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Abstract

Venous thromboembolism (VTE) is a significant contributor to morbidity and mortality, with
large disparities in incidence rates between Black and White Americans. Polygenic risk scores
(PRSs) limited to variants discovered in genome-wide association studies in European-ancestry
samples can identify European-ancestry individuals at high risk of VTE. However, there is limited
evidence on whether high-dimensional PRS constructed using more sophisticated methods and
more diverse training data can enhance the predictive ability and their utility across diverse
populations. We developed PRSs for VTE using summary statistics from the International
Network against Venous Thrombosis (INVENT) consortium GWAS meta-analyses of European-
(71,771 cases and 1,059,740 controls) and African-ancestry samples (7,482 cases and 129,975
controls). We used LDpred2 and PRSCSx to construct ancestry-specific and multi-ancestry PRSs
and evaluated their performance in an independent European- (6,261 cases and 88,238
controls) and African-ancestry sample (1,385 cases and 12,569 controls). Multi-ancestry PRSs
with weights tuned in European- and African-ancestry samples, respectively, outperformed
ancestry-specific PRSs in European- (PRSCSXgyr: AUC=0.61 (0.60, 0.61), PRSCSX_combinedgyg:
AUC=0.61 (0.60, 0.62)) and African-ancestry test samples (PRSCSXarr: AUC=0.58 (0.57, 0.6),
PRSCSX_combined arr: AUC=0.59 (0.57, 0.60)). The highest fifth percentile of the best-
performing PRS was associated with 1.9-fold and 1.68-fold increased risk for VTE among
European- and African-ancestry subjects, respectively, relative to those in the middle stratum.
These findings suggest that the multi-ancestry PRS may be used to identify individuals at
highest risk for VTE and provide guidance for the most effective treatment strategy across

diverse populations.
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Introduction

Venous thromboembolism (VTE) is among the top five most common vascular diseases in most
countries (1). The estimated lifetime risk of VTE is 8% among US adults (2). Approximately 20%
of individuals die within 1 year of a VTE diagnosis often from the provoking conditions, and
complications are common among survivors (3). Thus, the development of tools that stratify
people according to their risk of developing VTE is helpful, which could inform risk-stratified

prevention strategies that contribute to reducing the burden of VTE.

Polygenic risk scores (PRS) are useful tools for approximating the cumulative genetic
susceptibility to complex traits and diseases. PRSs based on the independent genome-wide
significant variants discovered in genome-wide association studies (GWAS) European-ancestry
samples (4-9) have been demonstrated to identify individuals at high risk of VTE (10,11).
However, there is limited evidence on whether high-dimensional PRS that are not restricted to

genome-wide significant variants can enhance the predictive ability.

In the USA, the incidence of VTE is approximately 65% higher in those who identify as Black
Americans than White Americans (12,13). Polygenic risk prediction models for VTE could be
particularly important among Black Americans, as a clinical tool to reduce this disparity in VTE
risk. (This does not preclude research into structural inequities and social determinants of
health, which might inform policy interventions to reduce disparities between Black and White
Americans.) However, previously developed VTE PRS have been optimized for European-
ancestry populations, and their utility in other populations is unknown. In particular, we are

unaware of any efforts to develop VTE PRS specifically for Black Americans.
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We developed ancestry-specific and multi-ancestry PRSs for VTE leveraging large GWAS meta-
analyses in European-and African-ancestry samples. We validated these PRSs by estimating
relative VTE risks across PRS quintiles in five independent U.S.-based studies. We focus on PRS
including common variants (minor allele frequencies above 1%) due to difficulties measuring or
imputing low frequency or rare variants from GWAS data or imprecision of estimating rare
variant associations. Thus our PRSs complement known low frequency variants (such as rs6205
in F5) or known clinical and behavioral risk factors. Here we concentrate on developing PRSs
that perform well in diverse populations. Future work will be needed to (a) develop and
evaluate models that combine these PRSs with low-frequency and rare variants and other risk
factors and (b) assess the clinical utility of VTE risk models for targeted prevention, screening,

or treatment (14,15).

Results
Study sample

The overall study design is illustrated in Figure 1. Our PRS development consisted of two steps:
training ancestry-specific PRS and tuning multi-ancestry PRS. We trained ancestry-specific PRSs
using European- and African ancestry GWAS summary statistics from the INVENT consortium
and two Bayesian methods (LDPRED2(14) and PRSCSx(15)). We then tuned the constructed
multi-ancestry PRSs by regressing VTE case-control status on a linear combination of the two
ancestry-specific PRSs in two separate tuning samples: one European-ancestry tuning sample

(1,329 cases and 1,324 controls) and one African-ancestry tuning sample (238 cases and 3,589
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controls). The testing data set comprised 6,781 cases and 103,016 controls of European
ancestry and 1,385 cases and 12,569 controls of African ancestry from five independent studies.
Table S1 presents a brief summary of participating studies and biobanks, including basic
information about each study or biobank (location, institute, cohort size, and sample recruiting
approach), participants (ancestry and age), and genotypes (genotyping platforms and

imputation reference).

