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BACKGROUND: Certain symptoms associated with infertility are associated with cardiovascular disease, including menstrual
cycle irregularity, early menopause, and obesity; however, few studies have investigated the association between infertility
and cardiovascular disease risk.

METHODS AND RESULTS: Participants in the NHSII (Nurses’ Health Study Il) who reported infertility (12 months of trying to con-
ceive without success, including women who subsequently conceived) or who were gravid, with no infertility were followed
from 1989 until 2017 for development of incident, physician-diagnosed coronary heart disease (CHD) (myocardial infarction,
coronary artery bypass grafting, angioplasty, stent) and stroke. Time-varying Cox proportional hazard models were used to
calculate hazard ratios (HRs) and 95% Cls and were adjusted a priori for potential confounding variables. Among 103729
participants, 27.6% reported having ever experienced infertility. Compared with gravid women who had not reported infertility,
women with a history of infertility had greater risk of CHD (HR, 1.13 [95% ClI, 1.01-1.26]) but not stroke (HR, 0.91 [95% ClI, 0.77-
1.07]). The association between history of infertility and CHD was strongest among women who reported infertility at an earlier
age (HR for infertility first reported at <25years, 1.26 [95% Cl, 1.09-1.46]; HR at 26-30years, 1.08 [95% CI, 0.93-1.25]; HR at
>30vyears, 0.91 [95% ClI, 0.70-1.19]). When we investigated specific infertility diagnoses, elevated risk of CHD was observed
among women whose infertility was attributed to an ovulatory disorder (HR, 1.28 [95% CI, 1.05-1.55]) or endometriosis (HR,
1.42 [95% ClI, 1.09-1.85)).

CONCLUSIONS: Women with infertility may be at an increased risk of CHD. Risk differed by age at first infertility diagnosis and
was restricted to ovulatory- and endometriosis-related infertility.
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ferently among men and women, including later

age of onset for women, higher risk of stroke for
women, and a significant influence of women’s repro-
ductive factors and obstetric history."? Although prior
research among women has suggested an association
between female-specific risk factors (eg, adverse preg-
nancy outcomes, age at menopause, miscarriage) and
cardiovascular disease (CVD) risk,®* few studies have
investigated the association between overall infertil-
ity (trying to conceive for >12months without success,

Cardiovasoular disease is known to present dif-

including women who conceive thereafter) in relation to
CVD risk.'®" Symptoms associated with certain infertility
diagnoses are known to be associated with CVD, includ-
ing menstrual cycle irregularity,'? early menopause,'® and
obesity."* Moreover, several studies suggest that infertile
women may have a worse CVD risk factor profile, includ-
ing having a higher body mass index (BMI), larger waist
circumference, and elevated triglycerides, than women
without infertility.'>®

Although there has been limited research on the
relation between infertility and CVD, the research that
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CLINICAL PERSPECTIVE
What Is New?

We observed that women with infertility may be
at an increased risk of experiencing coronary
heart disease later in life, and this risk varied by
age at first infertility diagnosis and appears to
be restricted to infertility related to ovulation dis-
orders and endometriosis.

What Are the Clinical Implications?

e OQur findings support the growing body of lit-
erature on the importance of paying attention
to female-specific risk factors when studying
coronary heart disease.

e |f our findings are robustly replicated, then infor-
mation on reproductive and gynecologic history
should be discussed with medical providers to
better counsel patients on future coronary heart
disease risk.

Nonstandard Abbreviations and Acronyms

NHSII  Nurses’ Health Study I
PCOS polycystic ovary syndrome
SWAN Study of Women’s Health Across the

Nation

does exist suggests that severity of infertility and cer-
tain infertility diagnoses, such as polycystic ovary syn-
drome (PCOS), confer the greatest risk. The largest
study to date, using Swedish registry data, observed
that parous women who experienced >5years of in-
fertility had a 19% greater risk of CVD compared with
women who did not experience infertility."” This is sup-
ported by recent findings from the Norwegian Mother,
Father and Child Cohort Study, which observed that
gravid women who experienced >12months of trying
to conceive had a 14% greater risk of CVD.'® Cross-
sectional data from the National Health and Nutrition
Examination Survey found that women with a history
of infertility had =1.8 times higher odds of experiencing
metabolic syndrome and of having a cardiovascular
event.'® However, the existing research on this topic
has been restricted to analyses that are among parous
women, cross sectional, or with limited follow-up time
for the development of CVD events (<12 years on aver-
age). Additionally, certain infertility diagnoses, such as
PCOS, endometriosis, and unexplained infertility, have
been observed to be associated with CVD risk and
adverse cardiometabolic profiles (eg, hypertension,
high cholesterol, type 2 diabetes),?°?® which has not
been thoroughly investigated in the current literature.

J Am Heart Assoc. 2023;12:e027755. DOI: 10.1161/JAHA.122.027755
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The objective of the current study was therefore to in-
vestigate the association of infertility (overall, cause-
specific infertility diagnoses) with CVD using data
from the NHSII (Nurses’ Health Study lI), a prospective
cohort study of >116 000 female nurses followed for
nearly 30years. We hypothesized that women with a
history of infertility will have a greater risk of CVD com-
pared with gravid women without infertility and that
this elevated risk will be highest among women whose
infertility is attributed to tubal factor, endometriosis, or
ovulatory disorders as opposed to women with infer-
tility attributed to cervical disorders, male factor, and
cause unknown.

METHODS

Enrollment for the NHSII began in 1989; 116429 reg-
istered nurses, who were between the ages of 25 to
42 years, were enrolled if they returned a mailed ques-
tionnaire. Every 2years, follow-up questionnaires were
sent to participants to collect detailed information on
a variety of health conditions as well as risk factors.
Questionnaire completion implied consent. The study
was approved by the Institutional Review Board of
Brigham and Women’s Hospital and Michigan State
University. Because of the sensitive nature of the data
collected for this study, requests to access the data
set from qualified researchers trained in human subject
confidentiality protocols may be sent to the Channing
Division of Network Medicine at nhsaccess@channing.
harvard.edu.

