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Background: Genetic scores may provide an objective measure of prostate cancer risk and thus inform screening decisions. We eval-
uated whether a polygenic hazard score based on 290 genetic variants (PHS290) is associated with prostate cancer risk in a diverse
population, including Black men, who have higher average risk of prostate cancer death but are often treated as a homogeneously
high-risk group.

Methods: This was a retrospective analysis of the Million Veteran Program, a national, population-based cohort study of US military
veterans conducted 2011-2021. Cox proportional hazards analyses tested for association of genetic and other risk factors (including
self-reported race and ethnicity and family history) with age at death from prostate cancer, age at diagnosis of metastatic (nodal or
distant) prostate cancer, and age at diagnosis of any prostate cancer.

Results: A total of 590750 male participants were included. Median age at last follow-up was 69 years. PHS290 was associated with
fatal prostate cancer in the full cohort and for each racial and ethnic group (P <.001). Comparing men in the highest 20% of PHS290
with those in the lowest 20% (based on percentiles from an independent training cohort), the hazard ratio for fatal prostate cancer
was 4.42 (95% confidence interval = 3.91 to 5.02). When accounting for guideline-recommended risk factors (family history, race, and
ethnicity), PHS290 remained a strong independent predictor of any, metastatic, and fatal prostate cancer.

Conclusions: PHS290 stratified US veterans of diverse ancestry for lifetime risk of prostate cancer, including metastatic and fatal
cancer. Predicting genetic risk of lethal prostate cancer with PHS290 might inform individualized decisions about prostate cancer
screening.

Despite enormous mortality from prostate cancer (PCa), early
detection remains controversial because prostate-specific anti-
gen (PSA) testing results in false-positive results and frequent
overdiagnosis of indolent PCa that may never have become
symptomatic (1-3). As one of the most heritable cancers (4),
genetic risk stratification is a promising approach for identifying
individuals at higher risk of developing metastatic or fatal PCa
(2,5,6). Genetic risk scores for PCa outperform family history and
other clinical risk factors commonly available to inform

screening decisions (7-10). An ideal genetic test would focus on
aggressive PCa and, given the strong age dependence of PCa (and
of aggressive PCa, in particular), an ideal genetic score would
estimate age-specific risk (11,12). Age-specific genetic risk
could inform individualized decisions about PSA testing in the
context of a given man'’s overall health and competing causes of
mortality.

A major limitation of early studies of polygenic risk was an
exclusive focus on men of European ancestry (13,14). Such
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systematic bias may exacerbate existing health disparities in PCa
incidence and health outcomes (15,16). This is particularly worri-
some for men of African ancestry, who have a higher overall inci-
dence of metastatic and fatal PCa (17,18). Recent efforts have
incorporated data from more diverse populations, yielding
improved performance (23).

Our group has developed a polygenic hazard score (PHS) that
identifies men who are likely to develop aggressive PCa at
younger ages. This score, which can be calculated from a single
saliva sample at any point in a man’s life, was strongly associated
with age at diagnosis of aggressive PCa in large datasets
(10,19,22). The score also improved the accuracy of conventional
screening with PSA (7,10,12). We subsequently expanded the
model to optimize performance in men of all ancestries, particu-
larly men with African ancestry (19,22,24). Here, we seek to vali-
date the ability of the PHS to identify men at risk of metastatic or
fatal PCa within the Million Veteran Program (MVP) longitudinal
cohort, one of the largest and most racially and ethnically diverse
populations studied to date (25).

Methods
Participants

We retrospectively obtained data from the MVP, composed of
individuals aged 19 years to over 100 years recruited from 63
Veterans Affairs Medical Centers across the United States, an
ongoing study that began enrollment in 2011. Only men were
included in this PCa study, comprising 590750 individuals, over
100000 of whom were Black or African American by self-report
(Table 1). There were no inclusion or exclusion criteria for age.
Median age at last follow-up was 69 years (interquartile range =
59-74 years).