Comparing PRS distributions across populations

Four single-ancestry PRSs and four multi-ancestry PRSs for VTE were constructed using LDpred2
and PRSCSx and validated in independent European ancestry and African ancestry individuals:
(i) LDpred?2 trained using European-ancestry GWAS summary statistics (LDpred2eyr); (ii)
LDpred2 trained using African-ancestry summary statistics (LDpred2agg); (iii) PRS-CS trained
using European-ancestry summary statistics (PRSCSX gyr); (iv) PRSCS trained using African
ancestry summary statistics (PRSCSX arr); and (v) LDpred2gyr + LDpred2ar with weights tuned in
an independent European-ancestry tuning sample; (vi) LDpred2gyr + LDpred2arr with weights
tuned in and independent African-ancestry tuning sample (LDpred2_combinedagr); (vii) PRSCSX
eur + PRSCSX arr With weights tuned in the European-ancestry tuning sample (PRSCSX_combined
eur); (Viii) PRSCSX pyr + PRSCSX arr With weights tuned in the African-ancestry tuning sample
(PRSCSX_combinedagr). All PRSs had higher means in cases than controls in the test data sets
(Table 1). Among the European-ancestry VTE cases, the mean PRS was higher for the PRS tuned
in European-ancestry samples than for the PRS tuned in African-ancestry samples. The
difference was higher for the ancestry-specific PRS (LDpred2gyr: 0.39 vs LDpred2ags: 0.07,

PRSCSXeur: 0.42 vs PRSCSXarr: 0.31) than for the multi-ancestry PRS (LDpred2_combined gyr:
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0.39 vs Dpred2_combined arr: 0.38, PRSCSX_combined gyr: 0.44 vs PRSCSX_combined arr: 0.41).
Similarly, among the African-ancestry VTE cases, the mean PRS was higher for the African-
ancestry-tuned PRS than for the European-ancestry-tuned PRS, with larger difference for the
population-specific PRS (LDpred2gyr: 0.18 vs Dpred2arr: 0.19, PRSCSXeur: 0.22 vs PRSCSXar:
0.28) than the multi-ancestry PRS (LDpred2_combined gyg: 0.19 vs Dpred2_combined arr: 0.23,

PRSCSX_combined gyr: 0.26 vs PRSCSX_combined arg: 0.30).

Evaluation of PRS and VTE risk across populations

Table 2 shows the estimated OR per SD increase of PRS and AUC for VTE in the test set
individuals of European- and African ancestry. For the ancestry-specific PRS, LDpred2gyr and
LDpred2arr were constructed using 604,741 SNPs and 1,184,805 SNPs, respectively, and
PRSCSXeur and PRSCSXarr were constructed using 591,788 SNPs and 586,660 SNPs, respectively.
Multi-ancestry PRS were developed as a linear combination of the ancestry-specific PRS,
resulting in 1,212,566 SNPs for LDpred2 and 598,977 SNPs for PRSCSX. The multi-ancestry PRSs
outperformed ancestry-specific PRSs in both European- and African-Ancestry test samples and
across training methods (LDpred2, PRSCSx) (Figure 2, S.Figure 1). In the European-ancestry test
set, multi-ancestry PRS in which the weights were tuned in European ancestry samples
performed the best (PRSCSX_combined gyr: AUC=0.61 (0.6, 0.62), OR=1.48 (1.45, 1.52),
LDpred2_combined gyr: AUC=0.60 (0.59, 0.61), OR=1.42 (1.39, 1.46)). Similarly, in the African-
ancestry test set, a multi-ancestry PRS in which the weights were tuned in African-Ancestry
samples performed the best (PRSCSX_combined arr: AUC=0.59 (0.57, 0.60), OR=1.38 (1.30, 1.45);

LDpred2_combined ar: AUC=0.57 (0.55, 0.58), OR=1.26 (1.20, 1.33)).
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The association between the PRSs and VTE risk by PRS percentile are shown in Figure 3. The
association between the highest fifth percentile of PRSCSXgur (RR=1.89) and LDpred2eyr
(RR=1.79) and VTE risk was greater than that of genome-wide significant PRS (RR=1.78). The
highest fifth percentile of the best-performing PRS (PRSCSX_combined gyr) was associated with
1.9-fold increased risk for VTE among European ancestry subjects compared to the middle
stratum (40-50%). Among the African-ancestry samples, the corresponding risk was about 1.68-

fold (PRSCSX_combined arr), which is smaller than that in European ancestry samples.