Infertility Definition

Participants self-reported whether they had “tried to
become pregnant for >1 year without success” on every
questionnaire between 1989 and 2001 and then every
other questionnaire until 2009 (when women were be-
tween the ages of 45 and 62). Participants were de-
fined as having a history of infertility if they indicated
they had tried to conceive for >1year without success
at any point in time, including women who concurrently
or subsequently reported becoming pregnant. Infertility
diagnoses were updated until age 45.2° Women were
also asked about the cause of their infertility and could
choose from the following: tubal blockage, ovulatory
disorder, endometriosis, cervical mucus factors, male
factor infertility, not investigated, not found, and other.
Women could report multiple causes for infertility. In
sensitivity analyses, ovulatory infertility was further
classified by symptoms associated with PCOS, based
on the self-reported presentation of menstrual cycle
irregularity and excess androgens®®8! Specifically, par-
ticipants who reported ovulatory infertility were further
stratified by menstrual cycle length (<32, >32days),
regularity (very regular or regular versus irregular or no
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period), and hirsutism (yes/no). Self-reported recall of
ovulatory infertility has been previously validated using
a supplemental questionnaire (93% concurrence) and
medical records (95% concurrence) and was found to
have high validity,® as was self-reported endometrio-
sis (97% concordance with medical records).33

Outcomes

In each follow-up questionnaire, participants were
asked to report new diagnoses of myocardial infarc-
tion (MI), stroke (cerebrovascular accident or transient
ischemic attack), and coronary artery bypass grafting/
angioplasty/stent. We included cases from enrollment
in 1989 until the 2017 questionnaire cycle (which ended
in May 2017). Following a self-reported MI or stroke,
participants or next of kin were asked for permission
to obtain and review medical records or death certifi-
cates, which were then reviewed by study clinicians
blinded to the questionnaire information. Confirmed
Mis met the criteria of the World Health Organization:
symptoms and either diagnostic electrocardiographic
changes or raised cardiac enzymes®* (International
Classification of Diseases, Eighth Revision [ICD-8]
codes 410 and 412). Stroke was classified as ischemic
or hemorrhagic by the National Survey of Stroke cri-
teria (atypical neurological deficit of rapid or sudden
onset lasting >24 hours or until death attributable to a
vascular cause®®) (ICD-8 codes 430-437). For reports
of stroke for which medical records were not available/
permitted, strokes were corroborated by nurse partici-
pant information. Information on physician-diagnosed
coronary artery bypass grafting, angioplasty, and stent
was based on self-report.

Statistical Analysis

Time-varying Cox proportional hazard models were
jointly stratified by age (months) and calendar time
(months) and used to calculate the hazard ratio (HR)
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of CVD. The proportional hazard assumptions were
tested and met. Person-months at risk were calcu-
lated from age at return date of the questionnaire in
which the participant reported either first report of in-
fertility or first pregnancy until incident CVD incidence;
death; or June 30, 2017. Participants who never re-
ported a pregnancy attempt lasting >12 months or who
never reported a pregnancy were excluded (n=10455)
(Figure). Participants who reported having experienced
MI or stroke before enroliment into the NHSII in 1989
were excluded at baseline (n=875), as were partici-
pants who never returned subsequent questionnaires
(n=1370). Our primary analysis compared women with
a history of any type of infertility (exposed) with gravid
women with no history of infertility (unexposed). In sec-
ondary analyses, we investigated differences by dif-
ferent self-reported causes of infertility. Multivariable
model 1 adjusted for potential confounding factors,
including age at menarche (<12, 12, 13, >14years),
White race (yes, no), marital status (ever/currently
married, never), BMI at age 18years (<19, 20.5-21.9,
22-24.9, 25-29.9, >30kg/m?), time-varying daily aspi-
rin use (yes, no), time-varying oral contraceptive use
(never, past, current), time-varying gravidity (<1, 2, 3,
>4), and time-varying breastfeeding duration (<3, 3—
12, or >12 months). Model 2 additionally adjusted for
cardiovascular risk factors, including time-varying co-
variates (updated every 2—4years) of BMI (<24.9, 25—
29.9, 30-34.9, or >35kg/m?), smoking status (never,
former, current 1-34 cigarettes/d, or current >35
cigarettes/d), physical activity (0, 0.1-1.0, 1.1-2.4, 2.5—
5.9, or >6h/wk), and Alternative Healthy Eating Index
2010 diet quality score (quintiles). For covariates with
missing data, a missing indicator variable was created.
Cumulative missingness ranged from <1% for BMI at
age 18 to 10% for diet.

We additionally investigated the impact of timing of
infertility experience on CVD risk by classifying infertil-
ity history on the basis of age at reporting first infertility

Female registered nurses 25-42
years of age were enrolled in 1989
N =116,429

Participants who never reported a pregnancy or pregnancy
attempt at baseline or during follow-up
n=10,455

Eligible participants who reported
infertility or successful pregnancy at
baseline or during follow-up

n=105,974

875 experienced myocardial infarction, stroke, or coronary
artery bypass grafting/angioplasty/stent before enrollment
1,370 never returned follow-up questionnaires

Participants included in final data
analysis n=103,729

Figure. Flowchart of study population.
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(<25, 26-30, >30years), as well as investigating the as-
sociation with specific infertility diagnoses. We exam-
ined effect modification by smoking status (never, ever/
current), time-varying BMI (<25, >25kg/m?), nulliparity
(yes, no), history of hypertensive disorders of preg-
nancy (yes, no), and BMI at age 18years (<25, >25kg/
m?) by testing for interaction using likelihood ratio tests.

In sensitivity analyses, we stratified by whether in-
fertility was primary (occurring before gravidity) or sec-
ondary (occurring after proven gravidity). Additionally,
in sensitivity analyses, we restricted our infertility defi-
nition to women experiencing infertility before age
37% and excluded women reporting infertility only
attributable to male partners. Finally, we conducted
mediation analyses to quantify the proportion of the
association between infertility and coronary heart
disease (CHD) mediated by specific covariates® that
may be on the causal pathway between infertility and
CHD, including type 2 diabetes, hypertension, and
hypercholesterolemia.38:39

RESULTS

In our study sample, 28611 women reported having
ever experienced infertility (27.6%) (Table 1), and there
were 782 incident Mls, 984 incident revascularization
events, and 762 incident stroke events (210 ischemic).
Compared with gravid women without a history of infer-
tility, women with a history of infertility were less likely to
be gravid or parous at cohort baseline in 1989, but were
more likely to have experienced gestational diabetes
or hypertensive disorders of pregnancy, to be obese,
to have a parent with a history of myocardial infarction
or stroke, and to be never smokers. Among those who
had their infertility investigated, the cause of infertility
was attributed to ovulatory disorders (39.1%), spouse/
male factor infertility (25.7%), other cause (21.8%), endo-
metriosis (21.5%), or cause not found (30.5%).

