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fDepartment of Biomedical Data Science and Genetics (by Courtesy), Stanford University, Stanford, CA, USA

Summary
Background Prostate-specific antigen (PSA) levels are influenced by genetic variation unrelated to prostate cancer risk.
Whether a genetic predisposition to a higher PSA level predisposes to a diagnostic work-up for prostate cancer is not
known.

Methods Participants were 3110 men of African and European ancestries ages 45–70, without prostate cancer and
with a baseline PSA < 4 ng/mL, undergoing routine clinical PSA screening. The exposure was a polygenic score
(PGS) comprising 111 single nucleotide polymorphisms associated with PSA level, but not prostate cancer. We tested
whether the PGS was associated with a: 1) PSA value > 4 ng/mL, 2) International Classification of Diseases (ICD)
code for an elevated PSA, 3) encounter with a urologist, or 4) prostate biopsy. Multivariable Cox proportional hazards
models were adjusted for age and genetic principal components. Analyses were stratified by age (45–59 years, and
60–70 years old). Association estimates are per standard deviation change in the PGS.

Findings The median age was 56.6 years, and 2118 (68%) participants were 45–59 years. The median (IQR) baseline
PSA level was 1.0 (0.6–1.7) ng/mL. Among men ages 45–59, the PGS was associated with a PSA > 4 (hazard ratio
[HR] = 1.35 [95% CI, 1.17–1.57], p = 4.5 × 10−5), an ICD code for elevated PSA (HR = 1.30 [1.12–1.52], p = 8.0 × 10−4),
a urological evaluation (HR = 1.34 [1.14–1.57], p = 4.8 × 10−4), and undergoing a prostate biopsy (HR = 1.35
[1.11–1.64], p = 0.002). Among men ages 60–70, association effect sizes were smaller and not significant.

Interpretation A predisposition toward higher PSA levels was associated with clinical evaluations of an elevated PSA
among men ages 45–59 years.

Funding National Institutes of Health (NIH).

Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Prostate specific antigen (PSA); Polygenic score (PGS); Prostate cancer; Associations; Cox proportional
hazards regression
Introduction
Screening biomarkers are used to identify early disease.1

For instance, men ages 45–70 years may undergo
measurement of prostate-specific antigen (PSA) levels in
blood, and those with levels ≥4 ng/mL may receive a
referral to a urologist for a diagnostic prostate biopsy to
identify prostate cancer.2 Importantly, PSA is not a
mediator of disease, and its clinical use is strictly as a
*Corresponding author. Vanderbilt University Medical Center, 1285 Medica
E-mail address: jonathan.d.mosley@vumc.org (J.D. Mosley).
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biomarker.3,4 An important limitation of screening bio-
markers is that their levels may be influenced by factors
unrelated to the target disease.5,6 Variability unrelated to
disease may lead to escalations in clinical care with
negative consequences, such as overdiagnosis of clini-
cally insignificant disease or initiation of diagnostic
evaluations that are unlikely to identify disease.7 For
instance, the positive predictive value for identifying
l Research Building IV, Nashville, TN 37232, USA.
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Research in context

Evidence before this study
We searched Pubmed, Google scholar and medRxiv for the
terms “polygenic score” and (“PSA” or “prostate-specific
antigen” or “prostate specific antigen”) to identify studies
examining clinical applications of a polygenic score (PGS) for
PSA levels. Genome-wide association studies have identified
128 single nucleotide polymorphism (SNPs) associated with
PSA levels, and methods have been developed to identify
PSA-associated SNPs that do not contribute to prostate
cancer risk. One study examined a SNP-based PGS for PSA and
found that it could recalibrate measured PSA levels and
reclassify some individuals to lower PSA levels that no longer
met screening thresholds. Adjustment led to a net
reclassification of a higher proportion of individuals who had
a negative prostate biopsy, as compared to those with a
positive biopsy. These findings suggest that a genetic
predisposition toward elevated PSA levels could increase the
risk of undergoing a diagnostic evaluation for an elevated PSA
levels.

