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% Check for updates Children born to mothers with polycystic ovary syndrome have a higher pre-

valence of cardiovascular risk factors and of subclinical cardiovascular disease,
but the association between maternal polycystic ovary syndrome and cardi-
ovascular disease in offspring is unclear. We conduct a register-based cohort
study of 6 839 703 live singleton births from Denmark (1973-2016) and Swe-
den (1973-2014) and follow them for up to 48 years. Using Cox regression
models, we find that offspring of mothers with polycystic ovary syndrome
have a higher risk of overall cardiovascular diseases and of its specific sub-
types, independently of comorbidities related to polycystic ovary syndrome.
Cousin analyzes suggest that familial confounding does not explain our
results. If our findings are replicated by future studies, children of women with
polycystic ovary syndrome may benefit from early cardiovascular prevention
efforts.

Polycystic ovary syndrome (PCOS) is one of the most common endo-
crine disorders in women of reproductive age, and its estimated pre-
valence ranges from 10% to 13%". According to the latest International
Evidence-based Guideline for the Assessment and Management of
PCOS", PCOS is a heterogeneous condition characterized by several
reproductive, cardiometabolic, and psychological disorders, including
infertility, obesity, diabetes, cardiovascular disease (CVD), depression,
and anxiety’. When women with PCOS become pregnant, they are at
increased risk of pregnancy complications and adverse pregnancy
outcomes, such as gestational diabetes, gestational hypertension,
preeclampsia, cesarean section, and preterm delivery*.

For the fetus, maternal PCOS per se and the associated comor-
bidities and pregnancy complications may produce a suboptimal
intrauterine environment, which in turn may adversely influence fetal
growth and long-term health after birth’. The few long-term studies on
the health of offspring exposed to maternal PCOS focused mainly on
reproductive, metabolic or neurodevelopmental outcomes’®. Children
of mothers with PCOS are more likely to have subclinical CVD markers
including higher pulse pressure and carotid intima-media thickness
than the unexposed’. However, knowledge regarding the link between
maternal PCOS and clinical CVD in offspring is limited. Only two earlier
studies investigated this possible association; both reported a 27 to
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31% increased risk of hospitalization due to CVD in offspring born to
mothers with PCOS'", but with wide confidence intervals due to rare
CVD events in children.

In this work, involving almost seven million births from Denmark
and Sweden, we examine the association between maternal PCOS and
the risk of CVD in offspring. In addition, as there is a familial predis-
position to cardiometabolic diseases in offspring born to women with
PCOS", we use a cousin comparison design to assess whether familial
genetic or environmental characteristics contribute to the association.
We show that individuals born to mothers with PCOS have increased
risks of CVD in childhood and young adulthood, and that this cannot
be explained by familial confounding, PCOS-related comorbidities, or
adverse pregnancy outcomes.

Results

In the cohort of 6 839 703 singletons, 51 723 (0.76%) were exposed to
maternal PCOS. Compared to their unexposed counterparts, offspring
of mothers with PCOS were more likely to be born after 2003, with a
preterm or large for gestational age (LGA) birth. Their mothers were
more likely to be foreign-born, to have higher education, to be single,
non-smoking, nulliparous, and obese, to have undergone assisted
reproductive treatment (ART), and to have had a diagnosis of diabetes,
hypertensive disease, or psychiatric disorders before childbirth
(Table 1).

Maternal PCOS and risks of overall CVD and its main types
During the up to 48 years of follow-up, 384 274 offspring (5.6%) had a
diagnosis of CVD. We observed consistently higher incidence rates of
overall CVD in offspring exposed to maternal PCOS than in the group
of unexposed offspring across the entire follow-up period (Supple-
mentary Fig. 1). Adjustment for potential confounders did not sub-
stantially change the estimates. Compared with unexposed offspring,
those exposed to maternal PCOS had higher risks of overall CVD
(hazard ratio (HR) in the fully adjusted model, 1.21, 95% confidence
intervals (Cls), 1.15 to 1.27) and of some CVD subtypes, including
ischemic heart disease (IHD), acute myocardial infarction (AMI), and
hypertensive disease; the point estimate corresponding to the risk of
stroke in offspring according to exposure to maternal PCOS was also
increased, although the 95% Cls included one (Table 2). We found
similar associations between maternal PCOS and overall CVD diag-
nosed among offspring in the following age groups: <10 years, 10-19
years, 20-29 years, 30-39 years, and >40 years (Supplementary
Table 1).

The joint effect of maternal PCOS and comorbidities

Offspring of mothers who had both PCOS and comorbidities
(including diabetes, hypertensive disease, or psychiatric disorders)
had higher CVD risk than those whose mothers had only PCOS
(Table 3). The synergy index for the interaction between PCOS and
all comorbidities suggested that the effects of maternal PCOS and
all comorbidities on the risk of CVD in the offspring are super-
additive.

Cousin analysis

In the cousin analysis, most associations were attenuated, but the
association of maternal PCOS with the risk of overall CVD, IHD, AMI,
and hypertensive disease persisted. The hazard ratios for IHD and AMI
in the cousin analysis were greater than the corresponding hazard
ratios in the main analysis (Table 4).

Mediation by preterm birth, small for gestational age (SGA), or
LGA birth, congenital heart disease (CHD), and diabetes

The association between maternal PCOS and risk of CVD was largely
independent of preterm birth, SGA or LGA birth, CHD, or diabetes.
Congenital heart disease mediated 10% of the observed association,

but there was limited evidence for mediation in the case of the other
four conditions (Table 5).

Sensitivity analyzes

The association between maternal PCOS and overall CVD risk in off-
spring did not differ by offspring’s sex, country of birth, maternal use
of ART, or the year of maternal PCOS diagnosis (Supplementary
Table 2). The results did not substantially change when we (1) repeated
analyzes in the propensity-score-matched (PSM) sub-cohort (Supple-
mentary Table 3); (2) adjusted for maternal smoking or body-mass
index (BMI) in early pregnancy, in addition to factors included in the
main model; (3) restricted analyzes to the years when specific out-
patient clinic data were available; (4) restricted our definition of CVD to
cases identified only from the national patient registers (n =383 030);
or (5) repeated the main analysis with imputed data for covariates with
missing information (Supplementary Table 2).

Discussion

We found that maternal PCOS was associated with increased risks of
overall CVD and major subtypes of CVD in offspring. The association
between PCOS and CVD persisted from childhood to early middle-age
and was not fully explained by maternal comorbidities, ART, preterm
birth, or abnormal fetal growth. The comparable hazard ratios for
overall CVD and several CVD types, including IHD, AMI, and hyper-
tensive disease, from the main analysis with those in the cousin com-
parison analysis suggest that shared familial factors may not fully
account for the association between maternal PCOS and the risk of
CVD in offspring.