We observed that women with a history of infertility
were at greater risk of CHD in age-adjusted models
(HR, 116 [95% CI, 1.05-1.29]) and multivariable ad-
justed models (risk ratio [RR], 1.13 [95% ClI, 1.01-1.26])
(Table 2). This association was predominantly driven by
an association with the end point of coronary revascu-
larization (HR, 1.18 [95% ClI, 1.03-1.35]), with an atten-
uated, not statistically significant association between
infertility and risk of Ml (HR, 1.08 [95% ClI, 0.93-1.27]).
We observed no association between history of infer-
tility and risk of stroke (HR, 0.91 [95% Cl, 0.77-1.07]).

The association between infertility and risk of CHD
was strongest among women who reported expe-
riencing infertility at younger ages (Table 3). Women
who were <25years old when they first experienced
infertility had a 26% greater risk of CHD compared with
gravid women who never experienced infertility (RR,

J Am Heart Assoc. 2023;12:e027755. DOI: 10.1161/JAHA.122.027755
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Table 1. Age-Standardized Baseline (1989) Characteristics
Among 103729 Women in the Nurses’ Health Study Il, by
Infertility History Across Follow-Up*

Ever reported infertility
Characteristics in 1989 No Yes
No. 75118 28611
Age, yT 34.8(4.7) 34.9 (4.6)
Race, White, % 92.2 91.2
Ever married, % 92.6 90.2
Body mass index at age 18y, 211 (3) 21.3 (3.6)
kg/m?
Body mass index, kg/m?, %
<18.5 1.3 1.8
18.5-24.9 39.5 36.6
25-29.9 30.9 29.6
=30 28.3 32.0
Past/current oral contraceptive 88.7 891
use, %
Total physical activity, mean 3.3(4.9 3.4 (6.1)
(SD), h/wk
Regular aspirin user in 1989,* % 10.9 10.7
History of cigarette smoking, %
Never 66.3 65.3
Past 21.0 19.6
Current 1-34 cigarettes/d 1.6 13.8
Current >35 cigarettes/d 1.0 1.2
Parental history of myocardial 14.5 16.0
infarction or stroke, %
Gravidity, mean (SD) 2.4 (1.4) 1.8 (1.6)
Parous, % 85.0 61.8
Gestational diabetes S % 3.6 5.6
Hypertensive disorders of 14.2 19.6
pregnancy,’ %
Breastfeeding duration,$ mo 131 (13.4) 11.3 (11.8)
Causes of infertility, no. (%)!
Cause not investigated 7761 (27.1)
Among those investigated
Ovulatory disorder 8149 (39.1)
Endometriosis 4497 (21.5)
Cervical mucus disorder 1567 (7.6)
Tubal blockage 3073 (14.7)
Male factor/spouse 5353 (25.7)
Other cause 4544 (21.8)
Cause not found 6356 (30.5)

*Values are given as means (SDs) or percentages and are standardized to
the age distribution of the study population.

Value is not age-adjusted.

*Aspirin or aspirin-containing products used at least once per week in the

past 2years.

SAmong parous participants.

IAttributed causes of infertility, which were not mutually exclusive, were

gathered at baseline and during follow-up among those who reported having
tried to conceive unsuccessfully for at least 12months up to age 40. N=1011
(8.5%) did not report if they had had an investigation or not or what the cause
was attributed to if investigated.
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Table 2. Hazard Ratios and 95% Cls for the Risk of CVD
According to History of Infertility Among 103729 Women

(NHSII, 1989-2017)

Ever reported infertility

No Yes
CVDSIM (stroke+CHD)
Events, no 1489 761
Person-years 1675650 730114

Age-adjusted model*

1.00 [Referent]

1.08 (0.99-1.18)

Multivariable model 1t

1.00 [Referent]

1.09 (0.99-1.19)

Multivariable model 2%

1.00 [Referent]

1.05 (0.96-1.15)

CHDS!

Events, n 966 534
Person-years 1676149 730334
Age-adjusted model* 1.00 [Referent] 1.16 (1.05-1.29)
Multivariable model 1 1.00 [Referent] 1.18 (1.06-1.32)
Multivariable model 2* 1.00 [Referent] 113 (1.01-1.26)
MIS
Events, n 512 270
Person-years 1676709 730670
Age-adjusted model* 1.00 [Referent] 1.10 (0.95-1.28)
Multivariable model 1t 1.00 [Referent] 1.13 (0.96-1.31)
Multivariable model 2+ 1.00 [Referent] 1.08 (0.93-1.27)
Coronary revascularization/l
Events, n 625 359
Person-years 1676449 730489
Age-adjusted model* 1.00 [Referent] 1.22 (1.07-1.39)
Multivariable model 1t 1.00 [Referent] 1.25 (1.09-1.43)

Multivariable model 2*

1.00 [Referent]

1.18 (1.03-1.35)

Stroke'

Events, n 531 231
Person-years 1676650 730691
Age-adjusted model* 1.00 [Referent] 0.92 (0.79-1.07)
Multivariable model 1t 1.00 [Referent] 0.93 (0.79-1.09)
Multivariable model 2+ 1.00 [Referent] 0.91 (0.77-1.07)

BMI indicates body mass index; CHD, coronary heart disease; CVD,
cardiovascular disease; ICD-8, International Classification of Diseases, Eighth
Revision; MI, myocardial infarction; and NHSII, Nurses’ Health Studly II.

*Models were jointly stratified by age (months) and calendar time (months).

fModel 1 additionally adjusted for age at menarche (<12, 12, 13, >14years of age),
White Non-Hispanic race and ethnicity (yes, no), marital status (ever married, never),
daily aspirin use (yes, no), oral contraceptive use (never, past, current), gravidity (<1,
2, 3, or =4 pregnancies), BMI at age 18years (<19, 20.5-21.9, 22-24.9, 25-29.9, or
>30kg/m?), and breastfeeding duration (<3, 3-12, or >12months).