Added value of this study
This study examined a real-world retrospective cohort of men
undergoing PSA screening as part of routine clinical care. We
measured men’s genetically determined PSA levels using a
PSA PGS comprising SNPs associated with PSA levels that are
unlikely to be associated with prostate cancer. We confirmed
that this PGS was not associated with identifying prostate
cancer on biopsy. This predisposition was associated with an
increased risk for a range of clinical endpoints including
referral to a urologist and undergoing a prostate biopsy. This
study demonstrates that a genetic predisposition toward
higher benign PSA levels associates with escalations in
diagnostic evaluations but not an elevated prostate cancer
risk.

Implications of all the available evidence
The implications of these findings are that accounting for
measurable benign genetic variation could avoid escalations
in clinical care that are apt to cause more harm than benefit.
These findings have direct applications to a broad range of
screening biomarkers, which frequently have a significant
polygenic component.
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prostate cancer on prostate biopsy with a PSA ≥ 4 ng/
mL is approximately 30%.8 Since this non-disease
related variability cannot be directly measured using
traditional epidemiological methods, its clinical signifi-
cance is not well-characterized.

One source of biomarker variability is heritable ge-
netic variation that is unrelated to disease.9 Genome
wide association studies (GWAS) have identified over
128 common single nucleotide polymorphisms (SNPs)
that explain 8% of PSA variation.10 Many of these SNPs
are not related to prostate cancer risk but rather
modulate homeostatic physiological mechanisms.11 An
individual’s genetic predisposition can be quantitated
using a polygenic score (PGS) which measures the
aggregative effects of SNPs carried by the individual.12

We hypothesized that a PGS measuring an in-
dividual’s genetically-determined baseline PSA level
could be used to measure the clinical consequences of a
genetic predisposition toward higher benign PSA levels.

We examined a real-world retrospective clinical
cohort of men of African and European ancestries
receiving routine PSA screening for prostate cancer to
define the impacts of PSA genetic variation unrelated to
prostate cancer on clinical care. Specifically, we deter-
mined the association between a PSA polygenic score
(PGS) comprising 111 SNPs that were not associated
with prostate cancer and the occurrence of incident
outcomes relevant to diagnostic evaluations of an
elevated PSA level. Incorporating methods to account
for measurable benign genetic variability could improve
the quality and value of cancer screening markers.
Methods
Study populations
The study populations were from the Vanderbilt Uni-
versity Medical Center (VUMC) BioVU resource, a DNA
biobank comprising approximately ∼270,000 consented
participants and linked to a de-identified electronic
health record (EHR).13 Two populations were con-
structed among participants with existing genome-wide
single nucleotide polymorphism (SNP) genotyping and
who were evaluated between 1997 and 2022. The first
cohort (the “biopsy cohort”) was used to verify that the
PSA PGS did not associate with a prostate cancer diag-
nosis and was derived from a previously described
multi-ancestry cohort of 655 men who underwent a
prostate biopsy for the first time.14 Briefly, that study
identified men of European or African ancestry ages
40–80 years without a prior history of prostate cancer
who were referred to a urologist and underwent a sub-
sequent prostate biopsy (the “biopsy cohort”). Men with
a PSA value ≥ 25 ng/mL, a prior prostate biopsy, a
history of organ transplant, or who were on testosterone
replacement were excluded. Detailed information on the
urology visit and biopsy results were manually extracted
for each patient. These analyses were restricted to a
subset of 468 men (407 European ancestry [EA] and 61
African ancestry [AA]) aged 45–70 years who underwent
a first prostate cancer biopsy by a urologist for a clinical
concern of an elevated PSA.