Inclusion of known low frequency alleles

When we reconstructed PRS including the five genome-wide significant variants, the new PRS
performed worse than our original PRS without the five SNPs in European- (PRSCSX_combined
eur: AUC=0.57 (0.56, 0.59), LDpred2_combined gyr: AUC=0.52 (0.50, 0.53)) and in African-
ancestry test samples (PRSCSX_combined arr: AUC=0.59 (0.58, 0.60), LDpred2_combined afr:
AUC=0.56 (0.55, 0.57)) (S.Figure 2). This is likely because the five SNPs are rare in one or both
populations (average MAF in European ancestry=0.1, African ancestry=0), and our tuning
samples are small, resulting in noisy weights. Future studies with larger and more diverse

training samples and further tuning steps are needed to learn better multi-ancestry PRS weights.

Discussion
Multi-ancestry PRSs outperformed population specific PRSs in U.S. European- and African-
ancestry samples, with a greater improvement in African-ancestry samples. The highest fifth

percentile of the best performing multi-ancestry PRS in the European ancestry test samples was
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associated with an approximately 2-fold increased risk for VTE relative to the middle stratum
among European-ancestry subjects. The corresponding risk was smaller (1.7-fold) among the
African-ancestry subjects, but still non-negligible and higher than any single-ancestry PRS,
highlighting that multi-ancestry PRS may be used to identify individuals at highest risk for VTE
events. These data may also be useful in guiding primary prevention and treatment strategies
across populations, although we stress that demonstrating PRS discrimination is not sufficient
to establish clinical utility, which requires consideration of risks and benefits of specific

proposed interventions (14,15).

To our knowledge, this is the first attempt to develop PRS of VTE specific to African-ancestry
populations. Clinical evaluation of PRS is needed in African-ancestry populations, where the
burden of VTE is growing due to its increase in VTE incidence. Our PRS, developed and validated
in African-ancestry samples, could be a step towards risk-based clinical management of VTE
among Black Americans, as a complement to primary prevention efforts. Black Americans and
other population groups suffer social disadvantage and lifestyle risk factors that could be a
strong contributors to the disparities in VTE (16). Encouragingly, healthy lifestyle factors were
associated with a lower incidence of VTE among people at high genetic risk for VTE (17). Hence,
as with most diseases, primary prevention efforts directed at lifestyle interventions to reduce
weight or increase activity would have the great potential to reduce the societal burden of VTE.
Further research should determine best approaches to VTE prevention that improve health

equity.
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A recent GWAS meta-analysis demonstrated that European-ancestry individuals at or above the
top fifth percentile of a PRS comprised of 37 genome-wide significant variants had a 3.2-fold
greater risk for VTE (OR: 3.19; 95% Cl: 2.89-3.52) relative to half of the population in the middle
of the range (8). More recently, a PRS using the 100 lead variants identified in a larger European
ancestry meta-analysis showed AUC=0.620 (95% Cl, 0.616—0.625) (9). Since these previous PRS
include low MAF variants with large effect sizes (e.g., rs6025: transancestry OR=2.39 (8) on F5
gene), the performance of these previous PRSs and our PRSs is not directly comparable. It is
worth noting that our PRS was built using genome-wide common variants and was designed to
be transportable between European- and African-ancestry individuals, which can be useful for
settings with diverse genetic background. The PRSs presented here complement the low-
frequency, large-effect variants and clinical and behavioral risk factors; future work should
develop and evaluate comprehensive risk models combining multi-ancestry PRS, low-frequency

variants and other risk factors.

The major strength of the study is that it is the first attempt to develop and validate multi-
ancestry PRS for VTE, providing potential utility of PRS in VTE prevention among African-
ancestry populations, where the VTE burden is high. In addition, we validated the PRS in the
five independent biobanks from GBMI using harmonized analysis framework (e.g. phenotype

definitions, ancestry assignments, and PRS construction).

There are several limitations in our study. First, we have focused on common SNPs, specifically
HapMap3 SNPs for VTE PRS construction. As a result, information from rarer variants missing in
the LD reference panel may not be captured in other non-European ancestries. Second, the

lower predictive ability of VTE PRS in African-ancestry samples can be explained by smaller

10
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sample size of African-ancestry VTE meta-analysis GWAS, which is 10 times smaller than
European GWAS. Third, there remains a multitude of factors that may contribute to cross-
biobank heterogeneity including phenotype precision, cohort-level disease prevalence, and

environmental factors. We have provided analysis results by cohort (Supplementary Figure 1).

Conclusions

We found that multi-ancestry PRS for VTE outperformed population-specific PRS, especially in
African ancestry populations with relatively small GWAS sample sizes. These findings suggest
that the multi-ancestry PRS may be used to identify individuals at highest risk for VTE event and

provide guidance for the most effective treatment strategy across populations.

Materials and Methods

Study populations

We trained the PRS using summary statistics from the International Network against Venous
Thrombosis (INVENT) consortium cross-ancestry GWAS meta-analyses of European- (71,771
VTE cases and 1,059,740 controls) and African-ancestry samples (7,482 VTE cases and 129,975
controls) (9). The meta-analysis is based on prospective cohorts and case-control data from 30

studies.

