspring sex. Am J Psychiatry. 2020; 177(1),
66–75. DOI 10.1176/appi.ajp.2019.18101206.

49. Reynolds SA, Roberts JM, Bodnar LM, Haggerty CL, Youk AO, Catov JM.
Newborns of preeclamptic women show evidence of sex-specific disparity
in fetal growth. Gend Med. 2012; 9(6), 424–435. DOI 10.1016/j.genm.2012.
10.013.

50. Ogawa M, Matsuda Y, Nakai A, Hayashi M, Sato S, Matsubara S. Standard
curves of placental weight and fetal/placental weight ratio in Japanese pop-
ulation: difference according to the delivery mode, fetal sex, or maternal
parity. Eur J Obstet Gynecol Reprod Biol. 2016; 206, 225–231. DOI 10.
1016/J.EJOGRB.2016.09.004.

51. Sengupta S, Carrion V, Shelton J, et al. Adverse neonatal outcomes associ-
ated with early-term birth. JAMA Pediatr. 2013; 167(11), 1053–1059.
DOI 10.1001/JAMAPEDIATRICS.2013.2581.

52. Taffel SM, Placek PJ, Liss T. Trends in the United States cesarean section
rate and reasons for the 1980-85 rise. Am J Public Health. 1987; 77(8),
955–959. DOI 10.2105/AJPH.77.8.955.

53. Christians JK, Grynspan D, Greenwood SL, Dilworth MR. The problem
with using the birthweight: placental weight ratio as a measure of placental
efficiency. Placenta. 2018; 68, 52–58. DOI 10.1016/j.placenta.2018.06.311.

54. Bukowski R, Smith GCS, Malone FD, et al.Human sexual size dimorphism
in early pregnancy. Am J Epidemiol. 2007; 165(10), 1216–1218. DOI 10.
1093/aje/kwm024.

55. Broere-Brown ZA, Baan E, Schalekamp-Timmermans S, Verburg BO,
Jaddoe VWV, Steegers EAP. Sex-specific differences in fetal and infant
growth patterns: a prospective population-based cohort study. Biol Sex
Differ. 2016; 7(1), 65. DOI 10.1186/s13293-016-0119-1.

56. Kiserud T, Piaggio G, Carroli G, et al. TheWorld Health Organization fetal
growth charts: a multinational longitudinal study of ultrasound biometric
measurements and estimated fetal weight. PLoS Med. 2017; 14(1),
e1002220. DOI 10.1371/journal.pmed.1002220.

Journal of Developmental Origins of Health and Disease 777

https://doi.org/10.1017/S2040174422000204 Published online by Cambridge University Press

https://doi.org/10.1007/s00281-018-0713-x
https://doi.org/10.1038/npp.2015.231
https://doi.org/10.1152/physrev.00029.2015
https://doi.org/10.1016/j.placenta.2009.11.010
https://doi.org/10.3390/ijms22126386
https://doi.org/10.1007/s43032-021-00780-3
https://doi.org/10.1017/S2040174415001348
https://doi.org/10.1017/S2040174415001348
https://doi.org/10.1186/s13293-021-00365-4
https://doi.org/10.1186/s13293-021-00365-4
https://doi.org/10.1016/S1047-2797(02)00479-9
https://doi.org/10.1111/j.1365-3016.2008.00984.x
https://doi.org/10.1111/j.1365-3016.2008.00984.x
https://doi.org/10.1016/j.placenta.2021.08.052
https://doi.org/10.1016/j.placenta.2020.06.004
https://doi.org/10.1093/aje/kwy005
https://doi.org/10.1111/1471-0528.14049
https://doi.org/10.1111/1471-0528.14049
https://doi.org/10.1093/ije/dyab134
https://doi.org/10.1016/j.jpeds.2020.05.049
https://doi.org/10.3389/fneur.2019.00612
https://doi.org/10.1037/dev0000566
https://doi.org/10.1111/ppe.12603
https://doi.org/10.1111/mcn.13235
https://doi.org/10.1111/mcn.13235
https://doi.org/10.1007/s40618-020-01385-4
https://doi.org/10.1007/s40618-020-01385-4
https://doi.org/10.1111/1471-0528.15561
https://doi.org/10.1111/1471-0528.15561
https://doi.org/10.1093/aje/kwy122
https://doi.org/10.1016/j.annepidem.2018.01.004
https://doi.org/10.1016/j.annepidem.2018.01.004
https://doi.org/10.1093/aje/kwx271
https://doi.org/10.1016/S0022-3476(98)70180-5
https://doi.org/10.1093/oxfordjournals.schbul.a033455
https://doi.org/10.1093/oxfordjournals.schbul.a033455
https://doi.org/10.1016/j.jpeds.2008.08.015
https://doi.org/10.1093/oxfordjournals.schbul.a033456
https://doi.org/10.1007/s00127-011-0353-0
https://doi.org/10.1176/appi.ajp.2019.18101206
https://doi.org/10.1016/j.genm.2012.10.013
https://doi.org/10.1016/j.genm.2012.10.013
https://doi.org/10.1016/J.EJOGRB.2016.09.004
https://doi.org/10.1016/J.EJOGRB.2016.09.004
https://doi.org/10.1001/JAMAPEDIATRICS.2013.2581
https://doi.org/10.2105/AJPH.77.8.955
https://doi.org/10.1016/j.placenta.2018.06.311
https://doi.org/10.1093/aje/kwm024
https://doi.org/10.1093/aje/kwm024
https://doi.org/10.1186/s13293-016-0119-1
https://doi.org/10.1371/journal.pmed.1002220
https://doi.org/10.1017/S2040174422000204


