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Background: The Global Burden of Disease (GBD) study quantifies the burden of polycystic ovary syndrome (PCOS) but does not
include PCOS-specific attributable risks. We combined GBD 2023 Summary Exposure Value (SEV) profiling with Mendelian
randomization (MR) to identify and prioritize potential drivers of PCOS burden.

Methods: We analyzed PCOS incidence, prevalence, disability-adjusted life years (DALYSs), and age-standardized rates (ASRs) from
1990 to 2023. Temporal trends were assessed using Estimated Annual Percentage Change (EAPC) and Joinpoint regression. Within the
European Union (EU), we evaluated associations between disease burden and Socio-demographic Index (SDI) and cross-checked these
findings against Human Development Index (HDI) and Universal Health Coverage (UHC). Expert-screened SEVs were correlated
with country-level age-standardized incidence rate (ASIR) using Pearson correlation with Benjamini-Hochberg adjustment; significant
exposures were then clustered. Two-sample MR was used to test the effect of nitrogen dioxide (NO,) on PCOS risk, accompanied by
standard sensitivity analyses.

Results: In 2023, the EU ASIR exceeded the global level despite a smaller EAPC, with marked heterogeneity across countries. SDI
was positively correlated with PCOS ASRs. SEV screening identified eight exposures associated with ASIR, of which childhood
sexual abuse and NO, pollution most clearly distinguished high- from low-ASIR countries. MR analysis supported a positive
association between genetically predicted NO, exposure and PCOS risk (IVW OR 6.60, 95% CI 1.85-23.58; P = 0.00365), with
broadly consistent results across sensitivity analyses.

Conclusion: Combining SEV profiling with MR offers a practical approach for prioritizing modifiable drivers of PCOS burden within
the GBD framework. NO, demonstrated a causal signal, suggesting that air pollution control may represent a viable target for PCOS
prevention.
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Introduction

Polycystic ovary syndrome (PCOS) is among the most common reproductive—metabolic disorders in women of
reproductive age. Core clinical phenotypes include ovulatory dysfunction, hyperandrogenism, and/or polycystic ovarian
morphology.' The pathophysiology of PCOS is highly heterogeneous, often driven by multiple interconnected mechan-
isms: dysregulation of the hypothalamic—pituitary—ovarian axis, impaired ovarian steroidogenesis, insulin resistance with
hyperinsulinemia, 2 adipose tissue inflammation, and genetic susceptibility.>> Prevalence estimates vary substantially
across populations and are strongly influenced by diagnostic criteria and population characteristics; systematic reviews
report a wide range of overall prevalence.”
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Beyond its role as a major cause of anovulatory infertility and menstrual irregularities, PCOS is associated with
adverse metabolic outcomes (eg, impaired glucose tolerance and increased risk of type 2 diabetes), 6 clustering of
cardiovascular risk factors,” and psychological burden including anxiety and depression.’ The 2023 international
evidence-based guideline emphasizes that PCOS management should extend beyond reproductive outcomes to encom-
pass health across the life course; the guideline also highlights the public health impact of delayed diagnosis and
suboptimal long-term management.® In addition to genetic predisposition and adiposity-related factors, prior studies have
examined PCOS-related risk factors including dietary patterns,” tobacco exposure, air pollution,'® and other environ-
mental exposures. However, heterogeneity in study designs and populations has limited the consistency of this evidence.”
Clinical heterogeneity in PCOS may also reflect variation in endocrine and metabolic comorbidities. In a clinical study,
Gencer et al found that insulin resistance was associated with enlarged ovarian volume in women with PCOS, whereas
coexisting Hashimoto’s thyroiditis did not clearly increase the overall frequency of ovarian volume abnormalities but
appeared to modify the pattern of ovarian involvement, highlighting the potential interplay among metabolic dysfunction,
thyroid autoimmunity, and ovarian morphology."'

The European Union (EU) provides a relatively harmonized data and policy environment for cross-country compar-
isons. Official statistical systems and health indicator frameworks in EU member states emphasize comparability and
consistency, potentially reducing institutional and statistical heterogeneity in international comparisons. At the same
time, gradients in development and health service coverage persist within the EU, enabling evaluation of associations
between macro-level development and disease burden within an overall high-development setting. Shared health
governance structures and collaborative platforms further facilitate translation of research findings into policy actions.
The Human Development Index (HDI), available from the UNDP data center, and the Universal Health Coverage (UHC)
service coverage index, which summarizes multiple tracer indicators on a 0—100 scale, provide complementary measures
for consistent cross-country assessment. Within the Global Burden of Disease (GBD) framework, PCOS burden can be
quantified using estimates of incidence, prevalence, and disability-adjusted life years (DALY's); however, GBD does not
currently provide PCOS-specific attributable risk assessments.'?

