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STUDY QUESTION: Is maternal polycystic ovary syndrome (PCOS) associated with increased risks for a broad spectrum of psychiatric
and mild neurodevelopmental disorders in offspring?

SUMMARY ANSWER: Maternal PCOS and/or anovulatory infertility is independently, and jointly with maternal obesity, perinatal
problems, cesarean delivery and gestational diabetes, associated with increased risks in offspring for almost all groups of psychiatric and
mild neurodevelopmental disorders with onset in childhood or adolescence.

WHAT IS KNOWN ALREADY: Maternal PCOS was previously associated with autism spectrum disorder, attention-deficit/
hyperactivity disorders and possibly developmental delay in offspring. Few studies have investigated the association between maternal
PCOS and other psychiatric and neurodevelopmental disorders in offspring.

STUDY DESIGN, SIZE, DURATION: This was a population-based cohort study in Finland including all live births between 1996 and
2014 (n=1105997). After excluding births to mothers with symptoms similar to PCOS, a total of | 097753 births by 590 939 mothers
remained. Children were followed up until 3| December 2018, i.e. up to the age of 22 years.

PARTICIPANTS/MATERIALS, SETTING, METHODS: National registries were used to link data of the included births and their
mothers. Data from 24 682 (2.2%) children born to mothers with PCOS were compared with | 073071 (97.8%) children born to mothers
without PCOS. Cox proportional hazards modeling was used to evaluate the hazard ratio (HR) and 95% Cl for the risk of neuropsychiatric
disorders in relation to maternal PCOS. Stratified analyses were performed to test the independent role of PCOS and the joint effects of
PCOS with maternal obesity, perinatal problems, cesarean delivery, gestational diabetes and use of fertility treatment. The analysis was ad-
justed for maternal age, country of birth, marriage status at birth, smoking, parity, psychiatric disorders, prescription of psychotropic N05/
NO6 during pregnancy and systemic inflammatory diseases when applicable.

MAIN RESULTS AND THE ROLE OF CHANCE: A total of 105409 (9.8%) children were diagnosed with a neurodevelopmental or
psychiatric disorder. Firstly, maternal PCOS was associated with any psychiatric diagnosis (HR 1.32; 95% CI 1.27-1.38) in offspring.
Particularly, the risk was increased for sleeping disorders (HR 1.46; 95% CI 1.27—1.67), attention-deficit/hyperactivity disorders and con-
duct disorders (HR 1.42; 95% CI 1.33—1.52), tic disorders (HR 1.42; 95% CI 1.21—1.68), intellectual disabilities (HR 1.41; 95% CI 1.24—
1.60), autism spectrum disorder (HR 1.40; 95% CI 1.26—1.57), specific developmental disorders (HR 1.37; 95% CI 1.30-1.43), eating dis-
orders (HR 1.36; 95% CI 1.15—1.61), anxiety disorders (HR 1.33; 95% CI 1.26—1.41), mood disorders (HR 1.27; 95% CI |1.18-1.35) and
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other behavioral and emotional disorders (ICD-10 F98, HR 1.49; 95% CI 1.39—1.59). In short, there was no significant difference between
sexes. The results were robust when restricting the analyses to the first-born children or births to mothers without psychiatric diagnosis or
purchase of psychotropic medication. Secondly, stratified analysis according to maternal BMI showed that the risk of any neuropsychiatric
disorder was increased in offspring to normal-weight mothers with PCOS (HR 1.20; 95% CI 1.09—-1.32), and markedly higher in those to
severely obese mothers with PCOS (HR 2.1 1; 95% CI 1.76-2.53) compared to offspring to normal-weight mothers without PCOS. When
excluding perinatal problems, mothers with PCOS were still associated with increased risks of any neuropsychiatric disorders in offspring
(HR 1.28; 95% Cl 1.22—1.34) compared to mothers without PCOS. However, an additional increase was observed for PCOS in combina-
tion with perinatal problems (HR 1.99; 95% CI 1.84-2.16). Likewise, excluding cases with maternal gestational diabetes (HR 1.30; 95% ClI
|.25—1.36), cesarean delivery (HR 1.29; 95% Cl 1.23—1.35) or fertility treatment (HR 1.31; 95% CI [.25-1.36) did not eliminate the
associations.

LIMITATIONS, REASONS FOR CAUTION: The register-based prevalence of PCOS was lower than previously reported, suggesting
that this study may capture the most severe cases. To combine anovulatory infertility with PCOS diagnosis as PCOS exposure might intro-
duce diagnostic bias. It was not feasible to distinguish between subtypes of PCOS. Furthermore, familial factors might confound the associ-
ation between maternal PCOS and neuropsychiatric disorders in offspring. Maternal BMI was available for birth cohort 2004—2014 only
and there was no information on gestational weight gain.

WIDER IMPLICATIONS OF THE FINDINGS: This study provides further evidence that maternal PCOS and/or anovulatory infertility,
independently and jointly with maternal obesity, perinatal problems, gestational diabetes and cesarean delivery, implies a broad range of
adverse effects on offspring neurodevelopment. These findings may potentially help in counseling and managing pregnancies.
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Introduction

Polycystic ovary syndrome (PCOS) is the most common endocrine
disorder affecting women at reproductive age, with an estimated prev-
alence of 6-20% (Escobar-Morreale, 2018). The syndrome is charac-
terized by a combination of androgen excess and ovarian dysfunction
after excluding other specific diagnoses. The etiology of PCOS is un-
known; but there is growing evidence for an interaction between ge-
netic susceptibility and prenatal androgen exposure (Risal et al., 2019).