Tuning (1,329 cases and 1,324 controls of European-ancestry and 238 cases and 3,589 controls
of African-ancestry) and validation data (6,781 cases and 103,016 controls of European ancestry

and 1,385 cases and 12,569 controls of African ancestry) came from Nurses’ Health Study [NHS]

11
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and Health Professional Follow-up Study [HPFS] and 4 Global Biobank Meta-analysis Initiative
(GBMI) biobanks (Michigan Genomics Initiative [MGI], UCLA Precision Health Biobank [UCLA],
Penn Medicine Biobank [PMBB], and Lifelines) with representation across African and
European-ancestry populations included (Figure 1). These tuning and validation data were not
included in the GWAS used in the training step. The definitions of African- and European-
ancestry populations in each study are provided in the Supplementary Materials; these
definitions typically involve both self-reported race and ethnicity and genetic similarity to a set

of (study-specific) labeled reference samples.

Supplementary Table 1 summarizes the study design, genotyping arrays, and the sample size in
each study. All studies were approved by the relevant institutional ethics committees and

review boards, and all participants provided written informed consent.

Statistical methods

PRS training and tuning

PRS training and tuning using LDpred2. We ran LDpred2-auto(14) to construct PRS on HapMap3
variants using the INVENT GWAS meta-analysis summary statistics corresponding to each
population. We constructed linkage disequilibrium (LD) reference panels for the development
of the European-ancestry PRS (LDpred2¢yr) and African-Ancestry PRS (LDpred2arr) using the
EUR and AFR supersamples from the 1000 Genomes Project (Phase 3), respectively.(18) These

population-specific PRSs were then linearly combined to construct multi-ancestry PRS
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285  (LDpred2gyr+ LDpred2arr) in which the relative contribution of each PRS was estimated by
286  logistic regression in the tuning dataset of European-ancestry samples (LDpred2_combinedgyr)
287  and African-ancestry samples (LDpred2_combinedarr). Analyses were run using R; code is

288  available at https://github.com/vonhojee/VTE PRS.

289  PRS training and tuning using PRSCSx. We separately applied PRSCSx(15) to the summary

290  statistics from the European- and African-ancestry INVENT VTE GWAS, using the EUR and AFR
291 LD reference panels from the 1000 Genomes Project (Phase 3). The global shrinkage parameter
292  was learnt from the data using a fully Bayesian approach. Ancestry-specific PRSs generated

293  using European- (PRSCSxgyr) and African-specific posterior weights (hereafter denoted as

294  PRSCSxarr) were linearly combined to construct multi-ancestry PRS (PRSCSxgyr + PRSCSxagr). The
295  regression coefficients for the linear combination were obtained by fitting a logistic regression
296  model in the tuning data set of European ancestry samples (PRSCSx_combinedgyr) and African
297  American samples (PRSCSx_combinedarr). Analyses were run using Python; code is available at

298  https://github.com/yonhojee/VTE PRS.

299
300 PRS validation

301 In each test dataset, population-specific PRSs were calculated as PRSgyg; = X, BiXi, and

302 PRSupg; = X Xy, Where x is the dosage of risk allele (0-2) at genetic variant k for subject i,
303 and [y and ay, are the corresponding weight in European and African PRS, respectively. The
304  estimates of ) and a; were trained using summary statistics from the INVENT consortium and

305 LDpred2 and PRSCSx as described above.
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We calculated the multi-ancestry PRSs as the linear combination of European- and African-

ancestry specific PRS:
PRS_CombmedEURi = Yarr_eurPRSarr; + Yeur_cur PRSEuR;
PRS_combinedpr; = Sarr_arrPRSarr; + Opur_arrPRSgur;

where PRSarr and PRSgyr are the PRSs trained in single-ancestry GWAS and the y and 6 are
“meta-weights” tuned in European- and African-ancestry samples, respectively. SNPs with
imputation R* > 0.9 in training dataset were retained for subsequent analyses. The lists of SNPs
and the weights for the PRS computation are available at

https://github.com/yonhojee/VTE PRS.

PRSs were standardized within each validation sample to have unit SD in the control subjects.
Logistic regression, adjusting for ten principal components and sex, was used to estimate odds
ratios (ORs) for association between the standardized PRSs and VTE risk in each testing set. The
discrimination of PRS was assessed using area under the receiver operating curve (AUC). The OR
per SD and AUC were obtained individually for each study and combined separately for

European- and African-ancestry samples using a fixed-effect meta-analysis.

All statistical analyses were conducted using R v.4.3.0. Logistic regression and AUC were done

using g/m() and roc() in R.

The distribution of relative risk of VTE by PRS across populations.
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323  We simulated 100,000 individuals with PRS distribution of N(0,1) multiplied by log OR per SD
324  estimates for each PRS. The simulated PRS was then exponentiated to estimate relative risk
325  estimates and split into the percentile categories: [0—1%] (1-5%], (5-10%], (10—20%], (20—30%],
326  (30-40%], (40-50%] (reference group), (50-60%], (60-70%], (70—-80%], (80—90%], (90-95%],

327  (95-99%] and (99-100%].