This study aimed to identify potential drivers of cross-country differences in PCOS burden within the EU. We first
assessed associations between PCOS burden and the Socio-demographic Index (SDI), with consistency checks using HDI
and the UHC index. We then incorporated the GBD summary exposure value (SEV), a relative risk—weighted summary
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measure of population exposure, to screen potentially modifiable risk exposures, ~ and characterize exposure profiles

across EU countries. Finally, we explored causal evidence for key exposures using Mendelian randomization.

Materials and Methods

Data Sources

Disease burden data were obtained from the GBD 2023 database and the GBD Results Tool. We extracted PCOS
incidence, prevalence, and disability-adjusted life years (DALYs) as counts and age-standardized rates and reported the
corresponding 95% uncertainty intervals (Uls) provided by GBD.'* All rates in this study are presented per 100,000
population. Age-standardized incidence, prevalence, and DALY rates are denoted as ASIR, ASPR, and ASDR, respec-
tively. DALY comprise years of life lost (YLLs) and years lived with disability (YLDs): DALYs = YLLs + YLDs."”
Because PCOS is rarely directly fatal and GBD does not provide estimates for deaths or YLLs attributable to PCOS, we
did not analyze mortality-related outcomes. Under this framework, PCOS DALY are entirely driven by YLDs and are
numerically equivalent to YLDs. To maintain comparability with other burden-of-disease studies, we used DALY's rather
than YLDs as the overall metric of health loss.

This study included all 27 European Union member states as defined by 2023 EU membership. Based on country-
level PCOS ASIR in 2023, we applied unsupervised k-means clustering to classify countries into high- and low-ASIR
groups (k = 2, nstart = 50). The grouping cutoff was defined as the midpoint between the maximum ASIR in the low-
ASIR group and the minimum ASIR in the high-ASIR group; this classification was used for subsequent SEV exposure
profile comparisons and descriptive analyses.
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Statistical Analysis and Trend Quantification

We used the estimated annual percentage change (EAPC) to quantify long-term temporal trends in age-standardized rates
(ASRs) from 1990 to 2023."° Briefly, a log-linear regression model was fitted as In(ASR) = a + P x year + ¢, and EAPC
was calculated as 100 x (exp(B) — 1). An increasing trend was defined when both the EAPC estimate and the lower bound
of its 95% confidence interval (CI) were greater than 0. A decreasing trend was defined when both the EAPC estimate
and the upper bound of its 95% CI were less than 0. Otherwise, the trend was considered stable.'”

To identify phase-specific changes in long-term trends, we applied Joinpoint regression to annual ASRs using the
Joinpoint Regression Program (version 5.4.0). A grid-search approach was used to locate candidate joinpoints, allowing
0-5 joinpoints, with at least two observations at each end of the series and between adjacent joinpoints. The final model
was selected using the Monte Carlo permutation test (overall o. = 0.05; 4499 permutations).'® Segment-specific annual
percentage changes (APCs) were reported with 95% Cls estimated using the parametric method. All statistical analyses
and visualizations were performed in R (version 4.5.1). Two-sided P values < 0.05 were considered statistically
significant.

Socioeconomic and Health System Indices

At the EU country level, we evaluated associations between PCOS burden and macro-level development and health
system indicators, using ASIR as the primary outcome and ASPR and ASDR as complementary outcomes. Exposures
included three composite indices: the Socio-demographic Index (SDI),'> the Human Development Index (HDI), and the
Universal Health Coverage (UHC) service coverage index. Pearson correlation was used to quantify linear associations
between each index and ASRs, and simple linear regression was conducted as a complementary analysis to estimate the
direction and magnitude of associations. Because HDI and UHC data were missing for some countries, single-index
analyses included all countries with available data for that index, whereas comparative analyses involving multiple
indices were restricted to countries with complete data across all three indices to ensure comparability.

SEV-Based Exposure Profiling

We extracted summary exposure values (SEVs) for 68 detailed risk exposures from GBD. SEV is a relative risk—
weighted summary measure of population exposure, ranging from 0 to 100, where 0 indicates no excess risk in the
population and 100 indicates exposure at the highest risk level.'> After excluding exposures with no clear relevance to
PCOS based on expert input, 33 SEVs were retained for subsequent analyses.