*Model 2 is additionally adjusted for time-varying BMI (<24.9, 25-29.9,
30-34.9, or >85kg/m?), cigarette smoking status and current dose (never,
past, current 1-34 cigarettes/d, current =35 cigarettes/d), physical activity
(0, 0.1-1.0, 1.1-2.4, 2.5-5.9, or >6h/wk), and Alternative Healthy Eating Index
2010 diet quality score (quintiles).

SFatal and nonfatal Ml and fatal coronary heart disease (ICD-8: 410, 412).

ISelf-reported coronary artery bypass grafting/angioplasty/stent.

Fatal and nonfatal cerebrovascular accident or transient ischemic attack
(ICD-8: 430-437).

1.26 [95% ClI, 1.09-1.48]), while women who first expe-
rienced infertility after age 30years were not at greater
risk of CHD (RR, 0.91 [95% ClI, 0.70-1.19)).
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Infertility and Cardiovascular Disease

We observed heterogeneity in the association with
CHD by the underlying cause of infertility (Table 4).
Women whose infertility was attributed to ovulatory
disorders had a 28% greater risk of CHD (RR, 1.28
[95% CI, 1.05-1.55]), and women whose infertility was
attributed to endometriosis had a 42% greater risk of
CHD (RR, 1.42 [95% ClI, 1.09-1.85]) compared with
gravid women with no history of infertility. No other
infertility diagnoses were associated with the risk of
CHD.

We observed no statistically significant effect mod-
ification by smoking status, parity, hypertensive disor-
ders of pregnancy, or BMI at age 18years (Table S1).
However, we did observe differences in the associa-
tion between infertility and CHD by updating adult BMI
(P value, test for heterogeneity=0.005). Among women
with BMI >25kg/m?, infertility was associated with an
increased risk of CHD (RR, 1.24 [95% CI, 1.09-1.41]).
No association was observed between infertility and
CHD among women with a BMI <25kg/m? (RR, 0.88
[95% CI, 0.70-1.11]).

In sensitivity analyses, we observed no meaning-
ful differences between individuals with primary com-
pared with secondary infertility (Table S2). Our findings
also did not appreciably change in analyses in which
infertility was not updated after age 37 years or when
we excluded participants with only infertility attributed
to male factor (Table S3). We observed that 16.3%
(95% Cl, 3.6%-50.2%) of the association between in-
fertility and risk of CHD was mediated through develop-
ment of type 2 diabetes; however, Cls were wide, while
the history of hypertension and hypercholesterolemia
did not meaningfully mediate the association. When
we investigated infertility diagnoses and risk of stroke
(Table S4), endometriosis was associated with a 27%
increased risk of stroke; however, it did not reach the
threshold of statistical significance, nor did any other
infertility diagnoses. In sensitivity analyses restricted
to women with ovulatory infertility, we did not observe
meaningful differences between women who did and
did not express common PCOS symptoms and risk of
CHD (Table S5).

DISCUSSION

Overall, we observed that women with infertility were
at increased risk of CHD, and this risk was strongest
among women who experienced infertility at a younger
age. When we investigated differences by cause-
specific infertility, we observed that the greatest risk
of CHD was observed among women whose infertility
was attributed to ovulatory disorders or endometriosis.
The association between infertility and CHD was ob-
served only among women who were overweight or
obese and not among women who were underweight
or normal weight.
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Table 3. Hazard Ratios and 95% Cls for the Risk of CHD and Stroke According to Age at First Report of Infertility Among
103729 Women (NHSII, 1989-2017)

Age at first report of infertility
P value, test for
No infertility <25y 26-30y >30y trends

CHD!l

Events, n 966 230 240 64

Person-years 1676149 238335 376255 115744

Age-adjusted model* 1.00 [Referent] 1.43 (1.24-1.65) 1.07 (0.92-1.23) 0.87 (0.68-1.13) <0.001

Multivariable model 1% 1.00 [Referent] 1.40 (1.21-1.63) 1.10(0.95-1.28) 0.88 (0.68-1.14) <0.001

Multivariable model 2* 1.00 [Referent] 1.26 (1.09-1.46) 1.08 (0.93-1.25) 0.91 (0.70-1.19) 0.004
cvDf

Events, n 1489 311 351 99

Person-years 1675650 238263 376140 115711

Age-adjusted model* 1.00 [Referent] 1.27 (1.12-1.44) 1.01 (0.90-1.13) 0.87 (0.71-1.07) 0.004

Multivariable model 1% 1.00 [Referent] 1.25 (1.10-1.42) 1.04 (0.92-1.17) 0.87 (0.70-1.07) 0.003

Multivariable model 2* 1.00 [Referent] 114 (1.01-1.29) 1.02 (0.90-1.15) 0.90 (0.73-1.11) 0.08
Stroke

Events, n 531 83 111 37

Person-years 1676650 238514 376389 115787

Age-adjusted model* 1.00 [Referent] 0.98 (0.77-1.23) 0.89 (0.73-1.10) 0.89 (0.64-1.25) 0.43

Multivariable model 1t 1.00 [Referent] 0.97 (0.77-1.23) 0.91 (0.74-1.12) 0.89 (0.63-1.25) 0.50

Multivariable model 2* 1.00 [Referent] 0.91 (0.72-1.15) 0.90 (0.73-1.12) 0.91 (0.64-1.28) 0.28

BMI indicates body mass index; CHD, coronary heart disease; CVD, cardiovascular disease; ICD-8, International Classification of Diseases, Eighth Revision;

MI, myocardial infarction; and NHSII, Nurses’ Health Study II.

*Models were jointly stratified by age (months) and calendar time (months).

Model 2 additionally adjusted for age at menarche (<12, 12, 13, >14years of age), White Non-Hispanic race and ethnicity (yes, no), marital status (ever
married, never), daily aspirin use (yes, no), oral contraceptive use (never, past, current), gravidity (<1, 2, 3, or >4 pregnancies), BMI at age 18years (<19, 20.5—
21.9, 22-24.9, 25-29.9, or >30kg/m?), and breastfeeding duration (<3, 3-12, or >12 months).

