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Abstract:

Primary open-angle glaucoma (POAG) remains the leading cause of irreversible blindness worldwide,
with early detection crucial for preventing vision loss. However, current risk assessment methods have
limited predictive power. Here, we present a multi-trait polygenic probability risk score (PPRS) approach
that integrates multiple glaucoma-related traits and leverages functional genomic annotations to enhance
POAG prediction across diverse ancestries. We constructed PRSs for POAG, intraocular pressure (I0OP),
vertical cup-to-disc ratio (VCDR), and retinal nerve fiber layer (RNFL) thickness using extensive ge-
nomic coverage (>7 million variants) and 96 functional annotations through the SBayesRC method. Vali-
dation in the UK Biobank (n=324,713, European ancestry) and Mexican American Glaucoma Genetic
Study (MAGGS, n=4,549, Latino ancestry) demonstrated significant improvements in predictive accuracy
over conventional approaches. Our multi-trait PPRS achieved area under the curve (AUC) values of 0.814
in Europeans and 0.801 in Latinos, compared to AUC <0.79 for single-trait models. We identified ances-
try-specific differences in genetic contributions, with IOP demonstrating the strongest association in Eu-
ropeans (OR=1.63, P = 5.37 x 10™), while VCDR was predominant in Latinos (OR=1.64, P =2.04 x 10’
'), The model achieved remarkable risk stratification, with the highest PPRS decile showing 80.2-fold
and 51.1-fold increased POAG risk in Europeans and Latinos, respectively, compared to the lowest dec-
ile. Importantly, the top PPRS quintile captured 65.9% and 62.2% of POAG cases in Europeans and Lati-
nos, substantially improving upon previous approaches. Our findings demonstrate that integrating multi-
ple disease-relevant traits and functional annotations significantly enhances polygenic prediction of
POAG across diverse populations, with significant implications for targeted screening, early intervention,

and reduction of disease burden.
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Introduction

Glaucoma is the leading cause of irreversible blindness" 2, affecting about 80 million individuals world-
wide® 4, with primary open-angle glaucoma (POAG) constituting approximately 90% of glaucoma cases
in North America® °. Despite available treatments to slow disease progression, the irreversible nature of
glaucoma-induced vision loss underscores the critical importance of early detection and intervention.
While traditional risk assessment relies primarily on clinical measurements and family history, recent ad-

vances in genomics offer promising opportunities for enhanced risk stratification.

Polygenic risk scores (PRSs) have emerged as powerful tools for quantifying genetic predisposition
to complex diseases”®. However, their application to POAG has faced three key limitations. First, previ-
ous studies utilizing single-trait PRSs have achieved limited stratification ability, with about 50% of cases
being identified in the top PRS quintile in a recent report’. Second, existing approaches have failed to
capture the inherent complexity of POAG's pathophysiology, which involves multiple quantitative endo-
phenotypes" '°, including intraocular pressure (IOP), vertical cup-to-disc ratio (VCDR), and retinal nerve
fiber layer (RNFL) thickness. Though the multi-trait analysis of genome-wide association studies
(MTAG) approach can analyze multi-traits jointly, previous studies indicated MTAG-derived PRS did not
provide the optimal prediction accuracy for POAG''. For POAG PRS prediction per se, these endopheno-
types may be best modeled separately in PRS prediction. Third, most POAG PRS prediction studies have
employed limited genomic coverage (< 1M markers) and have lacked integration of functional annota-
tions, potentially missing important biological signals. These limitations underscore the necessity for

more advanced models that can capture the multifaceted genetic underpinnings of POAG.

Here, we present a multi-trait polygenic probability risk score (PPRS) approach, integrating PRSs
derived from different modalities, including imaging-derived phenotypes, that addresses these limitations

through three key innovations: 1) integrating multiple disease-relevant quantitative traits into PRS model-
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ing; 2) incorporating extensive genomic coverage (over seven million variants) and 96 functional annota-
tions; 3) validating across diverse ancestral populations. We hypothesized that this comprehensive ap-
proach would significantly improve POAG risk prediction across diverse populations compared to exist-
ing methods. To test this hypothesis, we evaluated our model in two independent cohorts: the UK Bi-
obank (UKB) for European ancestry individuals and the Mexican American Glaucoma Genetic Study

(MAGGS) for Latino participants.