At the EU country level, ASIR was used as the primary outcome. We calculated Pearson correlation coefficients
between each retained SEV and country-level ASIR and adjusted P values for multiple comparisons using the Benjamini—
Hochberg procedure.'® For exposures that remained significant after adjustment, we compared exposure profile differ-
ences between the high- and low-ASIR groups. To improve interpretability, SEVs were converted into country-specific
ranks from highest to lowest exposure (smaller ranks indicating higher relative exposure). Based on the rank matrix,
Ward.D2 hierarchical clustering was performed jointly on countries and exposures, and heatmaps with dendrograms were
used to visualize clustering structure and between-group patterns.21 SEV-related analyses focused on ASIR because
incidence more directly reflects disease onset, whereas prevalence and DALYs are more likely to be influenced by
disease duration, diagnostic accessibility, and disability weighting.

Mendelian Randomization

We performed two-sample Mendelian randomization (MR) to infer the potential causal effect of exposure on the outcome
using genetic variants as instrumental variables. Summary-level genome-wide association study (GWAS) statistics for
both exposure and outcome were obtained from the IEU OpenGWAS platform, without access to any identifiable
individual-level information. For the exposure dataset, single-nucleotide polymorphisms (SNPs) significantly associated
with the exposure were selected at P < 5 x 10°%, and linkage disequilibrium clumping was applied (+* < 0.001, 10 kb
window) to obtain independent instrumental variables.”® Instrument SNPs were then harmonized with the outcome
dataset to align effect alleles, and palindromic SNPs that could not be reliably oriented were excluded. F-statistics were
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calculated for each instrument, and only SNPs with F > 10 were retained to minimize weak-instrument bias.>' Detailed
information on the retained instrumental variables, including R, F statistics, r.exposure, and r.outcome, is provided in
Table S1.

The inverse-variance weighted (IVW) method was used as the primary estimator, with MR-Egger, weighted median,
simple mode, and weighted mode methods applied for robustness comparisons.”>* We conducted a comprehensive set
of sensitivity analyses, including Cochran’s Q test for heterogeneity, the MR-Egger intercept test to assess directional
horizontal pleiotropy, and the MR-PRESSO global test to detect horizontal pleiotropy and potential outlier influence.”
Causal direction was evaluated using the Steiger directionality test,*® and funnel plots and leave-one-out analyses were
used to assess robustness. Effect estimates () were obtained on the log scale and exponentiated to odds ratios (ORs),
with corresponding 95% confidence intervals and P values reported.

Results

Overview of PCOS Burden at the Global Level and in the EU

As shown in Table 1, the global number of incident PCOS cases in 2023 was 2,257,811.49 (95% UI: 1,617,520.98—
3,099,796.61), with an age-standardized incidence rate (ASIR) of 60.34 per 100,000 (95% UI: 43.21-83.04). This
represented an increase from 49.34 per 100,000 in 1990 (95% UI: 35.92—68.23), corresponding to an EAPC of 0.74%
(95% CI: 0.70-0.77) during 1990-2023. In the EU, incident cases in 2023 totaled 163,648.35 (95% UI: 116,195.77—
227,338.30), fewer than the 179,025.48 cases in 1990 (95% UI: 127,076.15-247,649.91). Despite this decline in absolute
numbers, ASIR increased from 106.36 per 100,000 (95% UI: 75.47-147.54) to 121.35 per 100,000 (95% UI:
85.60—-169.55), with an EAPC of 0.54% (95% CI: 0.50-0.57). The EU consistently showed higher ASIR than the global
level (Figure S1) but with a smaller growth rate.

For prevalence, the global number of prevalent cases in 2023 was 67,906,819.97 (95% UI: 48,176,989.26—
93,056,147.90), with an age-standardized prevalence rate (ASPR) of 1697.82 per 100,000 (95% UI: 1203.25-2328.52)
and an EAPC of 0.72% (95% CI: 0.68-0.76). In the EU, prevalent cases totaled 5,979,900.66 (95% UI: 4,407,134.92-
—8,203,526.49), with an ASPR of 3079.36 per 100,000 (95% UI: 2274.12-4249.76) and an EAPC of 0.29% (95% CI:
0.25-0.33). For DALYs, the global total in 2023 was 652,802.10 (95% UI: 287,345.51-1,431,442.63), with an age-
standardized DALY rate (ASDR) of 16.34 per 100,000 (95% UI: 7.19-35.75) and an EAPC of 0.74% (95% CI:
0.70-0.78). EU DALYs totaled 57,101.88 (95% UI: 25,941.73-122,272.78), with an ASDR of 29.44 per 100,000
(95% UI: 13.31-62.95) and an EAPC of 0.31% (95% CI: 0.27-0.36). Overall, the EU had higher age-standardized