328

329  Sensitivity analysis of including known low frequency alleles

330  Out of the 37 genome-wide significant variants, our current PRSs do not include five variants
331  (rs6025, rs145470028, rs1799963, rs6048, and rs143478537), which would have been filtered
332  out of our analyses for one reason or another (e.g., on the X chromosome, low minor allele
333  frequency [MAF]). These variants are important to be considered in VTE PRS given their large
334  effect sizes (e.g., rs6025: transancestry OR=2.39(8) on F5 gene). As a sensitivity analysis, we
335  constructed new PRSs, which additionally include these previously reported variants that are i)
336  notincluded in our PRS due to the low frequency and ii) not in LD with the variants already
337 included in our PRS. The final PRSs were obtained by the linear combination of the original PRS
338  (constructed using common variants only) and the additional SNPs where the coefficients for
339  the original PRS and the additional SNPs were tuned in the independent ancestry-specific

340 samples (See more details in the Supplementary Materials).

341

15


https://doi.org/10.1101/2024.01.09.24300914
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.01.09.24300914; this version posted January 10, 2024. The copyright holder for this preprint

342

343
344
345

346

347
348

349
350
351

352
353
354
355
356
357

358
359
360
361
362
363
364
365
366
367
368

369
370
371
372
373
374

375
376
377
378
379

(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

Acknowledgements

The views expressed in this manuscript are those of the authors and do not necessarily represent the
views of the National Cancer Institute; National Heart, Lung, and Blood Institute; the National Institutes
of Health; or the US Department of Health and Human Services.

This work was supported by the National Institutes of Health grant 5U01CA261339.

The INVENT Consortium acknowledges all of the participants across the studies who provided their
health information to support these analyses.

The authors would like to thank the participants and staff of the NHS and NHSII for their valuable
contributions. The NHS, NHS-Il and HPFS were supported by grants UM1 CA186107, U01 CA176726, and
U01 CA167552 from the National Institutes of Health.

The authors acknowledge the Michigan Genomics Initiative participants, Precision Health at the
University of Michigan, the University of Michigan Medical School Central Biorepository, and the
University of Michigan Advanced Genomics Core for providing data and specimen storage, management,
processing, and distribution services, and the Center for Statistical Genetics in the Department of
Biostatistics at the School of Public Health for genotype data curation, imputation, and management in
support of the research reported in this publication.

We gratefully acknowledge the resources provided by the Institute for Precision Health (IPH) and
participating UCLA ATLAS Community Health Initiative patients. The UCLA ATLAS Community Health
Initiative in collaboration with UCLA ATLAS Precision Health Biobank, is a program of IPH, which directs
and supports the biobanking and genotyping of biospecimen samples from participating UCLA patients
in collaboration with the David Geffen School of Medicine, UCLA CTSI and UCLA Health. Members of the
UCLA ATLAS Community Health Initiative include Ruth Johnson, Yi Ding, Vidhya Venkateswaran, Arjun
Bhattacharya, Alec Chiu, Tommer Schwarz, Malika Freund, Lingyu Zhan, Kathryn S. Burch, Christa
Caggiano, Brian Hill, Nadav Rakocz, Brunilda Balliu, Jae Hoon Sul, Noah Zaitlen, Valerie A. Arboleda, Eran
Halperin, Sriram Sankararaman, Manish J. Butte, Clara Lajonchere, Daniel H. Geschwind, and Bogdan
Pasaniuc, on behalf of the UCLA Precision Health Data Discovery Repository Working Group and UCLA
Precision Health ATLAS Working Group.

We acknowledge the PMBB for providing data and thank the patient-participants of Penn Medicine who
consented to participate in this research program. We would also like to thank the Penn Medicine
BioBank team and Regeneron Genetics Center for providing genetic variant data for analysis. The PMBB
is approved under IRB protocol# 813913 and supported by Perelman School of Medicine at University of
Pennsylvania, a gift from the Smilow family, and the National Center for Advancing Translational
Sciences of the National Institutes of Health under CTSA award number UL1TR001878.

The Lifelines Biobank initiative has been made possible by funding from the Dutch Ministry of Health,
Welfare and Sport, the Dutch Ministry of Economic Affairs, the University Medical Center Groningen
(UMCG the Netherlands), University of Groningen and the Northern Provinces of the Netherlands. The
generation and management of GWAS genotype data for the Lifelines Cohort Study is supported by the
UMCG Genetics Lifelines Initiative (UGLI). UGLI is partly supported by a Spinoza Grant from NWO,

16


https://doi.org/10.1101/2024.01.09.24300914
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.01.09.24300914; this version posted January 10, 2024. The copyright holder for this preprint

380
381

382
383
384
385
386
387
388
389
390
391

392

393
394

395
396
397
398
399

400

401

(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

awarded to Cisca Wijmenga. The authors wish to acknowledge the services of the Lifelines Cohort Study,
the contributing research centers delivering data to Lifelines, and all the study participants.