Methods

Study Design and Populations

We conducted a two-stage study: first, deriving genome-wide association study (GWAS) summary statis-
tics from previously published data and our own GWAS analyses (details provided below); second, vali-
dating PRSs in a subset of the UKB cohort (n = 324,713, POAG cases: 2,168) and the MAGGS cohort (n
=4,549, POAG cases: 275), both independent of the GWAS discovery samples. UKB and MAGGS re-
ceived approval from respective institutional review boards'?'*. All participants provided written in-
formed consent. The study adhered to the tenets of the Declaration of Helsinki. We obtained fully de-

identified data to ensure participant confidentiality.

UKB dataset

The UKB is an ongoing, large-scale prospective cohort study with over 500,000 adult participants aged
40 to 69 at enrollment (2006-2010), registered with the National Health Service in the United Kingdom'*
13, The study collected medical information, lifestyle data, and DNA samples, including ophthalmologic
data for a subset of approximately 118,000 participants. Our access and use of the UKB data were ap-
proved under application #23424. Our analysis focused on participants of European ancestry. Genotyping
was performed using the UK BiLEVE Axiom Array or the UKB Axiom Array, with imputation based on
reference panels from the 1000 Genomes Project (1IKGP), UK10K, and the Haplotype Reference Consor-

tium (HRC)". Variants with an imputation INFO score less than 0.3 and minor allele frequency less than

4
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100 0.01 were excluded, resulting in approximately 10.3 million variants for downstream analysis. For indi-
101 viduals with IOP measurements and RNFL data, we conducted IOP analyses'® and a GWAS of RNFL to
102 derive summary statistics. For those without ophthalmic exams (n = 324,713, unrelated, independent of
103 the IOP and RNFL GWAS samples)'’, we utilized their data for PRS construction and association testing
104  with POAG. POAG (H40.1) cases were identified using the International Classification of Diseases Tenth
105  Revision (ICD-10) codes. Controls were identified as those who did not have glaucoma.

106

107  MAGGS dataset

108  MAGGS samples were sourced from the Los Angeles Latino Eye Study (LALES)'®, a population-based
109  epidemiologic study examining visual impairment and ocular diseases in 6,357 Latino individuals aged
110 40 or older in Los Angeles County, California. The presence of POAG was determined by agreement
111 among three glaucoma specialists using clinical data, including the presence of open angles, characteristic
112 visual field abnormalities, and optic disc damage in at least one eye. MAGGS and LALES genotyped
113 4,996 Latino individuals using either the Illumina OmniExpress BeadChip or the Illumina Hispanic/SOL
114  BeadChip'*". Imputation was performed using 1KGP reference panel, excluding variants with a Mach®
115  Rsqless than 0.3 and minor allele frequency less than 0.01, resulting in approximately 9.9 million im-
116  puted variants. Our analysis included 4,549 participants (4,108 unrelated and 441 related individuals)
117  from this dataset.

118

119  GWAS summary statistics

120 We used previously published GWAS summary statistics for POAG, IOP, and vertical cup-to-disc ratio
121  (VCDR), as well as our own GWAS results for RNFL. The details are as follows:

122 1) POAG: We used GWAS results from Gharahkhani et al. (2021), which performed a multi-eth-
123 nic meta-analysis using the International Glaucoma Genetics Consortium (IGGC) and UKB datasets,

124 comprising 383,500 individuals of European, Asian, and African descent®'. For building PRSs for UKB
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125  participants, we used results from IGGC only, excluding UKB individuals, resulting in a cross-ancestry
126  meta-analysis with 192,702 individuals suitable for UKB PRS construction.

127 2) IOP: We used GWAS results from Gao et al. (2018), including 115,486 UKB participants of
128  European ancestry'®.

129 3) VCDR: We used GWAS summary statistics from Han et al. (2021), involving 111,724 individ-
130 wuals of European and Asian descent from UKB, the Canadian Longitudinal Study on Aging (CLSA), and
131  IGGC*. VCDR measurements were obtained from human graders and deep learning models applied to
132 retinal fundus images.

133 4) RNFL: We conducted a GWAS with 52,902 European ancestry UKB participants using the
134  REGENIE? software and RNFL thickness values derived from optical coherence tomography images®.
135  We excluded outliers and low-quality images (image quality score less than 45). We averaged RNFL val-
136 ues between the left and right eyes and applied rank-based inverse normalization. We adjusted for age,
137  sex, diabetes, spherical equivalent, and the first 10 principal components of genetic ancestry. Supplemen-
138  tary Figure 1 presents a Manhattan plot of the genome-wide -log10(P values) for our RNFL GWAS anal-
139 ysis.

