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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, although maternal 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 females' and found that the hypothalamic-pituitary-adrenal axis
of females is more vulnerable to long-term programming.? However, many authors have sug-
gested that males may have greater susceptibility to early-life effects® because of a strategy to
prioritize growth in the face of adversity, whereas females are more responsive to
challenges.*¢

Males are at increased risk of preterm birth”® and stillbirth.” 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.'® 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.!'~*! For example, it
has been suggested that male placentas are more efficient but have less reserve capacity.**?
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.?*
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,>®?* even though the former approach is expected to generate spurious
sex-specific effects.?

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,?® 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 quality’**” and
it forms the basis for many recent studies of placental pathology,**-
31 cognitive development,*>¢ and other epidemiological ques-
tions.”’~*? 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.***°
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.’"** Probable hypoxic-ischemic complication
was also associated with intelligence quotient (IQ) at 7 years
among term infants, but there was no interaction with sex.!®
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.*” In contrast,
the associations between prenatal bacterial infection and 7-year
1Q,* and the incidence of psychosis*® 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.?®

Method

The NCPP has been described elsewhere,?® and its data are publicly
available (https://catalog.archives.gov/id/606622). Recruitment
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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
as White or Black in over 90% of pregnancies, and so analyses were
restricted to these two races. We used only singleton primiparous
pregnancies®” 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 problem with 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 were more 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,”® and because early-term
births are associated with higher rates of adverse outcomes.’!
C-sections were excluded because elective C-sections were very
rare at the time of the NCCP.>? 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
World Health 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” (41 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 5g or more
(43/+4), (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.


https://catalog.archives.gov/id/606622
https://doi.org/10.1017/S2040174422000204

768

J. K. Christians et al.

46034 singleton
pregnancies, including
first/ only pregnancy in

the NCCP

33630
or
undet

A 4

A 4

nervous system defects or injury or congenital
malformations; gestational age below 28 or over

excluded: race not categorized as White
Black; not primiparous; offspring sex
ermined or unknown; cases with central

43 weeks

12404 observations
Prediction 3

A 4

v

524 missing data
for birthweight
and/ or covariates

fromm

Y

9580 excluded: gestational age below 39 or over
41 weeks; presence of placenta abruption,
preeclampsia, knot in the umbilical cord, c-

section, induced labor; prenatal or postnatal
death;

sex and race; birthweights and/or placental
weights more than 3 standard deviations away

birthweight, placental weight and/ or covariates

top and bottom 10% of birthweights by

ean for gestational week; missing data for

11880 observations

v

Prediction 2

2824 observations in “Healthy” sample

Prediction 1

6829 excluded: prenatal or postnatal

unclassified hypertension, possible pre-eclampsia, and mild preeclampsia; the 7-
year assessment occurred before 6.5 or after 7.5 years; cases from two institutions
missing > 30% of observations

death; cases of chronic hypertension,

v

228 missing data for birth

weight and/ or covariates

v

955 missing data for 7-year assessments

¥

y

4392 obs

Predictions 4 and 5

ervations

Fig. 1. Selection of cohorts used to test each prediction.

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 the WISC included verbal
tests (vocabulary, information, comprehension and digit span, and
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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
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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. %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
(NPARIWAY 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
no missing values for birthweight, placental weight, sex or any cova-
riate (Fig. 1). Samples with data missing for one or more 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 a model 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.>® 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
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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.

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 =10.06 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
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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.

mean: 39.1 weeks, female mean: 39.3 weeks) whether tested with a
nonparametric Kruskal-Wallis test (y; =12.23, P =0.0005) or
with survival analysis (Wilcoxon y;=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
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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 reading WRAT, 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.>*>® We found no difference
in placental weight between males and females, in contrast to some
studies that have found males to have larger placentas.”’~!
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.?*2

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

771

Survived, N (%) Died, N (%) 0dds 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

(%)
No Yes P
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 because we excluded 1863 cases
with chronic hypertension, unclassified hypertension, possible preeclampsia, or mild
preeclampsia.