Genotype Data

All study participants provided blood samples for DNA extraction
and genotyping. Blood samples were collected by phlebotomists
and banked at the VA Central Biorepository in Boston, MA, where
DNA was extracted and shipped to 2 external centers for geno-
typing. DNA extracted from buffy coat was genotyped using a
custom Affymetrix Axiom biobank array. The MVP 1.0 genotyping
array contains a total of 723305 variants, enriched for low-
frequency variants in African and Hispanic populations and var-
iants associated with diseases common to the VA population (25).
Details on quality control and imputation were previously
described (26).

Clinical Data Extraction

Each participant’s electronic health record was integrated into
the MVP biorepository, including standard diagnosis codes and
laboratory values. A natural language processing tool was used
to determine diagnosis of metastatic cancer. Further information
is in the Supplementary Methods (available online).

Polygenic Hazard Score (PHS290)

The most recent version of the PHS, called PHS290, was calcu-
lated as the vector product of participants’ genotype dosage (X;)
for 290 variants and the corresponding parameter estimates from
Cox proportional hazards regression, as previously described (24).
We calculated PHS290 for each MVP participant. Distributions
were visualized using histograms for each race and ethnicity.
Differences in mean PHS290 between race and ethnicity were
assessed via ANOVA. Subgroup analyses with less than 100

590750

Table 1. Participant characteristics for self-reported race and ethnicity groups, n

Unknown

Pacific
Islander

Black or Hispanic Native Non-Hispanic Other®
American

Asian

All

White

White

African

American

Participants, No.P

3246 (740) 16472 (1088)

8226 (8224)
720 (720)

102203 (47838) 27651 (13407)  5835(3927) 420473 (299 266)
48339 (37 922)

6644 (3876)

590750 (378 366)

All participants

1094 (9

60)

18 (5)

236

376 (287) 15748 (8613) 2120 (1325) 504 (378)
48 (35)
10 (6)

33 (24)

69137 (49 400)

Prostate cancer

13)
2)

130

68 (68)
19 (19)

4299 (3199)
1354 (1059)

213 (126)
59 (30)
66 [60-71]
59 [47-71]

1604 (804)
363 (192)

6413 (4274)
1858 (1314)

Metastases from prostate cancer

Death from prostate cancer

Age demographics, y
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44

5(4)

[61-73]
6 [42-70)

[
Nojval

65 [60-70]
59 [49-70]

64 [60-69]
63 [57-71]

68 [63-73]
68 [62-75]

65 [61-69)
63 [56-72]

63 [58-68]
62 [55-70)

67 [61-74]
56 [41-70]

Age at diagnosis, median [IQR], y
Age at last follow-up, median [IQR], y

Participants who did not identify with any of the other race categories could indicate “Other.”

Numbers in parentheses indicate participants with family history information also.

a
b
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events are not shown in the main text but are reported in
Supplementary Table 2 (available online) (27).

Cox Proportional Hazards Analysis

We evaluated association of PHS290 with age at diagnosis of PCa
and with 2 important clinical endpoints: age at diagnosis of nodal
and/or distant metastases from PCa and age at death from PCa
(ie, lifetime PCa-specific mortality). To visualize the association
in the full dataset, we generated cause-specific cumulative inci-
dence curves for each endpoint and each of several PHS290 risk
groups. Cox proportional hazards models were used to assess
these associations in the full dataset and in each racial and eth-
nic group. Individuals not meeting the endpoint of interest were
censored at age at last follow-up.

Models used PHS290 as a continuous variable. Effect sizes
were estimated using hazard ratios (HRs) between risk strata, as
previously described (7,9,10,12,19,20,22,23), and with previously
defined thresholds for PHS290 (determined in an independent
dataset and using PHS290 percentiles among men unaffected by
PCa and younger than 70 years old): 9.004659 (20th quantile),
9.123500 (30th quantile), 9.519703 (70th quantile), 9.639068 (80th
quantile), 9.946332 (95th quantile) (24). Hazard ratios for each
ancestry group were calculated to make the following compari-
sons: HRgp/00, men in the highest 20% vs lowest 20%; HRgs/s0, men
in the highest 5% of genetic risk vs those with average risk (30-
70th percentile); and HRyo/s0, men in the lowest 20% vs those
with average risk.