The second cohort (the “longitudinal cohort”) was
used to evaluate incident clinical outcomes relevant to
PSA screening and evaluation in a population of men of
www.thelancet.com Vol 97 November, 2023
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European and African ancestries without baseline
prostate cancer who were undergoing annual prostate
cancer screening. This cohort was derived from 10,305
men with at least 1 available PSA measurement. Par-
ticipants outside the standard screening age range (age
45 and 70 years) were excluded. To remove men with
known or likely prostate cancer at baseline and men who
were referred to VUMC for a concerning PSA level
measured at an outside institution, participants were
excluded if they had a prostate cancer diagnosis within
30 days of their first recorded PSA measurement, a
urology visit within 14 days, a first PSA measurement
≥4 ng/mL or a history of organ transplant. To exclude
men likely undergoing active or high risk surveillance,
rapidly lost to follow-up or likely receiving care at
outside institutions, participants were excluded if they
had ≥3 PSA measurements per year (suggestive of
surveillance for a known prostate cancer), or had only 1
PSA measurement within their first 3 years of follow-up.
After exclusions, there were 3110 participants. There
were 138 participants who were in both cohorts.

These studies were evaluated and determined to be
non-human subjects research by the VUMC Institu-
tional Review Board.

Genetic data
All participants had prior genotyping on Illumina’s
Expanded Multi-Ethnic Genotyping Array (MEGAEX)
platform. Participants were excluded if genetic quality
control analyses indicated a female sex, >4% missing
genetic data, or excessive heterozygosity. One of each
pair of related individuals (pi-hat > 0.2 for both EA and
AA participants) were excluded. Genetic ancestry was
determined by principal components analysis in
conjunction with HAPMAP reference populations and
individuals who did not fall within European or Afri-
can ancestral groups were excluded. Prior to imputa-
tion, data were pre-phased using Eagle v2.4.1.15

Imputation was performed using the Michigan
Imputation Server in conjunction with the 10/2014
release of the 1000 Genomes cosmopolitan reference
haplotypes. Imputed data were filtered for a sample
missingness rate <2%, a SNP missingness rate <4%
and SNP deviation from Hardy-Weinberg p < 10−6.
Genetic principal components (PCs) to adjust for
population stratification were calculated using the
SNPRelate package.16

PSA and prostate cancer polygenic predictors
A PSA polygenic score (PGS) comprising SNPs not
associated with prostate cancer was developed using
data derived from a GWAS of 95,768 men without
prostate cancer.10 That study identified 128 independent
SNPs significantly associated with PSA levels. Some of
these SNPs were at least nominally associated with
prostate cancer in prior GWAS,17 in many instances due
to index event bias whereby an elevated PSA level
www.thelancet.com Vol 97 November, 2023
initiated a work-up for prostate cancer. Index event bias-
corrected association estimates for the 128 SNPs were
provided in supplementary table 10 of the PSA GWAS
paper.10 In our analysis, we excluded SNPs which were
nominally associated with prostate cancer in unadjusted
analyses (p < 0.001) and had the same direction of as-
sociation with prostate cancer as with PSA levels with a
nominal association (p < 0.05) after index event bias
adjustment. After exclusions, there were 111 SNPs that
were used in the PGS for this study. The effect size of
the association with PSA for each SNP was based on a
subset of the PSA GWAS that did not include BioVU
participants (Supplementary Table S1). The PGS-PSA111

was computed for each participant as the sum of the
product of the genotype dosage and the SNP effect on
PSA.

We also examined a previously validated multi-
ancestry polygenic risk score for prostate cancer
comprising 269 common SNP variants (PRS-PCA269).17

Clinical data
For the biopsy cohort, the age at biopsy and whether the
biopsy identified any prostate cancer or high grade
cancer (Gleason Grade [GG] ≥ 2) were extracted, as
previously described.14 Two cancer outcomes were
defined. The first outcome was the presence of any
prostate cancer on biopsy with controls defined as par-
ticipants without cancer. The second outcome was the
presence of a GG ≥ 2 cancer with controls defined as
participants with either no cancer or low grade (GG = 1)
cancer.

For the longitudinal cohort, race and gender, as
recorded in the EHR, and all PSA measurements were
extracted from data tables in the EHR. The following
incident outcomes were defined: (1) time to a first PSA
measurement >4 ng/mL; (2) time to first assignment of
an International Classification of Disease [ICD]-9
(790.93) or ICD-10 (R97.20) code for an elevated PSA
level; (3) time to a first clinic appointment with a urol-
ogist in conjunction with a PSA > 4; (4) time to a first
incident prostate biopsy in conjunction with a PSA > 4.
For the urologist and biopsy incident outcomes, in-
dividuals who had an event, but a PSA ≤ 4 at the time of
the event were not counted as having an outcome and
were censored at the time of the visit. For these out-
comes, a sensitivity analysis was also performed
whereby individuals were defined as having the
outcome if they had an ICD code for an elevated PSA
level on or before the event.