140  These summary statistics provided the foundation for constructing PRSs in our analysis, tailored to differ-
141  ent phenotypes relevant to POAG risk.

142

143 PRS construction

144 We employed three different approaches to construct PRSs:

145 First, we implemented a traditional clumping and thresholding (C+T) based PRS® using

146 PLINK?*?" to construct the POAG PRS, denoted as PRS-POAG-C+T. Independent single nucleotide pol-
147  ymorphisms (SNPs) were identified using linkage disequilibrium (LD)-based clumping (2 < 0.3) and se-
148  lected based on a p-value threshold of P <5 x 1075

149 Second, we constructed enhanced PRSs using the SBayesRC>® method, which leverages func-

150  tional genomic annotations and extensive SNP coverage to improve polygenic risk prediction for complex

6
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151  traits or diseases. By integrating 96 functional annotations, including regulatory elements, chromatin

152 states, and transcription factor binding sites, and analyzing over seven million SNPs, we sought to sub-
153  stantially improve PRS accuracy. Using SBayesRC, we constructed PRSs for POAG (PRS-POAG), IOP
154  (PRS-IOP), VCDR (PRS-VCDR), and RNFL thickness (PRS-RNFL).

155 Third, we constructed a MTAG-derived PRS for POAG to enable direct comparison. We utilized
156  summary statistics for 2,763 uncorrelated SNPs (identified through LD clumping at r>= 0.1 and a signifi-
157  cance threshold of P < 0.001) from Craig et al.'s (2020) MTAG analysis®. The MTAG-derived PRS was
158  calculated using the formula: PRS-POAG-MTAG() = Y. Bj Gij, where B; represents the regression coeffi-
159  cient for SNP;, and Gjj indicates the risk allele dosage for SNP; in individual i. Given that Craig et al. used
160  UKB participants in their MTAG analysis, we avoided applying the MTAG-derived PRS to UKB partici-
161  pants to prevent potential data leakage. Consequently, this PRS was exclusively applied to MAGGS study
162  participants.

163 All constructed PRSs were standardized to have a mean of zero and a variance of one.

164

165  Statistical analysis

166  To evaluate the association between PRSs and POAG, we performed logistic regression analyses adjusted
167  for age and sex. We assessed the predictive ability of the PRSs for POAG using AUC. For unrelated sam-
168  ples, we employed leaving-one-out cross-validation to obtain predicted probabilities of POAG for each
169  individual. For MAGGS related samples, predictive models were developed using MAGGS unrelated
170  samples and subsequently applied to the related individuals to derive predicted probabilities. We termed
171  this derived probability measure as polygenic probability risk score (PPRS), integrating multiple PRSs
172 through statical modeling, to differentiate it from traditional single-trait PRSs and the MTAG-derived
173 PRS. To check potential multicollinearity among PRSs, we used two complementary approaches. First,
174  we computed the variance inflation factor (VIF) for each predictor, noting that VIF values less than 5 typ-
175  ically indicate low correlation®’. Second, we employed XGBoost’', a tree-based method known to be less

176  sensitive to collinearity, and examined feature importances via SHapley Additive exPlanations (SHAP)
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177  values®?, following our previous methodology®*. For risk stratification, we divided the PPRS into deciles
178  and compared the odds of POAG among study participants in higher PPRS deciles versus those in the
179  lowest PPRS decile in both the UKB and MAGGS datasets. A statistical significance threshold of P <
180  0.05 was used for all analyses. All analyses and plots were performed using R version 4.4, SAS version
181 9.4, and Python version 3.12.

182

183  Results

184  Table 1 summarizes the characteristics of the study samples from the UK Biobank (UKB) and the Mexi-
185  can American Glaucoma Genetic Study (MAGGS). The UKB cohort comprised 324,713 individuals with
186 2,168 glaucoma cases and 322,545 controls. The mean (standard deviation [SD]) age of glaucoma and
187  non-glaucoma were 63.0 (5.7) and 57.1 (8.0) years, respectively. Females consisted of 48.4% and 54.3%
188  in glaucoma and non-glaucoma participants, respectively. The MAGGS dataset included 4,549 partici-
189  pants with 275 glaucoma cases and 4,274 controls. The mean (SD) age of glaucoma and non-glaucoma
190  were 66.4 (11.1) and 56.1 (10.2), respectively. Females constituted 52.4% and 59.2% of glaucoma and
191  non-glaucoma participants, respectively.