PCOS status, together with associated obesity, insulin resistance,
and pregnancy complications, is potentially to provide an altered intra-
uterine environment, which may negatively influence the offspring
(Vanky et al., 2019). Maternal PCOS has been proposed as a model of
exposure to excessive androgens in uterus, reporting that the affected
children had increased risks of neuropsychiatric disorders including au-
tism spectrum disorder (ASD), attention deficit/hyperactivity disorders
(ADHDs) and possibly Tourette syndrome/chronic tic disorders
(Palomba et al, 2012; Kosidou et al, 2016; Kosidou et al., 2017,
Cherskov et al., 2018; Cesta et al.,, 2019). In addition, a cohort study
found that offspring with maternal PCOS were more likely to have de-
velopmental delay before age 3 (Bell et al., 2018). Also, a PCOS-like
phenotype in mice was associated with anxiety-like behaviors in off-
spring (Hu et al, 2015). These findings suggest that maternal PCOS
might have a broad adverse effect on neurodevelopment. However,
to our knowledge, a comprehensive picture of the association

between maternal PCOS and offspring neurodevelopmental and psy-
chiatric disorders is less known.

Moreover, overweight and obesity are more prevalent in women
with PCOS (Escobar-Morreale, 2018). Studies on offspring ASD and
ADHD revealed a tendency of increasing risks in mothers with PCOS
with worsening metabolic profiles (Kosidou et al., 2016; Kosidou et dl.,
2017); however, the risk for neuropsychiatric disorders at full BMI
strata in mothers with PCOS is not determined.

In addition, subfertility is a common trait in women with PCOS and
many of them seek help from ART due to anovulation (Escobar-
Morreale, 2018; Teede et al., 2018). Further, mothers with PCOS are
more likely to develop pregnancy complications including gestational
diabetes mellitus (GDM) and perinatal problems such as preterm birth
and small for gestational age (Teede et al.,, 2018). Studies in the gen-
eral population have revealed that perinatal problems, GDM, pre-
eclampsia, cesarean delivery and possibly fertility treatment are risk
factors for neuropsychiatric disorders in offspring (Bay et al., 2013;
Sucksdorff et al., 2015; Walker et al., 2015; Kong et al., 2018; Zhang
et al, 2019). But it is unknown whether, and to what extent the asso-
ciation between maternal PCOS and offspring neuropsychiatric disor-
ders could be explained by them.

Thus, this study aimed to explore whether maternal PCOS is associ-
ated with a wide spectrum of offspring neuropsychiatric disorders using
a nationwide register cohort in Finland. The unique effects of PCOS in
normal weight and its joint effects with obesity were examined. The
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potential roles of perinatal problems, GDM, cesarean delivery and fer-
tility treatment in mothers with PCOS were tested by stratified
analyses.

Materials and methods

Data source and study population

The index cases in this study were all live births during 1996-2014 in
Finland, registered in the Drugs and Pregnancy Database (Artama
et al., 2011) and originally identified from the Medical Birth Register
(MBR). Clinical diagnoses for offspring and mothers were identified
from the Finnish Care Register for Health Care (HILMO). Medication
purchases (prescription-only) were retrieved from the Finnish Register
on Reimbursement Drugs (Supplementary Methods).

Births to mothers with symptoms similar to PCOS were excluded
from this study (n=8244): pituitary adenoma (ICD-9: 227.3; ICD-10:
D35.2), disorders of the pituitary glands including hypo/hyper function
(ICD-9: 253; ICD-10: E22, E23), disorders of the adrenal glands in-
cluding congenital adrenal hyperplasia and Cushing’s syndrome (ICD-9:
255; ICD-10: E24/E25/E27), galactorrhea (ICD-9: 611.6; ICD-10:
N64.3), suprarenal tumor (ICD-9: 194; ICD-10: C74) and Turner syn-
drome (ICD-9: 758.6; ICD-10: Q96).

Ethical consideration

This study was approved by the data providing authorities and the
data protection authority in Finland. According to Finnish regulations,
analysis of anonymous register data required no informed consent.
Data from different datasets and registries were linked and combined
using the personal identification number issued to each Finnish citizen
and permanent resident. The data analysis was performed between
| June 2019 and 10 July 2020.

Exposure ascertainment

Maternal PCOS was identified from the HILMO based on the diagno-
sis of PCOS (ICD-9: 256.4; ICD-10: E28.2) or anovulatory infertility
(ICD-9: 628.0; ICD-10: N97.0), given that PCOS is the most common
cause for anovulatory infertility. Such a PCOS diagnosis was defined as
exposure irrespective of year because for this disorder the hormonal
and metabolic manifestations persisted through the women'’s life span.
A total of | 097753 births by 590939 mothers was yielded. Of them,
24 682 children (11 949 females, 12733 males) were born to mothers
with PCOS and |1 073071 (524538 females, 548 533 males) to non-
PCOS mothers.

Information on maternal BMI, available from 2004, was calculated as
pre-pregnancy weight (recorded at their first prenatal visits, round ges-
tation weeks 7—10) divided by the height squared, obtained from the
MBR.

GDM and preeclampsia were identified based on ICD-10 O24.4
and Ol4, respectively. Fertility treatment refers to IVF/ICSI only
(check-box in the MBR). Perinatal problems are defined as birth before
gestational week 37 or a birth weight <2500 g, or small for gestational
age, which is a birth weight and/or length >2 SD below the sex- and
gestational age-specific reference mean (Sankilampi et al., 2013), based
on the International Societies of Pediatric Endocrinology and the

Growth Hormone Research Society (Clayton et al., 2007). Information
on cesarean delivery (yes/no) was obtained from the Drugs and
Pregnancy database.

Definition of offspring neurodevelopmental
and psychiatric disorders

The cases with neurodevelopmental or psychiatric disorders were iden-
tified from the HILMO, defined as a primary or secondary diagnosis:
F30-39 and F92 (mood disorders), F40—43 and F93 (anxiety disorders),
F50 (eating disorders), F51 (sleeping disorders), F60-69 (personality dis-
orders), F70-79 (intellectual disabilities), F80—-83 (specific developmental
disorders), F84 (ASD), F90-91 (ADHD and conduct disorders), F95
(tic disorders) and F98 (other behavioral and emotional disorders)
(Supplementary Table SI). The diagnoses were grouped on the basis of
symptom similarities. The coverage and accuracy of HILMO on adult
mental and behavioral disorders range from satisfactory to very good,
with a completeness above 95% during recent years and a positive pre-
dictive value between 75% and 99% for common diagnoses (Sund,
2012). Already in 1991, another study reported that 99% of registra-
tions on hospitalizations relating to mental disorders were under the
correct ICD chapter and 98% of the main diagnoses were correct at
the three-digit ICD-code level (Keskiméki and Aro, 1991). One study
has reported good validity (96% predictive value) for pediatric ASD in
HILMO (Lampi et al., 2010).