Secondary incident outcomes examined were benign
prostatic hyperplasia (BPH) (defined by codes from
ICD-9: 600.0, 600.00, 600.01, 600.1, 600.10, 600.11,
600.2, 600.20, 600.21, 600.9, 600.90, 600.91 and ICD-10:
N40.0, N40.1, N40.2, N40.3) and prostatitis (defined by
codes from ICD-9: 601, 601.0, 601.00, 601.1, 601.2,
601.3, 601.4, 601.8, 601.9, 98.12, 98.32, 131.03 and ICD-
10: N41.0, A18.14, A54.22, A59.02, B38.81).
3
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Fig. 1: Predicted probabilities of prostate cancer on biopsy by
PGS-PSA111 value. Predicted probabilities are from a multivariable
logistic regression model, adjusted for age at biopsy and 10 genetic
principal components, among 468 men who underwent a first
biopsy.
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For each outcome examined, subjects were censored
from the study at the time of the event or 12 months
after their last PSA measurement. If there was a dura-
tion of greater than 3 years between any two PSA
measurements, participants were censored 12 months
after the start of the gap.

Analysis
The PGS-PSA111 and PRS-PCA269 were normalized to
have a mean of 0 and standard deviation of 1. Associa-
tion statistics represent the change per standard devia-
tion change in the PGS. As genetic effects are often
more apparent among younger individuals,17 results are
presented for all participants and are stratified by age:
participants aged 45–59 years old and 60–70 years old.

To determine whether the PGS-PSA111 and PRS-
PCA269 were associated with cancer risk, a multivariable
logistic regression model was used to test the associa-
tion between each predictor and the outcomes of 1) any
cancer and a 2) GG > 2 cancer in the biopsy cohort. All
models were adjusted for age at biopsy and 10 PCs.

Baseline characteristics for the entire longitudinal
cohort and for age strata were computed. We also pre-
sent the characteristics of participants excluded from
this cohort (Supplementary Table S5). For continuous
variables, median values and interquartile ranges were
computed.

In the longitudinal cohort, the partial correlation
(adjusted for age and 10 PCs) between the PGS-
PSA111 and log-transformed baseline PSA level was
calculated. The distribution of the variance explained
by each individual SNP is presented in Supplementary
Fig. S2.

Cox proportional hazards regression was used to
determine the association between both the PGS-PSA111

and PRS-PCA269 and incident events of 1) PSA > 4, 2) an
elevated PSA ICD code, 3) a urology visit, and 4) un-
dergoing a prostate biopsy. Each model was adjusted for
age at baseline and 10 PCs. To ensure appropriate
model fit, Schoenfeld residuals were examined to test
proportional hazards assumptions and Martingale re-
siduals were examined to test nonlinearity. Results were
visualized using Kaplan–Meier plots, stratifying the
cohort into low (>1 standard deviation below the me-
dian), middle (≤1 s.d. below and ≥1 s.d. above the
median) and high (>1 s.d. above the median) PGS
groups.

For all analyses, two-sided statistical tests were used
and a nominal p < 0.05 was considered significant.
Analyses used the RStudio v. 4.0.0 tools and packages.
These analyses followed the STREGA guidelines.18