Model 3 is additionally adjusted for current BMI (<24.9, 25-29.9, 30-34.9, or >35kg/m?), cigarette smoking status and current dose (never, past, current
1-34 cigarettes/d, current =35 cigarettes/d), physical activity (0, 0.1-1.0, 1.1-2.4, 2.5-5.9, or >6h/wk), and Alternative Healthy Eating Index 2010 diet quality

score (quintiles).

STests for linear trend were conducted by modeling categories of age at first report of infertility as an ordinal variable assigning integer values.
ICHD includes fatal and nonfatal M, fatal coronary heart disease (ICD-8: 410, 412), and self-reported coronary artery bypass grafting/angioplasty/stent.
ICVD includes CHD and fatal and nonfatal cerebrovascular accident or transient ischemic attack (/CD-8: 430-437).

Prior research has suggested that reproductive
factors may be associated with the risk of CGVD. For
example, nulliparous women and women who had 1
birth had a modestly increased risk of cardiovascular
disease compared with women with 2 births (0 births:
RR, 1.11; 1 birth: RR, 1.10).* Prior research from our
group observed that women who experienced preg-
nancy loss had an increased risk of CVD (HR, 1.21)8
and CVD risk factors.*® Research from the Women'’s
Health Initiative observed a similar pattern between
pregnancy loss, CVD risk (HR, 1.11), and CVD risk fac-
tors (hypertension, type 2 diabetes) after 16years of
follow-up®. However, there has been limited prior re-
search into the relationship between overall infertility
and the risk of cardiovascular disease.?®

One of the largest studies to investigate this ques-
tion used data from the Swedish Birth Registry.”
They observed that years of trying to conceive with-
out success, potentially a marker for infertility sever-
ity, was associated with a risk of CVD. Parous women
who had experienced >5years of subfertility had a
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19% greater risk of CVD in models adjusted for birth
year, age at first delivery, education level, income,
country of birth, hypertension, diabetes, preterm
birth, small for gestational age birth, smoking, and
parity compared with other parous women. A similar
pattern of association has been observed in smaller
cross-sectional analyses using the National Health
and Nutrition Examination Survey (OR, 1.71),'° in
the Women'’s Health Initiative (HR, 1.13),"" Trondelag
Health Study (HR, 1.10),*' and among Norwegian
women who experienced a longer time to conception
(HR, 1.14).® In the current study, we observed that
women with infertility were at a modestly increased
risk of CHD (HR, 1.13) and that this association was
strongest among women who reported having ex-
perienced infertility early in life (HR for women ex-
periencing infertility <25years, 1.26). Infertility at a
younger age may be a marker of infertility severity,
which is consistent with findings from the Swedish
Birth Registry that observed elevated CVD risk among
women with infertility lasting >5 years."”
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Table 4. Hazard Ratios and 95% Cls for the Risk of CHD
According to Conditions That Were Reported to be the
Cause of Infertility (NHSII, 1989-2017)

Ever reported infertility diagnosis

Attributed causes of

infertility No$ Yesl!
Ovulatory disorder
Events, no. 966 161
Age-adjusted model* 1.00 [Referent] 1.35 (1.14-1.60)
Multivariable model 17 1.00 [Referent] 1.32 (1.11-1.56)
Multivariable model 2+ 1.00 [Referent] 1.28 (1.05-1.55)
Endometriosis
Events, n 966 87

Age-adjusted model*

1.00 [Referent]

1.25 (1.00-1.56)

Multivariable model 1

1.00 [Referent]

1.36 (1.08-1.70)

Multivariable model 2+

1.00 [Referent]

1.42 (1.09-1.85)

Cervical mucus disorder

Events, n

966

22

Age-adjusted model*

1.00 [Referent]

0.93 (0.61-1.43)

Multivariable model 1t

1.00 [Referent]

1.00 (0.65-1.53)

Multivariable model 2¢ | 1.00 [Referent] 0.98 (0.61-1.57)
Tubal blockage

Events, n 966 49

Age-adjusted model* 1.00 [Referent] 0.97 (0.73-1.30)

Multivariable model 1 1.00 [Referent] 0.99 (0.74-1.32)

Multivariable model 2% 1.00 [Referent] 0.95 (0.69-1.31)
Spouse or partner factors

Events, n 966 92

Age-adjusted model* 1.00 [Referent] 1.11 (0.90-1.38)

Multivariable model 1t 1.00 [Referent] 1.16 (0.93-1.45)

Multivariable model 2+

1.00 [Referent]

112 (0.87-1.44)

Other cause

Events, n

966

84

Age-adjusted model*

1.00 [Referent]

1.25 (1.00-1.56)

Multivariable model 1

1.00 [Referent]

1.27 (1.01-1.59)

Multivariable model 2+ 1.00 [Referent] 1.20 (0.94-1.54)
Cause not found

Events, n 966 93

Age-adjusted model* 1.00 [Referent] 0.97 (0.78-1.20)

Multivariable model 1 1.00 [Referent] 1.01 (0.82-1.26)

Multivariable model 2+

1.00 [Referent]

1.01 (0.81-1.27)

Cause not investigated

Events, n 966 129

Age-adjusted model* 1.00 [Referent] 111 (0.92-1.34)
Multivariable model 1t 1.00 [Referent] 1.10 (0.91-1.32)
Multivariable model 2+ 1.00 [Referent] 1.04 (0.86-1.26)

CHD includes fatal and nonfatal MI (ICD-8: 410), fatal coronary heart
disease (ICD-8: 412), and self-reported coronary artery bypass grafting/
angioplasty/stent. BMI indicates body mass index; CHD, coronary heart
disease; ICD-8, International Classification of Diseases, Eighth Revision; MI,
myocardial infarction; and NHSII, Nurses’ Health Studly II.

*Models were jointly stratified by age (months) and calendar time (months).

fModel 2 additionally adjusted for age at menarche (<12, 12, 13, >14years of age),
White Non-Hispanic race and ethnicity (yes, no), marital status (ever married, never),
daily aspirin use (yes, no), oral contraceptive use (never, past, current), gravidity (<1,
2, 3, or >4 pregnancies), BMI at age 18years (<19, 20.5-21.9, 22-24.9, 25-29.9, or
>30kg/m?), and breastfeeding duration (<3, 3-12, or >12months).