Information on offspring purchases of psychotropic medications was
retrieved from the Finnish Register on Reimbursement Drugs with the
following ATC codes: NO5 (antipsychotics, anxiolytics, hypnotics, and
sedatives), NO6A (antidepressants) and NO6B (stimulants).

Covariates

Information on maternal age at delivery, parity (0 or >1), country of
birth (Finland or other), mother married at birth (yes/no), smoking
during pregnancy (yes/no), diagnoses of systemic inflammatory disor-
ders (ICD-10: M30-M36), psychiatric disorders (in-patient care due to
mental health disorders before pregnancy according to ICD-8: 290—
317, ICD-9: 290-319 and ICD-10: FOO—F99) and purchase of NO5
and NO6 during pregnancy (yes/no) were obtained from the Drugs
and Pregnancy Database.

Statistical analysis

All statistical analyses were performed using SAS versions 9.3 and 9.4
(SAS Institute, Inc, Cary, NC, USA). Cox proportional hazards model-
ing was used to evaluate the hazard ratio (HR) and 95% Cl for the
risk of offspring neuropsychiatric disorders. First, births with maternal
PCOS and anovulatory infertility were examined separately, to confirm
that it was plausible to combine PCOS and anovulatory infertility as
PCOS exposure. Births to mothers with neither PCOS nor anovula-
tory infertility were used as the reference. Covariates were adjusted
for as indicated in tables and figures.

Next, births to mothers with PCOS or anovulatory infertility were
combined into the PCOS-exposed group. Using PCOS-unexposed
births as the reference, results were examined for all study population
first, and then in sex-stratified models.

To test the effects of PCOS with and without obesity, mothers
were categorized according to pre-pregnancy BMI into five groups
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based on the World Health Organization classification: (i) underweight:
<18.5, (i) normal weight: 18.5 < BMI <25, (jii) overweight: 25< BMI
<30, (iv) moderately obese: 30 < BMI <35 and (v) severely obese:
>35 kg/m?. Using births to normal-weight mothers without PCOS as
the reference, the HR and its 95% ClI for offspring neuropsychiatric
disorders, as well as purchases of psychotropic medications, was ex-
amined. Because maternal BMI was available since 2004, the analyses
were performed using birth cohort 2004—-2014. The underweight cate-
gory was not included in the analysis due to restricted sample size.

Lastly, we tested the perinatal problems, GDM, cesarean delivery
and fertility treatment for effect modification. PCOS-exposed births
were classified into groups of with and without the putative modifier.
Using births to mothers with no PCOS and no such modifier as the ref-
erence, we explored whether, and to what extent the associations be-
tween maternal PCOS and neuropsychiatric disorders in offspring could
be attributed to these factors. When testing the effects of perinatal
problems, births by cesarean delivery and those born to mothers with
GDM and fertility treatment were included in the reference, and vice
versa, to avoid creating a control group that was not representative.

Information on mothers’ preeclampsia was also available. However,
the sample size for births to mothers with both PCOS and preeclamp-
sia was too few for stratified analysis.

Results

Description of the study population

Of the total |1 097753 offspring, 9.8% (n=105409) were diagnosed
with a neurodevelopmental or psychiatric disorder (ICD-10: F30-39
and F92, F40-43 and F93, F50, F51, F60-69, F70-79, F80-84, F90-91,
F95 and F98) between 1996 and 2018, that is, 4-22 years for the chil-
dren. We identified a total of 6789 (0.6%) children with maternal
PCOS, and 18625 (1.7%) with maternal anovulatory infertility, with
4712 (0.4%) overlapped between them. There were elevated risks for
most neuropsychiatric disorders studied for both the offspring with
maternal PCOS and the offspring with maternal anovulatory infertility
(Table I). There were only minor differences in the effect sizes of these
increased risks for offspring between those exposed to maternal
PCOS and those exposed to anovulatory infertility (Table ), with a
pointwise HR being 0.2 higher in PCOS for mood disorders, anxiety
disorders, specific developmental disorders, ASD and other behavioral
and emotional disorders and 0.4 higher in PCOS for ADHD and con-
duct disorders. Therefore, we combined PCOS and anovulatory infer-
tility as PCOS exposure (n=24682).

PCOS-exposed children, compared with PCOS-unexposed, more
often had mothers being >30 years, overweight or obese, first-time
pregnant, married, non-smokers, and developing GDM, preeclampsia
and perinatal problems, and undergoing fertility treatment and cesar-
ean section (Table II).

Increased risk for neuropsychiatric
disorders for both sexes of PCOS-exposed
offspring

Compared with PCOS-unexposed offspring, children to mothers with
PCOS were at higher risks of any neuropsychiatric disorder (HR 1.32;

Table | Hazard ratios (95% CI) for offspring psychiatric and mild neurodevelopmental disorders in relation to maternal PCOS (birth cohort 1996-2014 in Finland).