A simulation is presented in Supplementary
Methods demonstrating how a genetic predictor of a
biomarker (like the PGS-PSA111) that is not associated
with cancer risk in the general population can manifest
as an inverse association with cancer among individuals
with an elevated biomarker level.
Role of funders
The funding organizations did not have a role in the
design, analysis or interpretation of this study.
Results
Association with biopsy outcomes
To verify that the PGS-PSA111 was not associated with
increased cancer risk, we tested the association with
incident biopsy findings in a cohort of 468 men who
underwent a first prostate biopsy for an elevated PSA.
There were 236 (50%) men with any prostate cancer
identified on biopsy and 108 (23%) men with a high
grade (GG ≥ 2) cancer on biopsy (Supplementary
Table S2). The PGS-PSA111 was significantly inversely
associated with an outcome of any prostate cancer
(OR = 0.77 [95% CI, 0.62–0.95], p = 0.02) and with high
grade cancer (OR = 0.70 [0.55–0.89], p = 0.004) (Fig. 1
and Supplementary Table S3). In contrast, the PRS-
PCA269 was positively associated with these outcomes
(OR = 1.96 [1.60–2.44], p = 3.3 × 10−10) (Supplementary
Table S3).

Thus, a genetic predisposition to higher PSA levels
(i.e., a higher score on PGS-PSA111) was associated with
a decreased likelihood of finding prostate cancer on a
biopsy.

Association with incident outcomes
To determine whether the PGS-PSA111 was associated
with incident events related to prostate cancer screening
and diagnosis, we identified a cohort of 3110 male
participants with a baseline PSA < 4 undergoing routine
clinical screening of PSA (Fig. 2). The cohort was
derived from 7936 genotyped males ages 45–70 years
old with a PSA measurement. Characteristics of partic-
ipants excluded from this cohort are presented in
Supplementary Table S5. The median age was 56.6
www.thelancet.com Vol 97 November, 2023
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Fig. 2: Selection of the PSA longitudinal cohort.
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(interquartile range [IQR], 51.4–61.5) years and 2118
participants were age 45–59. The median follow-up
duration was 6.2 (3.7–10.9) years, and the median PSA
value was 1.0 (IQR, 0.6–1.7) ng/mL (Table 1).

The PGS-PSA111 was positively correlated with
baseline PSA levels (partial correlation [r] = 0.23,
p < 2.2 × 10−16, Supplementary Fig. S1). Partial corre-
lation point estimates were higher among men 45–59
years, as compared to older men (r = 0.26 versus
r = 0.18).

There were 440 (14%) participants who developed a
PSA > 4 and 530 (17%) participants assigned an ICD
diagnosis code for an elevated PSA level. Among par-
ticipants ages 45–59, the PGS-PSA111 was significantly
Characteristic All participants

n 3110

Age at first PSA (years) 56 (51–62)

PSA (ng/mL) 1 (0.58–1.7)

Follow-up duration (years) 6.2 (3.7–10.9)

PSA measurements per participant 5 (3–9)

Incident outcomes:

PSA >4 ng/mL 440 (14.1%)

Elevated PSA ICD code 530 (17.0%)

Urology visit with PSA > 4 ng/mL 332 (10.7%)

Prostate biopsy with PSA > 4 ng/mL 226 (7.3%)

Benign prostatic hyperplasia (BPH) 806 (25.9%)

Prostatitis 144 (4.6%)

aFor continuous values, values are median (interquartile range). For categorical values,

Table 1: Population characteristics by participant age.a

www.thelancet.com Vol 97 November, 2023
associated with developing a PSA > 4 (hazard ratio
[HR] = 1.35 [95% CI, 1.17–1.57], p = 4.5 × 10−5) and
being assigned an ICD code for elevated PSA (HR = 1.30
[95% CI, 1.12–1.52], p = 8.0 × 10−4), respectively (Figs. 3
and 4, Table 2). Associations were in the same direction
but not significant for the 60–69 year old age group
(HR = 1.14 [95% CI, 0.99–1.31], p = 0.07 and HR = 1.08
[95% CI, 0.92–1.26], p = 0.35).