192

193 Table 2 presents the results of the single PRS logistic regression analyses, adjusted for age and sex,
194  among UKB and MAGGS participants. In the UKB cohort (Table 2a), the traditional clumping and

195  thresholding (C+T) method PRS for POAG (PRS-POAG-C+T) yielded an odds ratio (OR) of 1.71 (95%
196  confidence interval [CI]: 1.64-1.79; P =8.71 x 107*"). The SBayesRC-derived PRS for POAG (PRS-
197  POAG) showed a stronger association with an OR of 2.14 (95% CI: 2.05-2.24; P = 8.54 x 102%°). The
198  SBayesRC-derived PRSs for IOP (PRS-IOP), VCDR (PRS-VCDR), and RNFL thickness (PRS-RNFL)
199  also demonstrated significant associations with POAG. Both PRS-POAG and PRS-IOP gave similar AUC
200  (0.79) for predicting glaucoma. Similarly, in the MAGGS cohort (Table 2b), the PRS-POAG-MTAG had
201  alower OR of 1.44 (95% CI: 1.24-1.60; P=1.17 x 10”7) and a lower AUC of 0.75 (95% CI: 0.72-0.78).

202  PRS-VCDR showed the highest OR of 1.90 (95% CI: 1.66-2.17; P = 1.39 x 10*) and the highest AUC
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203 0of 0.78 (95% CI: 0.75-0.81). The PRS-POAG-C+T, PRS-IOP, PRS-POAG, and PRS-RNFL in MAGGS
204  participants also exhibited significant associations with POAG.

205

206 Table 3 displays the results of the multiple PRS logistic regression analyses, assessing the combined
207  association of PRSs with POAG and their relative importance in each cohort. In the UKB participants,
208  PRS-POAG had an OR of 1.59 (P =1.23 x 107), PRS-IOP showed the strongest association with an OR
209  of 1.63 (P=5.37 x 10), PRS-VCDR had an OR of 1.28 (P = 1.99 x 10?), and PRS-RNFL exhibited
210  an OR of 0.94 (P = 0.002), indicating a slight inverse association (larger PRS-RNFL indicated thicker
211  RNFL and hence is protective). The OR for a simultaneous one-SD-unit-increase in all four standardized
212 PRS variables was 3.11 (95% CI: 2.89-3.34). In the MAGGS cohort, PRS-POAG had an OR of 1.40 (P =
213 7.63 x 107°), PRS-IOP an OR of 1.15 (P = 0.07), PRS-VCDR showed the strongest association with an
214  OR of 1.64 (P=2.04 x 10"'"), and PRS-RNFL had an OR of 0.85 (P = 0.016), also suggesting an inverse
215  relationship. The OR for a simultaneous one-SD-unit-increase in all four standardized PRS variables was
216 2.25(95% CI: 1.79-2.82). These results highlight the significant contributions of the different PRSs in
217  predicting POAG risk in both cohorts. Notably, PRS-IOP contributed most significantly to POAG risk
218  prediction in the UKB dataset, whereas PRS-VCDR had the strongest contribution in the MAGGS da-
219  taset.

220

221 To evaluate potential collinearity among these PRSs (PRS-POAG, PRS-IOP, PRS-VCDR, and PRS-
222 RNFL), we applied two complementary approaches: (1) VIF analysis and (2) XGBoost with SHAP-based
223 feature importance. Supplementary Table 1 presents the VIF values for each predictor in the logistic re-
224 gression models. These values are only slightly above 1, indicating minimal collinearity, and all remain
225  well below the typical cutoff of 5. Supplementary Figure 2 displays the SHAP feature importance rank-

226  ings from our XGBoost models. In UKB participants, PRS-IOP and PRS-POAG both rank highly among
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227  the PRSs. In MAGGS, PRS-VCDR shows the highest importance among the PRSs, aligning with the lo-
228  gistic regression findings. Collectively, these results underscore the validity and robustness of our logistic
229  regression analyses.