Other
behavioral and
emotional disorders

Mood Anxiety Eating Sleeping Personality Intellectual Specific Autism ADHD and Tic
disorders disorders developmental disorders

disorders

Any F
diagnosis

Diagnosis

conduct
disorders

spectrum
disorders

disabilities

disorders

disorders

disorders

=859
1.49 (1.39-1.59)

n

n=143
142 (1.21-1.68)

=88l
1.42 (1.33-1.52)

n

n=323
1.40 (1.26-1.57)

= 1651
137 (1.30-1.43)

n

n=245
141 (1.24-1.60)

n=65
119 (0.93-1.52)

=202
1.46 (1.27-1.67)

n

n=138
136 (1.15-1.61)

n=1248
133 (1.26-1.41)

=876
127 (1.18-1.35)

n

n=2532
132 (1.27-1.38)

Total (n=24682)"

—233
1.82 (1.60-2.07)

n

n=32
1.50 (1.06-2.13)

—236
1.95 (1.72-2.22)

n

=91
1.81 (1.47-2.23)

n

n=443
1.62 (1.48-1.78)

—69
172 (1.36-2.18)

n

10
1.28 (0.69-2.39)

n=>52
1.60 (1.22-2.10)

=23
1.45 (0.96-2.19)

n

n=248
161 (1.42-1.82)

140
134 (1.14-1.59)

n

n=560
141 (1.30-1.53)

Maternal PCOS
(n=16789)

=614
1.59 (1.47-1.72)

n

n=106
.54 (1.27-1.87)

577
1.52 (1.40-1.65)

n

n=240
1.55 (1.36-1.76)

=1168
.44 (1.36-1.52)

n

n=170
1.43 (1.23-1.67)

n=37
1.21 (0.88-1.67)

=134
1.40 (1.18-1.67)

n

=89
143 (1.16-1.77)

n

n=78l
141 (1.32-151)

=527
134 (1.23-1.47)

n

n=1658
133 (1.27-1.40)

Maternal anovulatory
infertility (n = 18 625)

—508
1.48 (1.36-1.62)

n

n=108
140 (1.15-1.69)

— 666
1.40 (1.29-1.51)

n

n=240
1.35 (1.19-1.53)

—1I5]
136 (1.28-1.44)

n

n=156
141 (1.20-1.66)

18
1.00 (0.63-1.59)

—103
133 (1.09-1.61)

n

=25
143 (0.96-2.12)

n

n=542
130 (1.19-1.41)

385

122 (1.11-1.35)

n

n=1545
130 (1.24-1.37)

Male (n = 12733)

=351
149 (1.34-1.66)

n

n=35
151 (1.08-2.11)

=215
1.51 (1.32-1.73)

n

=83
1.57 (1.27-1.96)

n

n=>500
1.38 (1.26-1.51)

-89
140 (1.13-1.73)

n

n=47
1.27 (0.95-1.70)

n=99
1.61 (1.32-1.97)

n=113
1.35(1.12-1.63)

n=706
1.36 (1.26-1.46)

=491
131 (1.20-1.43)

n

n=987
1.36 (1.28-1.45)

= 11949)

Female (n

PCOS was identified by ICD-9 256.4 and ICD-10 E28.2. Anovulatory infertility was identified by ICD-9 628.0 and ICD-10 N97.0. The analyses were adjusted for maternal age, mother’s country of birth (Finland or not), mother married at birth

(yes/no), maternal smoking (yes/no), parity (0 or > 1), maternal psychiatric disorder (yes/no), maternal purchase of NO5 and NO6 during pregnancy (yes/no) and maternal systemic inflammatory disease (yes/no). For each outcome, birth co-

hort 1996-2014 was used and followed up until 2018.
?A total of 4712 births were diagnosed with both maternal PCOS and anovulatory infertility. Reference group was total, male or female births to mothers with no PCOS no anovulatory infertility.

ADHD, attention-deficit/hyperactivity disorders; ICD, international classification of disease; PCOS, polycystic ovary syndrome.
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Table Il Demographic characteristic of birth cohort between 1996 and 2014 in Finland stratified by maternal PCOS.

Maternal PCOS (n = 24 682)

Maternal age at delivery (years)
<25
25-29
30-34
>35
Pre-pregnancy BMI (kg/mz)
<185
18.5-24
25-29
30-34
>35
Missing
Parity > |
Mother born in Finland
Mother married at delivery
Non-smoking during pregnancy
Maternal systemic inflammatory disorders
Maternal psychiatric disorders
Maternal prescription of psychotropic NO5/N06 during pregnancy
Cesarean delivery
Fertility treatment
Preeclampsia
GDM
Perinatal problems

Female offspring

No maternal PCOS (n= 1073 071)

3335 (13.5) 199630 (18.6)
7622 (30.9) 340611 (31.7)
8541 (34.6) 334348 (31.2)
5184 (21.0) 198484 (18.5)
419 (1.7) 22471 (2.1)
8656 (35.1) 373050 (34.8)
3897 (15.8) 129421 (12.1)
2216 (9.0) 47180 (4.4)
1301 (5.3) 22210 (2.1)
8193 (33.2) 478739 (44.6)
12 147 (49.2) 441121 (41.1)
22670 (91.8) 987 139 (92.0)
16554 (67.1) 636044 (59.3)
20865 (84.5) 885 129 (82.5)
384 (1.6) 11124 (1.0)
619 (2.5) 19867 (1.9)
1596 (6.5) 47 650 (4.4)
5698 (23.1) 154953 (14.4)
3466 (14.0) 22706 (2.1)
1037 (4.2) 28962 (2.7)
3764 (15.2) 89384 (8.3)
4287 (17.4) 137 163 (12.8)
11949 (48.4) 52438 (48.9)

Values are expressed as n (%). PCOS refers to polycystic ovary syndrome defined by ICD-9: 256.4 and 628.0; ICD-10: E28.2 and N97.0. Perinatal problem is defined as birth before
gestational week 37, or birth weight <2500g, or small for gestational age according to Finnish sex-specific standards (Sankilampi et al., 2013), based on the International Societies of
Pediatric Endocrinology and the Growth Hormone Research Society (Clayton et al., 2007). GDM defined by ICD-10 O24.4. Preeclampsia was identified by ICD-10 O 4. Fertility treat-

ment refers to in vitro fertilization/intracytoplasmic sperm injection (check-box in the MBR).

GDM, gestational diabetes mellitus.

