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Introduction
The ratio of male to female newborn infants has trended down-
ward subtly but significantly over decades in North America (1, 
2), Europe (3, 4), and Japan (5). More dramatic decreases in this 
ratio have been associated with parental exposure to environ-
mental hazards, such as smoking (6), dioxin (7), methylmercury 
(8), and earthquakes (9, 10), suggesting that parental exposure to 
toxic chemicals and stress is particularly hazardous to male con-
ception or survival. One potential pathway to altered sex ratios 
is maternal inflammation, which exhibits sex-dependent embry-
onic effects in bovines (11) and mice (12). In humans, a decidual 
proteotoxic stress response prevents implantation of nonviable 

embryos (13), and increased endometrial inflammation is asso-
ciated with recurrent pregnancy loss (13, 14). Given the influ-
ence of inflammation on implantation, low-dose aspirin (LDA), 
an antiinflammatory drug, may improve implantation through 
reduction of inflammation. Indeed, some small trials noted 
that LDA increased the clinical pregnancy rate among women 
undergoing in vitro fertilization, although results were mixed 
(15–19). Recently, the Effects of Aspirin in Gestation and Repro-
duction (EAGeR) trial reported that preconception LDA treat-
ment increased the probability of becoming pregnant, but did 
not prevent pregnancy loss, among women who were attempt-
ing pregnancy without fertility treatments and had a history of 
1 pregnancy loss in the previous 12 months (20). LDA may also 
alter the sex ratio of pregnancies among women with a history 
of pregnancy loss, given the sex-dependent embryonic effects of 
maternal inflammation.

BACKGROUND. Several lines of evidence suggest that male embryos may have greater vulnerability than female embryos to 
disordered inflammation; therefore, antiinflammatory drugs, such as low-dose aspirin (LDA), may alter the sex ratio. Here, 
we assessed the effect of LDA on male live birth and male offspring, incorporating pregnancy losses (n = 56) via genetic 
assessment, as part of a parallel-design, block-randomized, placebo-controlled trial of preconception LDA.

METHODS. Participants (615 treated with LDA, 613 treated with placebo) ranged in age from 18 to 40 years of age, with 1 to 2 
prior pregnancy losses. We estimated the intention-to-treat (ITT) risk ratio (RR) and 95% CI and assessed interaction with 
baseline high-sensitivity C-reactive protein (hsCRP) serum concentration — a marker of systemic inflammation.

RESULTS. Among the 1,078 women who completed follow-up (535 treated with LDA, 543 treated with placebo), the male live 
birth ITT RR equaled 1.31 (95% CI: 1.07–1.59). With increasing tertile of hsCRP, the proportion of males at birth decreased in 
the placebo group, and the effect of LDA on male live birth increased (first tertile: 48% male in LDA vs. 52% in placebo, ITT  
RR = 0.97, 95% CI: 0.70–1.35; second tertile: 57% male in LDA vs. 43% in placebo, ITT RR = 1.36, 95% CI: 0.98–1.90; third 
tertile: 53% male in LDA vs. 35% in placebo, ITT RR = 1.70, 95% CI: 1.13–2.57; P interaction = 0.03). Analysis of pregnancy with 
male offspring yielded similar results.

CONCLUSION. Initiation of LDA prior to conception restored numbers of male live births and pregnancy with male offspring 
among women with 1 to 2 prior pregnancy losses. Moreover, our data suggest that LDA modulates inflammation that would 
otherwise reduce the conception or survival of male embryos.
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Sex ratio at birth. Among the 1,078 women who completed the 
trial (535 in the LDA group, 543 in the placebo group), in the inten-
tion-to-treat (ITT) analysis, women assigned to LDA treatment 
were more likely to give birth to a live-born male than women 
assigned to the placebo (31% LDA vs. 23% placebo, risk ratio [RR] 
= 1.31, 95% CI: 1.07–1.59; risk difference [RD] per 100 women = 
7.18, 95% CI: 1.92–12.4; Table 1). This was also true when the pop-
ulation was restricted to women who became pregnant (live-born 
males among pregnancies, 44% LDA vs. 37% placebo, RR = 1.22, 
95% CI: 1.01–1.48) and to women who had a live birth (live-born 
male among participants with a live birth, 53% LDA vs. 44% pla-
cebo, RR = 1.24, 95% CI: 1.04–1.47). The probability of having a 
live-born female infant was similar in the LDA and placebo groups 
(among all participants who completed the trial, 24% LDA vs. 26% 
placebo, RR = 0.93, 95% CI: 0.76–1.12).

Sex ratio at implantation. In agreement with the analysis 
of male live births, LDA treatment increased the probability 
of pregnancy with male offspring among all participants (37% 
LDA vs. 28% placebo, RR = 1.30, 95% CI: 1.08–1.56; Table 2) and 

Among women with 1 to 2 prior losses, we evaluated the effect 
of daily preconception LDA treatment versus placebo on the sec-
ondary sex ratio, calculated as the proportion of males at birth, and 
on the sex ratio at implantation (males to females among human 
chorionic gonadotropin–detected [hCG-detected] pregnancies), 
by using genetic data that were collected systematically.

Results
The majority of the 1,228 women randomized to the LDA treatment 
group (615 women) and to the placebo group (613 women) had 
education beyond high school and an annual household income of 
≥$75,000 (ref. 20 and Supplemental Table 1; supplemental material 
available online with this article; doi:10.1172/JCI82357DS1). The 
LDA and placebo groups were on average very similar with respect 
to demographic characteristics and reproductive history, including 
race (mixed European descent 94% LDA vs. 96% placebo), employ-
ment status (employed, 73% LDA vs. 72% placebo), nulliparity 
(46% LDA vs. 47% placebo), and number of prior pregnancy losses 
(1 prior loss, 69% LDA vs. 66% placebo) (20).