230

231 We examined the discriminatory ability of the PRSs (PRS-POAG, PRS-IOP, PRS-VCDR, and PRS-
232 RNFL) for predicting POAG using leave-one-out cross-validation logistic regression models and calcu-
233 lated AUC. Figure 1 illustrates these results. In UKB participants (Figure 1A), the baseline model includ-
234 ingonly age and sex had an AUC of 0.711. Adding PRS-POAG-C+T increased the AUC to 0.761, while
235  incorporating the SBayesRC-derived PRS-POAG improved it to 0.790, a 3% increase over the C+T ap-
236  proach (P =2.31 x 10®). Incorporating all four PRSs (PRS-POAG, PRS-IOP, PRS-VCDR, and PRS-
237  RNFL) with adjustment for age and sex resulted in an AUC of 0.814 (95% CI: 0.805-0.822), representing
238  a10.3% improvement over the baseline model (P =4.37 x 107'*). In MAGGS participants (Figure 1B),
239  the baseline AUC was 0.746, which increased to 0.760 with PRS-POAG-MTAG, to 0.773 with PRS-

240  POAG-C+T and to 0.782 with PRS-POAG. The full model with all four PRSs (PRS-POAG, PRS-IOP,
241  PRS-VCDR, and PRS-RNFL) achieved an AUC of 0.801 (95% CI: 0.775-0.828), providing a 5.5% en-
242 hancement over the baseline model (P = 3.05 x 107"). These findings indicate that incorporating multiple
243 glaucoma-related PRSs significantly improves the prediction of POAG in both cohorts.

244

245 We further evaluated POAG risk stratification using PPRS from our leave-one-out logistic regression
246  models, which aggregate the effects of age, sex, the PRSs of POAG, IOP, VCDR, and RNFL and predict
247  on the leave-one-out sample. Analysis of PPRS revealed strong risk stratification capabilities (Figure 2).
248  In the UKB cohort (Figure 2A), clear trend emerged with increasing ORs across higher PPRS deciles. In-
249  dividuals in the highest decile had 80.24-fold increased odds of POAG (95% CI: 46.42-138.69; P = 1.53
250  x 107°°) compared to those in the lowest decile. Similarly, in the MAGGS cohort (Figure 2B), participants
251  inthe highest decile demonstrated 51.11-fold increased odds of POAG (95% CI: 16.11-162.11; P=2.43

252 x 10" compared to the lowest decile. Most POAG cases (46.63% in UKB and 41.82% in MAGGS) are
10
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253  inthe highest decile category of PPRS (supplementary Table 2). Notably, when examining the top quin-
254 tile of PPRS, we identified 65.95% and 62.2% of POAG cases for Europeans and Latinos, respectively,
255  representing a substantial improvement over previous approaches. Take together, these findings under-
256  score the strong relationship between PPRS deciles and POAG risk across UKB and MAGGS, highlight-
257  ing the potential utility of the PPRS for risk stratification in clinical settings.

258

259  Discussion

260  Our study demonstrates that integrating multiple glaucoma-related traits with functional annotations sub-
261  stantially improves the polygenic prediction for POAG across diverse ancestries. Three key findings

262  emerge from our analysis: First, our multi-modal PPRS approach achieved higher predictive accuracy,
263  with AUC values of 0.814 in Europeans and 0.801 in Latinos, compared to our single-trait models (AUC
264 < 0.79). This improvement likely reflects the complex genetic architecture of POAG, where multiple bio-
265  logical pathways contribute to disease development. Second, we identified ancestry-specific differences
266  in the relative contributions of component PRSs. In Europeans, IOP showed the strongest association,
267  whereas VCDR was most strongly associated in Latinos. This finding underscores the importance of pop-
268  ulation-specific risk assessment and suggests distinct genetic mechanisms underlying POAG across an-
269  cestral groups. Third, the strong risk stratification achieved by our PPRS, demonstrating over 80-fold and
270  51-fold risk differences between extreme deciles in Europeans and Latinos, respectively, suggests signifi-
271  cant clinical utility. This high level of stratification can effectively identify individuals at greatest risk
272 who might benefit from enhanced screening and early intervention.

