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Abstract

Background: Maternal adaptations may vary by fetal sex. Whether male infants influence
long-term mortality in mothers remains uncertain.

Objective: To examine if male infants increase the risk of maternal mortality.

Methods: This study included pregnant women enrolled at 12 U.S. sites from 1959-1966 in the
Collaborative Perinatal Project (CPP). CPP records were linked to the National Death Index and
the Social Security Master Death File to ascertain deaths until 2016. Fetal sex was determined by
infant sex at birth, defined as the total number of male or female infants in pregnancies prior to
or during enrollment in the CPP. In secondary analyses, exposure was defined as infant sex at the
last CPP delivery. Outcomes included all-cause and underlying cause of mortality. We used Cox
proportional hazards models weighted by the number of prior livebirths and stratified our models
by parity and race/ethnicity.
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Results: Among 48,188 women, 50.8% had a male infant at their last registered CPP pregnancy
and 39.0% had a recorded death after a mean follow-up of 47.8 years (SD 10.5). No linear
association was found between the number of liveborn males and all-cause mortality (Primipara
women: HR 1.02, 95% CI 0.95, 1.09, Multipara women, 1 prior livebirth: HR 0.96, 95% CI 0.89,
1.03, Multipara women, =2 prior livebirths: HR 0.97, 95% CI 0.85, 1.11). A similar trend was
noted for cardiovascular- and cancer-related mortality. At the last delivery, women with a male
infant did not have an increased risk of all-cause or cause-specific mortality compared to women
with a female infant. These findings were consistent across racial/ethnic groups.

Conclusions: Women who give birth to male infants, regardless of number, are not at increased
risk of all-cause and cause-specific mortality. These findings suggest that giving birth to male
infants may not independently influence the long-term health of women.

Keywords
infant sex; male infant; maternal mortality; race/ethnicity

BACKGROUND

Pregnancy involves immunological and physiological changes in the maternal system to
adapt to the demands of the developing fetus. Maternal adaptations to pregnancy may differ
by fetal sex due to the influence of genetic and hormonal factors on the maternal-fetal
system.! Male fetuses may also induce a heightened proinflammatory state in mothers,
above the naturally occurring immunological changes during pregnancy.3 Testosterone
levels have also been shown to be elevated at conception among women who give birth

to male infants.# The higher birthweights in male compared to female fetuses may provide
an added stress to the maternal system.5-8 However, mothers who carry a male fetus to
term, despite the consistently higher rates of pregnancy loss for male fetuses throughout
gestation,® suggests that these women may be better adapted for pregnancy and minimally
impacted by the biological effects of carrying a male infant. Despite these acute changes
during pregnancy, the impact of sex differences on long-term maternal mortality is not well
understood.

Fetal sex may play a role in long-term maternal health through acute exposures to
inflammation, stress, and hormonal factors during pregnancy. Elevated testosterone levels
during pregnancy may impact long-term survival by increasing the risk of type 2

diabetes and polycystic ovary syndromel? and subsequent development of cardiometabolic
conditions and female malignancies.11:12 Additionally, chronic systemic inflammation is
an established risk factor for the development of chronic conditions including coronary
heart disease and cardiovascular-related mortality.13:14 Given that no prior studies have
investigated the influence of infant sex at birth on long-term survival there is a need to
better understand how carrying male fetuses may influence long-term maternal health.
Moreover, the complexities of studying infant sex across multiple pregnancies has not been
previously explored. There is also a need to investigate whether this relationship differs

by race/ethnicity, a proxy for societal and contextual factors, due to the differential risk of
chronic diseases and subsequent mortality across racial/ethnic groups in the U.S.15:16 We
aimed to examine the association between male fetuses and long-term mortality in women
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and whether this association varies by race/ethnicity, in a diverse cohort of U.S. pregnant
women.