To our knowledge the association between exposure to maternal
PCOS and the offspring’s risk of developing CVD has been investigated
only in two earlier studies, one conducted in Australia (N =28 226) and
one in Canada (N =1038 375)'*™, In line with our findings, these studies
reported that offspring exposed to maternal PCOS have an increased
risk of hospitalization for CVD compared to the unexposed. However,
the short follow-up period, i.e., 30 years in the Australian and 13 years
in the Canadian study, did not permit to investigate the association
between maternal PCOS and the offspring’s CVD risk in older ages.
None of the studies could control for familial genetic or environmental
factors that may contribute to the risk of both maternal PCOS and CVD
among offspring. Our study extends the limited evidence in this field in
multiple ways. Our large study population and the almost five decades
follow-up allowed us to detect a modest association between maternal
PCOS and increased risks both of total CVD and specific CVD subtypes,
to include outcomes from childhood to early middle-age, to control
for a large range of confounders in multivariable models and using a
family study design and to investigate effect modification by comor-
bidity and demographic factors and mediation by birth outcomes in
these associations.

An important challenge in this research area is to examine the
effect of maternal PCOS alone, since mothers with PCOS tend to have
comorbidities (such as obesity, diabetes, hypertension, and psychia-
tric disorders)® or to seek ART to conceive®, factors which in turn are
linked with their children’s CVD risk later in life'*, We found that the
association between maternal PCOS and increased risk of CVD per-
sisted even among offspring of women without these comorbidities or
ART, suggesting that these conditions could not fully explain our
findings. However, when we investigated the joint effect of PCOS and
comorbidities, we observed synergism, ie., the risks of CVD were
higher among offspring of women with both PCOS and a comorbidity
than would be expected from the effects of each exposure alone. In
other words, the adverse effects of these comorbidities on cardio-
vascular risk were more pronounced among women with PCOS than
among women without PCOS. Further research is necessary to eluci-
date the mechanisms driving this synergism. Nevertheless, these
findings may highlight the importance of proactive clinical

Nature Communications | (2024)15:10414


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54795-w

Table 1| Baseline Characteristics of the Study Population

No maternal PCOS Maternal PCOS

(N =6 787 980) (N=51723)
Characteristics of offspring
Study country, n (%)
Denmark 2 648 462 (39.0) 20 235 (39.1)
Sweden 4139 518 (61.0) 31488 (60.9)
Calendar year of birth, n (%)
1973-1978 990 991 (14.6) 523 (1.0)
1979-1984 864 661 (12.7) 1088 (2.1)
1985-1990 972 874 (14.3) 2 054 (4.0)
1991-1996 1034 976 (15.3) 397 (7.7)
1997-2002 887 817 (13.1) 6 428 (12.4)
2003-2008 951753 (14.0) 13 267 (25.7)
2009-2016 1084 908 (16.0) 24 392 (47.2)
Male, n (%) 3487 321(51.4) 26 683 (51.6)
Congenital heart disease, n (%) 100 170 (1.5) 1243 (2.4)
Preterm birth, n (%) 310 119 (4.6) 3683 (7.1)
Small for gestational age, n (%) 634 672 (9.3) 4 304 (8.3)
Large for gestational age, n (%) 633 386 (9.3) 6823 (13.2)
Maternal characteristics
Country of origin same asthestudy 5 833 226 (85.9) 41170 (79.6)
country, n (%)
Age at the time of the index birth (years), n (%)
<19 203 895 (3.0) 1488 (2.9)
20-24 1358 370 (20.0) 9699 (18.8)
25-29 2 405 425 (35.4) 17 895 (34.6)
30-34 1908 878 (28.1) 15 671 (30.3)
>35 911 412 (13.4) 6970 (13.5)
Level of education at the time of the index birth, n (%)
Primary and lower secondary 1494 582 (22.0) 9931(19.2)
Upper secondary 3 062 090 (45.1) 22 076 (42.7)
Bachelor or higher 2114 942 (31.2) 19 240 (37.2)
Unknown 116 366 (1.7) 476 (0.9)

Being married/registered partner- 3 503 391 (51.6)

ship at the time of the index birth,

24 860 (48.1)

n (%)
Parity at the time of the index birth, n (%)
1 2 945 493 (43.4) 28 453 (55.0)
2 2 496 503 (36.8) 16 924 (32.7)
23 1345984 (19.8) 6 346 (12.3)
Smoking in early pregnancy, n (%) 792 278 (16.3) 5953 (12.0)
Body-mass index in early pregnancy (kg/m?), n (%)
<18.5 128 808 (3.15) 739 (1.64)
18.5-24.9 2 013 501 (49.3) 16 424 (36.4)
25.0-29.9 768 683 (18.8) 11850 (26.3)
230.0 323297 (7.97) 11264 (25.0)
Unknown 854 281 (20.9) 4 806 (10.7)
Assisted reproductive treatment, 94 478 (2.9) 7869 (17.1)
n (%)
Diabetes before delivery, n (%) 100 147 (1.5) 3263 (6.3)
Hypertensive disease before deliv- 233 635 (3.4) 3944 (7.6)
ery, n (%)
Psychiatric disorders before deliv- 292 070 (4.3) 5919 (11.4)
ery, n (%)
Family history of cardiovascular 3 087 825 (45.5) 23 047 (44.6)

disease, n (%)

Abbreviations: PCOS polycystic ovary syndrome, n number.

management, particularly for pregnant women with multiple compli-
cations. Early screening and preventive measures among children born
to mothers with PCOS and comorbidities may have the potential to
mitigate their long-term cardiovascular consequences.

Our findings of no sex differences in the association between
maternal PCOS and CVD risk in offspring is consistent with results of
several earlier studies suggesting that the effects of polygenic risk of
PCOS on cardiometabolic health were similar in men and women™.
However, other studies suggest the potential for a sex-specific effect;
some studies suggest that males have a greater cardiovascular risk
compared to females at the same level of genetic predisposition for
PCOSY”, while others have observed altered cardiometabolic features
predominantly among girls born to women with PCOS’*. Further
research is needed to elucidate these sex differences.