Model 3 is additionally adjusted for current BMI (<24.9, 25-29.9, 30—
34.9, or >35kg/m?), cigarette smoking status and current dose (never, past,
current 1-34 cigarettes/d, current >35 cigarettes/d), physical activity (0, 0.1-
1.0, 1.1-2.4, 2.5-5.9, or >6h/wk), Alternative Healthy Eating Index 2010 diet
quality score (quintiles), and mutually adjusted for other infertility diagnoses.

SComparison group is gravid women without a history of any kind of infertility.

IAttributed causes of infertility are not mutually exclusive.
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Notably, we did not observe an association be-
tween infertility and risk of stroke (HR, 0.91 [95% CI,
0.77-1.07]). Arecent meta-analysis that included 5 prior
studies on infertility and risk of stroke concluded that
existing research was inconsistent and inconclusive
(meta-analysis HR, 1.07 [95% ClI, 0.87-1.32]).* Indeed,
subsequent analyses have also produced mixed find-
ings. The InterLACE pooling project observed a 14%
increased risk of stroke,*® while a subsequent analysis
by the SWAN (Study of Women’s Health Across the
Nation) observed no association for their composite
CVD measurement (stroke, MI, angina: HR, 0.79 [95%
Cl, 0.52-1.21]).*4 Differences in findings may be influ-
enced by variability in exposure definitions (eg, expe-
riencing infertility versus using treatment for infertility,
which is also influenced by access to care), outcome
definitions (ischemic versus hemorrhagic stroke, fatal
versus nonfatal stroke), and differences in the demo-
graphics of the population sampled. Indeed, focusing
on ischemic stroke only, prior research among women
enrolled in the Taiwan National Health Insurance pro-
gram observed a protective effect for women using
infertility treatment (HR, 0.82)*%; however, a harmful ef-
fect was observed for women with a history of infertility
in the InterLACE pooling project (HR, 1.15).4°

Research from the Framingham Heart Study ob-
served that women with infertility had increased risk
factors for CVD, such as higher BMI, waist circumfer-
ence, and triglyceride levels, and lower levels of high-
density lipoprotein cholesterol.'®> While we were able to
a priori adjust for adult BMI and BMI at age 18years, as
well as take into account high cholesterol in mediation
analyses, we observed that the association between
infertility and risk of CHD varied by BMI (P value, test
for heterogeneity=0.005). Among women with an over-
weight or obese BMI, women with a history of infertility
were at greater risk of CHD (HR, 1.24 [95% ClI, 1.09-
1.41]); however, we observed no association among
women with a BMI <25kg/m?, suggesting that BMI
may be an important modifiable risk factor for women
with infertility. These data also suggest that history of
infertility among women with large body size may be a
marker of insulin insensitivity and could be a target for
early therapeutics or intervention.

When investigating specific infertility diagnoses, we
observed that the risk of CHD was greatest among
women whose infertility was attributed to ovulatory
disorders (HR, 1.28) or endometriosis (HR, 1.42). The
diagnosis of ovulatory infertility includes the diagno-
sis of PCOS, which is known to be associated with
cardiometabolic outcomes. A recent meta-analysis
investigating the association between PCOS and
cardiovascular disease observed that women with
PCOS had a greater risk of nonfatal cerebrovascular
disease (8 studies; RR, 1.41 [95% ClI, 1.02-1.94]) and
nonfatal coronary events (6 studies; HR, 1.78 [95% ClI,



Farland et al

0.99-3.23]).22 Women with PCOS were also observed
to have a greater risk of hypertension (RR, 1.75), type
2 diabetes (RR, 3.00), and adverse lipid profiles (higher
serum concentrations of total cholesterol and lower
serum concentrations of high-density lipoprotein).2®
PCOS may also be an extreme manifestation of the
more common symptom of menstrual cycle irregular-
ity that has been associated with CVD risk and CVD
mortality.*6 Women with endometriosis have also been
shown in prior research to have an elevated risk of hy-
pertension,® hypercholesterolemia,?®4"-4° and subclin-
ical atherosclerosis® compared with women without
endometriosis, suggesting an adverse vascular profile
among these women.%"%2 Additionally, data from our
research team observed a 62% greater risk of CHD?’
and a 34% greater risk of stroke® among women with
laparoscopically confirmed endometriosis indepen-
dent of history of infertility. Diagnoses associated with
infertility may therefore confer risk of CHD through dif-
ferent mechanisms; PCOS manifests through ovula-
tory dysfunction and hyperandrogenic milieu,3%%* while
endometriosis has been associated with higher levels
of systemic inflammation and changes in endogenous
hormones,®*% which may influence CVD risk. Future
research into infertility and CHD should further inves-
tigate informative heterogeneity by infertility diagnoses
and infertility severity.

A recent scientific statement from the American
Heart Association®” underscores the importance of
knowing patient history of adverse pregnancy out-
comes and early menopause when counseling pa-
tients for prevention of CVD events and appropriate
therapeutic interventions for CVD. Clinically, our find-
ings suggest the need to pay attention to female-
specific risk factors when studying CHD. If our findings
are robustly replicated, then information on reproduc-
tive and gynecologic history should be discussed with
medical providers to better counsel patients on future
CHD risk.

Although this study has many strengths, including
its large sample size, longitudinal follow-up, and de-
tailed information on infertility symptoms, we must
also recognize its limitations. Information on infertility
and infertility diagnoses and confounding variables
(eg, BMI) were based on self-report and therefore may
be prone to misclassification; however, prior research
has suggested that women are able to recall these
with high accuracy.®?3% Therefore, we would expect
any misclassification to be nondifferential with respect
to our outcome and therefore attenuate any associa-
tions. The population under study was relatively ho-
mogenous in terms of racial or ethnic background and
education level; therefore, these results may not be
generalizable to other groups who may have different
risks for cardiometabolic outcomes. However, this may
increase internal validity and reduce the risk of residual
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confounding by these covariates. For covariates with
missing data, a missing indicator variable was used,
which will bias the results if data are missing not at ran-
dom. We lacked sufficient sample size to be able to dif-
ferentiate between ischemic and hemorrhagic stroke,
which may have different mechanisms of association
with infertility.