Table 1. Effect of LDA on the probability of male live birth among 1,086 women and mother-offspring pairs who completed follow-up 
(EAGeR trial, US, 2007–2012A)

Among all participants (n = 1,086)A Among pregnanciesB (n = 783)A Among live births (n = 601)A

NC RR (95% CI) RD (95% CI)D RR (95% CI)E RD (95% CI)F RR (95% CI)G RD (95% CI)H

Overall
LDA 164 1.31 (1.07–1.59) 7.18 (1.92–12.4) 1.22 (1.01–1.48) 7.33 (0.57–14.1) 1.24 (1.04–1.47) 10.0 (1.93–18.2)
Placebo 128 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)

Stratified by tertile of preconception hsCRP at randomization
Tertile 1: 0.15–0.71 mg/l
LDA 49 0.97 (0.70–1.35) –0.90 (–10.4–8.54) 0.93 (0.68–1.28) –2.56 (–14.3–9.19) 0.89 (0.66–1.20) –5.61 (–20.0–8.76)
Placebo 50 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
Tertile 2: 0.72–2.08 mg/l
LDA 57 1.36 (0.98–1.90) 9.07 (–0.48–18.6) 1.24 (0.91–1.70) 8.67 (–3.41–20.8) 1.33 (1.00–1.77) 14.26 (0.51–28.0)
Placebo 45 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
Tertile 3: 2.09–62.7 mg/l
LDA 48 1.70 (1.13–2.57) 11.5 (2.87–20.2) 1.64 (1.08–2.46) 14.5 (2.99–25.9) 1.62 (1.09–2.40) 19.0 (4.34–33.4)
Placebo 29 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
P interactionI 0.03 0.05 0.04 0.04 0.04 0.05

Stratified by sex of previous live-born children
Nulliparous women
LDA 64 1.46 (1.04–2.04) 8.45 (1.07–15.8) 1.33 (0.96–1.83) 9.04 (–1.07–19.1) 1.28 (0.95–1.73) 10.8 (–1.95–23.6)
Placebo 46 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
Parous women, no son
LDA 43 1.19 (0.81–1.74) 5.43 (–6.62–17.5) 1.17 (0.81–1.68) 6.13 (–7.91–20.2) 1.13 (0.81–1.57) 6.11 (–10.25–22.5)
Placebo 31 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
Parous women, with son
LDA 56 1.21 (0.88–1.66) 4.90 (–3.84–15.4) 1.15 (0.86–1.55) 5.72 (–6.03–17.5) 1.22 (0.94–1.60) 10.3 (–3.14–23.8)
Placebo 51 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
AThe unit of analysis was the participant and, in the case of pregnancy, the mother-offspring pair. Thus, 8 twin gestations each contributed two 
observations to the analysis, with accounting for correlated data using the generalized estimating equations of log-binomial regression. BPregnancies that 
were detected by urine hCG test. CNumber of live-born males. DRD per 100 participants. ERR and 95% CI were calculated out of pregnancies, with stabilized 
inverse probability weighting to adjust for the selection of pregnant participants. FRD per 100 embryos and 95% CI were calculated out of embryos 
identified in pregnancies, with stabilized inverse probability weighting to adjust for the selection of pregnancies. GRR and 95% CI were calculated out of 
live-born infants, with stabilized inverse probability weighting to adjust for the selection of pregnancies and live births. HRD per 100 live-born infants and 
95% CI were calculated out of live-born infants, with stabilized inverse probability weighting to adjust for the selection of pregnancies and live births.  
IP values were calculated from the χ2 test of the regression coefficient for a cross-product term that modeled tertile of hsCRP and LDA assignment.
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tertile: RR = 1.70, 95% CI: 1.13–2.57; P interaction = 0.03; Table 1). 
The effect of LDA treatment on pregnancy incidence with male 
offspring was also stronger with increasing tertile of hsCRP (first 
tertile: RR = 1.00, 95% CI: 0.74–1.34; second tertile: RR = 1.46, 
95% CI: 1.07–2.00; third tertile: RR = 1.58, 95% CI: 1.07–2.33;  
P interaction = 0.06; Table 2). In the placebo group, the propor-
tion of males among live births by tertile of hsCRP was 52%, 43%, 
and 35% in the first, second, and third tertiles, respectively. In the 
LDA group, the respective values were 48%, 57%, and 52%. Thus, 
hsCRP was inversely associated with having a live-born male in 
the placebo group (third tertile vs. first tertile, RR = 0.56, 95% CI: 
0.38–0.84, P trend = 0.006) but not in the LDA group (RR = 0.99, 
95% CI: 0.70–1.39, P trend = 0.66), after adjusting for maternal 
age, smoking, income, race, and marital status. LDA was not asso-
ciated with female live births in any hsCRP tertile, and hsCRP was 
not associated with female live births (Table 4).