Race and Ethnicity, Family History, and PHS290

To assess the independent predictive value of PHS290 beyond
commonly used clinical risk factors, we tested a multivariable
Cox proportional hazards model with self-reported race and eth-
nicity, family history, and PHS290 (7,9,22). Race and ethnicity
were reported by the participants on a multiple-choice question-
naire, where race categories were Asian; Black or African
American; Native American; Pacific Islander; White; or Other (for
those who did not identify with any of the other race categories).
Categories for ethnicity were Hispanic and Not Hispanic. For the
present work, ethnicity was used only within White race to make
2 groups: Non-Hispanic White and Hispanic White. Participants
who identified race as Black or African American were included
in that group regardless of Hispanic or Not Hispanic self-reported
ethnicity. Those who did not respond to the race and ethnicity
questions were categorized in the present analysis as Unknown
race and ethnicity. Family history was recorded as either the
presence or absence of (one or more) first-degree relatives with
PCa. Cox proportional hazards models tested associations with
any, metastatic, or fatal PCa. For PHS290, the effect size was illus-
trated via the hazard ratio for the highest 20% vs lowest 20% of
genetic risk and between other strata of PHS290. Hazard ratios
for racial and ethnic groups were estimated using Non-Hispanic
White as the reference.

A univariate Cox proportional hazards model was applied to
test for association of race and ethnicity with PCa endpoints.
Similarly, a univariate model tested for association of family his-
tory alone. The @anova function from the R “survival” package
(version 3.2-13; Therneau 2021) was used to compare the nested
Cox models (multivariable vs univariate) based on the log partial
likelihood of the model fits. The impact of adding PHS290 to the
base clinical model (comprised of self-reported race and ethnicity
and family history) was assessed by testing for increase in
Harrell's concordance index (28). Statistical significance was set

at a 2-tailed alpha of 0.01 for the test of whether the multivari-
able model performed better than either univariate model alone.

Statistical Analysis

In all statistical analyses, statistical significance for association
with clinical endpoints was set at a 2-tailed alpha of .01. Per jour-
nal style guidelines, exact P values are reported if P is greater
than or equal to .001; lower values are reported only as P less
than .001. Confidence intervals were calculated from n=1000
bootstrapping with replacement.

Additional Analyses

Several additional analyses are described in the Supplementary
Methods (available online). These include metastatic disease on
initial staging, medical care outside the VA, PSA testing, group-
specific PHS290 thresholds, genetic ancestry, genetic principal
components, and observed vs predicted risk.

Results
PHS290 Score

The distribution of PHS290 in Non-Hispanic Whites was similar
to that previously reported for men of European ancestry (mean-
=9.37, SD=0.37) (24). Mean PHS290 did vary by self-reported
race and ethnicity, with statistically significant differences
between all groups (ANOVA, P <.001; all pairwise t tests, P <.001).
The distribution for the Hispanic ancestry group overlapped
closely with that of the European group (mean=9.35, SD=0.37),
whereas PHS290 tended to be lower among Asian men (mean-
=9.18, SD=0.35) and higher among Black men (mean=29.56,
SD=0.34, t test) (Figure 1; Supplementary Figure 1, available
online). Only approximately 5% of Black men had PHS290 in the
bottom quintile when using the fixed thresholds previously
defined in an independent dataset of men of European ancestry.