Table | Global and EU Burden of PCOS in DALYs, Incidence, and Prevalence, 1990 and 2023, and EAPCs During 1990-2023 with
95% ClI

Measure Age Year Global European Union

DALYs Age-standardized (Rate per 100,000) 1990 13.11 (5.82, 28.69) 26.19 (12, 55.26)

DALYs Age-standardized (Rate per 100,000) | 2023 16.34 (7.19, 35.75) 29.44 (13.31, 62.95)

DALYs Age-standardized (Rate per 100,000) | EAPC 0.74 (0.70, 0.78) 0.31 (0.27, 0.36)

DALYs All ages (Total Number) 1990 351,312.49 (155,907.71, 763,961.75) 55,490.05 (25,439.65, 117,124.56)
DALYs All ages (Total Number) 2023 652,802.1 (287,345.51, 1,431,442.63) 57,101.88 (25,941.73, 122,272.78)
Incidence Age-standardized (Rate per 100,000) 1990 49.34 (35.92, 68.23) 106.36 (75.47, 147.54)
Incidence Age-standardized (Rate per 100,000) 2023 60.34 (43.21, 83.04) 121.35 (85.6, 169.55)
Incidence Age-standardized (Rate per 100,000) | EAPC 0.74 (0.70, 0.77) 0.54 (0.50, 0.57)

Incidence All ages (Total Number) 1990 1,475,488.23 (1,076,471.03, 2,038,973.13) 179,025.48 (127,076.15, 247,649.91)
Incidence All ages (Total Number) 2023 2,257,811.49 (1,617,520.98, 3,099,796.61) 163,648.35 (116,195.77, 227,338.3)
Prevalence | Age-standardized (Rate per 100,000) 1990 1369.84 (983.38, 1874.47) 2756.68 (2015.46, 3768.24)
Prevalence | Age-standardized (Rate per 100,000) | 2023 1697.82 (1203.25, 2328.52) 3079.36 (2274.12, 4249.76)
Prevalence | Age-standardized (Rate per 100,000) | EAPC 0.72 (0.68, 0.76) 0.29 (0.25, 0.33)

Prevalence All ages (Total Number) 1990 36,633,522.13 (26,167,621.68, 50,263,055.29) 5,829,334.88 (4,269,506.7, 7,944,878.07)
Prevalence All ages (Total Number) 2023 67,906,819.97 (48,176,989.26, 93,056,147.9) | 5,979,900.66 (4,407,134.92, 8,203,526.49)
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rates than global estimates for all three metrics, while EAPCs were consistently smaller. In absolute terms, incident cases
declined in the EU, whereas prevalent cases and total DALY's increased modestly.

Building on the long-term trends indicated by EAPC, we applied Joinpoint regression to annual ASIR, ASPR, and
ASDR to identify phase-specific changes. Figure S1 (segment-specific APCs and 95% Cls in Table S2; observed annual
ASRs and fitted Joinpoint values in Table S3) shows broadly similar temporal patterns for ASIR in global and EU
populations: sustained increases before 2021 followed by declines during 2021-2023, with larger absolute APCs at the
global level. Temporal patterns for ASDR and ASPR differed notably between global and EU populations. In the EU,
ASDR and ASPR showed significant decreases during 2004-2010 and 2003-2010, with APCs of —0.22 (95% CI: —0.29
to —0.14) and —0.18 (95% CI: —0.22 to —0.13), respectively. Over similar periods globally, APCs were 0.30 (95% CI:
0.20-0.41) for ASDR and 0.28 (95% CI: 0.18-0.38) for ASPR, indicating opposite phase-specific directions.

Cross-Country Heterogeneity within the EU

Substantial cross-country heterogeneity was observed within the EU (Figure 1D and E; annual country-level ASRs in
Table S4; country-specific EAPCs for 19902023 in Table S5). In 1990, Italy had the highest ASIR (361.56 per 100,000;
95% UIL: 258.96-504.62), whereas Romania had the lowest (5.82 per 100,000; 95% UI: 3.76-8.65). In 2023, Italy
remained highest (320.98 per 100,000; 95% UI: 227.93-451.97), while Czechia had the lowest ASIR (8.09 per 100,000;
95% UI: 5.41-11.88).