Stratified by parity and previous son, the ITT RR of a live-born 
male was 1.46 (95% CI: 1.04–2.04) among nulliparous women, 1.19 
(95% CI: 0.81–1.74) among parous women with no sons, and 1.21 
(95% CI: 0.88–1.66) among parous women with ≥1 son (Table 1).

among pregnancies (RR = 1.19, 95% CI: 1.01–1.41). In the simple 
quantitative bias analysis that evaluated bias from maternal cell 
contamination (MCC), the ITT RR for pregnancy with male off-
spring was 1.29 and the RD was 8.03 per 100 embryos, similar to 
the estimates from the primary analysis (RR = 1.30, RD = 8.52).  
In the sensitivity analysis that imputed outcome data for preg-
nancy losses with undetermined sex, the RRs for pregnancy 
with male offspring among pregnancies ranged from 1.13 to 1.18  
(P = 0.007–0.047) (Figure 1) in data sets with plausible values for 
percentage male offspring out of missing data in each treatment 
group (44%–56%). LDA treatment was not associated with male 
offspring among 56 pregnancy losses with sex determined (Table 3).  
This was also true after restricting to aneuploid and euploid preg-
nancy losses (Table 3).

Stratified analyses. In the analysis stratified by serum con-
centration of preconception high-sensitivity C-reactive protein 
(hsCRP) at randomization, there was no effect of LDA treatment 
on male live births in the first tertile of hsCRP. However, LDA’s 
effect increased with increasing tertile (first tertile: RR = 0.97, 95% 
CI: 0.70–1.35; second tertile: RR = 1.36, 95% CI: 0.98–1.90; third 

Table 2. Effect of LDA on the probability of a pregnancy with male offspring among 960 women and mother-offspring pairs, with 
either a pregnancy with offspring sex known or completion of follow-up without a pregnancy (EAGeR trial, US, 2007–2012A)

Among all women (n = 960)A Among pregnanciesB (n = 657)A

Nc RR (95% CI) RD (95% CI)D RR (95% CI)E RD (95% CI)F

Overall
LDA 175 1.30 (1.08–1.56) 8.52 (2.59–14.5) 1.19 (1.01–1.41) 8.18 (0.40–16.0)
Placebo 138 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)

Stratified by tertile of preconception hsCRP at randomization
hsCRP 0.15–0.71 mg/l
LDA 55 1.00 (0.74–1.34) –0.18 (–10.9–10.6) 0.95 (0.73–1.24) –2.61 (–16.0–10.8)
Placebo 56 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
hsCRP 0.72–2.05 mg/l
LDA 60 1.46 (1.07–2.00) 13.2 (2.52–23.8) 1.32 (1.00–1.75) 13.6 (0.19–27.0)
Placebo 47 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
hsCRP 2.06–62.7 mg/l
LDA 50 1.58 (1.07–2.33) 12.9 (2.09–21.6) 1.44 (0.98–2.12) 14.0 (0.0–28.0)
Placebo 31 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
P interactionG 0.06 0.09 0.07 0.10

Stratified by sex of previous live-born children
Nulliparous women
LDA 68 1.36 (1.00–1.85) 8.57 (0.16–17.0) 1.30 (0.96–1.77) 10.38 (–1.46–22.2)
Placebo 53 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
Parous women, no son
LDA 46 1.12 (0.79–1.59) 4.51 (–8.86–17.9) 1.11 (0.78–1.57) 4.59 (–11.0–20.2)
Placebo 34 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
Parous women with sons
LDA 61 1.34 (0.99–1.81) 10.2 (–0.23–20.7) 1.19 (0.90–1.57) 8.38 (–4.75–21.5)
Placebo 51 1.00 (reference) 0.00 (reference) 1.00 (reference) 0.00 (reference)
AThe unit of analysis was the participant and, in the case of pregnancy, the mother-offspring pair. Thus, 8 twin gestations each contributed two 
observations to the analysis, with accounting for correlated data using the generalized estimating equations extension of the log-binomial regression 
model. This analysis excluded 126 women with a pregnancy in which offspring sex was undetermined. BPregnancies that were detected by urine hCG 
test. CNumber of male embryos. DRD per 100 women. ERR and 95% CI were calculated out of embryos identified in pregnancies, with stabilized inverse 
probability weighting adjusted for the selection of pregnancies. FRD per 100 embryos in confirmed pregnancies, with stabilized inverse probability 
weighting adjusted for the selection of pregnancies. GP values were calculated from the χ2 test of the regression coefficient for a cross-product term that 
modeled tertile of hsCRP and LDA assignment.
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prior to conception restores the number of males to a conventional 
level, most likely by modulating inflammation. LDA was not asso-
ciated with the overall risk of pregnancy loss or with offspring sex 
among pregnancy losses, suggesting that its actions to enhance 
the conception or survival of viable male embryos were com-
plete soon after implantation. It is uncertain whether LDA had an 
effect before implantation, as spontaneous conceptions cannot be 
detected prior to this point.

In this population of women with 1 to 2 prior documented preg-
nancy losses, the low proportion of males at birth in the placebo 
group (44%) may be related to a disordered inflammatory milieu 
that is harmful for male conception or survival. This population is 
well-suited for studying this hypothesis, since the trial excluded 
women with diagnosed medical disorders, including polycystic 
ovarian syndrome, antiphospholipid syndrome, and others that 
reflect other causes of pregnancy loss (exclusion criteria were 
described previously, ref. 21). Because the proportion of males at 
birth was low only among women in the placebo group who had 
high levels of baseline inflammation, we suspect that inflammation 
may be hazardous to the conception or survival of male embryos. 
This is in agreement with in vivo animal studies (11, 12).