273

274 Direct comparison with previous glaucoma PRS studies is challenging due to differences in target
275  datasets. However, several observations can be highlighted. First, the correlation between phenotypes is
276  not equivalent to correlations among PRSs. Despite high phenotypic correlations among POAG, 10P, and
277  VCDR¥, correlations among the corresponding PRSs are notably lower based on our VIF analysis. By

278  incorporating quantitative traits like IOP, VCDR, and RNFL thickness into a unified PPRS framework,
11
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279  we effectively address the heterogeneous nature of POAG. Each of these traits reflects distinct biological
280  mechanisms and provides unique predictive information, enhancing the model's capability to capture
281  overall glaucoma risk. Second, MTAG-derived PRS has not yielded optimal prediction accuracy for

282  POAG, as demonstrated in recent studies''. Although several recent reports employed lassosum for PRS

283  construction >3%3%

, previous methodological evaluations indicate that lassosum does not achieve optimal
284  predictive performance'"*. We employed the SBayesRC approach, which integrates functional genomic
285  annotations to prioritize biologically relevant variants, leveraging millions of SNPs. This method offers
286  marked advantages over conventional PRS methodologies®®. These improvements in polygenic risk esti-
287  mation have substantial implications for effective sample stratification.

288

289 One of the most direct clinical applications of PRS is identifying high-risk individuals. MacGregor et
290  al. (2018), using an IOP PRS, reported an increased glaucoma risk (OR = 5.6, 95% CI: 4.1-7.6) compar-
291  ing the top and bottom deciles*. Craig et al. (2020), employing an MTAG approach for their POAG PRS,
292 observed a higher OR of 14.9 (95% CI: 10.7-20.9) for comparing the top and bottom deciles®’. Gao et al.
293 (2019) found an OR of 6.3 for their top IOP PRS quintile versus the bottom quintile comparison and ap-
294 proximately 40.6% of POAG cases were found in the top quintile'’, while de Vries et al. (2025) identified
295  about 50% in their top glaucoma PRS quintile’. Our study substantially improves upon these results,

296  demonstrating ORs of 80.2 (95% CI: 46.4—138.7) in Europeans and 51.1 (95% CI: 16.1-162.1) in Latinos
297  when comparing extreme deciles of our PPRS. Additionally, we identified 65.9% and 62.2% of glaucoma
298  cases within the top quintile of our PPRS scores for Europeans and Latinos (supplementary Table 2), re-
299  spectively, underscoring significant advancement in polygenic prediction performance relative to previ-
300  ous studies.

301

302 Our study has several strengths, notably the use of a comprehensive multi-trait PPRS approach that
303  integrates multiple glaucoma-related traits, including imaging-derived ones, and leverages functional an-

304  notations (through SBayesRC) to improve prediction accuracy. By evaluating PRS performance in both
12
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305  European and Latino populations, we address the crucial need for inclusive and representative genetic re-
306  search, especially among traditionally understudied groups*'. However, our study also has limitations.
307  Due to resource constraints, we included only European and Latino populations in this study. Expanding
308  future research to additional populations would enhance generalizability and ensure broader applicability
309  of our findings. Furthermore, our PRS construction was limited to common variants. Incorporating rare
310  variants, similar to previous reports on rare variants associated with IOP**, warrants further investigation.
311

312 We utilized logistic regression for our statistical modeling, providing interpretable outcomes suitable
313  for analyzing associations between PRSs and glaucoma. Nonetheless, prediction accuracy might be fur-
314  ther improved through advanced machine learning techniques. For example, gradient boosting methods
315  like XGBoost, which we have successfully applied in related studies™, could potentially capture more
316  complex non-linear interactions. However, the implementation of these machine learning techniques typi-
317  cally requires more complex hyperparameter tuning and computational resources. Future research could
318  explore the potential of these advanced modeling techniques while balancing their complexity with inter-
319  pretability and practical application.

320

321 In conclusion, our multi-trait PPRS approach, combining multiple glaucoma-related traits and incor-
322 porating functional annotations, represents a significant advancement in polygenic risk prediction for
323  POAG. The robust performance across different ancestral groups and substantial risk stratification capa-
324  bilities suggest considerable potential for enhancing early detection and preventative strategies. By facili-
325  tating the identification of individuals at high genetic risk, our approach has significant implications for

326  timely clinical intervention and could ultimately reduce the public health burden of POAG.

327
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Figure legends

Figure 1. Receiver Operating Characteristic Curves Predicting POAG Using Polygenic Risk Scores
Receiver operating characteristic curves illustrating the predictive performance of polygenic risk scores
(PRSs) for primary open-angle glaucoma (POAG) in (A) the UK Biobank cohort and (B) the Mexican
American Glaucoma Genetic Study (MAGGS) cohort. In both cohorts, models including age, sex, and
PRSs significantly improved the area under the curve (AUC) compared to the baseline models with only
age and sex.