95% Cl 1.27—1.38). For most examined categories of pediatric neurode-
velopmental and psychiatric disorders, an increased risk of 30-50% was
observed in the presence of maternal PCOS exposure. Sex-stratified
analyses showed similar risk estimates for male (HR 1.30; 95% CI 1.24—
1.37) and female offspring (HR 1.36; 95% Cl 1.28—1.45) (Table I). The
results were robust when restricting to first-born births (Supplementary
Table Sll) or excluding mothers with psychiatric disorders or purchase
of psychotropic N05/06 medications (Supplementary Table SlII).

Offspring neuropsychiatric disorders in
relation to maternal PCOS and BMI

Among PCOS-exposed births, maternal pre-pregnancy BMI was over-
weight in 15.8%, moderately obese in 9.0%, and severely obese in 5.3%
of the cases. Corresponding proportions in PCOS-unexposed births
were 12.1%, 4.4% and 2.1% (Table Il). For PCOS-unexposed births,
maternal BMI above normal were associated with increased risks of
neuropsychiatric disorders in offspring. Moreover, mothers with PCOS,
being normal-weight, had increased risks of having an offspring with any

neuropsychiatric disorder (HR 1.20; 95% ClI 1.09-1.32), intellectual dis-
abilities (HR 1.44; 95% Cl 1.12-1.85), ASD (HR 1.39; 95% CI 1.12—
1.73), other behavioral and emotional disorders (HR 1.38; 95% ClI
|.21-1.57), anxiety disorders (HR 1.25; 95% Cl 1.08-1.45), and specific
developmental disorders (HR 1.19; 95% Cl 1.08-1.32), compared to
normal-weight mothers without PCOS, indicating an association be-
tween maternal PCOS and adverse neuropsychiatric outcomes in off-
spring independent of BMI (Table Il and Fig. I).

Among births to mothers with PCOS with BMI above normal, the
risk of neuropsychiatric disorders tended to increase with maternal BMI.
The risk of any neuropsychiatric disorder in offspring to mothers with
PCOS and obesity was significantly higher than that of maternal obesity
alone: for moderate obesity (HR 1.92; 95% Cl 1.65-2.23 vs HR 1.35;
95% Cl 1.30-1.40), for severe obesity (HR 2.11; 95% Cl 1.76-2.53 vs
HR 1.61; 95% Cl 1.53—1.69) or that of maternal normal-weight PCOS
(HR 1.20; 95% CI 1.09—1.32). The risks for most categories of neuro-
psychiatric disorders examined were increased among births to mothers
with PCOS and obesity compared with those to normal-weight mothers
without PCOS. In particular, there were significantly higher risks among
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HR (95% CI) for neuropsychiatric disorders in relation to maternal PCOS stratified
by BMI, compared with births to normal-weight mothers with no PCOS

Figure I. Normal-weight (18.5 < BMI <25 kg/m?) mothers
with PCOS were associated with increased risks of neuro-
psychiatric disorders in offspring, which tended to increase
in obese mothers with PCOS. PCOS refers to ICD-9: 256.4 and
628.0; ICD-10: E28.2 and N97.0. The analyses were adjusted for
maternal age, mother’s country of birth (Finland or not), mother
married at birth (yes/no), maternal smoking (yes/no), parity (O or
>1), maternal psychiatric disorder (yes/no), maternal purchase of
NO5 and NO6 during pregnancy (yes/no) and maternal systemic in-
flammatory disease (yes/no). All children were followed up until
2018. The reference was births to normal-weight mothers with no
PCOS. Births to underweight mothers with PCOS were small in
number (n=336) and hence not reported. Birth cohort 2004-2014
was used due to availability of maternal pre-pregnancy BMI. ADHDs,
attention deficit/hyperactivity disorders; ICD, international classifica-
tion of disease; PCOS, polycystic ovary syndrome.

births to moderately obese mothers with PCOS compared to moder-
ately obese mothers without PCOS for ADHD and conduct disorders
(HR 2.16; 95% Cl 1.74-2.68 vs HR 1.60; 95% ClI 1.52—1.69), specific
developmental disorders (HR 2.13; 95% CI 1.84-2.47 vs HR 1.61; 95%
Cl 1.55-1.67) and other behavioral and emotional disorders (HR 1.89;
95% CI 1.51-2.36 vs HR 1.28; 95% CI 1.20—1.36). Among births to se-
verely obese mothers with PCOS compared to severely obese mothers
without PCOS, there were increased risks for anxiety disorders (HR
2.28; 95% Cl 1.73-2.99 vs HR 1.57; 95% Cl 1.45-1.70), and other be-
havioral and emotional disorders (HR 2.26; 95% Cl 1.74-2.94 vs HR
1.50; 95% CI 1.38-1.62). This suggests synergistic effects of PCOS and
obesity on neurodevelopment (Table Ill and Fig. I).

Association of maternal PCOS and BMI
with psychotropic medication purchase in
offspring

Additionally, we also analyzed psychotropic drug purchases until 2014,
including antipsychotics, hypnotics, and anxiolytics (NO5), antidepres-
sants (NO6A), and stimulants (NO6B) as a complementary measure for
offspring neuropsychiatric disorders. The sample size of purchases was
limited, however. Overweight mothers with PCOS were associated
with increased risk for any psychotropic medication purchase in off-
spring (HR 1.28; 95% Cl 1.02—1.61). The highest signal was observed
in offspring to severely obese mothers with PCOS (HR 1.64; 95% ClI
|.16-2.32). Moreover, overweight (HR 1.49; 95% Cl 1.01-2.19) and
moderately obese (HR . 75; 95% Cl 1.09-2.82) mothers with PCOS
were also associated with increased risks of stimulant purchases in off-
spring (Supplementary Table SIV).