EAPCs for ASIR varied markedly across countries during 1990-2023. Estonia showed the largest increase (EAPC
1.28; 95% CI: 1.19-1.38), whereas Italy showed the largest decrease (EAPC —0.59; 95% CI: —0.72 to —0.45) (Figure 1F).
Similar patterns of cross-country variation were observed for DALY's and prevalence (Figure 1A—C and G-I). For ASDR
and ASPR, Italy consistently had the highest ASRs in both 1990 and 2023, while Romania had the lowest. Estonia
showed the largest increases in both ASDR (EAPC 1.35; 95% CI: 1.25-1.45) and ASPR (EAPC 1.35; 95% CI:
1.25-1.45), whereas Italy showed the largest decreases (ASDR EAPC —0.32; 95% CI: —0.43 to —0.21; ASPR EAPC
—0.38; 95% CI: —0.50 to —0.26).

Associations with SDI, HDI, and UHC within the EU

At the regional level, PCOS ASIR showed a clear gradient across global SDI quintiles, with higher SDI quintiles
generally corresponding to higher ASIR. Several high-income regions (eg, Australasia, high-income Asia Pacific, high-
income North America, and Western Europe) exhibited relatively high ASIR (Figure S2 and Tables S6, S7). ASDR and
ASPR followed similar distribution patterns and temporal trends (Figures S3 and S4). We then assessed associations

between PCOS burden and SDI within EU member states, with HDI and UHC included as complementary indicators for
consistency validation.

As shown in Figure 2, SDI was positively correlated with ASRs at the EU country level: ASDR (r = 0.362, P <
0.001), ASIR (r=10.348, P < 0.001), and ASPR (r=0.358, P <0.001). HDI showed consistent directions, with r values of
0.418, 0.403, and 0.414 for ASDR, ASIR, and ASPR, respectively (all P < 0.001). UHC was similarly correlated, with
r values of 0.322, 0.313, and 0.320 for ASDR, ASIR, and ASPR, respectively (all P < 0.001). Raw country-level values
for ASRs and the three indices are provided in Table S8.

SEV Correlation Screening for PCOS Burden

To identify specific risk exposures associated with PCOS burden, we applied expert-informed screening to the 68
candidate SEVs (exclusion rationale provided in Table S9). Pearson correlation analyses were performed between each
retained SEV and the country-level incidence burden, with P values adjusted using the Benjamini-Hochberg procedure.
To examine the consistency of these associations across burden metrics, parallel analyses were additionally conducted for
prevalence and DALYs, and the complete results for all three indicators, including non-significant associations, are
provided in Table S10. After adjustment and cross-metric evaluation, eight SEVs were prioritized from the incidence
analysis (Table 2).

Positively correlated SEVs were childhood sexual abuse (r =0.519, P_adj = 0.0376) and nitrogen dioxide pollution (r
=0.508, P_adj = 0.0376). Negatively correlated SEVs were diet low in fruits (r = —0.713, P_adj = 0.00101), household
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Figure | Spatial distribution of PCOS burden across EU countries. (A and B) ASDR in 1990 and 2023; (C) EAPC of ASDR from 1990 to 2023. (D and E) ASIR; (F) EAPC of
ASIR. (G and H) ASPR; (I) EAPC of ASPR.

air pollution from solid fuels (r = —0.572, P_adj = 0.0267), diet low in nuts and seeds (r = —0.559, P_adj = 0.0267), diet
high in sodium (r = —0.508, P_adj = 0.0376), secondhand smoke (r = —0.482, P_adj = 0.0483), and chewing tobacco (r =
—0.478, P_adj = 0.0483). These inverse associations likely reflect collinearity among social development, lifestyle
patterns, and diagnostic practices rather than true biological protective effects.

Exposure-Profile Clustering Based on Ranked SEVs

Across EU countries, ASIR did not display a smooth gradient but appeared in several clearly separated color bands.
Figure S5 indicates a truncated distribution of PCOS ASIR within the EU, supporting dichotomization into a high-ASIR
group (including Italy and Sweden) and a low-ASIR group (including Estonia and Czechia).

Based on this dichotomization, countries were ranked from highest to lowest exposure for each SEV, with smaller
ranks indicating higher relative exposure within the EU. A rank-based heatmap was constructed, and Ward.
D2 hierarchical clustering was applied simultaneously to countries and SEVs (Figure 3). Countries separated into
“High” and “Low” clusters on the dendrogram, corresponding to the high- and low-ASIR groups. As shown in
Table 2, among the eight significant SEVs, childhood sexual abuse and nitrogen dioxide pollution exhibited the most
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Figure 2 Correlations of PCOS burden with SDI in EU countries (A—C), with HDI (D-F) and UHC (G-I) as complementary indicators. Pearson r and p values are shown.

consistent and contrasting patterns between country groups. These two exposures generally showed smaller ranks (higher
exposure) in the “High” group and larger ranks (lower exposure) in the “Low” group, producing clear stratification. The
remaining SEVs showed more dispersed rank distributions without group-wise differences consistently aligned with the
ASIR-based classification. Together with macro-level SDI associations, these findings highlight exposure profile features
that distinguish high- and low-incidence EU countries and prioritize candidate exposures associated with PCOS burden.