Abbreviations: IOP, intraocular pressure; RNFL, retinal nerve fiber layer; VCDR, vertical cup-to-disc ra-

tio.

Figure 2. Association Between Polygenic Probability Risk Score Deciles and POAG Risk

Odds ratios (ORs) for primary open-angle glaucoma (POAG) across deciles of the polygenic probability
risk score (PPRS) in (A) the UK Biobank cohort and (B) the Mexican American Glaucoma Genetic Study
(MAGGS) cohort. The lowest decile (Decile 1) serves as the reference group. Error bars represent 95%
confidence intervals (CIs). There is a clear trend of increasing POAG risk with higher PPRS deciles,

demonstrating strong risk stratification capabilities of PPRS in both cohorts.

Supplementary Figure 1. Manhattan Plot Displaying the —log10(P values) for the Association Be-
tween RNFL Thickness and Genome-wide Genetic Variants
Solid and dotted horizontal lines represent genome-wide significant associations (P < 5 x10°®*) and sug-

gestive associations (P < 5 x107), respectively. Genetic variants are plotted by genomic position.

Supplementary Figure 2. SHAP Feature Importance for XGBoost Models

Bar charts illustrating feature importance, as evaluated via SHapley Additive exPlanations (SHAP) val-
ues, for the (A) UK Biobank and (B) Mexican American Glaucoma Genetic Study (MAGGS) cohorts.
The y-axis displays the ranked features, and the x-axis shows the average impact on the model’s output.

PRS-POAG, PRS-IOP, PRS-VCDR, and PRS-RNFL were SBayesRC-derived.
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457  Abbreviations: IOP, intraocular pressure; RNFL, retinal nerve fiber layer; VCDR, vertical cup-to-disc ra-
458  tio.
459
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461  Table 1. Sample Characteristics

462
UK Biobank (n = 324,713) MAGGS (n=4,549)
Controls (322,545) Cases (2,168) Controls (4,274) Cases (275)
Age (yrs, SD) 57.1 (8.0) 63.0 (5.7) 56.1(10.2) 66.4 (11.1)
Female (%) 54.3 48.4 59.2 52.4

463  Abbreviation: MAGGS, Mexican American Glaucoma Genetic Study; SD: standard deviation.
464
465
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Table 2. Single-PRS Logistic Regression Results

(a) UK Biobank participants

OR (95% CI) P value AUC (95% CI)
PRS-POAG-C+T 1.71 (1.64, 1.79) 8.71 x 10 0.76 (0.75, 0.77)
PRS-POAG 2.14 (2.05,2.24) 8.54 x 1072% 0.79 (0.78, 0.80)
PRS-IOP 2.08 (2.00, 2.17) 1.04 x 10* 0.79 (0.79, 0.80)
PRS-VCDR 1.61 (1.54, 1.68) 9.50 x 1077 0.75 (0.74, 0.76)
PRS-RNFL 0.92 (0.89, 0.96) 2.52 x 10 0.72 (0.71, 0.73)

(b) MAGGS' participants

OR (95% CI) P value AUC (95% CI)
PRS-POAG-C+T 1.64 (1.44, 1.88) 1.68 x 10 0.76 (0.73, 0.79)
PRS-POAG-MTAG 1.44 (1.24, 1.60) 1.17 x 107 0.75 (0.72, 0.78)
PRS-POAG 1.82 (1.59, 2.08) 2.79 x 1078 0.77 (0.74, 0.80)
PRS-IOP 1.45(1.27, 1.65) 1.66 x 108 0.75 (0.72, 0.78)
PRS-VCDR 1.90 (1.66, 2.17) 1.39 x 107 0.78 (0.75, 0.81)
PRS-RNFL 0.85 (0.74, 0.96) 0.011 0.75 (0.72, 0.77)

Results of single-PRS logistic regression analyses, adjusted for age and sex. "Unrelated MAGGS partici-
pants (n = 4,108) were used. PRS-POAG, PRS-IOP, PRS-VCDR, and PRS-RNFL were SBayesRC-de-
rived. To prevent potential data leakage, MTAG-derived PRS (based on Craig et al.’s summary statistics,
which used UK Biobank data) was not applied to UK Biobank participants. PRS-POAG-MTAG was ex-
clusively applied to MAGGS study participants.