The influence of perinatal problems,
gestational diabetes, cesarean section and
fertility treatment on the association
between maternal PCOS and offspring
neuropsychiatric disorders

We explored if the increased neuropsychiatric risks in relation to ma-
ternal PCOS were modified by perinatal problems, GDM, cesarean
delivery or fertility treatment. When excluding perinatal problems,
PCOS was still associated with increased risks of any neuropsychiatric
disorders in offspring (HR 1.28; 95% Cl 1.22—1.34) compared to
mothers without PCOS. However, an additional increase was ob-
served for PCOS in combination with perinatal problems (HR 1.99;
95% Cl 1.84-2.16), with pronounced risks for sleeping disorders (HR
2.22; 95% Cl 1.69-2.92 vs HR 1.37; 95% CI 1.17-1.62), intellectual
disabilities (HR 2.91; 95% CI 2.31-3.65 vs HR 1.41; 95% CI 1.21-
|.64), specific developmental disorders (HR 2.26; 95% Cl 2.06-2.49 vs
HR 1.32; 95% CI 1.25-1.40), ADHD and conduct disorders (HR 1.97;
95% Cl 1.72-2.26 vs HR 1.39; 95% Cl 1.29—1.50) and other behav-
joral and emotional disorders (HR 2.29; 95% ClI 2.00-2.61 vs HR
1.43; 95% CI 1.32—-1.55) (Fig. 2). Likewise, while GDM could not ex-
plain the increased risk of offspring neuropsychiatric disorders by ma-
ternal PCOS exposure, higher risks were found for PCOS joint with
GDM than for mothers with PCOS with no GDM (HR 1.70; 95% CI
1.53-1.88 vs HR 1.30; 95% CI 1.25-1.36) (Supplementary Table SV).
Similarly, using births to mothers with no PCOS and no cesarean deliv-
ery as the reference, the HR for births to mothers with PCOS without

020Z Jaquiaoa( gz uo Jasn ojseliry uojsidoijA uning Aq Z2eZ668S/9€£2/01/SE/ene/daiwny/woo dno-olwapeose)/:sdjy Wol) papeojumo(]


https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deaa192#supplementary-data
https://academic.oup.com/humrep/article-lookup/doi/10.1093/humrep/deaa192#supplementary-data

Neuropsychiatric disorders in PCOS offspring

2343

O  No PCOS with perinatal problems
O PCOS with no perinatal problems
@® PCOS with perinatal problems

o e 1.46 (1.44-1.48)
F-dia ’n:wi‘s f=1 1.28(1.22-1.34)
gnos = 1.99 (1.84-2.16)
Specific =] 1.70 (1.66-1.73)
developmental - 1.32(1.25-1.40)
disorders —— 2.26 (2.06-2.49)
COther
2 =] 1.48 (1.44-1.53)
behavioral& 4
: SR -~ 1.43(1.32-1.55)
‘;I':“"}';‘d‘“[‘\l e 229 (2.00-2.61)
sorders
] - a3 1.36 (1.27-1.44)
Sleeping o e
disorders 1.37(1.17-1.62)
' . 222 (1.69-2.92)
Eating B2l 1.21 (1.13-1.30)
di\u}umi [ o 1.29 (1.06-1.57)
e : —— 1.90 (1.35-2.67)
A[.)HE;(?: =] 1.38 (1.34-1.42)
‘conduct . 1.39 (1.29-1.50)
disorders b 1.97 (1.72-2.26)
Autism o 137 (1.31-1.44)
spectrum —O— 1.38 (1.22-1.57)
disorders - . 1.89(1.50-2.38)
Kiicty e 114 (1.11-1.17)
disorders © 1.32 (1.24-1.40)
o 1.53 (1.35-1.73)
ctd o 110 (1.07-1.13)
T o 1.26 (1.17-1.36)
) ) —— 1.39(1.20-1.62)
. ‘o 107 (0.99-1.16)
I 7
;e 1S 143 (1.19-1.72)
disorders P ‘ 1.47 (1.00-2.16)
A 1.35(1.23-147)
Personality e
i —a— 1.25 (0.95-1.64)
§ b F—— 119 (0.66-2.15)
2 2.32-2.55
Intellectural o— s ‘I-jjl\l :i;? ;'ﬁ;}
disabilities ————e—» 291 (231-3.65)

& : I . T : 3 :
HR {95% CI) for neuropsychiatric disorders in relation to maternal PCOS and perinatal

problems, compared with births with no perinatal problems to mothers with no PCOS

Figure 2. PCOS was associated with increased risks of
neuropsychiatric disorders in offspring irrespective of, but
higher with perinatal problems. PCOS refers to ICD-9: 256.4
and 628.0; ICD-10: E28.2 and N97.0. Perinatal problems were de-
fined as birth before gestational week 37 or a birth weight <2500g,
or small for gestational age. Births to mothers with no PCOS and no
perinatal problems were used as the reference. The analyses were
adjusted for maternal age, mother’s country of birth (Finland or not),
mother married at birth (yes/no), maternal smoking (yes/no), parity
(0 or >1), maternal psychiatric disorder (yes/no), maternal purchase
of NO5 and NOé6 during pregnancy (yes/no) and maternal systemic
inflammatory disease (yes/no). All children were followed up until
2018. Reference group was births to mothers with no PCOS and no
perinatal problems (n =935 908).

cesarean delivery was significantly increased (HR 1.29; 95% CI [.23—
1.35), and was even larger for births to mothers with PCOS and ce-
sarean delivery (HR 1.71; 95% Cl 1.58-1.84) (Supplementary Table
SVI). However, fertility treatment implied little further risks (HR 1.46;
95% ClI 1.31-1.63 vs HR 1.31; 95% CI 1.25-1.36; Supplementary
Table SVII).

Discussion

In this nationwide prospective cohort study, we identified associations
of maternal PCOS and/or anowvulatory infertility with a wide spectrum
of pediatric neurodevelopmental and psychiatric disorders in offspring:
mood disorders, anxiety disorders, eating disorders, sleeping disorders,
intellectual disabilities, specific developmental disorders, ASD, ADHD
and conduct disorders, tic disorders and other behavioral and emo-
tional disorders, with similarly increased risks in male and female off-
spring. Normal-weight mothers with PCOS were associated with
increased risks for neuropsychiatric disorders in offspring, which
tended to be broader in categories and larger in effect sizes when joint
with obesity. Perinatal problems, cesarean delivery and GDM, but not
fertility treatment, could explain a part of the effect size in these
associations.