Table 2 SEVs Prioritized from the ASIR-Based Correlation Screening for PCOS Burden

rei sd_sev sd_val r p p_adj

Childhood sexual abuse 4.78934475 | 76.2143482 | 0.51882625 | 0.00555702 | 0.03755775
Nitrogen dioxide pollution 5.14783665 | 76.2143482 | 0.50835044 | 0.00678106 | 0.03755775
Chewing tobacco 0.11241736 | 76.2143482 | —0.4778273 | 0.0117109 | 0.04830746
Secondhand smoke 7.30152607 | 76.2143482 | —0.4824449 | 0.01081502 | 0.04830746
Diet high in sodium 15.2366088 | 76.2143482 | —0.5079762 | 0.00682868 | 0.03755775
Diet low in nuts and seeds 12.9032191 | 76.2143482 | —0.5592616 | 0.00242346 | 0.02665807
Household air pollution from solid fuels | 0.38666753 | 76.2143482 | —0.5719575 | 0.00182699 | 0.02665807
Diet low in fruits 7.87008993 | 76.2143482 | —0.7125561 3.05E-05 0.00100537
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Figure 3 Ranked heatmap of the eight significant SEVs across 27 EU countries with Ward.D2 hierarchical clustering.

Mendelian Randomization

To evaluate whether risk exposures identified from GBD-based ecological analyses have individual-level causal effects,
we conducted two-sample Mendelian randomization. For the outcome, we used IEU OpenGWAS dataset ebi-
a-GCST90044902 (phenotype: polycystic ovary syndrome [adjusted for age]; total sample size = 141,355; cases/controls
= 797/140,558; European ancestry).29 For the exposure, we used ukb-b-2618 (phenotype: nitrogen dioxide air pollution;
2005; sample size = 456,380; European ancestry), 30 corresponding to the GBD SEV “nitrogen dioxide pollution.” No
suitable GWAS dataset was available for childhood sexual abuse.

As shown in Figure 4 and Table S11, IVW analysis indicated that genetically predicted higher NO, exposure was
associated with increased PCOS risk (OR = 6.60, 95% CI: 1.85-23.58; P = 0.00365). The SNP-specific associations and
fitted causal lines across MR methods are visualized in the MR scatter plot (Figure S6). The weighted median method
yielded a consistent direction (OR = 7.57, 95% CI: 1.41-40.52; P = 0.0181). MR-Egger showed an opposite direction and
was not statistically significant (OR = 0.027, 95% CI: 0.000047-16.06; P = 0.290); simple mode and weighted mode
estimates were also not significant (P = 0.115 and P = 0.114, respectively).

Sensitivity analyses did not indicate substantial violations of MR assumptions. Heterogeneity testing showed no significant
heterogeneity (IVW Cochran’s Q = 14.98, P =0.309; MR-Egger Q = 12.03, P = 0.444) (Table S12). The MR-Egger intercept test
did not suggest directional horizontal pleiotropy (intercept = 0.0769, SE = 0.0448; P = 0.112) (Table S13). The MR-PRESSO
global test did not indicate significant horizontal pleiotropy or outlier influence (RSSobs = 17.51, P = 0.309) (Table S14). The
Steiger directionality test supported causal direction from NO, to PCOS (Steiger P =4.07 x 10~'") (Table S15). The funnel plot
showed no marked asymmetry (Figure S7), and leave-one-out analyses indicated that the overall effect direction remained
consistent after removing any single SNP (Figure S8), suggesting findings were not driven by a single instrumental variant.

Discussion

In this study, we systematically compared the global and EU burden of PCOS within the GBD framework and
characterized substantial spatial heterogeneity across EU countries. The EU consistently showed higher ASIR than the
global level but a smaller long-term growth rate, suggesting that within a high-development setting, cross-country
differences in PCOS burden are likely shaped by health system factors (eg, diagnostic accessibility, health care
utilization, and case ascertainment intensity) combined with potentially modifiable exposure patterns. ASIR was
positively correlated with SDI, HDI, and UHC within the EU. This macro-level association more plausibly reflects
differences in detection and reporting rather than a direct biological effect of development, highlighting the need to
examine specific exposures and system-level determinants to explain burden stratification.