Association of PHS290 With PCa

PHS290 was associated with age at diagnosis of PCa, age at devel-
opment of PCa nodal or distant metastases, and age at death
from PCa (Table 2; Supplementary Tables 1-9, available online).
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Figure 1. Polygenic hazard score based on 290 common variants

(PHS290) score density plots in Million Veteran Program. PHS290 score
density plot in select self-reported race and ethnicity groups.
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Table 2. Association of PHS290 with any, metastatic, and fatal prostate cancer®
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HR (95% CI)°

HR20/50

HRgo/50

HRos/50

Clinical endpoint No. P®
HRgo/20
Fatal prostate cancer
All 590750 <.001 4.42 (3.91t0 5.02)
Asian 6644 — —
Black or African American 102 203 <.001 2.37 (1.73t0 3.29)
Hispanic White 27651 — —
Native American 5835 — —
Non- Hlspanlc White 420473 <.001 4.37 (3.77 t0 5.05)
Other? 8226 — —
Pacific Islander 3246 — —
Unknown 16472 — —
Metastatic prostate cancer
All 590750 <.001 4.89 (4.57 t0 5.21)
Asian 6644 — —
Black or African American 102 203 <.001 3.03 (2.62 to 3.51)
Hispanic White 27651 <.001 2.92 (1.96 to 4.43)
Native American 5835 — —
Non- Hlspanlc White 420473 <.001 4.62 (4.27 t0 5.01)
Other? 8226 — —
Pacific Islander 3246 — —
Unknown 16472 — —
Prostate cancer
All 590750 <.001 5.2 (5.09 to 5.31)
Asian 6644 <.001 5.32 (4.04 to 7.09)
Black or African American 102 203 <.001 3.22 (3.06 to 3.39)
Hispanic White 27651 <.001 4. 24 (3.74 t0 4.85)
Native American 5835 <.001 1(4.04 to 6.55)
Non- Hlspanlc White 420473 <.001 5. 12 (4.99 t0 5.26)
Other? 8226 <.001 5.52 (4.45 t0 6.89)
Pacific Islander 3246 <.001 3.58 (2.5t05.37)
Unknown 16472 <.001 5.27 (4.39t06.3)

0.48 (0.45 t0 0.51)

0.66 (0.56 0 0.77)
0.48 (0.45 10 0.52)

0.46 (0.44 t0 0.47)
0.59 (0.55 t0 0.63)
0.58 (0.47 t0 0.71)
0.47 (0.45 to 0.49)

0.44 (0.4 10 0.45)
0.43 (0.37 t0 0.49)
0.57 (0.56 0 0.58)
0.49 (0.45 t0 0.52)
0.45 (0.4 t0 0.51)

0.45 (0.44 to 0.45)
0.43 (0.39 t0 0.489)
0.53 (0.43 t0 0.63)
0.44 (0.4 t0 0.48)

2.12 (2.0t0 2.27)

1.57 (1.33 to 1.85)
211 (1.96 to 2.27)

223 (2.16 t0 2.31)
1.78 (1.65 to 1.92)
171 (1.4 t0 2.11)

2.17 (2.08 to 2.26)

231 (22810 2.33)
227 (1.98 to 2.61)
1.83 (1.79 to 1.88)
2.06 (1.93 0 2.2)
231 (2.05 to 2.62)
229 (2.26 t0 2.32)
2. 36 (2.12 to 2.64)
9 (1.57 t0 2.33)
2. 32 (2.12 t0 2.55)

3.0 (2.75t03.3)

1.9 (1.5 to 2.42)
3.0 (2.69 to 3.34)

3.23(3.07 t0 3.39)
2.28 (2.05 to 2.54)
2.22 (1.65 to 3.01)
3.13(2.95 t0 3.32)

3.39 (3.33 to 3.44)
3.49 (2.83 t0 4.34)
2.39 (2.3 0 2.48)
2. 92 (2.66 10 3.22)
4 (2.85 t0 4.12)
3. 38 (3.31 to 3.44)
3. 59 (3.06 t0 4.25)
6 (1.98 10 3.57)
3. 45 (3.0 t0 3.94)

Cox proportional hazards model results from association with age at prostate cancer, metastatic prostate cancer (nodal or distant), and death from prostate

cancer. Because the thresholds for a multivariable model must be constant across racial and ethnic groups and regardless of family history status—and itis
potentially problematic to have race-specific thresholds in clinical settings—the thresholds for percentiles of PHS290 were taken from previously published
values of an independent dataset of men with European genetic ancestry younger than 70 years and who did not have prostate cancer. For subgroup analyses
with less than 100 events of the endpoint, the box is marked “—”; these statistically less reliable results are reported in Supplementary Table 2 (available online).
CI = confidence interval; HR = hazard ratio; PHS290 = polygenic hazard score based on 290 common variants.