Previous studies have reported increased risks of ASD, ADHD and
Tourette’s syndrome/tic disorders among children with maternal
PCOS (Kosidou et al., 2016; Kosidou et al., 2017; Cherskov et dl.,
2018; Cesta et al., 2019; Palomba et al., 2012). This study confirmed
findings on ASD, ADHD and tic disorders, and extended that maternal
PCOS was also associated with many other neuropsychiatric disorders
with onset during childhood and adolescents, including mood disor-
ders, anxiety disorders, eating disorders, sleeping disorders, intellectual
disabilities, specific developmental disorders and other behavioral and
emotional disorders. In consistence, a recent large cohort study
reported that children to mothers with PCOS demonstrated signs of
developmental delay even before the age of 3 years (Bell et al., 2018).
These results indicated a broad negative influence of maternal PCOS
on neurodevelopment.

PCOS, also in normal-weight mothers, was associated with in-
creased risk of neuropsychiatric disorders in offspring, with pro-
nounced increases specific
developmental disorders, ASD, intellectual disabilities and other behav-
joral and emotional disorders, supporting an association between

particularly for anxiety disorders,

PCOS and offspring neuropsychiatric disorders independent of mater-
nal BMI (Kosidou et al., 2016; Kosidou et al., 2017). When PCOS was
combined with obesity, the risks were further increased. For anxiety
disorders, and other behavioral and emotional disorders, the risk was
significantly higher for maternal PCOS joint with severe obesity than ei-
ther alone, indicating multiplicative effects of PCOS and obesity. In
consistence, Kosidou and colleagues also revealed increasing odds of
ASD and ADHD in offspring with maternal PCOS with worsening car-
diometabolic conditions (Kosidou et al., 2016; Kosidou et al., 2017).
Evidence from mice with PCOS-phenotype also showed joint effects
of androgen excess and obesity on anxiety in offspring (Manti et al.,
2018). Taken together, our findings suggest that PCOS status alone is
a risk factor for offspring neurodevelopment, with more detrimental
influences if joint with obesity. Given that mothers with PCOS are of-
ten obese before pregnancy and are likely to gain excess weight during
gestation (Bahri Khomami et al., 2019), health professionals should be
aware of their offspring as targets for mental health care.

Elevated circulating androgens are present in many women with
PCOS before and during pregnancy (Tata et al., 2018). There are also
signs of intrauterine androgen exposure for their offspring (Anderson
et al., 2010; Barrett et al., 2018). Prenatal exposure to sex hormones
influences neurodevelopment through pathways including brain laterali-
zation, neurological processes, neuronal spine, synaptic plasticity, and
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brain dopaminergic activity (McCarthy and Arnold, 201 |; Lombardo
et al, 2012; Hatanaka et al, 2015; Hu et al, 2015). By revealing in-
creased risks of neuropsychiatric disorders in a wide range besides
ASD and ADHD, which remained when obesity was excluded, this
study supported the hypothesis of broad detrimental effects on neuro-
development by hormonal disturbances in PCOS.

In addition, altered gut-microbiota in women with PCOS has been
recently reported (Qi et al., 2019), which might provide an additional
link between maternal PCOS and offspring neurodevelopment through
a putative maternal gut-fetal brain axis (Kim et al., 2017). Moreover,
chronic low-grade inflammation is present in PCOS and aggravated by
obesity. The broader spectrum of neuropsychiatric disorders in moth-
ers with PCOS and obesity than PCOS alone may indicate worsened
intrauterine environment by hyperandrogenism, hyperinsulinemia, lipo-
toxicity and long-term inflammation (Sanchez et al., 2018; Gumusoglu
and Stevens, 2019).

Furthermore, familial factors including genetic predispositions of psy-
chiatric conditions could not be excluded, although maternal psychiat-
ric disorders were adjusted for in this study. Cohort studies reported
increased risks of ASD and ADHD both in mothers with PCOS and
their children (Bemni et al, 2018; Cherskov et al., 2018; Katsigianni
et al, 2019). A large cohort study found increased risks of a range of
psychiatric disorders in women with PCOS (Cesta et al., 2016). In
consistence, this study revealed a similar pattern of increased neuro-
psychiatric disorders in PCOS-exposed offspring, even at childhood
and adolescents. A Swedish cohort study accounting for familial con-
founding by a cousin-comparison supported the role of prenatal an-
drogen exposure in offspring ASD and ADHD (Cesta et al., 2019).
Moreover, it has been recently reported that daughters with maternal
PCOS were more likely to be diagnosed with PCOS, probably due to
altered gene expression by prenatal androgen exposure (Risal et al.,
2019). It is recommended that offspring to mothers with PCOS should
be screened for both mental and reproductive health.

In addition, this study revealed that the increased risks of neuropsy-
chiatric disorders were comparable between daughters and sons with
maternal PCOS, in line with the studies by Kosidou et al. (Kosidou
et al, 2016; Kosidou et al., 2017). Conversely, some studies found
stronger associations of ASD and ADHD in PCOS-exposed girls than
boys (Palomba et al., 2012; Cesta et al.,, 2019). There was also evi-
dence from rodent models that female offspring were affected to a
larger extent than the male (Manti et al., 2018). In contrast, Cherskov
et al. (2018) found a higher risk of ASD in sons but not daughters of
mothers with PCOS. From the perspective of prenatal androgen expo-
sure, higher risks for female offspring than male might be expected be-
cause of the opposite sex steroids. However, PCOS is associated with
disturbances of a series of hormones, including anti-Miillerian hormone
and LH besides androgens (Tata et al., 2018). Moreover, maternal in-
flammation and gut-fetal brain pathways might influence neurodevelop-
ment irrespective of sex (Kim et al., 2017; Gumusoglu and Stevens,
2019).