Emerging evidence suggests that maternal inflammation may 
have sexually dimorphic effects on preimplantation embryos. Pre-

Discussion
Among women with 1 to 2 prior pregnancy losses, women who 
were randomized to daily LDA treatment while attempting preg-
nancy were more likely to have a live-born male, translating to an 
increased sex ratio at birth. We observed an interaction between 
LDA treatment and preconception hsCRP measured at random-
ization, a putative marker of the maternal inflammatory milieu. 
Higher maternal inflammation was associated with a reduced sex 
ratio among women taking placebo but not LDA, suggesting that 
LDA restored the number of male offspring in women with higher 
levels of inflammation. These effects were similar after restricting 
to pregnancies, demonstrating an effect operating on the embryos 
at risk, and after restricting to live births, demonstrating an effect 
estimate that followed the convention of the sex ratio literature (1, 
2). Using genetic data from pregnancy losses, we found that there 
was a higher probability of having a pregnancy with male offspring —  
sex ratio at implantation — in the LDA group and that this asso-
ciation was not meaningfully biased by pregnancy losses with 
unknown offspring sex. The LDA and placebo groups were similar 
with respect to live-born females among all women randomized 
and males among the pregnancy losses.

Collectively, our results suggest that inflammation reduces 
conception or survival of male embryos and that LDA initiated 

Figure 1. LDA and pregnancy with male offspring among 775 women with 
a pregnancy detected by a urine hCG test. Colors depict the P values from 
the χ2 test of independence between LDA and male offspring, calculated in 
each of the 10,201 data sets containing imputed outcomes for 126 women 
who had a pregnancy with undetermined offspring sex. Each data set 
represents one possible scenario for the percentage male among missing 
data in the LDA and placebo groups, respectively. The central triangle 
comprises the data sets that met assumptions for plausible values of per-
centage male in the respective groups, i.e., 44%–56%, with the percentage 
male in LDA group greater than or equal to that of the placebo group. The 
analysis excluded 453 women who did not become pregnant. Each woman 
contributed one observation, with inverse probability weighting to adjust 
for selection of pregnant women.

Table 3. LDA in relation to male offspring among 56 pregnancy losses with sex determined by genetic analysis (EAGeR trial, US, 
2007–2012A)

All pregnancy lossesB Euploid lossesC Aneuploid lossesC

LDA Placebo LDA Placebo LDA Placebo
Original Boy 11 10 2 7 9 2

Girl 20 15 10 7 10 8
Total 31 25 12 14 19 10

P value 0.73 0.11 0.23
RevisedD Boy 14 12 3 8 11 3

Girl 17 13 5 4 12 9
Total 31 25 8 12 23 12

P value 1.0 0.36 0.28
AThe unit of analysis was the mother-offspring pair (n = 54). Pregnancy losses included two twin gestations: one male-male pair and one female-female 
pair. Genetic analysis was not performed on one phenotypic male, gestational age 15 weeks. This observation was included only in the analysis of all 
pregnancy losses. BTwo-sided P values were calculated from χ2 test of independence. CTwo-sided P values were calculated from Fisher’s exact test. 
DDistributions of offspring sex and aneuploid status were revised according to the results of an external validation study.
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metabolically due to greater demands for cell repair (25, 26). 
The male embryo in particular may have elicited this over-active 
response due to its potentially greater metabolic activity (22, 23), 
thereby presenting more opportunity for “rescue” through LDA’s 
antiinflammatory actions compared with female embryos. As the 
science of maternal-fetal recognition is evolving, there is uncer-
tainty around the precise biological mechanisms that may have 
produced our results.

The concept of a biological mechanism linked with both preg-
nancy loss and reduced sex ratio has some precedent in the liter-
ature. To our knowledge, there are two other broad categories of 
exposure that increase inflammation; these categories are associ-
ated both with increased risk of pregnancy loss and with reduced 
sex ratio at birth. While these mechanisms may not be acting in 
our study, their existence enhances the plausibility of an anal-
ogous mechanism that could have produced a reduced sex ratio 
among women with 1 to 2 prior pregnancy losses in the placebo 
group. First, maternal immunization against male-specific histo-
compatibility antigens (27) was hypothesized to explain a sex ratio 
of 0.76 among 213 births to Danish women following a diagnosis 
of unexplained secondary recurrent (≥3) pregnancy loss (27). This 
mechanism also increases inflammation. Second, parental expo-
sure to certain environmental toxins — including lead (28), meth-
ylmercury (29), and high exposure to pesticides (30) — has been 
linked to both pregnancy loss and reduced sex ratio (31), which 
is a plausible mechanism for lower sex ratio among women with 
prior pregnancy loss, perhaps by inducing inflammation. In sum, 
prior studies have implicated inflammatory mechanisms in their 
findings of reduced sex ratio and pregnancy loss, and, by analogy, 
the lower sex ratio among women in the overall placebo group 
observed here can be regarded as potentially valid.

This study has several limitations to consider. It is possible — 
as it is in any study — that the differences observed were the result 
of a type I error. The observed sex ratio among the placebo group 
overall was lower than expected in the general population, while 
among the LDA group it was as expected. Thus, replication of our 
findings among a similar population with 1 to 2 prior pregnancy 
losses is needed to confirm our findings. Additionally, selection 
bias may have produced a reduced sex ratio among women in the 
placebo group if women who withdrew early from the placebo 
group were more likely to have a male live birth. This is unlikely 
since early withdrawal was fairly low and balanced between the 
groups (13% in the LDA group, 11% in the placebo group). Spon-
taneous fertilization is unobservable, and so effects on implanta-
tion are indistinguishable from effects on fertilization. In addition, 
MCC was not ruled out in 15 of 17 euploid female results. However, 
a sensitivity analysis concluded that this produced negligible bias 
in the RD and RR of pregnancy with male offspring. Our results 
should be applicable to women similar to those in the study popu-
lation: 18 to 40 years of age, with 1 to 2 prior pregnancy losses and 
no major medical problems or history of infertility (21).