METHODS

Cohort Selection

Exposure

Outcomes

The current study included women enrolled in the Collaborative Perinatal Project (CPP)
and the CPP Mortality Linkage Study that have been described in detail elsewhere.17.18
The CPP is a geographically and racially diverse, historical cohort of pregnant women,
enrolled from 1959-1966 across 12 clinical sites in the U.S. (n=48,197). Information on
sociodemographic, medical, and obstetrical characteristics of women in the CPP were
collected at the first and all subsequent study pregnancies. Women were enrolled at their
first prenatal visit with a physician and returned for follow-up visits throughout pregnancy.
A fifth of women (n=8,772, 18.2%) had more than one registered pregnancy in the CPP.

The CPP Mortality Linkage Study linked records of women enrolled in the CPP to the
National Death Index (NDI) and the Social Security Master Death File (SSMDF) to
ascertain date of death of women until December 315, 2016. The NDI is a national

registry of deaths in the U.S. occurring from 1979. Records in the NDI are linked to
individuals using a probabilistic method and include the underlying cause of death based

on the World Health Organization International Classification of Diseases (ICD) 9" and
10t revisions.1920 Records in the CPP were linked to the NDI based on combinations of
demographic characteristics of women, including first and last name, social security number,
date of birth, and sex. 21 To minimize missing vital status in women who died prior to 1979,
CPP records were also linked to the SSMDF using exact matches on name or social security
number and date of birth.1® The CPP Mortality Linkage study found 80% overall agreement
between the NDI and the SSMDF.

Our exposure was infant sex at the time of delivery, defined as the cumulative number

of male or female infants, prior to or during enroliment in the CPP. For this analysis, we
compared women with a history of only liveborn male infants to women with a history of
only female born infants. In secondary analyses, exposure was defined as infant sex at the
last registered pregnancy in the CPP, with female infants as the reference. Women with a
multifetal gestation were classified as having a male infant if at least one of the infants was
male. This analysis explored the acute effect of exposure to a male infant accounting for the
number of prior liveborn males.

The primary outcome was all-cause mortality ascertained in either the NDI or SSMDF. In
women with deaths recorded in both, the date of death in the NDI was used as the SSMDF
does not have information on cause of death. Secondary outcomes were the underlying cause
of death including cardiovascular disease (CVD), cancer, diabetes, dementia, liver, renal,
respiratory, and suicide defined using ICD 9/10 codes listed in Online Table 1.
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Statistical Analyses

Sociodemographic, medical, and reproductive history prior to the index pregnancy were
included as covariates in our models based on their association with infant sex and mortality
as per our directed acyclic graph (DAG; Online Figure 1). Covariates included age at the
last registered delivery, race/ethnicity (White [reference], Black, Other [Asian, Puerto Rican,
Other]), marital status (married/common-law [reference], divorced/separated, single/widow),
family income (increments of $2,000 with $4,000 — 5,999 as the reference), number of years
of education, pre-pregnancy body mass index (BMI), smoking status (never [reference],
ever/former, current), pre-pregnancy hypertension (yes/no), pre-pregnancy diabetes (yes/
no), history of a diagnosis of infertility (yes/no), prior gynecological infections (yes/no;
including vaginitis, pelvic inflammatory disease), age at menarche (categorical; <12 years,
12-15 [reference], = 16), and year of last observed pregnancy in the CPP (1-year
increments; 1963 as the reference).