This study revealed that the increased risks of neuropsychiatric dis-
orders by maternal PCOS could be explained, in part, by perinatal
problems, cesarean delivery and GDM. We found that the risks
remained increased among PCOS when perinatal problems were ex-
cluded, but it was much higher when PCOS was in conjunction with
perinatal problems, particularly for sleeping disorders, specific develop-
mental disorders, ADHD and conduct disorders, intellectual

disabilities, and other behavioral and emotional disorder. Likewise,
more pronounced risks were observed for PCOS with GDM. Due to
small sample size for PCOS with preeclampsia, stratified analysis was
not performed in this study. In Swedish register-based cohort studies,
Kosidou et al. examined the influence of preterm birth, Apgar score,
small for gestational age and preeclampsia on ASD and ADHD in
PCOS-exposed offspring by further adjusted models (Kosidou et dl.,
2016; Kosidou et al., 2017). They reported little attenuation in the
odds ratio after adjusting for these factors, though this may relate to
the low percentage (1.3-7.0%) of affected births relative to the unaf-
fected (Kosidou et al., 2016; Kosidou et al., 2017). Our findings were
in line with studies in the general population which revealed perinatal
problems and GDM as risk factors for neurodevelopment (Sucksdorff
et al., 2015; Kong et al., 2018; Money et al, 2018). In addition, this
study revealed increased risk of neuropsychiatric disorders in offspring
to mothers with PCOS after excluding those with cesarean delivery,
indicating other factors than delivery effects for the altered neurodevel-
opment. Thus, prophylactic measures to reduce pregnancy and obstet-
rical complications in mothers with PCOS might help offspring
neurodevelopment. However, births to maternal PCOS without such
reproductive complications are also at-risk populations.

Our study did not reveal contributions of fertility treatment for neu-
ropsychiatric disorders in PCOS-exposed offspring, in line with recent
evidence that the increased incidence of neuropsychiatric disorders in
offspring born to women with fertility problems might be attributed to
the underlying causes of infertility, rather than the treatment (Bay
et al., 2013). However, the present study included IVF/ICSI treatment
only, restricting us to explore potential effects of other assisted repro-
duction technologies such as ovulation induction, in vitro maturation of
the oocytes and isolated role of embryo freezing.

Strengths of our study lie in that we include a large, population-
based sample with prospectively collected data from inpatients and
out-patient settings. This study design reduces the potential for report-
ing and recall bias and loss to follow-up, thus increasing the generaliz-
ability of our findings. The large sample size enables us to examine a
wide spectrum of neurodevelopmental and psychiatric disorders in re-
lation to maternal PCOS, taking into account many relevant factors.

Our study has some limitations. First, the observed prevalence of
PCOS was 2.2%, lower than previously reported. Similarly underesti-
mated prevalence of PCOS has been identified in the Swedish and UK
national registries (Kosidou et al., 2017; Cherskov et al., 2018; Cesta
et al, 2019). Therefore, the register-based studies may capture only
the seriously affected PCOS that seek medical treatment. In addition,
anowvulatory infertility was combined with PCOS to represent maternal
PCOS exposure. A potential for diagnostic bias could not be
completely ruled out though PCOS is the leading cause of anovulatory
infertility and extensive exclusions have been made. However, sub-
group analysis between PCOS and anovulatory infertility showed simi-
lar patterns of increased risks for neuropsychiatric disorders. In
addition, recently published studies suggested a separate and perhaps
stronger effect of the excess androgen subtypes of PCOS (Lee et al.,
2017; Robinson et al., 2020); it's valuable to distinguish between sub-
types of PCOS however not feasible in this study as ICD codes could
not give information on the subtypes.

Second, unmeasured familial factors might confound the association
between PCOS and neuropsychiatric disorders in offspring. As men-
tioned above, a wide range of psychiatric disorders has been reported
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in mothers with PCOS (Cesta et al,, 2016; Berni et al., 2018). This
study adjusted for maternal inpatient psychiatric diagnoses before preg-
nancy and psychotropic drug purchases, including NO5 and N06 (anti-
sedatives,  antidepressants,
psychostimulants and nootropics) during pregnancy. Maternal out-

psychotics,  anxiolytics,  hypnotics,
patient psychiatric diagnoses were unavailable for this study.
Moreover, maternal psychiatric diagnoses in this study were grouped
because of the overlap in genetic susceptibility variants. Information on
fathers, including age, medical disorders or psychiatric disorders was
not available either. Discordant-exposed sibling comparison was im-
possible due to early onset and persisting hormonal disturbances in
PCOS. To further disentangle familial confounding with PCOS expo-
sure, cousin-comparison design might be informative. However, the
study by Cesta and colleagues reported that accounting for familial fac-
tors by cousin-comparison did not change the estimates significantly
(Cesta et al., 2019), supporting a role of maternal PCOS in the devel-
opment of offspring neuropsychiatric disorders.

Third, offspring neuropsychiatric disorders were grouped to have
enough sample size, which restricted estimates for single disorder.
Further, neuropsychiatric disorders and psychotropic drug purchases
were analyzed separately, as the permission for data was until 2018
for diagnoses related to mental and behavioural disorders and until
2014 for psychotropic medications.

Fourth, only pre-pregnancy BMI data were available and only from
2004 onwards. Thus, estimates for the joint association of obesity and
PCOS were conducted in a sub-cohort of 2004-2014, with no infor-
mation on gestational weight gain.

Conclusions

PCOS exposure increased the risks of a wide spectrum of neurodeve-
lopmental and psychiatric disorders in the offspring. The negative influ-
ence of PCOS on neuropsychiatric disorders was independent of but
increased with obesity. Perinatal problems, cesarean delivery and
GDM explained part of the effect sizes of the increased risks. These
findings are relevant to women with PCOS with respect to pregnancy
counseling and offspring developmental monitoring. Further studies are
warranted to confirm our results and investigate underlying pathways
and mechanisms linking PCOS exposure to long-term neurodevelop-
mental consequences.
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