There are several plausible explanations for our findings. First,
shared genetic predisposition or environmental risk factors, such as
maternal lifestyle and socioeconomic status, may contribute to the
observed association between maternal PCOS and CVD risk in
offspring?*2. However, we observed no substantial changes in the
associations after adjusting for several maternal characteristics or
performing cousin-comparison analyzes. Nevertheless, the role of
genetic confounding cannot be excluded in the present study. Fur-
thermore, daughters of women with PCOS are at an increased risk of
developing PCOS, which, in turn, could be associated with subsequent
CVD risk’. Unfortunately, we could not investigate the role of off-
spring’s PCOS in the association between maternal PCOS and off-
spring’s CVD. The reason is that a high proportion of the female
offspring were too young to receive a PCOS diagnosis, as symptoms
typically emerge post-puberty. Additionally, some offspring without a
PCOS diagnosis during our study period may receive a diagnosis in the
future, beyond our observation period and the period of data avail-
ability. The potential misclassification of PCOS among offspring could
lead to underestimation of its mediated effect. Second, the hyperan-
drogenic and hyper-insulinemic intrauterine environment created by
PCOS may influence cardiovascular health through fetal programing®.
A suboptimal intrauterine environment characterized by inflamma-
tion, oxidative stress, and placental dysfunction’* could lead to
abnormal fetal growth, preterm birth or diabetes, which in turn
increase the risk of CVD in later life*>?°. Our mediation analysis sug-
gested that the associations between maternal PCOS and CVD in off-
spring was more likely mediated by CHD than by preterm birth and
abnormal fetal growth, suggesting that PCOS may involve develop-
mental cardiac programming through cardiovascular remodeling and
dysfunction other than prematurity and extreme fetal growth. The
potential mediating role of CHD could be supported by previous
findings that: 1) maternal PCOS is associated with an increased risk of
CHD in offspring'®, and 2) CHD is a major cause of CVD in childhood
and early adulthood due to its influence on anatomic and hemody-
namic abnormalities in the cardiovascular system?”. Similarly, we
found no evidence of mediation by diabetes. A further hypothesis is
that in utero hyperandrogenemia directly leads to accelerated ather-
osclerosis progression in the fetus®. Previous findings that offspring
exposed to maternal PCOS had higher blood pressure and intima-
media thickness™® and our findings concerning associations of PCOS
with increased risk of AMI, IHD, and ischemic stroke, all of which
involve atherosclerosis progression, supported this plausible
mechanism. Maternal PCOS may also increase the offspring’s risk of
CVD by increasing the risk of obesity in the offspring, which in turnis a
well-known cardiovascular risk factor. Regrettably, information on
offspring’s BMI was not available in registers, preventing us from fur-
ther investigating this hypothesis.

Limitations
The study had several limitations. First, the prevalence of maternal
PCOS in our cohort is lower than that reported in the general
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Table 2 | Hazard ratios and 95% confidence intervals for overall and specific cardiovascular diseases in offspring according to

maternal polycystic ovary syndrome

Exposure Number of events Event rate, per 10 000 HR (95% CI)

person-years Model 1° Model 2° Model 3° Model 4¢
Overall CVD
No PCOS 382782 23.93 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 1492 22.41 1.59 (1.51-1.67) 1.23 (1.17-1.29) 1.53 (1.45-1.61) 1.21(1.15-1.27)
Ischemic heart disease
No PCOS 8 640 0.53 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 20 0.30 1.74 (1.12-2.70) 1.69 (1.09-2.62) 1.71 (1.10-2.65) 1.66 (1.07-2.57)
Acute myocardial infarction
No PCOS 3502 0.21 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 8 0.12 2.08 (1.04-4.17) 2.10 (1.05-4.21) 2.07 (1.03-4.15) 2.07 (1.03-4.15)
Stroke
No PCOS 13105 0.80 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 44 0.65 1.45 (1.08-1.95) 1.26 (0.93-1.69) 1.41 (1.05-1.90) 1.24 (0.92-1.67)
Hemorrhagic stroke
No PCOS 3287 0.20 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 13 0.19 1.42 (0.82-2.44) 1.27 (0.74-2.19) 1.38 (0.80-2.38) 1.25 (0.72-2.16)
Ischemic stroke
No PCOS 7 357 0.45 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 29 0.43 1.88 (1.31-2.71) 1.44 (1.00-2.08) 1.82 (1.26-2.62) 1.42 (0.98-2.05)
Heart failure
No PCOS 4 827 0.30 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 12 0.18 0.98 (0.56-1.73) 0.87 (0.49-1.54) 0.91(0.52-1.61) 0.84 (0.47-1.48)
Atrial fibrillation
No PCOS 10 738 0.66 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 18 0.27 1.05 (0.63-1.67) 0.98 (0.62-1.56) 1.02 (0.64-1.62) 0.96 (0.60-1.52)
Hypertensive disease
No PCOS 54789 3.36 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 146 2.6 1.75 (1.49-2.06) 1.42 (1.20-1.67) 1.63 (1.38-1.91) 1.34 (1.14-1.58)
Peripheral arterial disease
No PCOS 2208 0.14 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 6 0.09 118 (0.53-2.64) 1.24 (0.56-2.77) 1.17 (0.53-2.62) 1.24 (0.55-2.77)

Abbreviations: PCOS polycystic ovary syndrome, CVD cardiovascular disease, HR hazard ratio, CI confidence interval.

“Model 1 was unadjusted.

®Model 2 was adjusted for sex, country and calendar year of birth, maternal country of origin, parity, age, education, and marital status at the time of birth.

°Model 3 was adjusted for maternal hypertensive disorders, diabetes, and psychiatric disorders before or during the index pregnancy.

9Model 4 was adjusted for sex, country and calendar year of birth, maternal country of origin, parity, age, education, and marital status at the time of birth, hypertensive disorders, diabetes, and
psychiatric disorders before or during the index pregnancy, and family history of cardiovascular disease.

population. Although the positive predictive value of the PCOS diag-
nosis in the national patient registers was reported to be high (86%)*,
it is likely that only women who sought medical care for clinically
significant symptoms of PCOS or other medical conditions were
diagnosed with PCOS; thus, the mothers with PCOS in our study may
represent a less healthy group with more severe phenotypes. Women
with milder PCOS symptoms who did not seek medical care or those
who were diagnosed in private care might have been misclassified as
not having PCOS. Similarly, only data from inpatient care and/or from
the Swedish Medical Birth Register (MBR) were available for the first
part of the study period. We expect this underreporting to result in an
underestimation of the association between maternal PCOS and the
risk of CVD in the offspring. Another reason for the lower prevalence of
maternal PCOS in our study compared to that in a general population
of women is related to the definition of our study population, i.e., a
cohort of live births in two countries during almost five decades. Since
the clinical manifestation of PCOS involves subfertility and infertility*°,
it is expected that the prevalence of PCOS among mothers with live
births is lower than that among women in the general population, on

which reports on the prevalence of PCOS are generally based. In
addition, women without PCOS in our cohort were more likely to
contribute with more births to the denominator of the PCOS pre-
valence rate than those with a PCOS diagnosis, potentially leading to a
lower rate of maternal PCOS in this birth cohort than the rate of PCOS
in a cohort of women from the total population. The prevalence of
PCOS in our population is similar to that reported in previous Danish
and Swedish register-based studies of a similar nature®*. Furthermore,
the diagnostic criteria for PCOS have changed over the study period.
The Rotterdam criteria introduced in 2003 has a broader definition of
PCOS than the National Institutes of Health criteria issued in 1990.
However, the risk estimates for different PCOS diagnosis years (before
1990, 1990-2003, and after 2003) were comparable to each other and
to the estimate for the overall period. Additionally, our sensitivity
analyzes restricted to individuals born in Denmark after 1995 and in
Sweden after 2001 yielded results consistent with those from the
entire cohort.