Our findings, that we believe to be novel, suggest that maternal 
inflammation may be hazardous to male conception or embryonic 
survival and that LDA may restore the proportion of male embryos 
to a normal level by modulating inflammation. These findings 
implicate fundamental inflammatory processes, which may affect 
the sex ratio of populations. However, the observed effect would 

implantation embryos exhibit sexually dimorphic physiology (22, 
23). In bovines, maternally derived colony-stimulating factor 2 
cytokine decreased length and interferon-tau secretion of female 
embryos but increased length and interferon-tau secretion of male 
embryos (11). Colony-stimulating factor 2 also caused sex-depen-
dent changes in the embryonic transcriptome and methylome (11), 
indicating that maternal inflammation may exert broader, sexu-
ally dimorphic effects. In mice, heat stress resulted in lower sur-
vival and higher hydrogen peroxide production among male pre-
implantation embryos relative to those of female preimplantation 
embryos (12). This was explained by the lower expression by male 
embryos of the X-linked gene, glucose 6-phosphate dehydroge-
nase, which contributes to controlling free radicals (12).

LDA may have aided the implantation of viable male embryos 
by modulating inflammation in the decidua among individuals 
with a tendency toward overactive inflammation (14). Decidual-
ized endometrial stromal cells respond to a poor-quality embryo 
with profound downregulation of the HSPA8 gene to induce a 
proteotoxic stress response (24). Embryonic metabolism may 
influence signaling, as poor-quality embryos are more active 

Table 4. Female live birth in relation to treatment assignment 
and hsCRP at randomization among 1,046 women and mother-
offspring pairs (EAGeR trial, US, 2007–2012A)

NB RR (95% CI)
LDA 142 0.93 (0.76–1.12)
Placebo 158 1.00 (reference)

Stratified by tertile of hsCRP at randomization
hsCRP tertile 1: 0.15–0.71 mg/l
LDA 52 1.12 (0.79–1.58)
Placebo 46 1.00 (reference)
hsCRP tertile 2: 0.72–2.08 mg/l
LDA 43 0.79 (0.56–1.10)
Placebo 59 1.00 (reference)
hsCRP tertile 3: 2.09–62.7 mg/l
LDA 47 0.91 (0.65–1.28)
Placebo 53 1.00 (reference)
hsCRP tertile 1: 0.15–0.71 mg/lC 98 1.00 (reference)
hsCRP tertile 2: 0.72–2.08 mg/lC 102 1.04 (0.82–1.32)
hsCRP tertile 3: 2.09–62.7 mg/lC 100 1.02 (0.80–1.29)

Stratified by treatment assignment
LDA
hsCRP tertile 1: 0.15–0.71 mg/lC 52 1.00 (reference)
hsCRP tertile 2: 0.72–2.08 mg/lC 43 0.86 (0.61–1.22)
hsCRP tertile 3: 2.09–62.7 mg/lC 47 0.92 (0.66–1.29)
Placebo
hsCRP tertile 1: 0.15–0.71 mg/lC 46 1.00 (reference)
hsCRP tertile 2: 0.72–2.08 mg/lC 59 1.22 (0.88–1.70)
hsCRP tertile 3: 2.09–62.7 mg/lC 53 1.13 (0.80–1.59)
AThis analysis included data from 1,039 participants who had hsCRP 
measured at randomization and completed follow-up. In the case of 
twin gestation, the embryo was the unit of analysis, with accounting for 
correlated data by using the generalized estimating equations extension of 
log-binomial regression. BNumber of live-born females. CModel adjusted for 
maternal age, smoking, income, race, and marital status.
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make little difference on an individual level, and LDA is not rec-
ommended for increasing the probability of having a son. We hope 
that our data will prompt further study of the relationships among 
inflammation, pregnancy loss, and sex ratio, ultimately leading to 
better reproductive outcomes.

Methods
The EAGeR trial was a block-randomized, double-blind, placebo-
controlled, parallel-design trial of daily preconception 81 mg aspirin 
to prevent pregnancy loss (ClinicalTrials.gov NCT00467363) (21). It 
was conducted at 4 clinical sites in the US from 2007 to 2012 (Salt 
Lake City, Utah; Scranton, Pennsylvania; Denver, Colorado; and 
Buffalo, New York).

Participants were 18–40 years old; had regular menstrual cycles, 
21 to 42 days in length; and were trying to conceive without fertility 
treatments. The original eligibility criteria specified 1 documented 
pregnancy loss that occurred at <20 weeks gestation in the previous 
12 months and ≤1 live birth. Expanded eligibility criteria were imple-
mented to increase enrollment, allowing women to enroll if they had 
1 to 2 documented pregnancy losses at any time in the past that may 
have occurred before or after 20 weeks gestation and ≤2 live births.

Women were randomized in a 1:1 ratio to receive 81 mg aspirin 
daily or identical placebo (Figure 2). An automatic computer-gener-
ated randomization algorithm developed by the Data Coordinating 
Center used a permuted block design, with blocks of 6 or 8 in random 
order, defined by study center and eligibility criteria. At the random-

ization visit, which coincided with menstrual cycle days 2 to 4, partic-
ipants provided a blood specimen, and preconception hsCRP serum 
concentration — a marker of systemic inflammation — was quantified 
using the Roche COBAS 6000 Chemistry Analyzer (Roche Diagnos-
tics; limit of detection = 0.15 mg/l).