UGLI Lifelines Cohort Study group author: Raul Aguirre-Gamboa (1), Patrick Deelen (1), Lude Franke (1),
Jan A Kuivenhoven (2), Esteban A Lopera Maya (1), llja M Nolte (3), Serena Sanna (1), Harold Snieder (3),
Morris A Swertz (1), Peter M. Visscher (3,4), Judith M Vonk (3), Cisca Wijmenga (1), Naomi Wray (4); (1)
Department of Genetics, University of Groningen, University Medical Center Groningen, The
Netherlands; (2) Department of Pediatrics, University of Groningen, University Medical Center
Groningen, The Netherlands; (3) Department of Epidemiology, University of Groningen, University
Medical Center Groningen, The Netherlands; (4) Institute for Molecular Bioscience, The University of
Queensland, Brisbane, Queensland, Australia.

Conflict of Interest Statement

B.M.P. serves on the Steering Committee of the Yale Open Data Access Project funded by
Johnson & JOhnson.

S.M.D. receives research support from RenalytixAl and Novo Nordisk, outside the scope of the
current research. SMD is named as a co-inventor on a Government-owned US Patent
application related to the use of genetic risk prediction for venous thromboembolic disease
filed by the US Department of Veterans Affairs in accordance with Federal regulatory
requirements.

17


https://doi.org/10.1101/2024.01.09.24300914
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.01.09.24300914; this version posted January 10, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

402

403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443

It is made available under a CC-BY-NC-ND 4.0 International license .

References

1.

10.

11.

12.

Wendelboe, A.M. and Raskob, G.E. (2016) Global Burden of Thrombosis: Epidemiologic
Aspects. Circ Res, 118, 1340-1347.

Bell, E.J., Lutsey, P.L., Basu, S., Cushman, M., Heckbert, S.R., Lioyd-Jones, D.M. and Folsom,

A.R. (2016) Lifetime Risk of Venous Thromboembolism in Two Cohort Studies. The American
Journal of Medicine, 129, 339.e19-339.e26.

Sg@gaard, K.K., Schmidt, M., Pedersen, L., Horvath-Puhg, E. and Sgrensen, H.T. (2014) 30-
year mortality after venous thromboembolism: a population-based cohort study.
Circulation, 130, 829-836.

Heit, J.A., Armasu, S.M., Asmann, Y.W., Cunningham, J.M., Matsumoto, M.E., Petterson,

T.M. and De Andrade, M. (2012) A genome-wide association study of venous
thromboembolism identifies risk variants in chromosomes 1g24.2 and 9q. J Thromb
Haemost, 10, 1521-1531.

Tang, W., Teichert, M., Chasman, D.l., Heit, J.A., Morange, P.-E., Li, G., Pankratz, N., Leebeek,
F.W., Paré, G., de Andrade, M., et al. (2013) A Genome-Wide Association Study for Venous
Thromboembolism: The Extended Cohorts for Heart and Aging Research in Genomic
Epidemiology (CHARGE) Consortium. Genetic Epidemiology, 37, 512-521.

Germain, M., Chasman, D.l., de Haan, H., Tang, W., Lindstrom, S., Weng, L.-C., de Andrade,
M., de Visser, M.C.H., Wiggins, K.L., Suchon, P., et al. (2015) Meta-analysis of 65,734
individuals identifies TSPAN15 and SLC44A2 as two susceptibility loci for venous

thromboembolism. Am J Hum Genet, 96, 532-542.

Klarin, D., Busenkell, E., Judy, R., Lynch, J., Levin, M., Haessler, J., Aragam, K., Chaffin, M.,
Haas, M., Lindstrom, S., et al. (2019) Genome-wide association analysis of venous
thromboembolism identifies new risk loci and genetic overlap with arterial vascular disease.
Nat Genet, 51, 1574-1579.

Lindstrom, S., Wang, L., Smith, E.N., Gordon, W., van Hylckama Vlieg, A., de Andrade, M.,
Brody, J.A., Pattee, J.W., Haessler, J., Brumpton, B.M., et al. (2019) Genomic and
transcriptomic association studies identify 16 novel susceptibility loci for venous

thromboembolism. Blood, 134, 1645-1657.

Thibord, F., Klarin, D., Brody, J.A., Chen, M.-H., Levin, M.G., Chasman, D.l., Goode, E.L.,
Hveem, K., Teder-Laving, M., Martinez-Perez, A., et al. Cross-Ancestry Investigation of
Venous Thromboembolism Genomic Predictors. Circulation, 0,
10.1161/CIRCULATIONAHA.122.059675.