Second, although the diagnoses of the major types of CVD (such
as IHD and stroke) in the Danish and Swedish patient registers have
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Table 3 | Joint effect of maternal polycystic ovary syndrome and other comorbidities before childbirth on the risk of cardio-

vascular disease in offspring

Exposure Number of events Event rate, per 10000

person-years

HR (95% ClI)

Model 1°

Model 2°

Model 3°

Model 4¢

Maternal PCOS and diabetes

1.0 (Reference)

1.0 (Reference)

1.0 (Reference)

1.0 (Reference)

1.55 (1.48-1.64)

1.21(1.15-1.28)

1.51(1.44-1.59)

1.20 (1.14-1.26)

1.41 (1.37-1.46)

1.23 (1.19-1.27)

1.37 (1.33-1.42)

1.21 (1.18-1.25)

No PCOS, no diabetes 378 834 23.92
Only PCOS 1399 22.04
Only diabetes 3948 24.72
Both PCOS and diabetes 93 29.79

2.63(2.15-3.22)

1.75 (1.43-2.14)

2.43(1.99-2.98)

1.68 (1.37-2.06)

Synergy index and 95% ClI for the additive interaction between PCOS and diabetes

1.80 (1.75-1.85)

Maternal PCOS and hypertensive disease

1.0 (Reference)

1.0 (Reference)

1.0 (Reference)

1.0 (Reference)

1.58 (1.49-1.67)

1.22 (1.16-1.29)

1.54 (1.46-1.63)

1.21(1.15-1.28)

1.33 (1.30-1.35)

1.22 (119-1.24)

1.31 (1.29-1.34)

1.21 (1.19-1.23)

No PCOS, no hypertensive disease 371 377 23.89
Only PCOS 1369 22.16
Only hypertensive disease 11 405 25.12
Both PCOS and hypertensive 123 25.49

disease

1.90 (1.59-2.27)

1.44 (1.20-1.71)

1.81(1.561-2.16)

1.40 (1.17-1.67)

Synergy index and 95% ClI for the additive interaction between PCOS and hypertensive
disease

1.89 (1.75-2.04)

Maternal PCOS and overweight/obesity®

1.0 (Reference)

1.0 (Reference)

1.0 (Reference)

1.0 (Reference)

1.36 (1.23-1.51)

1.16 (1.05-1.29)

1.34 (1.21-1.48)

1.15 (1.04-1.27)

1.09 (1.08-1.11)

1.02 (1.01-1.04)

1.08 (1.06-1.09)

1.01 (1.00-1.03)

No PCOS, no overweight/obesity 77 063 20.30
Only PCOS 367 20.25
Only overweight/obesity 32212 19.37
Both PCOS and overweight/ 530 2114

obesity

1.48 (1.37-1.62)

1.24 (1.14-1.35)

1.42 (1.30-1.55)

1.20 (1.10-1.30)

Synergy index and 95% ClI for the additive interaction between PCOS and overweight/
obesity

2.23 (1.81-2.75)

Maternal PCOS and psychiatric disorders

1.0 (Reference)

1.0 (Reference)

1.0 (Reference)

1.0 (Reference)

1.55 (1.47-1.64)

1.22 (1.15-1.28)

1.52 (1.44-1.60)

1.20 (1.14-1.27)

1.41 (1.38-1.44)

119 (1.17-1.22)

1.40 (1.37-1.43)

1.19 (1.17-1.21)

No PCQOS, no psychiatric disorders 372 232 23.93
Only PCOS 1340 22.06
Only psychiatric disorders 10 551 23.92
Both PCOS and psychiatric 152 25.98

disorders

2.32(1.98-2.72)

1.55 (1.32-1.81)

2.24 (1.91-2.63)

1.52 (1.29-1.78)

Synergy index and 95% Cl for the additive interaction between PCOS and psychiatric

1.77 (1.69-1.86)

disorders

Abbreviations: PCOS polycystic ovary syndrome, HR hazard ratio, Cl confidence interval.
“Model 1 was unadjusted.

®Model 2 was adjusted for sex, country and calendar year of birth, as well as maternal country of origin, parity, age, education, and marital status at the time of birth.

°Model 3 was adjusted for maternal hypertensive disease (except when examining its joint effect with polycystic ovary syndrome), diabetes (except when examining its joint effect with polycystic
ovary syndrome), and psychiatric disorders (except when examining their joint effect with polycystic ovary syndrome) before or during the index pregnancy.

9Model 4 was adjusted for sex, country and calendar year of birth, as well as maternal country of origin, parity, age, education, and marital status at the time of birth, hypertensive disease (except
when examining its joint effect with polycystic ovary syndrome), diabetes (except when examining its joint effect with polycystic ovary syndrome) and psychiatric disorders (except when examining
their joint effect with polycystic ovary syndrome) before or during the index pregnancy, and family history of cardiovascular disease.

°This analysis was performed for individuals with data on maternal body-mass index available in early pregnancy (N =3 274 570).

been reported to have high validity*>**, a proportion of mild CVD cases

are likely to have been missed due to unavailability of outpatient data
in the first part of our study period. Nevertheless, when we restricted
analyzes to the years when outpatient data were available, the asso-
ciations did not change substantially. Similar to PCOS, there were
changes over time in diagnostic criteria or diagnostic procedures of
certain CVD types, such as AMI, hypertension, stroke, or heart failure.
Therefore, we adjusted for calendar year at birth in our multivariable
models to reduce the potential confounding by changing medical
practices over time.

Third, we cannot rule out the possibility of uncontrolled
confounding. Although we attempted to account for unmeasured
confounding by familial characteristics using the cousin com-
parison design, this approach has limitations®*. In general, cousin
comparisons adjust for shared familial confounders less effec-
tively than sibling comparisons, because cousin comparisons have
limited ability to capture heterogeneity over time and within the

family unit. In addition, cousin comparisons are susceptible to
bias from unmeasured confounders not shared by cousin pairs.
Further, data on maternal smoking, BMI and the use of ART
before the index birth were not available for all years of our study
period, thus we could not control for these measures in our main
analyzes. However, adjustment for maternal smoking, BMI or the
use of ART in sensitivity analyzes among study participants with
information on these variables did not substantially influence our
estimates.