8 https: International Journal of Women’s Health 2026:18


https://www.dovepress.com/article/supplementary_file/593314/593314%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/593314/593314%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/593314/593314%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/593314/593314%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/593314/593314%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/593314/593314%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/593314/593314%20Supplementary%20Material.pdf
https://www.dovepress.com/article/supplementary_file/593314/593314%20Supplementary%20Material.pdf

Lu et al

rs10503406 1

rs11787150 A
rs4570161 o

rs11778030 1

rs11783091 4

rs77205736 1

rs4582610 1

rs9329223 1
rs11774953 4

rs7225402 1

rs12203592 A

rs11782293 A

rs10983735 1
rs34623735 1

All - Inverse variance weighted 1 D ——

-10 -5 0 5 10
MR effect size for
‘Nitrogen dioxide air pollution; 2005 || id:ukb—b—2618' on 'ebi-a-GCST90044902'

Figure 4 Single-SNP and IVW Mendelian randomization estimates for the effect of NO2 on PCOS risk, shown as odds ratios with 95% Cls.

To move beyond macro indicators, we incorporated the GBD summary exposure value (SEV) and identified eight
exposures significantly associated with incidence burden among 68 candidates. Childhood sexual abuse and nitrogen
dioxide pollution showed the most consistent stratification between high- and low-ASIR country groups. Nitrogen
dioxide pollution emerged as the most consistently prioritized candidate exposure given its stable association pattern
and subsequent MR support. However, SEV is a population-level summary metric rather than a direct measure of
individual exposure, and NO, should be interpreted primarily as an indicator of traffic-related air pollution rather than as
an isolated environmental agent.

Prior individual-level studies have linked air pollution to PCOS risk. A nationwide Taiwanese cohort linking health
insurance records with air quality monitoring reported significantly increased PCOS risk under higher NO, exposure.?’
A Korean population-based cohort observed that both NO, exposure levels and duration were associated with higher
PCOS risk.”?® A US cohort assessing residential air pollution across preconception, gestation, and childhood windows
identified PCOS outcomes during follow-up, suggesting that early-life exposure may be relevant and that sensitive
windows may exist.'® At the ecological level, a global analysis integrating GBD outcomes with multi-pollutant databases
reported a positive association between NO, and PCOS ASIR, with suggested nonlinearity, while jointly considering
temperature change and other factors.?

Mechanistically, NO, serves as a marker of traffic-related air pollution and has been linked to oxidative stress and
inflammatory responses.’® PCOS is commonly characterized by chronic low-grade inflammation; a pro-oxidative and
pro-inflammatory milieu induced by air pollution may therefore exacerbate reproductive-endocrine dysregulation.?’ 33
Air pollution may also interfere with insulin signaling and promote insulin resistance, a central metabolic component of
PCOS,*! Insulin resistance is closely related to hyperinsulinemia, disrupted ovarian steroidogenesis, and hyperandrogenic
phenotypes, providing a biologically coherent pathway linking NO, exposure to PCOS risk.*> This mechanistic inter-
pretation is also compatible with prior clinical evidence indicating that insulin resistance in PCOS is associated with
ovarian morphological changes. Gencer et al further reported that concomitant Hashimoto’s thyroiditis did not simply
amplify ovarian volume abnormalities overall, but may contribute to phenotypic heterogeneity in the ovarian manifesta-

tion of PCOS, suggesting that environmental exposures may operate against a background of metabolic and autoimmune
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susceptibility.!! Broader gynecologic and reproductive health consensus statements emphasize that environmental
exposures, including air pollution, can influence hormonal function and ovarian reserve, supporting the incorporation
of environmental determinants into women’s life-course health strategies.”> Our MR analysis provided additional
genetically informed evidence supporting an association between higher genetically predicted NO, exposure and
increased PCOS risk, with sensitivity analyses broadly supporting robustness. However, this result should be interpreted
under the core assumptions of Mendelian randomization, namely relevance, independence, and exclusion restriction.
Although weak instruments were excluded and sensitivity analyses were conducted, residual bias from horizontal
pleiotropy, population structure, or associations between the selected instruments and correlated environmental or
socioeconomic traits cannot be fully excluded. Therefore, the MR finding is better viewed as supportive evidence
consistent with a possible causal signal than as definitive proof of a direct environmental effect. Importantly, the MR
effect estimate should not be directly translated into a real-world risk increase per measured unit of ambient NO,
concentration, because genetically proxied exposure may reflect lifelong liability or exposure propensity rather than
short-term environmental increments.