For up to 6 menstrual cycles, while attempting pregnancy, partic-
ipants used study-provided fertility monitors (ClearBlue, Swiss Preci-
sion Diagnostics Gmbh) and urine hCG pregnancy tests (QuickVue, 
Quidel Corporation) at home and at end-cycle clinic visits. Those with 
a positive pregnancy test returned for an ultrasound at 6 to 7 weeks 
gestation to determine an ultrasound-confirmed pregnancy (clinical 
pregnancy). If there was no visible gestational sac, the participant was 
diagnosed with a peri-implantation loss and continued with prepreg-
nancy follow-up for the remainder of the 6 cycles. Participants who 
became pregnant continued with monthly study visits throughout 
pregnancy and study medication through gestational week 36. Study 
completion occurred as planned in 2012.

Adverse effects are detailed in the Supplemental Methods.
Ascertainment of biological sex. The sex of live-born infants was 

ascertained by medical chart abstraction. In the event of a loss of a 
clinical pregnancy, products of conception were collected when possi-
ble for genetic testing. At the 6- to 7-week ultrasound visit, participants 
were asked to contact study staff as soon as possible if a pregnancy 
loss was diagnosed in a clinical setting and to collect a specimen with 
study-issued equipment if a pregnancy loss occurred at home. When 
possible, an immediate attempt was made to assess fetal or placental 

Figure 2. EAGeR trial flow diagram. The total numbers of male and female offspring are shown in parentheses, reflecting 8 twin gestations.
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karyotype or chromosomal microarray. Specimens were refrigerated 
for up to 24 hours and then frozen at –80°C, with some additional fro-
zen specimens subjected to chromosomal microarray. Genetic testing 
was performed on 84 of 127 clinical pregnancy losses (including 2 twin 
gestations): 55 tests determined sex and 29 tests had no results due 
to testing failure (n = 5) or indeterminate result (n = 24). One 15-week 
phenotypic male had no genetic analysis.

Statistics. The ideal method to estimate an effect of LDA on 
embryonic survival that operates differentially by sex would assess 
the association with male offspring at various stages of the reproduc-
tive process. Our data analysis aimed to approximate this ideal, given 
the constraints on feasibility, by including the sex of pregnancy losses 
determined by genetic testing, when available, and by conducting a 
sensitivity analysis that imputed outcome data for pregnancy losses 
with no determination of offspring sex.

The primary analysis used an ITT approach, comparing male live 
births among participants with complete follow-up in treatment and 
placebo groups by calculating the RR, RD, and corresponding 95% CI. 
The purpose was to estimate the effect of LDA on carrying and giving 
birth to a live-born male among all women offered treatment. We also 
estimated the effect of LDA on female live births to clarify whether it 
was male or female survival that produced a change in the sex ratio. 
Because the ITT analysis included women who did not become preg-
nant, we conducted secondary analyses that were restricted to preg-
nancies detected by urine hCG testing and to live births. As restric-
tions to pregnancies and live births might break the randomization, we 
adjusted for the selection through the use of stabilized inverse proba-
bility weights (32) in a weighted log-binomial regression model with 
robust variance estimation. The unit of analysis was the woman and, 
in the case of pregnancy, the offspring. Thus, 8 twin gestations con-
tributed 2 observations each, and we estimated the RR and RD with 
robust standard errors by using PROC GENMOD in SAS version 9.4 
(SAS Institute). For all statistical tests, a P value of less than 0.05 was 
considered significant.

The analysis that evaluated the relation of LDA with having a preg-
nancy with male offspring (sex ratio at implantation) assessed the effect 
of LDA on a pregnancy with a male embryo that implanted and was 
detected by a urine hCG test, whether or not it survived to live birth. An 
ITT analysis as well as a secondary analysis that restricted to pregnan-
cies counted women as having the event of interest if they had either a 
live-born male or a pregnancy loss with male sex determined. The unit 
of analysis was the woman and, in the case of pregnancy, the offspring.

Sensitivity analyses. Female karyotypes of first-trimester losses 
may be inaccurate due to MCC (33), and 15 of 17 euploid female karyo-
type results did not exclude possible MCC. A simple quantitative bias 
analysis (34) that was informed by an external validation study (33) 
evaluated bias from outcome misclassification to the estimated effect 
of LDA on pregnancy with male offspring.

Furthermore, the analysis of pregnancy with male offspring 
excluded 126 offspring with undetermined sex (55 peri-implantation 
losses and 71 clinical pregnancy losses). To assess potential bias from 
missing data, we first imputed the offspring sex of these pregnancy 
losses under every possible scenario of the percentage male of missing 
data (0%–100%) in each treatment group. Then, for each scenario, we 
calculated the P value from the χ2 test of the association of LDA and 
male offspring if the sex was determined in all pregnancies (Figure 
1). We restricted our discussion to results from data sets that met our 

assumptions for plausible values of percentage male in the treatment 
and placebo groups (44%–56%, the central triangular area of Fig-
ure 1): (a) the percentage male out of missing data in each treatment 
group could vary from the observed value among pregnancies in the 
placebo group to the observed value among pregnancies in the treat-
ment group; and (b) the percentage male of missing data in the treat-
ment group was greater than or equal to that of the placebo group. The 
median gestational age of these pregnancy losses was 8 weeks (inter-
quartile range: 7–10 weeks, range: 2–20 weeks). Our range of plausible 
values for percentage male is compatible with the finding that a major-
ity of pregnancy losses are female during the period from implantation 
through the first half of the second trimester (35). The observed values 
for percentage of male and female pregnancy losses were corrected 
for outcome misclassification due to MCC (33).