Fourth, although our sample size was substantial, the statistical
power was limited in both the main analysis for certain CVD sub-
types and in the cousin analysis. For example, the notably higher
hazard ratios for IHD and AMI in the cousin analysis compared to
those in the main analysis could potentially be chance findings.
Future studies with greater statistical power, e.g., when the cohorts
included in the Nordic MBRs become older, may provide further
insight into these questions.
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Table 4 | Hazard ratios and 95% confidence intervals for overall and specific cardiovascular disease, according to maternal
polycystic ovary syndrome in the cousin analysis (N =6 332 070)

Exposure Number of events Event rate, per 10 000 HR (95% CI)

person-years Model 1° Model 2° Model 3° Model 4°
Overall CVD
No PCOS 352298 23.69 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 1349 22.50 1.31(1.18-1.45) 1.19 (1.08-1.32) 1.27 (1.16-1.42) 1.18 (1.07-1.31)
Ischemic heart disease
No PCOS 7872 0.51 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 20 0.31 4.22 (1.74-10.28) 4.34 (1.77-10.63) 4.22 (1.73-10.30) 4.33 (1.76-10.65)
Acute myocardial infarction
No PCOS 3091 0.21 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 8 0.13 10.37 (3.09-34.78) 11.90 (3.49-40.55) 10.56 (3.14-35.48) 12.07 (3.54-41.22)
Stroke
No PCOS 11965 0.79 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 38 0.62 0.63 (0.33-1.19) 0.61(0.32-1.16) 0.64 (0.34-1.22) 0.63 (0.33-1.19)
Hemorrhagic stroke
No PCOS 3 005 0.20 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 13 0.21 0.92 (0.32-2.62) 0.87 (0.30-2.55) 0.97 (0.34-2.78) 0.93 (0.32-2.71)
Ischemic stroke
No PCOS 6 703 0.44 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 24 0.39 0.65 (0.28-1.49) 0.61(0.27-1.41) 0.64 (0.28-1.48) 0.61(0.27-1.41)
Heart failure
No PCOS 4 391 0.29 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 10 0.16 0.61(0.21-1.76) 0.62 (0.21-1.77) 0.61(0.21-1.76) 0.62 (0.21-1.78)
Atrial fibrillation
No PCOS 9530 0.63 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 18 0.30 1.93 (0.91-4.12) 1.99 (0.90-4.38) 1.93 (0.91-4.09) 1.99 (0.90-4.37)
Hypertensive disease
No PCOS 49 308 3.26 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 129 212 1.39 (0.98-1.96) 1.30 (0.93-1.83) 1.35 (0.95-1.91) 1.27 (0.90-1.78)
Peripheral arterial disease
No PCOS 2013 0.13 1.0 (Reference) 1.0 (Reference) 1.0 (Reference) 1.0 (Reference)
PCOS 6 0.10 1.06 (0.30-3.77) 1.13 (0.30-4.19) 1.06 (0.30-3.78) 1.13 (0.30-4.17)

Abbreviations: PCOS polycystic ovary syndrome, CVD cardiovascular disease, HR hazard ratio; Cl confidence interval.

“Model 1 was unadjusted.

®Model 2 was adjusted for sex, country and calendar year of birth, parity, age, education, and marital status at the time of birth.
°Model 3 was adjusted for maternal hypertensive disorders, diabetes, and psychiatric disorders before or during the index pregnancy.
9Model 4 was adjusted for sex, country and calendar year of birth, parity, age, education and marital status at the time of birth, hypertensive disorders, diabetes, and psychiatric disorders before or

during the index pregnancy.

Table 5 | Hazard ratios and 95% confidence intervals for overall cardiovascular disease according to maternal polycystic ovary
syndrome mediated through preterm birth, small or large for gestational age, congenital heart disease, and diabetes

Mediators HR (95% CI)? Proportion medi- P-value for the interaction between PCOS and the
Total effect” Direct effect  Mediated effect ated (% s

Preterm birth 119 (113-1.26)  1.19 (113-1.25)  1.01(1.00-1.01) 3.9 0.08

SGA birth 116 (110-1.23) 116 (1.10-1.23)  0.99 (0.99-1.00) — 0.4

LGA birth 119 (113-1.26)  1.19(112-1.26)  1.01(1.00-1.017) 3.1 0.02

Congenital heart 119 (114-1.26) 117 (1.11-1.24)  1.02 (1.01-1.02) 10.0 0.39

disease

Diabetes 1.20 (114-1.26) 1.19 (1.14-1.26)  1.00 (0.99-1.00) 0.78 0.51

Abbreviations: PCOS polycystic ovary syndrome, SGA small for gestational age, LGA large for gestational age, HR hazard ratio, Cl confidence interval.

®We adjusted for sex, country and calendar year of birth, maternal country of origin, parity, age, education, and marital status at the time of birth, body-mass index and smoking during the index
pregnancy, hypertensive disease, diabetes, and psychiatric disorders before or during the index pregnancy, and family history of cardiovascular diseases.

"The estimates for the total effect of maternal polycystic ovary syndrome on cardiovascular diseases may vary among models corresponding to different mediators because of the differences in the

number of individual with missing data on each mediator and exposure-mediator interactions.

°The estimate of the proportion mediated by small for gestational age was outside the expected range of 0-100% since the direct effect and mediated effect were in opposite directions in this case.
9Wald tests were used to calculate two-sided p-values.
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Finally, our findings may be directly generalizable only to children
and young adults living in countries with sociocultural contexts and
healthcare systems similar to those of Denmark and Sweden. Addi-
tionally, as there have been substantial changes in maternal age at
childbirth and maternal BMI over the past five decades, the general-
izability of the findings to children born in the current period is
not clear.

In conclusion, we found that individuals born to mothers with
PCOS had increased risks of CVD in childhood and young adulthood.
The observed association could not be explained by familial con-
founding, PCOS-related comorbidities, or adverse pregnancy out-
comes. If our findings are replicated and confirmed by future studies,
children of women with PCOS may benefit from screening and early
prevention for CVD.

Methods

Data sources and study population

Both Denmark and Sweden have a tax-funded healthcare system
that provides free antenatal care to women®. The database used in
the present study was obtained by linking data from several national
registers in Denmark and Sweden using the unique personal iden-
tification number assigned to all residents of the two countries®.
The registers used in the study are described in more detail in
Supplementary Table 4. We included all live singleton births regis-
tered in the Danish MBR* and the Swedish MBR*) during 1973-2016
and 1973-2014, respectively. After excluding offspring of mothers
with a missing or incomplete personal identification number, the
final study population consisted of 6 839 703 live births. The study
was reported to the Danish Data Protection Agency through
registration at Aarhus University (record number: 2015-57-0002 -
sequential number 654) and approved by the Research Ethics
Committee at Karolinska Institute in Stockholm (No. 2016/288-31/1
and 2021-03315). The boards do not request informed consent for
register-based studies.