For all analyses, with the exception of models stratified by parity, we used a Cox
proportional hazards model weighted by the total number of prior livebirths. The models
were weighted to account for variations in the risk of mortality with increasing age and the
potential for selection bias resulting from over 70% of women reporting =2 prior livebirths.
The underlying time scale for our models was maternal age (1-year increments) with time
zero defined as the age at the last observed pregnancy. We used regression calibration to
account for the adjustment of proxy measures of inflammation as outlined in the DAG. We
were concerned with inflammation that occurs prior to pregnancy and influences infant sex
at birth through the primary sex ratio (as per the DAG). Based on our prior work, male
fetuses are more susceptible to an inflammatory environment and more likely to experience
a pregnancy loss.?! To account for the potential for misclassification due to the use of
proxy measures of inflammation and to account for differences due to the historical nature
of the CPP, we adjusted our covariate values for BMI, smoking, and diabetes using the
regression coefficients from the National Health and Nutrition Examination Survey cohort
in the paper by Sjaarda et al. that examined predictors of low-grade inflammation in women
of reproductive age (Online Table 2).22 Although these factors may not fully account for the
influence of inflammation, we attempted to minimize the potential for residual confounding
using regression calibration. Our models were stratified by race/ethnicity for all-cause,
CVD, and cancer mortality since these underlying causes account for the largest proportion
of deaths among women in the U.S.2% Relative and absolute estimates of risk are presented
as hazard ratios (HR) and risk differences (RD) and corresponding 95% confidence intervals
(CI). RD estimates were calculated as the cumulative risk of mortality at age 80 with
covariates set to their reference values (as outlined previously) and are reported as the
number of excess deaths per 100 women. Age 80 was used to estimate absolute measures of
risk of death since the average age of women at the last delivery was 24 and the follow-up
ranged from 47-57 years.

Missing Data

Missing data on exposure (n=3,124, 6.5%), covariates, and outcome (n=1,637, 3.4%; Figure
1) were imputed using multivariable imputation by the chained equations method in 10
imputed datasets. Information on infant sex was imputed for women with unknown infant
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sex (n=3,124 [6.5%] of births), including women with pregnancy losses, that occurred prior
to last registered delivery in the CPP, with unknown infant sex. Imputation models included
exposure, covariates, vital status, follow-up time, and variables that may inform missingness.
For 1,637 (3.4%) women with insufficient information to link to the NDI or SSMDF,

vital status was imputed using the discriminant function and cause of death was imputed
using predictive mean matching. For these models, vital status or follow-up time were not
included. We pooled estimates and corresponding 95% Cls across the imputed datasets using
Rubin’s rule.24

Sensitivity Analyses

In sensitivity analyses, we assessed the influence of infant sex at the first registered delivery
in the CPP since women with preexisting conditions may not go on to have a subsequent
pregnancy or may be more likely to experience a pregnancy loss. Additionally, our primary
models were stratified by parity to account for the differential risk of exposure to male
infants with higher order births. We also examined the effect of exposure to multiple

male fetuses in women with multifetal gestations. Given the small number of women with
multifetal gestations, this analysis was exploratory in nature.

Ethics Approval

RESULTS

The Linkage Study obtained institutional review board approval from the Eunice Kennedy
Shriver National Institute of Child Health and Human Development and the Emmes
Corporation where abstraction and linkage were performed.

In their last CPP pregnancy, 50.8% of women delivered a male infant. The average age of
women was 24.5 years and approximately half of the cohort self-identified as Black (Table
1). A small proportion of women reported having diabetes (5.7%) prior to enrollment in the
CPP. Three quarters of women had a history of a prior pregnancy and most women reported
a time to pregnancy of <6 months, with less than 1.0% of women having a prior diagnosis
for infertility. Half of women had no prior liveborn male infants and a quarter of women
reported having 2 or more prior male infants. No important differences were noted between
women with a male or female infant at their last registered delivery.

At a mean of 47.8 years (SD 10.5) after the last delivery, 39.0% of women died, which

did not differ by infant sex (male: 9,558 [39.1%] versus female: 9,250 [39.0%]). A linear
relationship was seen in the absolute risk of all-cause, CVD, and cancer mortality and
number of prior livebirths with the highest proportion of deaths among women with =2 prior
livebirths, which is likely due to the older age of women in this group (Table 2). Despite
this, no differences in mortality between women with female versus male infants were found
across any of the strata, suggesting that that the number of male-born infants does not
confer an excess risk of mortality in multipara women (Figures 2a—c; Primipara women: HR
1.02, 95% CI 0.95, 1.09, multipara women, 1 prior livebirth: HR 0.96, 95% CI 0.89, 1.03,
multipara women, =2 prior livebirths: HR 0.97, 95% CI 0.85, 1.11).
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When examining this relationship based on infant sex at the last registered pregnancy,

there was no suggestion of an increased risk of all-cause mortality associated with a male
infant on either the relative or absolute scales (HR 1.00, 95% CI 0.97, 1.03; RD 0.1 95%