57. Roseboom TJ, Painter RC, De Rooij SR, et al. Effects of famine on placental
size and efficiency. Placenta. 2011; 32(5), 395–399. DOI 10.1016/j.placenta.
2011.03.001.

58. Alwasel SH, Abotalib Z, Aljarallah JS, et al.Changes in placental size during
Ramadan. Placenta. 2010; 31(7), 607–610. DOI 10.1016/j.placenta.2010.04.
010.

59. Alwasel SH, Abotalib Z, Aljarallah JS, et al. Secular increase in placental
weight in Saudi Arabia. Placenta. 2011; 32(5), 391–394. DOI 10.1016/j.
placenta.2011.02.007.

60. Mandò C, Calabrese S, Mazzocco MI, et al. Sex specific adaptations in pla-
cental biometry of overweight and obese women. Placenta. 2016; 38(5), 1–7.
DOI 10.1016/j.placenta.2015.12.008.

61. Muralimanoharan S, Gao X, Weintraub S, Myatt L, Maloyan A. Sexual
dimorphism in activation of placental autophagy in obese women with
evidence for fetal programming from a placenta-specific mouse model.
Autophagy. 2016; 12(5), 752–769. DOI 10.1080/15548627.2016.
1156822.

62. Salazar-Petres E, CarvalhoDP, Lopez-Tello J, Sferruzzi-Perri AN. Placental
structure, function and mitochondrial phenotype relate to fetal size and sex
in mice. BioRxiv. 2021. DOI 10.1101/2021.07.22.453249.

63. Challis J, Newnham J, Petraglia F, Yeganegi M, Bocking A. Fetal sex and
preterm birth. Placenta. 2013; 34(2), 95–99. DOI 10.1016/j.placenta.
2012.11.007.

64. Broere-Brown ZA, Adank MC, Benschop L, et al. Fetal sex and maternal
pregnancy outcomes: a systematic review and meta-analysis. Biol Sex
Differ. 2020; 11(1), 26. DOI 10.1186/s13293-020-00299-3.

65. Christians JK, Grynspan D. Placental villous hypermaturation is associated
with improved neonatal outcomes. Placenta. 2019; 76, 1–5. DOI 10.1016/j.
placenta.2019.01.012.

66. Siragher E, Sferruzzi-Perri AN. Placental hypoxia: what have we learnt from
small animal models? Placenta. 2021; 113, 29–47. DOI 10.1016/j.placenta.
2021.03.018.

67. Matte TD, BresnahanM, BeggMD, Susser E. Influence of variation in birth
weight within normal range and within sibships on IQ at age 7 years: cohort
study. Br Med J. 2001; 323, 310–314.

68. Grunau RE, Whitfield MF, Fay TB. Psychosocial and academic character-
istics of extremely low birth weight (≤800 g) adolescents who are free of
major impairment compared with term-born control subjects. Pediatrics.
2004; 114(6), e725–32. DOI 10.1542/peds.2004-0932.