Measures

Exposure. Diagnoses of maternal PCOS were identified from the
Danish National Patient Registry, the Swedish Patient Register, and the
Swedish MBR, using the International Statistical Classification of Dis-
eases and Related Health Problems (ICD) codes shown in Supplemen-
tary Table 5. We considered PCOS to be present during pregnancy
regardless of the time of diagnosis, since PCOS is a disorder with
metabolic disturbances and elevated testosterone levels that persist
throughout the life of affected women*’.

Outcomes. We retrieved information on the first diagnosis of CVD
from the national patient and cause-of-death registers, using the
ICD codes listed in Supplementary Table 5. Further, we retrieved
information on some important CVD types, i.e., IHD (separately also
for one of its main subtypes, i.e., AMI), stroke (separately also for
ischemic stroke and hemorrhagic stroke), heart failure, hyperten-
sive disease, atrial fibrillation (including atrial flutter), and periph-
eral artery disease. We followed study participants from birth until
the first diagnosis of CVD, death, emigration (in Sweden data
available until 2014), or the latest date with available data
(December 31, 2016 in Denmark and December 31, 2020 in Sweden),
whichever came first.

Covariates. Offspring’s characteristics we retrieved information on
were country of birth, year of birth, sex, birth weight, gestational age,
and diagnoses of CHD and diabetes; maternal characteristics we
obtained data on were country of origin, educational level, marital
status, parity, age at the time of the index birth, BMI, smoking and ART
during the index pregnancy, family history of CVD, and comorbidities
including diabetes (including Type 1 and 2 diabetes), hypertensive

disease, and psychiatric disorders before or during the index preg-
nancy. Preterm birth was defined as a gestational age <37 weeks at
birth; SGA and LGA births were defined according to birth weight
below or above the 10th percentile of the sex and gestational age-
specific standard curve for normal fetal growth*. A detailed descrip-
tion of the measurement and categorization of covariates (including
the ICD codes for the considered diseases) is provided in Supple-
mentary note 1.

Statistical analyzes

Incidence rates of CVD and its major subtypes were calculated as per
10 000 person-years. We performed Cox proportional hazard regres-
sion models to estimate HRs with 95% Cls for overall risks of CVD and
its major subtypes, according to maternal PCOS, with attained age as
the time scale. The proportional hazards assumption was examined
using log-minus-log survival curves and Schoenfeld’s residuals, and no
violations were found. We ran several multivariate regression models:
(1) Model 1 was unadjusted; (2) Model 2 was adjusted for offspring’s
sex, country and calendar year of birth, maternal country of origin,
parity, age, education, and marital status at the time of birth; (3) Model
3 was adjusted for maternal hypertensive disorders, diabetes, and
psychiatric disorders before or during the index pregnancy; and (4)
Model 4 was adjusted for all covariates included in Models 2 and 3, and
further adjusted for family history of CVD. Since information on
maternal smoking and BMI during the index pregnancy was available
only during part of the study period, we adjusted for these variables in
sub-analyzes restricted to women with available data. We also split
follow-up at 10, 20, 30, and 40 years to investigate whether the asso-
ciations varied by attained age.

We examined the joint effects of maternal PCOS and other
maternal comorbidities, ie., diabetes, hypertensive disease, over-
weight/obesity (BMI>25kg/m?) or psychiatric disorders on risk of
CVD. Additive interactions between PCOS and comorbidities on CVD
risk were examined using the synergy index; in case of this latter,
departure from 1 suggests the presence of biological interaction*.

To address potential confounding from shared familial factors, we
conducted a cousin comparison analysis. First, we established a sub-
cohort of cousin pairs, i.e., the children of the mother and her biolo-
gical sister(s), using personal identification numbers. Next, we ran
stratified Cox models in this sub-cohort with a distinct stratum for each
cousin pair, adjusting for the same covariates as in the overall popu-
lation analysis, except for family history of CVD. Only cousin pairs
discordant for exposure and outcome contributed to the estimates in
the cousin comparison analyzes.

Maternal PCOS has been reported to be associated with preterm
birth, SGA birth, LGA birth, CHD, and diabetes®'®**** which in turn are
related to increased CVD risks later in offspring’s lives”**¢, Therefore,
we performed a mediation analysis based on the counterfactual fra-
mework to explore the role of preterm birth, SGA or LGA birth, CHD, or
diabetes before the CVD in the association between maternal PCOS
and CVD in offspring. A detailed description of this approach is pro-
vided in Supplementary note 2.

We performed further stratified analyzes according to offspring’s
sex, or country of birth, or maternal use of ART and tested the inter-
actions of these factors with maternal PCOS and CVD risk.

Sensitivity analyzes

We created a PSM* sub-cohort to achieve a better balance of covari-
ates between the exposed and unexposed groups and to further
reduce potential confounding. We used logistic regression to estimate
propensity scores as the probability of the mother having PCOS given
certain covariates, i.e., maternal country of origin, parity, education
and marital status at birth, hypertensive disease, diabetes, and psy-
chiatric disorders before or during the index pregnancy, and family
history of CVD. We then used a ratio of 1:1 with a greedy matching
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algorithm to match the exposed offspring and unexposed offspring,
and finally created a propensity-score-matched sub-cohort. The char-
acteristics of the PSM sub-cohort are described in detail in Supple-
mentary Table 6. The Cox model was then used to estimate
associations between maternal PCOS and risks of overall CVD and main
CVD types in the PSM sub-cohort, with further adjustment for calendar
year of birth, sex of the child, and parity.

In a further sensitivity analysis, we restricted to offspring who
were born in Denmark since 1995 and in Sweden since 2001 when
outpatient hospital data were available. To evaluate whether changes
in diagnostic criteria influenced the estimates, we also categorized
exposed offspring by year of PCOS diagnosis (i.e., before 1990,
1990-2003, and after 2003, as diagnostic criteria for PCOS varied
across these periods) and compared overall CVD risk across the three
subgroups. As the validity of some of the CVD cases identified from the
cause of death register may not be high, we conducted a sensitivity
analysis, in which the outcome included only CVD cases identified
from the national patient registers. Finally, we repeated our main
analyzes after imputing missing data on covariates using the multi-
variate imputation by chained equations technique*®.