Cl -2.4, 2.6; Table 3). The results were similar for CVD- and cancer-related mortality.
Given the potential link between male sex and inflammation, diabetes, and progression to
cardiometabolic diseases, we examined the association with other causes of death, primarily
infection, diabetes, and renal disease. In our cause-specific analyses, male sex was not
associated with mortality from other causes (Online Table 3).

When stratified by race/ethnicity, the absolute risk of death was higher among Black women
(41.4%) compared to White women (37.3%) or women of other races/ethnicities (35.3%).
A higher absolute risk for Black women was also seen for deaths due to CVVD (13.7%)
compared to White women (10.1%) and women of other race/ethnicities (11.3%). Giving
birth to a male infant was not associated with an increased risk of all-cause mortality in
White or Black women (Table 2). A similar trend was seen for deaths due to CVD and
cancer. For women who were Puerto Rican, Asian, or other race/ethnicity, there was a
suggestion that giving birth to a male compared to a female infant may be associated with an
increased risk of all-cause (HR 1.12, 95% CI 1.00, 1.25, RD: 4.7, 95% CI -3.1, 12.5), CVD
(HR 1.14, 95% C1 0.93, 1.41, RD 1.6, 95% CI -2.5, 5.8), and cancer mortality (HR 1.21,
95% CI 0.96, 1.50, RD 2.0, 95% CI -1.8, 5.8). However, due to the small number of events
and heterogeneous nature of this group, the wide Cls preclude any definitive conclusions.

In secondary analyses, no important differences within strata of race/ethnicity were found in
women at the last registered delivery (Online Table 4).

We further examined the cumulative effect of male infants in women with multifetal
gestations, with the underlying hypothesis that women exposed to two male infants would
be at increased risk of mortality compared to women exposed to two female infants. In

our adjusted models, we found that women with two male infants had a higher risk of

CVD (HR 1.33, 95% CI 0.69, 2.55) compared to women with two female infants (Table 4).
However, the small number of events and the wide Cls suggests this finding warrants further
investigation. Additionally, women with mixed sex multifetal gestation were found to have a
23.0% higher risk of all-cause mortality (HR 1.23, 95% CI 0.90, 1.68) and a 41% increased
risk of CVD mortality (HR 1.41, 95% CI 0.76, 2.61) compared to women delivering only
female infants (Table 4). However, these findings need to be replicated in studies with larger
number of women with multifetal gestations.

In our sensitivity analysis examining the association between infant sex and mortality at
the first registered pregnancy to assess the potential impact of depletion of susceptibles
due to women not having subsequent pregnancies, our findings were similar to our primary
analyses (Online Table 5).

COMMENTS

Principal Findings

In a large diverse cohort of pregnant women in the U.S., we found that the number of male
infants that a woman gives birth to was not associated with an increased risk of all-cause and
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cause-specific mortality. This association did not differ by infant sex at the last registered
pregnancy in the CPP and were consistent between Black and White women. These findings
suggest that giving birth to male infants alone may not independently influence the long-
term health of women.

Strengths of the Study

Our study has several strengths. First, the CPP is one of the largest geographically and
racially diverse cohorts of women in the U.S. with detailed reproductive and obstetrical
history. Second, the use of a historical cohort allowed for the long-term follow-up of women.
Third, the CPP included well-documented pregnancy characteristics that allowed for the
adjustment of important confounders.