69. Marlow N, Wolke D, Bracewell MA, Samara M. Neurologic and develop-
mental disability at six years of age after extremely preterm birth. N Engl J
Med. 2005; 352(1), 9–19. DOI 10.1056/nejmoa041367.

70. O’Donnell KJ, Meaney MJ. Fetal origins of mental health: the developmen-
tal origins of health and disease hypothesis. Am J Psychiatry. 2017; 174(4),
319–328. DOI 10.1176/appi.ajp.2016.16020138.

71. Brummelte S, Mc Glanaghy E, Bonnin A, Oberlander TF. Developmental
changes in serotonin signaling: implications for early brain function, behav-
ior and adaptation. Neuroscience. 2017; 342(6), 212–231. DOI 10.1016/j.
neuroscience.2016.02.037.

72. Pinheiro TV, Brunetto S, Ramos JGL, Bernardi JR, Goldani MZ.
Hypertensive disorders during pregnancy and health outcomes in the off-
spring: a systematic review. J Dev Orig Health Dis. 2016; 7(4), 391–407.
DOI 10.1017/S2040174416000209.

73. Warshafsky C, Pudwell J, Walker M, Wen S-W, Smith GN. Prospective
assessment of neurodevelopment in children following a pregnancy com-
plicated by severe pre-eclampsia. BMJ Open. 2016; 6(7), e010884. DOI 10.
1136/bmjopen-2015-010884.

74. Morsing E, Maršál K. Pre-eclampsia-An additional risk factor for cognitive
impairment at school age after intrauterine growth restriction and very pre-
term birth. Early Hum Dev. 2014; 90(2), 99–101. DOI 10.1016/j.
earlhumdev.2013.12.002.

75. Seidman DS, Laor A, Gale R, Stevenson DK, Mashiach S, Danon YL. Pre-
eclampsia and offspring’s blood pressure, cognitive ability and physical
development at 17-years-of-age. Br J Obstet Gynaecol. 1991; 98(10),
1009–1014. DOI 10.1111/j.1471-0528.1991.tb15339.x.

76. Sverrisson FA, Bateman BT, Aspelund T, Skulason S, Zoega H.
Preeclampsia and academic performance in children: a nationwide study
from Iceland. PLoS One. 2018; 13(11), e0207884. DOI 10.1371/journal.
pone.0207884.

77. Whitehouse AJO, RobinsonM, Newnham JP, Pennell CE. Do hypertensive
diseases of pregnancy disrupt neurocognitive development in offspring?
Paediatr Perinat Epidemiol. 2012; 26(2), 101–108. DOI 10.1111/j.1365-
3016.2011.01257.x.

78. Ehrenstein V, Rothman KJ, Pedersen L, Hatch EE, Sørensen HT.
Pregnancy-associated hypertensive disorders and adult cognitive function
among danish conscripts. Am J Epidemiol. 2009; 170(8), 1025–1031.
DOI 10.1093/aje/kwp223.

79. Factor-Litvak P, Straka N, Cherkerzian S, et al. Associations between birth
weight, preeclampsia and cognitive functions in middle-aged adults. J Dev
Orig Health Dis. 2011; 2, 365–374. DOI 10.1017/S2040174411000596.

80. Ounsted MK, Moar VA, Good FJ, Redman CWG. Hypertension during
pregnancy with and without specific treatment; the development of
the children at the age of four years. Br J Obstet Gynaecol. 1980; 87(1),
19–24. DOI 10.1111/j.1471-0528.1980.tb04420.x.

81. Melamed N, Baschat A, Yinon Y, et al. FIGO (International Federation of
Gynecology and Obstetrics) initiative on fetal growth: best practice advice
for screening, diagnosis, and management of fetal growth restriction. Int J
Gynecol Obstet. 2021; 152, 3–57. DOI 10.1002/IJGO.13522.

82. Gestational hypertension and preeclampsia: ACOG practice bulletin, num-
ber 222. Obstet Gynecol. 2020; 135, e237–e260. DOI 10.1097/AOG.
0000000000003891.