All data analyzes for this study were conducted using SAS, version
9.4 (SAS Institute Inc), and RStudio, version 1.2.1578 (RStudio Inc).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw Danish and Swedish cohort data were collected by national
register holders in each country and cannot be shared publicly due to
restrictions in our ethical approval and data privacy laws. The cohort
data generated in this study have been securely stored on a secure
server at Statistics Denmark (https://www.dst.dk/), which also prohi-
bits data sharing with external users. Researchers who meet legal
requirements may apply for similar data from the relevant registers,
provided they have obtained the necessary ethical approvals. The
holders of the registers used in this study and their websites are: Sta-
tistics Denmark (https://www.dst.dk/), Statistics Sweden (https://www.
scb.se/en/), and the National Board of Health and Welfare in Sweden
(https://www.socialstyrelsen.se/en/). Processing times for data appli-
cations to register holders, once ethical approvals are granted, vary
depending on demand and the capacity of each register holder and
may range from several months to over a year. The time periods for the
availability of the granted data are regulated by agreements between
register holders and the respective researchers. Statistics Denmark has
strict access restrictions and Danish data cannot be exported or stored
outside Statistics Denmark’s server.

Code availability

All data analyzes for this study were conducted on a secure server at
Statistics Denmark. We are not allowed to export files from this server,
neither data nor statistical codes.

References

1. Teede, H. J. et al. Recommendations from the 2023 international
evidence-based guideline for the assessment and management of
polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 108,
2447-2469 (2023).

2. Teede, H. J. et al. Recommendations from the international
evidence-based guideline for the assessment and management of
polycystic ovary syndrome. Hum. Reprod. 33, 1602-1618 (2018).

3. Hu, R. et al. New insights into the interaction between polycystic
ovary syndrome and psychiatric disorders: a narrative review. Int J.
Gynaecol. Obstet. 164, 387-420 (2024).

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Qin, J. Z. et al. Obstetric complications in women with polycystic
ovary syndrome: a systematic review and meta-analysis. Reprod.
Biol. Endocrinol.: RBE 1, 56 (2013).

Yu, H. F., Chen, H. S., Rao, D. P. & Gong, J. Association between
polycystic ovary syndrome and the risk of pregnancy complica-
tions: A PRISMA-compliant systematic review and meta-analysis.
Medicine 95, e4863 (2016).

Roos, N. et al. Risk of adverse pregnancy outcomes in women with
polycystic ovary syndrome: population based cohort study. Bmj
343, d6309 (2011).

Gunning, M. N. et al. Cardiometabolic health in offspring of women
with PCOS compared to healthy controls: a systematic review and
individual participant data meta-analysis. Hum. Reprod. update 26,
104-118 (2020).

Vanky, E., Hanem, L. G. E. & Abbott, D. H. Children born to women
with polycystic ovary syndrome—short-and long-term impacts on
health and development. Fertil. Steril. 111, 1065-1075 (2019).
Wilde, M. A. et al. Cardiovascular and metabolic health of 74 chil-
dren from women previously diagnosed with polycystic ovary
syndrome in comparison with a population-based reference cohort.
Reprod. Sci. 25, 1492-1500 (2018).

Doherty, D. A., Newnham, J. P., Bower, C. & Hart, R. Implications of
polycystic ovary syndrome for pregnancy and for the health of
offspring. Obstet. Gynecol. 125, 1397-1406 (2015).

Wei, S. Q., Bilodeau-Bertrand, M. & Auger, N. Association of PCOS
with offspring morbidity: a longitudinal cohort study. Hum. Reprod.
37, 2135-2142 (2022).

Zhu, J. et al. Evidence from men for ovary-independent effects of
genetic risk factors for polycystic ovary syndrome. J. Clin. Endo-
crinol. Metab. 107, e1577-e1587 (2022).

Cunha, A. & P6voa, A. M. Infertility management in women

with polycystic ovary syndrome: a review. Porto Biomed. J. 6,

el16 (2021).

Gaillard, R. Maternal obesity during pregnancy and cardiovascular
development and disease in the offspring. Eur. J. Epidemiol. 30,
1141-1152 (2015).

Yu, Y. et al. Maternal diabetes during pregnancy and early onset of
cardiovascular disease in offspring: population based cohort study
with 40 years of follow-up. Bmj 367, 16398 (2019).

Huang, C. et al. Maternal hypertensive disorder of pregnancy and
offspring early-onset cardiovascular disease in childhood, adoles-
cence, and young adulthood: A national population-based cohort
study. PLoS Med. 18, e1003805 (2021).

Silva, C. et al. Maternal psychological distress during pregnancy
and childhood cardio-metabolic risk factors. Nutr., Metab. Cardio-
vascular Dis. 29, 572-579 (2019).

Guo, X.-Y. et al. Cardiovascular and metabolic profiles of off-
spring conceived by assisted reproductive technologies: a
systematic review and meta-analysis. Fertil. Steril. 107,
622-631.625 (2017).

Actkins, K. V., Jean-Pierre, G., Aldrich, M. C., Velez Edwards, D. R. &
Dauvis, L. K. Sex modifies the effect of genetic risk scores for poly-
cystic ovary syndrome on metabolic phenotypes. PLoS Genet 19,
€1010764 (2023).

Crisosto, N. & Sir-Petermann, T. Family ties: offspring born to
women with polycystic ovary syndrome. Curr. Opin. Endocr. Metab.
Res. 12, 119-124 (2020).

Khan, M. J., Ullah, A. & Basit, S. Genetic basis of polycystic ovary
syndrome (PCOS): current perspectives. application Clin. Genet. 12,
249-260 (2019).

Rubin, K. H., Andersen, M. S., Abrahamsen, B. & Glintborg, D.
Socioeconomic status in Danish women with polycystic ovary
syndrome: a register-based cohort study. Acta Obstetricia et.
Gynecologica Scandinavica 98, 440-450 (2019).

Nature Communications | (2024)15:10414


https://www.dst.dk/
https://www.dst.dk/
https://www.scb.se/en/
https://www.scb.se/en/
https://www.socialstyrelsen.se/en/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54795-w

23. Vanky, E., Engen Hanem, L. G. & Abbott, D. H. Children born to
women with polycystic ovary syndrome-short- and long-term
impacts on health and development. Fertil. Steril. 111,

1065-1075 (2019).

24. Koster, M. P. et al. Placental characteristics in women with poly-
cystic ovary syndrome. Hum. Reprod. 30, 2829-2837 (2015).

25. Mohseni, R. et al. Birth weight and risk of cardiovascular disease
incidence in adulthood: a dose-response meta-analysis. Curr.
atherosclerosis Rep. 22, 1-13 (2020).

26. Crump, C., Sundquist, J., Winkleby, M. A. & Sundquist, K. Gesta-
tional age at birth and mortality from infancy into mid-adulthood: a
national cohort study. Lancet Child Adolesc. Health 3,

408-417 (2019).

27. Wang, T. et al. Congenital heart disease and risk of cardiovascular
disease: a meta-analysis of cohort studies. J. Am. Heart Assoc. 8,
012030 (2019).

28. Manti, M. et al. Maternal androgen excess induces cardiac hyper-
trophy and left ventricular dysfunction in female mice offspring.
Cardiovasc Res 116, 619-632 (2020).