Limitations of the Data

Our study has several potential limitations. First, we were not able to ascertain infant sex
for women with a spontaneous or induced abortion. Similar to previous studies examining
infant sex, ascertainment of infant sex for women who experience a pregnancy loss is an
inherent limitation since many losses occur prior to the time at which the sex of the infant
can be identified. To overcome this limitation, we imputed infant sex for these women with
the assumption that these data were missing at random. Second, we did not have the full
reproductive history of women since women were not followed beyond their last registered
pregnancy in the CPP. Therefore, information on pregnancies that occurred after the study
period would not be captured in our study. Third, other factors that may occur over several
decades and contribute to long-term mortality, including psychosocial factors (e.g., stress
and socioeconomic impact of raising children) were not available. However, these factors
would be considered intermediates of the relationship of interest and therefore would not
be adjusted for in the analyses Fourth, measured levels of pre-pregnancy inflammation were
also not available, and regression calibration may not have fully accounted for residual
confounding. Finally, the use of a historical cohort may not reflect changes in obstetrical
practice and preconception health characteristics over the last several decades. However, as
previously mentioned a historical cohort is needed to answer the study question.

Interpretation

Early demographic studies have shown conflicting results for the relationship between
maternal survival and the number of liveborn males. A study by Helle et al. using data
from Finland from 1640 —1870 found an inverse association between the number of liveborn
sons and number of surviving sons and long-term survival in mothers.2> A more recent
study using demographic records from women giving birth between 1966-1982 in rural
villages in Bangladesh, found an inverse relationship between the number of surviving sons
and maternal mortality but no association with the number of liveborn sons.26 However,
three studies found conflicting results. Two studies using preindustrial demographic data
from Germany (1720-1874), Canada (1608-1874), and Sweden (1658-1831) found no
association between the cumulative number of liveborn sons and maternal survival 2728

A subsequent study in Poland using postindustrial demographic data found that women
bearing children had lower survival rates compared to women with no children and that
survival rates did not differ by infant sex.29 Although these studies had a sufficiently long
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follow-up period, they are prone to confounding bias since they relied solely on birth and
death records. Additionally, since the majority of these studies used data prior to the 20t
century and/or included women who gave birth in rural villages their findings may not be
generalizable to contemporary populations of women of reproductive age in the U.S. The
current study may also be limited by the historical nature of the cohort. A study comparing
women enrolled in a contemporary cohort (Consortium on Safe Labor) to those in the CPP,
found that women in the CPP were younger and less likely to receive an epidural and to have
a cesarean delivery.30 They also had shorter first stages of labor, which the authors suggest
may be a result of changes in obstetrical practice over time. However, our study is the first to
examine the influence of infant sex on long-term mortality. which is only possible due to the
historical nature of the cohort with long-term follow-up and information on factors that may
influence this relationship.

The relationship between infant sex and maternal mortality may originate from the
interactions between the maternal-fetal system. Hormone levels, primarily testosterone
levels, are found to increase by over 70% during pregnancy3! and are affected by genetic
and lifestyle factors including age and BMI1.32 Additionally, women carrying male fetuses
are found to have higher levels of circulating testosterone levels compared to women
carrying female fetuses with a doubling of testosterone levels in the third trimester.33.34
However, testosterone levels are found to return to pre-pregnancy levels and to be similar
between women who delivered male and female fetuses at 6 weeks post-partum.3* Despite
the rise in testotestrone levels in women who carry male fetuses, our findings suggest that
this acute exposure to elevated levels of testosterone during pregnancy does not contribute to
disease progression and long-term mortality in women.

Many chronic conditions, such as diabetes, hypertension, CVD, and cancer are characterized
by inflammation and a heightened immune response that contribute to disease-specific
phenotypes.3® The potential heightened inflammatory state from male fetuses due to
differential gene expression and hormonal factors may exacerbate inflammation among
women with preexisting conditions (e.g., type 1 diabetes, lupus).38 An inflammatory state
that may result from exposure to male fetuses could also be exacerbated by preexisting

risk factors among mothers that can contribute to the progression of chronic conditions.
Despite the plausible mechanisms underlying the relationship between infant sex and disease
progression, our findings suggest that the acute exposure to males fetuses may not result in a
level of inflammation that contributes to long-term maternal health.