Abbreviations: C+T, clumping and thresholding; IOP, intraocular pressure; MAGGS, Mexican American
Glaucoma Genetic Study; OR, odds ratio; PRS, polygenic risk score; POAG, primary open-angle glau-

coma; RNFL, retinal nerve fiber layer thickness; VCDR, vertical cup-to-disc ratio.
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480  Table 3. Multiple Logistic Regression Results

481
UK Biobank MAGGS'
OR (95% CI) P value OR (95% CI) P value
PRS-POAG 1.59 (1.51, 1.67) 1.23 x 107 1.40 (1.18, 1.65) 7.63 x 107
PRS-IOP 1.63 (1.55, 1.71) 537 x 10°% 1.15(0.99, 1.35) 0.07
PRS-VCDR 1.28 (1.23, 1.34) 1.99 x 1077 1.64 (1.42, 1.90) 2.04 x 1071
PRS-RNFL 0.94 (0.90, 0.98) 0.002 0.85 (0.74, 0.97) 0.016

482  Results of multiple logistic regression analyses, adjusted for age and sex, assessing the combined associa-
483  tion of polygenic risk scores (PRSs) with primary open-angle glaucoma. "Unrelated MAGGS participants
484  (n=4,108) were used. PRS-POAG, PRS-IOP, PRS-VCDR, and PRS-RNFL were SBayesRC-derived.

485 Abbreviations: IOP, intraocular pressure; MAGGS, Mexican American Glaucoma Genetic Study; OR,
486  odds ratio; PRS, polygenic risk score; POAG, primary open-angle glaucoma; RNFL, retinal nerve fiber
487  layer thickness; VCDR, vertical cup-to-disc ratio.

488
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490  Figure 1. Receiver Operating Characteristic Curves Predicting POAG Using Polygenic Risk Scores
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496  Figure 2. Association Between Polygenic Probability Risk Score Deciles and POAG Risk
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501 Supplementary Table 1. Variance Inflation factors for polygenic risk scores in our logistic regres-
502  sion models

503 (a) UK Biobank
Age Sex PRS-POAG PRS-IOP PRS-VCDR  PRS-RNFL
1.002 1.002 1.347 1.240 1.112 1.003
504
505 (b) MAGGS'
Age Sex PRS-POAG PRS-IOP PRS-VCDR  PRS-RNFL
1.024 1.006 1.555 1.371 1.166 1.004

506  Displayed are the variance inflation factors for the polygenic risk scores (PRSs) used in our logistic re-
507  gression analyses of a) UK Biobank; b) MAGGS. "Unrelated MAGGS participants were used. PRS-
508 POAG, PRS-IOP, PRS-VCDR, and PRS-RNFL were SBayesRC-derived.

509  Abbreviations: IOP, intraocular pressure; MAGGS, Mexican American Glaucoma Genetic Study; PRS,
510  polygenic risk score; POAG, primary open-angle glaucoma; RNFL, retinal nerve fiber layer thickness;
511  VCDR, vertical cup-to-disc ratio.
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514  Supplementary Table 2. Number of POAG Cases in Each Decile Category
515
516  (a) UK Biobank

Predicted Probability Risk Score Decile

1 2 3 4 5 6 7 8 9 10
13 25 28 60 82 101 169 262 417 1011
POAG,n (%) (0.60) (1.15) (1.29) (2.77) (3.78) (4.66) (7.80) (12.08) (19.23) (46.63)
517
518

519 (b) MAGGS

Predicted Probability Risk Score Decile

1 2 3 4 5 6 7 8 9 10

3 5 5 10 16 12 26 27 56 115

POAG,n (%) (1.09) (1.82) (1.82) (3.64) (5.82) (436) (9.45) (9.82) (20.36) (41.82)
520
521
522
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523 Supplementary Figure 1. Manhattan Plot Displaying the —log10(P values) for the Association Be-
524  tween RNFL Thickness and Genome-wide Genetic Variants
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530  Supplementary Figure 2. SHAP Feature Importance for XGBoost Models

531
age
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PRS-VCDR
PRS-RNFL
sex
0.0 01 02 03 0.4 05 0.6 0.7 08
532 mean(|SHAP value]|) (average impact on model output magnitude)
533 (a) UK Biobank participants
534
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536 (b) MAGGS participants
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