One methodological contribution of this work is a reproducible analytic workflow. Because GBD does not provide
PCOS-specific attributable risk estimates, we combined macro-level stratification, SEV-based screening, exposure-profile
comparison, and MR as a complementary line of evidence for selected exposures. This workflow is intended to organize
cross-country differences in burden into interpretable candidate exposure sets that may help inform hypothesis generation
and regional priority setting. The high—low ASIR grouping was used for descriptive profiling and should not be
interpreted as a clinical cutoff or as evidence of causality. Accordingly, this framework is more suitable for exposure
prioritization and hypothesis generation than for direct causal policy attribution.

Childhood sexual abuse showed the clearest exposure-profile stratification between high- and low-ASIR country
groups, suggesting that psychosocial and trauma-related exposures may contribute to heterogeneity within the EU.>*
Childhood maltreatment and trauma are associated with altered hypothalamic—pituitary—adrenal (HPA) axis functioning;
chronic stress dysregulation may increase PCOS risk through effects on metabolic inflammation and reproductive
endocrine regulation.®> Small clinical studies have suggested that childhood abuse or neglect may be associated with
the presence or worsening of PCOS-related features, supporting this exposure as a priority signal for validation.*®
However, owing to the lack of suitable GWAS datasets, we could not perform genetic causal inference for childhood
sexual abuse. The current evidence should therefore be interpreted as an ecological and literature-supported hypothesis
signal rather than a confirmed causal factor, and it warrants validation in larger cohorts, mechanistic studies, and future
genetic analyses when suitable datasets become available. Although several diet- and tobacco-related SEVs reached
statistical significance in correlation screening, their discriminatory consistency was weaker in cluster-based profiling.
The observed inverse associations more likely reflect collinearity with national-level lifestyle structures, social behavior
patterns, and diagnostic accessibility rather than true biological protective effects.

To provide broader geographic context and support external comparison, we mapped the global distribution of the
eight significant SEVs across 204 countries and territories (Figure S9). Childhood sexual abuse and nitrogen dioxide
pollution showed moderate-to-high exposure levels in the EU, North America, and Latin America, yet their spatial
patterns diverged substantially elsewhere. Nitrogen dioxide pollution was higher in many Asian and Middle Eastern
countries and lower in much of Africa, whereas childhood sexual abuse showed an opposite pattern. These differences
suggest that exposure profiles may vary across regions and therefore warrant region-specific validation before any policy
interpretation.

This study has several limitations. First, all GBD- and SEV-based analyses were conducted at the country level and
were not validated in clinical cohorts or multi-center individual-level databases, limiting etiologic stratification and
mechanistic inference. Accordingly, the observed associations should be interpreted as ecological patterns rather than
individual-level exposure—disease relationships, and ecological fallacy cannot be excluded. Second, SEV provides only
a summary representation of population-level exposure and cannot capture individual exposure timing, cumulative dose,
residential mobility, or mixed-pollutant interactions. Third, although the SDI findings were directionally consistent with
those for HDI and UHC, both indices comprise multiple subdimensions and tracer indicators that were not decomposed
in the present analysis; therefore, we cannot determine whether education, income, access, or service quality plays the
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most critical role within the EU. Fourth, owing to data availability, MR validation was conducted only for NO,, and the
potential effect of childhood sexual abuse remains supported by ecological associations and literature-based plausibility
rather than genetic causal inference. Fifth, although stringent instrument selection was applied, residual pleiotropy and
unmeasured confounding related to genetically proxied environmental exposures cannot be completely ruled out.
Accordingly, our findings are better suited for prioritizing candidate exposures and generating testable hypotheses than
for making definitive causal or interventional claims.

Conclusion

Using GBD 2023 data from 1990 to 2023, this study characterized PCOS burden across 27 European Union member
states and identified potential drivers of cross-country heterogeneity. The EU showed consistently higher age-
standardized incidence than the global level, with substantial variation across countries even within a high-
development setting. SEV-based screening prioritized nitrogen dioxide (NO,) pollution and childhood sexual abuse as
the exposures most consistently distinguishing high- from low-incidence countries, and two-sample Mendelian rando-
mization provided evidence consistent with a causal signal for NO, under standard MR assumptions. These findings
suggest that air pollution control may merit consideration in regional strategies for women’s reproductive health.
Validation in clinical cohorts is needed to further investigate trauma-related exposures and to identify actionable
intervention windows.
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