Our analyses in women with multifetal gestations was performed to explore the potential
biological effects of exposure to two male infants. We found that women carrying two

male infants or mixed sex infants may be at increased risk of CVVD mortality. Multifetal
gestations place an added stress to the maternal system, primarily the cardiovascular system,
due to increased cardiac outputs to support the development of multiple fetuses.3” Women
with multifetal gestations are also at increased risk of pregnancy complications, including
preeclampsia and gestational diabetes.38:39 Given the complex relationships that heighten
the stress and demands to the maternal system in with multifetal gestations, these findings
warrant further investigation in studies with larger samples of women with multifetal
pregnancies.
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CONCLUSIONS

Giving birth to one or more liveborn male infants is not associated with an increased risk of
all-cause and cause-specific mortality in a cohort of reproductive women in the U.S. The risk
did not differ by race/ethnicity. These findings suggest that infant sex may not independently
influence the long-term health of mothers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SYNOPOSIS
Study question:
Does infant sex at birth influence long-term mortality risk in mothers.
What’s already known:

. Prior studies have suggested potential sex differences in maternal adaptations
to pregnancy.
. No previous studies have examined the influence of infant sex at birth and
maternal long-term mortality.
What this study adds:

. In a diverse cohort of pregnant women in the U.S., we found that the number
of male infants that a woman gives birth to was not associated with an
increased risk of all-cause and cause-specific mortality

. No differences were found for all-cause and cause-specific mortality across
racial/ethnic groups.

. Infant sex at the time of delivery does not influence the long-term health of
women.
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[Women enrolled in the Collaborative Perinatal Cohort from 1959-1966 (n=48,197)]

| I [Women who died during pregnancy (n = 9)

[ Total exclusions (n = 9)

Women linked to the National Death Index (NDI) and the Social Security
Administration’s Master Death File (SSMDF) (N=48,188)

Figure 1. Women in the Collaborative Perinatal Project Mortality Linkage Study.
Flow diagram of women in the Collaborative Perinatal Project (CPP) and CPP Mortality

Linkage Study by infant sex at the last registered delivery in the CPP. The final sample size
frequencies represent infant sex at the last registered pregnancy in CPP.
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Figure 2. The relationship between the cumulative number of male infants at the last registered
delivery in the CPP and overall and cause-specific mortality stratified by the number of prior

livebirths.

Plots represent the relative and absolute effect estimates and confidence intervals (CI) for
all-cause and cardiovascular- and cancer-specific mortality within strata of women with no
prior livebirths (Primipara) , women with 1 prior livebirth , and women with 2 or more prior

livebirths.
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All-cause and cause-specific mortality by infant sex at birth by number of prior livebirths in women in the
Collaborative Perinatal Project Mortality Linkage Study.?

Only Female Infant(s)

Only Male Infant(s)

No. Deaths, (%6)

No. Deaths, (%)

Women with no prior livebirths (n=12,843)

N=6,283 N=6,560
All-cause 1,690 (26.9) 1,789 (27.3)
cVD 439 (7.0) 505 (7.7)
Cancer 612 (9.7) 621 (9.5)
Women with 1 prior livebirth (N=9,904)

N=4,870 N=5,034
All-cause 1,627 (33.4) 1,622 (32.2)
CcVD 443 (9.1) 453 (9.0)
Cancer 571 (11.7) 565 (11.2)
Women with = 2 prior livebirth (N=2,313)

N=1,053 N=1,260
All-cause 439 (41.7) 520 (41.3)
cVD 128 (12.2) 159 (12.6)
Cancer 140 (13.3) 142 (11.3)

Abbreviations: CVD: cardiovascular disease.

H\Nomen with a history of livebirths with female and male infants were not included in these analyses.
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