D,K,E B,R,J,J, L, M,L,J H,K A, M,C.,M,H.,S, L., et al. (2019) Genome-wide
association analysis of venous thromboembolism identifies new risk loci and genetic
overlap with arterial vascular disease. Nat Genet, 51, 1574-1579.

Kolin, D.A., Kulm, S. and Elemento, O. (2021) Prediction of primary venous

thromboembolism based on clinical and genetic factors within the U.K. Biobank. Sci Rep, 11,
21340.

Silverstein, M.D., Heit, J.A., Mohr, D.N., Petterson, T.M., O’Fallon, W.M. and Melton, L.J.
(1998) Trends in the incidence of deep vein thrombosis and pulmonary embolism: a 25-year
population-based study. Arch Intern Med, 158, 585-593.

18


https://doi.org/10.1101/2024.01.09.24300914
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.01.09.24300914; this version posted January 10, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.

444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461

13.

14,

15.

16.

17.

18.

It is made available under a CC-BY-NC-ND 4.0 International license .

Zakai, N.A. and McClure, L.A. (2011) Racial differences in venous thromboembolism. J
Thromb Haemost, 9, 1877-1882.

Privé, F., Arbel, J. and Vilhjalmsson, B.J. (2020) LDpred2: better, faster, stronger.
Bioinformatics, 36, 5424-5431.

Ruan, Y., Lin, Y.-F., Feng, Y.-C.A., Chen, C.-Y., Lam, M., Guo, Z,, Initiatives, S.G.A., He, L.,
Sawa, A., Martin, A.R., et al. (2021) Improving Polygenic Prediction in Ancestrally Diverse
Populations. Improving Polygenic Prediction in Ancestrally Diverse Populations (2021),
2020.12.27.20248738.

Folsom, A.R., Basu, S., Hong, C.-P., Heckbert, S.R., Lutsey, P.L., Rosamond, W.D. and
Cushman, M. (2019) Reasons for Differences in the Incidence of Venous Thromboembolism
in Black Versus White Americans. Am J Med, 132, 970-976.

Evans, C.R., Hong, C.-P., Folsom, A.R., Heckbert, S.R., Smith, N.L., Wiggins, K., Lutsey, P.L.
and Cushman, M. (2020) Lifestyle Moderates Genetic Risk of Venous Thromboembolism:
The ARIC Study. Arterioscler Thromb Vasc Biol, 40, 2756-2763.

Auton, A., Abecasis, G.R., Altshuler, D.M., Durbin, R.M., Abecasis, G.R., Bentley, D.R.,
Chakravarti, A., Clark, A.G., Donnelly, P., Eichler, E.E., et al. (2015) A global reference for
human genetic variation. Nature, 526, 68—74.

19


https://doi.org/10.1101/2024.01.09.24300914
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2024.01.09.24300914; this version posted January 10, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

462 Legends to Figures

463  Figure 1. Overview of development and validation of population-specific and multi-ancestry PRS
464  for venous thromboembolism.

465  Figure 2. AUC and OR for population-specific and multiancestry PRS across populations.

466  Figure 3. Distribution of relative risk of VTE by PRS across populations.
467

468 Legends to Tables

469  Table 1. Mean and standard deviation of standardized polygenic risk scores with VTE risk in the
470  test set individuals of European and African ancestry.

471  Table 2. Association of polygenic risk scores and VTE risk in the test set individuals of European
472  and African ancestry.
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473  Figure 1. Overview of development and validation of population-specific and multi-ancestry PRS for venous thromboembolism.

Training and Tuning Data

Training: Summary statistics from INVENT consortium Tuning: Individual data from NHS, HPFS, and MGI
EUR: 71,771 cases, 1,059,740 controls AFR: 7,482 cases, 129,975 controls EUR: 1,329 cases, 1,324 controls AFR: 238 cases, 3,589 controls

LD ref: 1000G EUR, 1000G AFR

PRS construction methods
Genome-wide significant SNPs LDpred2 PRSCSx

L T ]
\ v

Population-specific Multi-ancestry
LDPred? ﬁ LDPred2_combined

| LDPred2;,, + LDPred2,e, | ‘ PRSCSxgyp + PRSCSXueq |
LDPred2g,5 LDPred2 PRSCSXg 5 PRSCSX s
(trained in EUR-GWAS) || (trained in AFR-GWAS) (trained in EUR-GWAS) || (trained in AFR-GWAS) ‘ ‘ ‘ ‘
LDPred2_combinedg, LDPred2_combined PRSCSx_combined,; || PRSCSx_combined,,
(EUR-weights tuned) (AFR-weights tuned) (EUR-weights tuned) (AFR- weights tuned)

Testing Cohorts

EUR samples (NHS, HPFS, MGI, PMBB, Lifelines, and UCLA ) AFR samples (MGI, PMBB, and UCLA)

474 (6,781 cases, 103,016 controls) (1,385 cases, 12,569 controls)