Stratified analyses. To further test whether LDA may affect sex 
ratio by modulating inflammation, we stratified analyses by pre-
conception hsCRP serum concentration. Participants with hsCRP 
concentration measured (n = 1,039) were categorized according to 
tertiles of preconception serum hsCRP (first tertile: 0.15–0.71 mg/l; 
second tertile: 0.72–2.08 mg/l; third tertile: 2.09–62.7 mg/l). The 
presence of statistical interaction was tested with the Wald χ2 test of 
the coefficient of one cross-product variable that modeled treatment 
assignment and hsCRP tertile median. Furthermore, we estimated 
the RR and 95% CI of male live birth in the highest-versus-lowest 
tertile of preconception hsCRP among women assigned to placebo 
and among women assigned to LDA and calculated the P value for 
linear trend in each group by using the Wald χ2 test of the coefficient 
of a linear variable for hsCRP tertile median. Finally, we stratified the 
analysis of LDA and male live birth by previous live-born children 
(nulliparous, parous with no sons, parous with ≥1 son) in order to 
assess whether LDA may affect the sex ratio by modulating an aber-
rant maternal immune response to H-Y antigens (27).

The study size for this clinical trial was based on the enrollment 
goal of 1,600 participants in order to detect a 10% absolute differ-
ence in the EAGeR trial’s primary endpoint, live birth rate, with 80% 
power and a 5% type I error rate. The sample-size calculation assumed 
a live birth rate of 40% over 6 cycles in the placebo arm and loss to 
follow-up of 20%. However, actual performance was better than the 
assumptions, with live birth rate of 53% in the placebo arm and loss to 
follow-up of 12%.

Study approval. The study protocol was approved by the Inter-
mountain Healthcare Institutional Review Board (Salt Lake City, 
Utah, USA), The Wright Center for Graduate Medical Education Insti-
tutional Review Board (Scranton, Pennsylvania, USA), the University 
at Buffalo Health Sciences Institutional Review Board (Buffalo, New 
York, USA), and the Colorado Multiple Institutional Review Board 
(Aurora, Colorado, USA). Participants provided written informed con-
sent prior to study enrollment.

Acknowledgments
This research was supported by the Intramural Research Pro-
gram of the Eunice Kennedy Shriver National Institute of Child 
Health and Human Development, NIH, Bethesda, Maryland 
(contract nos. HHSN267200603423, HHSN267200603424, and 
HHSN267200603426). The study funder had no role in study 
design, data collection, data analysis, data interpretation, or writing 
of the report. The content of this article is solely the responsibility of 



The Journal of Clinical Investigation   C l i n i C a l  M e d i C i n e

3 6 2 6 jci.org   Volume 125   Number 9   September 2015

Address correspondence to: Enrique F. Schisterman, Epidemiology 
Branch, Division of Intramural Population Health Research, Eunice 
Kennedy Shriver National Institute of Child Health and Human 
Development, 6100 Executive Boulevard, Rockville, Maryland 
20854 USA. Phone: 301.435.6893; E-mail: schistee@mail.nih.gov.

the authors and does not necessarily represent the official views of 
the Eunice Kennedy Shriver National Institute of Child Health and 
Human Development or the NIH. The authors thank Emily Mitch-
ell for advice on data analysis and Allen Wilcox and anonymous 
reviewers for valuable comments on the paper.

 1. Allan BB, Brant R, Seidel JE, Jarrell JF. Declining 
sex ratios in Canada. CMAJ. 1997;156(1):37–41.

 2. Mathews TJ, Hamilton BE. Trend analysis of the 
sex ratio at birth in the United States. Natl Vital 
Stat Rep. 2005;53(20):1–17.

 3. Davis DL1, Gottlieb MB, Stampnitzky JR. 
Reduced ratio of male to female births in several 
industrial countries: a sentinel health indicator? 
JAMA. 1998;279(13):1018–1023.

 4. Møller H. Change in male:female ratio 
among newborn infants in Denmark. Lancet. 
1996;348(9030):828–829.

 5. Parazzini F, La Vecchia C, Levi F, Franceschi S. 
Trends in male:female ratio among newborn 
infants in 29 countries from five continents. Hum 
Reprod. 1998;13(5):1394–1396.

 6. Fukuda M, Fukuda K, Shimizu T, Andersen CY, 
Byskov AG. Parental periconceptional smoking 
and male: female ratio of newborn infants.  
Lancet. 2002;359(9315):1407–1408.

 7. Mocarelli P, et al. Paternal concentrations 
of dioxin and sex ratio of offspring. Lancet. 
2000;355(9218):1858–1863.

 8. Sakamoto M, Nakano A, Akagi H. Declining 
Minamata male birth ratio associated with 
increased male fetal death due to heavy 
methylmercury pollution. Environ Res. 
2001;87(2):92–98.

 9. Fukuda M, Fukuda K, Shimizu T, Møller H. 
Decline in sex ratio at birth after Kobe earth-
quake. Hum Reprod. 1998;13(8):2321–2322.

 10. Saadat M. Decline in sex ratio at birth after Bam 
(Kerman Province, Southern Iran) earthquake.  
J Biosoc Sci. 2008;40(6):935–937.