There were 332 (11%) participants who saw a urol-
ogist and had a PSA > 4. The PGS-PSA111 was signifi-
cantly associated with this outcome among the younger
(hazard ratio [HR] = 1.34 [95% CI, 1.14–1.57],
p = 4.8 × 10−4) but not older participants (HR = 1.13
[95% CI, 0.96–1.33], p = 0.14) (Table 2, Fig. 4). There
Participants Participants

age 45–59 age 60–69

2118 992

53 (50–56) 61 (58–65)

0.9 (0.6–1.5) 1.1 (0.6–2.0)

6.3 (3.7–11.5) 6.1 (3.7–9.9)

5 (3–10) 5 (3–9)

236 (11.1%) 204 (20.6%)

309 (14.6%) 221 (22.3%)

182 (8.6%) 150 (15.1%)

133 (6.3%) 93 (9.4%)

486 (22.9%) 320 (32.3%)

92 (4.3%) 52 (5.2%)

values are n (%).

5
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Fig. 3: Associations between the PGS-PSA111 and incident out-
comes. Hazard-ratio estimates are from a multivariable Cox regres-
sion model, adjusted for age and 10 genetic principal components,
among 3110 men undergoing PSA screening. Hazard ratios are per
standard deviation change in the PGS-PSA111.
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were 226 (7%) participants who underwent a prostate
biopsy with a PSA > 4. Similarly, the PGS-PSA111 was
significantly associated with this outcome among the
younger (hazard ratio [HR] = 1.35 [95% CI, 1.11–1.64],
p = 2.3 × 10−3) but not older participants (HR = 1.06
[95% CI, 0.86–1.29], p = 0.60) (Fig. 4). Similar results
were seen when the outcome was either a urology visit
or biopsy in conjunction with a history of having an ICD
code for an elevated PSA (Table 2). The magnitude and
Fig. 4: Kaplan–Meier curves of incident outcomes by PGS-PSA111 s
development of (a) a PSA > 4 ng/mL and (b) seeing a urologist with a PSA
below the mean), Middle (≥−1 s.d. and ≤1 s.d.), and High (>1 s.d.).
direction of all associations were similar when stratified
by genetic ancestry (Supplementary Table S6). There
were not significant associations between the PGS-
PSA111 and outcomes of BPH or prostatitis
(Supplementary Table S7).

Similar to the PGS-PSA111, the PRS-PCA269

demonstrated positive associations with all incident
outcomes (Supplementary Table S4). Furthermore,
these associations were significant in both the younger
and older age groups.

In sum, among individuals ages 45–59, a genetic
predisposition unrelated to prostate cancer to higher
PSA levels was associated with an increased risk of a
diagnosis of an elevated PSA level and undergoing a
urological evaluation and prostate biopsy.

Discussion
Many screening biomarkers, such as PSA, are often
paired with a clinical decision threshold that is used to
trigger a diagnostic evaluation. A one-size-fits-all
approach to defining decision thresholds results in
some individuals undergoing escalations in diagnostic
care due to an intrinsic predisposition to elevated
biomarker levels. One approach to address this is to
develop genetically-informed reference ranges that ac-
count for an individual’s intrinsic baseline. An essential
first step toward implementing such an approach is to
develop instruments that measure an individual’s ge-
netic predisposition and demonstrate that these in-
struments associate with clinical activity in the absence
trata for participants 45–59 years old. Kaplan–Meier curves for
> 4 ng/mL among 2118 men. The PGS-PSA111 strata are: Low (<1 s.d.

www.thelancet.com Vol 97 November, 2023
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Outcome Age groupa Hazard ratiob 95% CI p-value