475  PRS development consisted of two steps: training ancestry-specific PRS and tuning multi-ancestry PRS. We trained ancestry-specific
476  PRSs using European- and African ancestry GWAS summary statistics from the INVENT consortium and two Bayesian methods

477  (LDPRED2 and PRSCSx). We then tuned the constructed multi-ancestry PRSs by regressing VTE case-control status on a linear

478  combination of the two ancestry-specific PRSs in two separate tuning samples: one European-ancestry tuning sample and one

479  African-ancestry tuning sample. NHS, Nurses’ Health Study; HPFS, Health Professional Follow-up Study; MGI, Michigan Genomics
480 Initiative; UCLA, UCLA Precision Health Biobank; PMBB, Penn Medicine Biobank.
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484  Figure 3. Distribution of relative risk of VTE by PRS across populations.
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Table 1. Mean and standard deviation of standardized polygenic risk scores with VTE risk in the test set individuals of European and

African ancestry.

European African

Cases (n=6,781) Control (n=103,016) Cases (n=1,385) Control (n=12,569)
Mean (SD) of age at 56.9 (13.3) 52.1(14.4) 56.5 (14.6) 50.8 (16.2)
recruitment, in years
Mean (SD) of LDpred2¢yr 0.39 (1.07) 0(1) 0.18 (1.02) 0(1)
Mean (SD) of LDpred2 s 0.07 (1) 0(1) 0.19 (1.11) 0(1)
Mean (SD) of PRSCSX tur 0.42 (1.07) 0(1) 0.22 (1.03) 0(1)
Mean (SD) of PRSCSX arr 0.31(1.03) 0(1) 0.28 (1.11) 0(1)
Mean (SD) of 0.39 (1.07) -0.02 (1) 0.19 (1.02) 0(1)
LDpred2_combined gyr
Mean (SD) of 0.38 (1.06) 0(1) 0.23 (1.04) 0(1)
LDpred2_combined s
Mean (SD) of 0.44 (1.19) 0(1) 0.26 (1.06) 0(1)
PRSCSX_combined gyr
Mean (SD) of 0.41(1.07) 0(1) 0.3(1.09) 0(1)

PRSCSX_combined arr

SD, standard deviation; ASN, Asian; EUR, European; PRS, polygenic risk score.
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Table 2. Association of polygenic risk scores and VTE risk in the test set individuals of European and African ancestry.

3

~8

=9

so

PRS testing population ag.

European African g2

Method PRS tuning | PRS Number | AUC (95% Cl) Odds ratio per | AUC (95% Cl) Odds ratio ® %

population of SNPs SD (95% Cl) (95% Cl) g’i

(1) LDpred2 - LDpred2 eur 604,741 | 0.6(0.59,0.6) | 1.42(1.39, 0.54 (0.53, 1.17 (1.11, ;,g

trained in EUR 1.45) 0.56) 1.23) 8

(2) LDpred2 - LDpred2 s 1,184,805 | 0.52 (0.52, 1.09 (1.06, 0.56 (0.54, 1.26 (1.2, 1.33) =8 g

trained in AFR 0.53) 1.11) 0.57) 58

L2

Combine (1) + (2) | European | °LDpred2_combinedgyr | 1,212,566 | 0.6 (0.59, 0.61) | 1.42 (1.39, 0.55 (0.53, 1.19 (1.13, %@_g

1.46) 0.56) 1.25) g;_ﬁ

Combine (1) +(2) | African *LDpred2_combined arr | 1,212,566 | 0.6 (0.59, 0.6) 1.42 (1.39, 0.57 (0.55, 1.26 (1.2, 1.33) g; E

1.45) 0.58) e

(3) PRSCS trained | - PRSCSX tur 591,788 0.61 (0.6, 0.61) | 1.47 (1.44, 0.56 (0.55, 1.26 (1.2, 1.33) §§§

in EUR 1.51) 0.57) ‘ggé’

(4) PRSCS trained | - PRSCSX arr 586,660 0.58 (0.58, 1.35(1.32, 0.58 (0.57,0.6) | 1.35(1.28, 8§§

in AFR 0.59) 1.39) 1.42) ;‘:’,g
QD

Combine (3) + (4) | European ®PRSCSX_combined gur 598,977 0.61 (0.6, 0.62) | 1.48 (1.45, 0.57 (0.56, 1.3(1.24,1.37) gg g

1.52) 0.59) og >

Combine (3) + (4) | African ®PRSCSX_combined arr 598,977 0.6 (0.6, 0.61) 1.47 (1.44, 0.59 (0.57,0.6) | 1.38 (1.3, 1.45) ;%%

1.51) 52

?Combined PRSs were generated using the formula a0 + a1PRS1 + a2PRS2 where a0, al and a2 are the weights obtained by fitting a logistic %gg

regression model with VTE as outcome, PRS1 and PRS2 as explanatory variables using the validation data set. The weights for the considered ‘?:’i—’i

combination of PRSs can be found at https://github.com/yonhojee/VTE PRS. gg;
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