 11. Dobbs KB, et al. Sexual dimorphism in develop-
mental programming of the bovine preimplan-
tation embryo caused by colony-stimulating 
factor 2. Biol Reprod. 2014;91(3):80.

 12. Pérez-Crespo M, et al. Differential sensitivity of 
male and female mouse embryos to oxidative 
induced heat-stress is mediated by glucose-6-
phosphate dehydrogenase gene expression. Mol 
Reprod Dev. 2005;72(4):502–510.

 13. Macklon NS, Brosens JJ. The human 
endometrium as a sensor of embryo quality. Biol 
Reprod. 2014;91(4):98.

 14. Quenby S, et al. Pre-implantation endometrial 
leukocytes in women with recurrent miscarriage. 
Hum Reprod. 1999;14(9):2386–2391.

 15. Dirckx K, et al. Does low-dose aspirin improve 
pregnancy rate in IVF/ICSI? A randomized dou-
ble-blind placebo controlled trial. Hum Reprod. 
2009;24(4):856–860.

 16. Duvan CI, Ozmen B, Satiroglu H, Atabekoglu CS, 
Berker B. Does addition of low-dose aspirin and/
or steroid as a standard treatment in nonselected 
intracytoplasmic sperm injection cycles improve 
in vitro fertilization success? A randomized, 
prospective, placebo-controlled study. J Assist 
Reprod Genet. 2006;23(1):15–21.

 17. Päkkilä M, et al. Low-dose aspirin does not 
improve ovarian responsiveness or pregnancy 
rate in IVF and ICSI patients: a randomized, pla-
cebo-controlled double-blind study. Hum Reprod. 
2005;20(8):2211–2214.

 18. Rubinstein M, Marazzi A, Polak de Fried E. Low-
dose aspirin treatment improves ovarian respon-
siveness, uterine and ovarian blood flow velocity, 
implantation, and pregnancy rates in patients 
undergoing in vitro fertilization: a prospective, 
randomized, double-blind placebo-controlled 
assay. Fertil Steril. 1999;71(5):825–829.

 19. Urman B, Mercan R, Alatas C, Balaban B, 
Isiklar A, Nuhoglu A. Low-dose aspirin does not 
increase implantation rates in patients under-
going intracytoplasmic sperm injection: a pro-
spective randomized study. J Assist Reprod Genet. 
2000;17(10):586–590.

 20. Schisterman EF, et al. Preconception low-
dose aspirin and pregnancy outcomes: results 
from the EAGeR randomised trial. Lancet. 
2014;384(9937):29–36.

 21. Schisterman EF, et al. A randomised trial to 
evaluate the effects of low-dose aspirin in ges-
tation and reproduction: design and baseline 
characteristics. Paediatr Perinat Epidemiol. 
2013;27(6):598–609.

 22. Bermejo-Alvarez P, Rizos D, Rath D, Lonergan P, 
Gutierrez-Adan A. Sex determines the expression 
level of one third of the actively expressed genes 
in bovine blastocysts. Proc Natl Acad Sci U S A. 
2010;107(8):3394–3399.

 23. Gardner DK, Larman MG, Thouas GA. Sex- 
related physiology of the preimplantation 
embryo. Mol Hum Reprod. 2010;16(8):539–547.

 24. Brosens JJ, et al. Uterine selection of human 
embryos at implantation. Sci Rep. 2014;4:3894.

 25. Brison DR, et al. Identification of viable embryos in 
IVF by non-invasive measurement of amino acid 
turnover. Hum Reprod. 2004;19(10):2319–2324.

 26. Sturmey RG, Hawkhead JA, Barker EA, Leese 
HJ. DNA damage and metabolic activity in 
the preimplantation embryo. Hum Reprod. 
2009;24(1):81–91.

 27. Nielsen HS. Secondary recurrent miscarriage 
and H-Y immunity. Hum Reprod Update. 
2011;17(4):558–574.

 28. Hertz-Picciotto I. The evidence that lead 
increases the risk for spontaneous abortion. Am J 
Ind Med. 2000;38(3):300–309.

 29. Aschengrau A, Zierler S, Cohen A. Quality of 
community drinking water and the occurrence 
of spontaneous abortion. Arch Environ Occup 
Health. 1989;44(5):283–290.

 30. Garry VF, Harkins M, Lyubimov A, Erickson L, 
Long L. Reproductive outcomes in the women of 
the Red River Valley of the north. I. The spouses 
of pesticide applicators: pregnancy loss, age at 
menarche, and exposures to pesticides. J Toxicol 
Environ Health A. 2002;65(11):769–786.

 31. Terrell ML, Hartnett KP, Marcus M. Can envi-
ronmental or occupational hazards alter the sex 
ratio at birth? A systematic review. Emerg Health 
Threats J. 2011;4:7109.

 32. Cole SR, Hernán MA. Constructing inverse prob-
ability weights for marginal structural models. 
Am J Epidemiol. 2008;168(6):656–664.

 33. Lathi RB, et al. Reliability of 46,XX results on 
miscarriage specimens: a review of 1,222 first- 
trimester miscarriage specimens. Fertil Steril. 
2014;101(1):178–182.

 34. Lash TL, Fox MP, Fink AK. Misclassification. In: 
Applying Quantitative Bias Analysis To Epidemi-
ologic Data. New York, New York, USA: Spring 
Science+Business Media; 2009:79–108.

 35. Orzack SH, et al. The human sex ratio from 
conception to birth. Proc Natl Acad Sci U S A. 
2015;112(16):E2102–E2111.