29. Kjaergaard, J., Clemmensen, I. H., Thomsen, B. L. & Storm, H. H.
Validity of diagnoses of and operations for nonmalignant gyneco-
logical conditions in the Danish National Hospital Registry. J. Clin.
Epidemiol. 55, 137-142 (2002).

30. ACOG Practice Bulletin No. 194. Polycystic ovary syndrome. Obstet.
Gynecol. 131, e157-e171 (2018).

31. Schmidt, A. B., Lund, M., Wohlfahrt, J. & Melbye, M. Polycystic ovary
syndrome and offspring risk of congenital heart defects: a nation-
wide cohort study. Hum. Reprod. 35, 2348-2355 (2020).

32. Sundbgll, J. et al. Positive predictive value of cardiovascular diag-
noses in the Danish national patient registry: a validation study. BMJ
open 6, e012832 (2016).

33. Ludvigsson, J. F. et al. External review and validation of the Swedish
national inpatient register. BMC Public Health 11, 1-16 (2011).

34. D'Onofrio, B. M., Lahey, B. B., Turkheimer, E. & Lichtenstein, P. Cri-
tical need for family-based, quasi-experimental designs in inte-
grating genetic and social science research. Am. J. Public Health
103, S46-S55 (2013).

35. Laugesen, K. et al. Nordic health registry-based research: a review
of health care systems and key registries. Clin. Epidemiol. 13,

533 (2021).

36. Schmidt, M., Pedersen, L. & Sgrensen, H. T. The Danish Civil
Registration System as a tool in epidemiology. Eur. J. Epidemiol. 29,
541-549 (2014).

37. Ludvigsson, J. F., Otterblad-Olausson, P., Pettersson, B. U. & Ekbom,
A. The Swedish personal identity number: possibilities and pitfalls in
healthcare and medical research. Eur. J. Epidemiol. 24,

659-667 (2009).

38. Bliddal, M., Broe, A., Pottegard, A., Olsen, J. & Langhoff-Roos, J. The
Danish medical birth register. Eur. J. Epidemiol. 33, 27-36 (2018).

39. Axelsson, O. The Swedish medical birth register. Acta Obstetricia et.
Gynecologica Scandinavica 82, 491-492 (2003).

40. Sir-Petermann, T., Echiburu, B., Crisosto, N., Maliqueo, M. & Bravo,
F. P. Metabolic features across the female life span in women with
PCQOS. Curr. Pharm. Des. 22, 5515-5525 (2016).

41. Marsal, K. et al. Intrauterine growth curves based on ultrasonically
estimated foetal weights. Acta paediatrica (Oslo, Nor.: 1992) 85,
843-848 (1996).

42. Andersson, T., Alfredsson, L., Kallberg, H., Zdravkovic, S. & Ahlbom,
A. Calculating measures of biological interaction. Eur. J. Epidemiol.
20, 575-579 (2005).

43. Sir-Petermann, T. et al. Birth weight in offspring of mothers
with polycystic ovarian syndrome. Hum. Reprod. 20,

2122-2126 (2005).

44. Chen, X., Koivuaho, E., Piltonen, T. T., Gissler, M. & Lavebratt, C.

Association of maternal polycystic ovary syndrome or anovulatory

infertility with obesity and diabetes in offspring: a population-based
cohort study. Hum. Reprod. 36, 2345-2357 (2021).

45. Ueda, P. et al. Cerebrovascular and ischemic heart disease in young
adults born preterm: a population-based Swedish cohort study.
Eur. J. Epidemiol. 29, 253-260 (2014).

46. Wang, S.-F. et al. Birth weight and risk of coronary heart disease in
adults: a meta-analysis of prospective cohort studies. J. develop-
mental Orig. health Dis. 5, 408-419 (2014).

47. Austin, P. C. An introduction to propensity score methods for
reducing the effects of confounding in observational studies. Mul-
tivar. Behav. Res 46, 399-424 (2011).

48. Azur, M. J., Stuart, E. A., Frangakis, C. & Leaf, P. J. Multiple imputa-
tion by chained equations: what is it and how does it work? Int. J.
methods Psychiatr. Res. 20, 40-49 (2011).

Acknowledgements

This study was supported by the Swedish Council for Working Life and
Social Research (grant no. 2015-00837 to KDL), the Karolinska Institu-
tet’s Research Foundation (grant no. 2018-01924, 2018-01547 and 2022-
01975 to KDL), the Swedish Heart and Lung Foundation (grant no.
20180306 and 20230493 to KDL), the China Scholarship Council (grant
no. 201908300120 to FY and grant no. 202008310043 to ZLW), the
Novo Nordisk Foundation (grant no. NNF1I80C0052029 to JL), the
Independent Research Fund Denmark (grant no. DFF 9039-00010B and
1030-00012B to JL), Nordic Cancer Union (R275-A15770 and R278-
A15877 to JL), and the National Key Research and Development Program
of China (grant no. 2021YFC2701003 to MHM). The funders had no role in
the design and conduct of the study; collection, management, analysis,
and interpretation of the data; preparation, review, or approval of the
manuscript; or decision to submit the manuscript for publication.

Author contributions

F.Y. had full access to all the data in the study and takes responsibility for
the integrity of the data and the accuracy of the data analysis. I.J., J.L.,
and K.D.L. conceived and designed the study. F.Y. performed the data
management and the statistical analyzes. M.G., J.L., and K.D.L. provided
administrative, technical, and material support. I.J., J.L., and K.D.L.
supervised the study. F.Y., Z.L.W., H.T.S,, I.J.,, J.L., and K.D.L. contributed
to analyzes or interpretation of the results. F.Y., Z.L.W., and K.D.L. drafted
the manuscript. F.Y., ZLW., H.T.S., I.J., M.G., W.Y., M.H.M., N.R., A.K.W.,
J.L., and K.D.L. critically revised it for important intellectual content.

Funding

Open access funding provided by Karolinska Institute.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-54795-w.

Correspondence and requests for materials should be addressed to
Fen Yang.

Peer review information Nature Communications thanks Laura Loehr,
and the other, anonymous, reviewers for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2024)15:10414


https://doi.org/10.1038/s41467-024-54795-w
http://www.nature.com/reprints
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54795-w

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:10414

10


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Maternal polycystic ovary syndrome and Offspring’s Risk of Cardiovascular diseases in Childhood and Young Adulthood
	Results
	Maternal PCOS and risks of overall CVD and its main types
	The joint effect of maternal PCOS and comorbidities
	Cousin analysis
	Mediation by preterm birth, small for gestational age (SGA), or LGA birth, congenital heart disease (CHD), and diabetes
	Sensitivity analyzes

	Discussion
	Limitations
	Methods
	Data sources and study population
	Measures
	Exposure
	Outcomes
	Covariates

	Statistical analyzes
	Sensitivity analyzes
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