®  pvalues reported are from univariate models using PHS290 as the sole predictor variable.

c

Hazard ratios compare men in various percentiles of genetic risk. HRgo/20: highest 20% (>80th percentile of PHS5290) vs average risk (30-70th percentile).

HRyo/50: lowest 20% (<20th percentile) vs average risk. HRgo/s0: highest 20% vs average risk. HRgs/s0: highest 5% (>95th percentile) vs average risk.
Participants who did not identify with any of the other race categories could indicate “Other.”

These associations also held in all racial and ethnic subgroup
analyses with more than 100 events. Comparing 80th and 20th
percentiles of genetic risk in the full dataset (based on percentiles
from an independent training cohort), men with higher PHS290
had an HRgg/20 0f 5.20 (95% CI = 5.09 to 5.31) for any PCa, an HRgo,
20 0f 4.89 (95% CI = 4.57 to 5.21) for metastatic PCa, and an HRgy,
20 of 4.42 (95% CI = 3.91 to 5.02) for fatal PCa. Cause-specific
cumulative incidence curves for various PHS290 percentile
groups demonstrated risk stratification (Figure 2). Consistent
with previous reports, Black men had a higher average incidence
of PCa than Non-Hispanic White men. However, the incidence
among Black men with low PHS290 was comparable with that of
the average among Non-Hispanic White men (Figures 2 and 3;
Supplementary Figures 2, 3, available online).

Race and Ethnicity, Family History, and PHS290

Race and ethnicity and family history were each associated with
every clinical endpoint in univariate models (Supplementary
Tables 9 and 10, available online). Men with a family history of
PCa had a hazard ratio of 1.83 (95% CI = 1.53 to 2.17) for dying of
PCa. The race and ethnicity associations were largely driven by
an increased risk for Black men. Compared with Non-Hispanic
White men, Black men had a hazard ratio of 2.53 (95% CI = 2.14
to 2.92) for dying of PCa.

PHS290 remained an independent predictor of PCa risk—
including PCa death—when accounting for race and ethnicity
and family history (Table 3; Supplementary Tables 11-19, avail-
able online). The multivariable model had stronger associations
with each clinical endpoint than the univariate models (ANOVA
P <.001). Addition of PHS290 improved prediction for each clinical
endpoint over the baseline multivariable clinical model of self-
reported race and ethnicity and family history (Table 4).
Independent of ancestry and family history, a high PHS290 (top
20%, based on percentiles from an independent training cohort)
approximately quadrupled a man’s risk of death from PCa com-
pared with a low PHS290 (bottom 20%) (Table 3; Supplementary
Table 20, available online).

Discussion

In this large and diverse dataset, after accounting for current
guideline-recommended risk factors (family history and race and
ethnicity), PHS290 remained a strong independent predictor of
dying from PCa. The genomic score was also associated with age
at diagnosis of metastasis from PCa—a major driver of pain, dis-
ability, and aggressive medical therapy (29)—and with age at
diagnosis of any PCa. This study represents the largest and most
racially and ethnically diverse independent validation of the
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Figure 2. Million Veteran Program (MVP) cause-specific cumulative incidence. Cause-specific cumulative incidence within MVP, stratified by polygenic
hazard score based on 290 common variants (PHS290), for (A) fatal prostate cancer, (B) metastatic prostate cancer, and (C) prostate cancer. PHS290
percentile groups shown for each endpoint: 0-20th, 30-70th, 80-100th, and 95-100th. Cumulative incidence for Black or African American (Black/AA)
men in several PHS290 strata compared with average-risk Non-Hispanic White (PHS290 30-70th percentiles) for (D) fatal prostate cancer, (E) metastatic
prostate cancer, and (F) prostate cancer. The y-axis scale was adjusted for (C) and (E) to show the higher incidence values for any prostate cancer.