In summary, we observed that women with a his-
tory of infertility had greater risk of CHD, and this risk
was greatest among women with infertility attributed to
ovulatory problems or endometriosis. These findings
are consistent with other studies that have suggested
that women with severe infertility, PCOS, and endo-
metriosis have poorer cardiometabolic health. Future
research should continue to investigate informative het-
erogeneity by infertility symptom presentation, as this
may lead to a better understanding of mechanisms of
association and identify groups that may benefit from
targeted screening or interventions. Additionally, future
research should investigate the contribution of know-
ing infertility history on top of established CVD risk fac-
tors and disentangling the mechanism of association
between infertility and CVD.
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SUPPLEMENTAL MATERIAL



Table S1. Hazard ratios (95% confidence intervals) for the risk of coronary heart disease
(CHD) according to history of infertility, stratified by body mass index (BMI) at age 18,
current BMI, cigarette smoking status, parity, and hypertensive disorders of pregnancy
(NHSII, 1993-2017).

Stratifying factors Ever Reported Infertility

Yes”
BMI at age 18
<25 kg/m? (n=1,223 cases) 1.14 (1.00, 1.28)
>25 kg/m? (n=277 cases) 1.19 (0.91, 1.55)
P-value, test for multiplicative interaction® 0.74
Current BMI
<25 kg/m? (n=405 cases) 0.88 (0.70, 1.11)
>25 kg/m? (n=1095 cases) 1.24 (1.09, 1.41)
P-value, test for multiplicative interaction® 0.005
Cigarette smoking status
Never (n=741 cases) 1.13(0.96, 1.32)
Ever (past + current) (n=759 cases) 1.14 (0.98, 1.34)
P-value, test for multiplicative interaction® 0.99
Parous
No (n=173 cases) 1.06 (0.74, 1.52)
Yes (n=1,327 cases) 1.13(1.01,1.27)
P-value, test for multiplicative interaction® 0.66
History of Hypertensive disorders of pregnancy*
No (n=1,098 cases) 1.05 (0.92, 1.20)
Yes (n=402 cases) 1.31 (1.06, 1.61)
P-value, test for multiplicative interaction® 0.14

CHD includes fatal and non-fatal MI (ICD-8:410), fatal coronary heart disease (ICD-8: 412) and self-reported
coronary artery bypass grafting (CABG)/angioplasty/stent

“Models were jointly stratified by age (months) and calendar time (months) and adjusted for at menarche (<12, 12,
13, >14 years of age), White Non-Hispanic race/ethnicity (yes, no), marital status (ever married, never), daily aspirin
use (yes, no), oral contraceptive use (never, past, current), gravidity (<1, 2, 3, or >4 pregnancies), body mass index
(BMI) at age 18 years (<19, 20.5-21.9, 22-24.9, 25-29.9, or >30 kg/m?2), breastfeeding duration (<3, 3-12, or >12
months), current BMI (<24.9, 25-29.9, 30-34.9, or >35 kg/m?), cigarette smoking status and current dose (never,
past, current 1-34 cigarettes/day, current >35 cigarettes/day), physical activity (0, 0.1-1.0, 1.1-2.4, 2.5-5.9, or >6
h/week), and Alternative Healthy Eating Index 2010 diet quality score (quintiles).

 Likelihood ratio test for interaction compared model with an interaction term between the covariate and the
exposure to a model without an interaction term

! Restricted to parous women



Table S2. Hazard ratios (HRs) and 95% confidence intervals (CI) for the risk of coronary
heart disease (CHD) according to infertility in relation to pregnancy history among 103,729
women (NHSII, 1989-2017).

Secondary Primary

No infertility Infertility Infertility
Coronary Heart Disease (CHD)
Events, No. 966 270 264
Person-years 1,676,149 364,537 365,796
Age-adjusted model” 1.00 [Referent]  1.19(1.04,1.37)  1.14(0.99, 1.30)
Multivariable model 1 1.00 [Referent] 1.18(1.03,1.35)  1.19(1.02,1.37)
Multivariable model 2} 1.00 [Referent] 1.13(0.98,1.30) 1.13(0.97, 1.30)

CHD includes fatal and non-fatal MI (ICD-8:410), fatal coronary heart disease (ICD-8: 412) and self-reported
coronary artery bypass grafting (CABG)/angioplasty/stent

“Models were jointly stratified by age (months) and calendar time (months)

TModel 2 additionally adjusted for age at menarche (<12, 12, 13, >14 years of age), White Non-Hispanic
race/ethnicity (yes, no), marital status (ever married, never), daily aspirin use (yes, no), oral contraceptive use
(never, past, current), gravidity (<1, 2, 3, or >4 pregnancies), body mass index (BMI) at age 18 years (<19, 20.5-
21.9, 22-24.9, 25-29.9, or >30 kg/m2), and breastfeeding duration (<3, 3-12, or >12 months).

IModel 3 is additionally adjusted for time-varying BMI (<24.9, 25-29.9, 30-34.9, or >35 kg/m?), cigarette smoking
status and current dose (never, past, current 1-34 cigarettes/day, current >35 cigarettes/day), physical activity (0,
0.1-1.0, 1.1-2.4, 2.5-5.9, or >6 h/week), and Alternative Healthy Eating Index 2010 diet quality score (quintiles).



Table S3. Sensitivity analysis for the association of infertility history with the risk of

coronary heart disease (CHD) (NHS 11, 1989-2017).

Coronary Heart Disease (CHD)

No infertility With infertility
Updating infertility status until participants
reached 37 years of age
Events, No. 1,005 495

HRs for age-adjusted model”

1.00 [Reference]

1.22 (1.10, 1.36)

HRs for multivariable model 1t

1.00 [Reference]

1.24 (1.11, 1.39)

HRs for multivariable model 2 %

1.00 [Reference]

1.17 (1.05, 1.31)

Excluding women reporting infertility only due to
spouse or partner factors

Events, No.

971

490

HRs for age-adjusted model”

1.00 [Reference]

1.16 (1.04, 1.30)

HRs for multivariable model 1t

1.00 [Reference]

1.17 (1.05, 1.31)

HRs for multivariable model 2 *

1.00 [Reference]

1.12 (1.00, 1.25)

“Models were jointly stratified by age (months) and calendar time (months)

"Based on age-adjusted models with further adjustment for age at menarche (<12, 12, 13, >14 years of
age), White race/ethnicity (yes, no), marriage status (ever/currently married or never), and time-varying
daily aspirin use (yes or no), oral contraceptive use (never, past, or current), gravidity (<1, 2, 3, or >4),

BMI at age 18 years (<19, 20.5-21.9, 22-24.9, 25-29.9, or >30 kg/m?2), and breastfeeding duration (<3, 3-

12, or >12 months).

tBased on multivariable model 1 with further adjustment for time-varying BMI (<24.9, 25-29.9, 30-34.9,
or >35 kg/m?), smoking status (never, former, current 1-34 cigarettes/day, or current >35 cigarettes/day),
physical activity (0, 0.1-1.0, 1.1-2.4, 2.5-5.9, or >6 h/week), and Alternative Healthy Eating Index 2010

diet quality score (quintiles).