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,”~*%*%* while the risks of pre-
term preeclampsia may be higher in female pregnancies,”®* 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,* 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
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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.®

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.?* Similarly, sur-
gical models of reduced uterine perfusion pressure reduce fetal
weight in both sexes.®® While maternal inhalation hypoxia some-
times has sex-dependent effects of fetal growth, results from differ-
ent studies are conflicting.*®

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.’
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.*"% 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.!® 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.
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Table 3. Effects of being born small-for-gestational age (SGA) on cognitive assessments at 7 years of age

Effect of Sex by SGA interac- Effect of SGA in Effect of SGA in
Males Females SGA tion males females
Not SGA SGA Not SGA SGA Spurious sex-specific

Trait (N =1999) (N=217) (N =1976) (N =200) p P P p effect
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 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

arrangement

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 1Q 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 1Q 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 1IQ 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 7403 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

Effect of Sex by PT inter- Effect of PT in Effect of PT in
Males Females PT action males females
VPT MPT Term VPT MPT Term Pairwise Spurious sex-specific
Trait (N=73) (N =243) (N =1900) (N=67) (N=232) (N=1877) P differences P P P effect
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 85%0.1 0.032 VPT < MPT, 0.29 0.021 0.62 Yes
VPT < Term
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 84+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, 0.81 0.10 0.027 Yes
VPT < Term
Picture 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
arrangement
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 1Q 91.7+15 94.8+0.9 95.3+0.5 90.7+1.5 93.7+0.9 93.9+0.6 0.0052 VPT < MPT, 0.94 0.10 0.05 No
VPT < Term
Performance 1Q 942+16 97.5+1.0 97.8+0.6 94.1+1.7 98.0+1.0 98.7+0.6 0.0016 VPT < MPT, 0.86 0.17 0.0041 Yes
VPT < Term
Full 1Q 92.1+15 95.8+0.9 96.2+0.5 91.6+1.5 95.4+0.9 95.9+0.6 0.0003 VPT < MPT, 0.99 0.06 0.0035 Yes
VPT < Term
Wide range achievement test
Reading 165+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, 0.61 0.34 0.026 Yes
VPT < Term
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, 0.47 0.25 0.035 Yes
VPT < Term
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, 0.51 0.09 0.0002 Yes
VPT < Term
Auditory-vocal
Standard score —=55+11 —41+7 —30+4 —=57+12 257 —-19+4 0.0002 VPT < MPT, 0.60 0.07 0.0010 Yes
VPT < Term
Language age 572+14 602+8 608 +5 579+15 616 +9 619+5 0.0008 VPT < MPT, 0.92 0.08 0.0092 Yes
VPT < Term
Bender Gestalt 76+0.4 73+0.2 72+0.1 85+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

Effect of Sex by PE interac- Effect of PE in Effect of PE in
Males Females PE tion males females
Normal PE Normal PE Spurious sex-specific

Trait (N =1942) (N=274) (N=1911) (N =265) p p P P effect
Wechsler intelligence scale for children

Vocabulary 8.9+0.1 8.8+0.2 85+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 82+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 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

arrangement

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 1Q 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 1Q 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 1Q 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 76+0.3 76+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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Table 6. Effects of sex on cognitive assessments at 7 years of age

Male Female
Trait (N=2216) (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 9.5+0.2 9.1+0.2 0.10
arrangement
Block design 9.5+0.1 9.4+0.1 0.61
Coding 9.5+0.2 10.1+0.2 0.0054
Verbal 1Q 93.9+0.7 92.8+0.7 0.23
Performance 1Q 96.5+£0.8 96.9+0.8 0.68
Full 1Q 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 159+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 74+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.

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, the main 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.**=*° 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.®” In other
populations, extremely low birthweight has been associated with
reduced cognitive and academic achievement in both sexes,®®
although cognitive performance was more impacted by extreme
prematurity in males.”” 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 11p-HSD-2
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expression, and/or alter fetal exposure to serotonin produced by
the placenta.”%’!. 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.** 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,’® 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.*

A negative effect of preeclampsia on intellectual abilities has
also been observed in other populations,”>7* although reductions
in intellectual performance were minimal or not significant at older
ages.”>” 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.*

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 problem with 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 in males
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,> 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
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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.®! 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.?> Furthermore, even using the cur-
rent definition, preeclampsia is heterogeneous,* which could
explain why fewer long-term effects were observed for this condi-
tion. Although we did not detect any patterns to missing data, these
could have introduced bias, for example, if more severe complica-
tions were more likely to be missing 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 popular®??
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,'” 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,?*
Bayesian approaches,’* 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
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