association of a polygenic score with lifetime risk of metastatic
and fatal PCa. Current clinical guidelines recommend individual-
ized risk assessment with race and ethnicity and family history
in deciding whether to pursue early detection of PCa (30-33).
Through use of a diverse, longitudinal cohort, we demonstrate
here that a polygenic score adds considerable information
beyond race and ethnicity and family history for a man'’s individ-
ual risk of metastasis or death from PCa.

Guidelines recommend consideration of prostate screening at
a younger age and at more frequent intervals in men of African
ancestry (30) because Black men are substantially more likely to

die from PCa (18). The causes of this disparity are likely a combi-
nation of genetic, environmental, and social factors, including
systemic racism (34-38). This study confirms a generally higher
risk of PCa among Black men but also demonstrates that Black
men have variable levels of lifetime risk. Black men with low
PHS290 (based on percentiles from an independent training
cohort) had a PCa risk comparable with average-risk Non-
Hispanic White men, whereas Black men with high PHS290 had
the highest risk of all subgroups.

Consistent with previous work, family history was independ-
ently associated with PCa risk when accounting for polygenic risk
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Figure 3. Million Veteran Program (MVP) cause-specific cumulative incidence using MVP-specific and reference threshold. Cause-specific cumulative
incidence for Black or African American (Black/AA) men compared with average-risk Non-Hispanic White (PHS5290 30-70th percentiles) stratified by
PHS290, for (A, D) fatal prostate cancer, (B, E) metastatic prostate cancer, and (C, F) prostate cancer. PH5290 percentile groups shown for each endpoint:
0-20th, 30-70th, 80-100th, and 95-100th. Incidence curves using MVP group-specific thresholds defined in MVP are shown in dashed lines, while
reference thresholds are solid lines. For example, the purple solid line represents the 5% of Black men with PHS290 below the 20th percentile defined
previously in an independent dataset of men with European ancestry. The purple dotted line represents the 20% of Black MVP participants with lowest

PHS290 in the present MVP dataset.

in MVP, possibly by capturing yet unknown genetic factors and/
or shared familial environmental factors (7,9,22,39,40). The rela-
tionship of environmental exposures, family history, and PCa risk
merit further investigation (9), particularly in groups like veter-
ans who may have been exposed to rare carcinogens (41).

One early detection strategy with strong evidence is early
baseline PSA (eg, at age 40-49 years) (42-44). This strategy has not
yet been widely adopted in the United States (45), but retrospec-
tive studies have demonstrated the predictive potential of obtain-
ing an early baseline PSA. We found only a small proportion
(14.7%) of MVP participants had an early baseline prediagnostic
PSA test (Supplementary Methods, Supplementary Results, avail-
able online). Importantly, we lack information about why these
men, and not the others, underwent early testing. Black race was

associated with higher likelihood of early baseline testing (consis-
tent with guidelines), though early baseline PSA testing was still
only conducted in 30.1% of Black men; family history did not
have much apparent influence. Although acknowledging the
small and likely biased nature of the subgroup analysis, we did
find that early baseline PSA was independently associated with
any, metastatic, and fatal PCa. On multivariable analysis in those
with early baseline PSA, neither PHS290 nor Black race were stat-
istically significantly associated with fatal PCa. This finding is
consistent with another study, which found that a polygenic risk
score was not independently associated with metastatic or fatal
PCa after accounting for early baseline PSA (46). On the other
hand, we found both PHS290 and Black race were independently
associated with PCa and metastatic PCa after accounting for early
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with PHS290 might inform individualized decisions about screen-
ing and early cancer detection.
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