Table S4. Hazard ratios (HR) and 95% confidence intervals (ClI) for the risk of stroke
according to conditions that were reported to be the cause of infertility (NHSII, 1989-2017).

Ever Reported Infertility Diagnosis

Attributed causes of infertility No® Yes*
Ovulatory disorder

Events, No. 531 68
Age-adjusted model” 1.00 [Referent] 1.00 (0.78, 1.29)
Multivariable model 1t 1.00 [Referent] 0.98 (0.76, 1.27)
Multivariable model 2* 1.00 [Referent] 0.90 (0.66, 1.21)
Endometriosis

Events, No. 531 46
Age-adjusted model” 1.00 [Referent] 1.23 (0.91, 1.66)
Multivariable model 1t 1.00 [Referent] 1.28 (0.93, 1.74)
Multivariable model 2* 1.00 [Referent] 1.27 (0.87, 1.84)
Cervical mucus disorder

Events, No. 531 12
Age-adjusted model” 1.00 [Referent] 0.89 (0.50, 1.57)
Multivariable model 1t 1.00 [Referent] 0.92 (0.51, 1.63)
Multivariable model 2* 1.00 [Referent] 0.79 (0.41, 1.52)
Tubal blockage

Events, No. 531 24
Age-adjusted model” 1.00 [Referent] 0.90 (0.59, 1.35)
Multivariable model 1t 1.00 [Referent] 0.90 (0.59, 1.36)
Multivariable model 2* 1.00 [Referent] 0.79 (0.49, 1.25)
Spouse or partner factors

Events, No. 531 40
Age-adjusted model” 1.00 [Referent] 0.88 (0.63, 1.21)
Multivariable model 1t 1.00 [Referent] 0.88 (0.63, 1.23)
Multivariable model 2* 1.00 [Referent] 0.79 (0.54, 1.16)
Other cause

Events, No. 531 39
Age-adjusted model” 1.00 [Referent] 1.05 (0.76, 1.45)
Multivariable model 1t 1.00 [Referent] 1.05 (0.75, 1.46)
Multivariable model 2¢ 1.00 [Referent] 0.97 (0.67, 1.40)
Cause not found

Events, No. 531 47
Age-adjusted model” 1.00 [Referent] 0.87 (0.65, 1.18)
Multivariable model 1t 1.00 [Referent] 0.89 (0.66, 1.21)
Multivariable model 2* 1.00 [Referent] 0.88 (0.64, 1.21)
Cause not investigated

Events, No. 531 55
Age-adjusted model” 1.00 [Referent] 0.84 (0.64, 1.11)
Multivariable model 1t 1.00 [Referent] 0.84 (0.63, 1.11)
Multivariable model 2* 1.00 [Referent] 0.80 (0.59, 1.06)

CHD includes fatal and non-fatal M1 (ICD-8:410), fatal coronary heart disease (ICD-8: 412) and self-reported coronary artery bypass grafting
(CABG)/angioplasty/stent "Models were jointly stratified by age (months) and calendar time (months). * Model 2 additionally adjusted for age at
menarche (<12, 12, 13, >14 years of age), White Non-Hispanic race/ethnicity (yes, no), marital status (ever married, never), daily aspirin use
(yes, no), oral contraceptive use (never, past, current), gravidity (<1, 2, 3, or >4 pregnancies), body mass index (BMI) at age 18 years (<19, 20.5-
21.9, 22-24.9, 25-29.9, or >30 kg/m2), and breastfeeding duration (<3, 3-12, or >12 months). {Model 3 is additionally adjusted for current BMI
(<24.9, 25-29.9, 30-34.9, or >35 kg/m?), cigarette smoking status and current dose (never, past, current 1-34 cigarettes/day, current >35
cigarettes/day), physical activity (0, 0.1-1.0, 1.1-2.4, 2.5-5.9, or >6 h/week), Alternative Healthy Eating Index 2010 diet quality score (quintiles)
and mutually adjusted for other infertility diagnoses. SComparison group is gravid women without a history of any kind of infertility. *Attributed
causes of infertility are not mutually exclusive.



Table S5. Association of infertility due to ovulatory disorders and risk of coronary heart disease
(CHD), stratified by Polycystic ovary syndrome symptoms. *

No infertility

Infertility due to
ovulatory disorders
compared to no infertility

Menstrual cycle length in adulthood

<32 days (n=1311 cases)

1.00 [Referent]

1.28 (1.03, 1.60)

>32 days (n=189 cases)

1.00 [Referent]

1.21 (0.78, 1.88)

Menstrual cycle length in adulthood

Very regular or regular (n=1143 cases)

1.00 [Referent]

1.30 (1.03, 1.65)

Irregular or no period (n=357 cases)

1.00 [Referent]

1.19 (0.83, 1.71)

Hirsutism

No (n=1421 cases)

1.00 [Referent]

1.23(1.00, 1.52)

Yes (n=79 cases)

1.00 [Referent]

1.24 (0.59, 2.62)

*Models were jointly stratified by age (months) and calendar time (months) and adjusted for age at menarche (<12,
12, 13, >14 years of age), White race/ethnicity (yes, no), marriage status (ever/currently married or never), daily
aspirin use (yes or no), oral contraceptive use (never, past, or current), gravidity (<1, 2, 3, or >4), breastfeeding
duration (<3, 3-12, or >12 months), current BMI (<24.9, 25-29.9, 30-34.9, or >35 kg/m?), smoking status (never,
former, current 1-34 cigarettes/day, or current >335 cigarettes/day), physical activity (0, 0.1-1.0, 1.1-2.4, 2.5-5.9, or
>6 h/week), and Alternative Healthy Eating Index 2010 diet quality score (quintiles).
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