83. Leavey K, Benton SJ, Grynspan D, Kingdom JC, Bainbridge SA, Cox BJ.
Unsupervised placental gene expression profiling identifies clinically rel-
evant subclasses of human preeclampsia. Hypertension. 2016; 68(1),
137–147. DOI 10.1161/HYPERTENSIONAHA.116.07293.

84. Vanderweele TJ. On the distinction between interaction and effect
modification. Epidemiology. 2009; 20(6), 863–871. DOI 10.1097/EDE.
0b013e3181ba333c.

778 J. K. Christians et al.

https://doi.org/10.1017/S2040174422000204 Published online by Cambridge University Press

https://doi.org/10.1016/j.placenta.2011.03.001
https://doi.org/10.1016/j.placenta.2011.03.001
https://doi.org/10.1016/j.placenta.2010.04.010
https://doi.org/10.1016/j.placenta.2010.04.010
https://doi.org/10.1016/j.placenta.2011.02.007
https://doi.org/10.1016/j.placenta.2011.02.007
https://doi.org/10.1016/j.placenta.2015.12.008
https://doi.org/10.1080/15548627.2016.1156822
https://doi.org/10.1080/15548627.2016.1156822
https://doi.org/10.1101/2021.07.22.453249
https://doi.org/10.1016/j.placenta.2012.11.007
https://doi.org/10.1016/j.placenta.2012.11.007
https://doi.org/10.1186/s13293-020-00299-3
https://doi.org/10.1016/j.placenta.2019.01.012
https://doi.org/10.1016/j.placenta.2019.01.012
https://doi.org/10.1016/j.placenta.2021.03.018
https://doi.org/10.1016/j.placenta.2021.03.018
https://doi.org/10.1542/peds.2004-0932
https://doi.org/10.1056/nejmoa041367
https://doi.org/10.1176/appi.ajp.2016.16020138
https://doi.org/10.1016/j.neuroscience.2016.02.037
https://doi.org/10.1016/j.neuroscience.2016.02.037
https://doi.org/10.1017/S2040174416000209
https://doi.org/10.1136/bmjopen-2015-010884
https://doi.org/10.1136/bmjopen-2015-010884
https://doi.org/10.1016/j.earlhumdev.2013.12.002
https://doi.org/10.1016/j.earlhumdev.2013.12.002
https://doi.org/10.1111/j.1471-0528.1991.tb15339.x
https://doi.org/10.1371/journal.pone.0207884
https://doi.org/10.1371/journal.pone.0207884
https://doi.org/10.1111/j.1365-3016.2011.01257.x
https://doi.org/10.1111/j.1365-3016.2011.01257.x
https://doi.org/10.1093/aje/kwp223
https://doi.org/10.1017/S2040174411000596
https://doi.org/10.1111/j.1471-0528.1980.tb04420.x
https://doi.org/10.1002/IJGO.13522
https://doi.org/10.1097/AOG.0000000000003891
https://doi.org/10.1097/AOG.0000000000003891
https://doi.org/10.1161/HYPERTENSIONAHA.116.07293
https://doi.org/10.1097/EDE.0b013e3181ba333c
https://doi.org/10.1097/EDE.0b013e3181ba333c
https://doi.org/10.1017/S2040174422000204

	Are there sex differences in fetal growth strategies and in the long-term effects of pregnancy complications on cognitive functioning?
	Introduction
	Method
	Measures of early-life adversity
	Assessments at age 7
	Covariates
	Statistical Analyses

	Results
	Prediction 1: Among healthy pregnancies, males will be heavier than females and will have reduced placental reserve capacity
	Prediction 2: There will be a greater sex difference in birthweight among infants that die prenatally or shortly after birth
	Prediction 3: Males are at greater risk of fetal or neonatal death
	Prediction 4: Males will be more susceptible to long-term effects of early-life adversity
	Prediction 5: Analyzing the sexes separately will result in spurious sex-specific effects

	Discussion
	Prediction 1: Among healthy pregnancies, males will be heavier than females and will have reduced placental reserve capacity
	Prediction 2: There will be a greater sex difference in birthweight among infants that die prenatally or shortly after birth
	Prediction 3: Males are at greater risk of fetal or neonatal death
	Prediction 4: Males will be more susceptible to long-term effects of early-life adversity
	Prediction 5: Analyzing the sexes separately will result in spurious sex-specific effects
	Limitations

	Conclusions
	References