PSA > 4 ng/mL All 1.22 (1.11–1.35) 7.6 × 10−5

45–59 1.35 (1.17–1.57) 4.5 × 10−5

60–70 1.14 (0.99–1.31) 0.07

ICD code for elevated PSA All 1.18 (1.06–1.31) 2.9 × 10−3

45–59 1.30 (1.12–1.52) 8.0 × 10−4

60–70 1.08 (0.92–1.26) 0.35

Urology visitc

Urology visit (PSA > 4) All 1.23 (1.09–1.38) 5.2 × 10−4

45–59 1.34 (1.14–1.57) 4.8 × 10−4

60–70 1.13 (0.96–1.33) 0.14

Urology visit (PSA ICD) All 1.16 (1.01–1.32) 0.03

45–59 1.22 (1.02–1.46) 0.03

60–70 1.12 (0.91–1.37) 0.28

Prostate biopsyc

Prostate biopsy (PSA > 4) All 1.20 (1.04–1.38) 0.01

45–59 1.35 (1.11–1.64) 2.3 × 10−3

60–70 1.06 (0.86–1.29) 0.60

Prostate biopsy (PSA ICD) All 1.13 (0.99–1.28) 0.07

45–59 1.22 (1.03–1.46) 0.02

60–70 1.02 (0.84–1.25) 0.82

aResults are shown for all participants and strata representing men ages 45–59 years and 60–70 years old. bCox proportional hazards models are adjusted for age at first PSA
measurement and 10 PCs. cOutcomes are for a urology visit or prostate biopsy and having a PSA > 4 or having an ICD code for an elevated PSA level.

Table 2: Associations between the PGS-PSA111 and incident outcomes.

Articles
of disease. Toward this end, we found that a polygenic
predisposition to higher benign PSA levels was associ-
ated with an increased risk for incident outcomes of a
PSA > 4, a urology evaluation for an elevated PSA, and a
prostate biopsy. In sum, these data suggest that a PSA
polygenic score could enable personalized reference
ranges that avoid futile diagnostic odysseys.

Twin studies have suggested that up to 45–55% of
PSA variability may be due to heritable factors, and
heritability estimates based on common variants are
30–40%.10,19,20 The most significant associations are
among SNPs near the gene encoding PSA itself (KLK3)
and, in this study, these SNPs explained the largest
portion of PSA variation, suggesting that at least a
portion of this genetic variation is not associated with
prostate cancer risk. However, many SNPs associated
with PSA also associate with prostate cancer, likely due
to index event (collider) bias, a form of detection bias
that results from the analysis of prostate cancer cases
that were initially identified by an elevated PSA.21

To avoid spurious associations between a PSA PGS
and cancer risk, our analyses used PSA-associated SNPs
which did not associate with prostate cancer after
correction for index event bias.10 To confirm that the
PGS-PSA111 was not measuring prostate cancer risk, we
tested the association between the PGS-PSA111 and the
presence of cancer on biopsy. The PGS-PSA111 was
inversely associated with a finding of cancer, indicating
that a polygenic predisposition toward higher PSA was
not associated with cancer. In contrast, a prostate cancer
www.thelancet.com Vol 97 November, 2023
polygenic risk score was positively associated with out-
comes in this cohort. This pattern of association is due
to a well-described collider bias related to ascertaining
prostate cancer status among individuals with an
elevated PSA level.22,23 This phenomenon was demon-
strated in the data simulation. Thus, an inverse associ-
ation would be expected for a genetic predictor that
measures benign PSA elevations as these elevations are
not due to underlying cancer. They also suggest that
genetically-determined PSA levels would adversely
affect the positive predictive value of the PSA
biomarker.10

Our findings suggest that males under 60 may be
more adversely impacted by a benign predisposition to
elevated PSA. The age-dependency of the genetic asso-
ciation is likely because polygenic variation unrelated to
prostate cancer accounts for a larger portion of total PSA
variation among younger males. Consistently, we found
that the partial correlations between measured PSA
levels and the PGS-PSA111 were higher among younger
males (0.26 versus 0.18).

The clinical consequences of a genetic predisposition
to higher benign PSA levels may include more frequent
PSA testing or as demonstrated here, an increased
likelihood of undergoing a diagnostic evaluation.
Regardless of outcome, increased diagnostic evaluations
can lead to increased anxiety among those identified as
elevated risk.24,25 Unnecessary invasive procedures also
increase the risk of adverse outcomes without an off-
setting benefit.26 These procedures may also lead to
7
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overdiagnosis which can result in increased expendi-
tures, serial biopsies, or nonbeneficial treatments for
clinically insignificant disease.27

There are strengths to the current study. By utilizing
over two decades of clinical data, we were able to
examine real-world prospective outcomes among a
multi-ancestry population undergoing prostate cancer
screening with PSA. This work demonstrates that
polygenic variation in a cancer screening biomarker is
associated with important clinical consequences and
may lead to inappropriate escalations in clinical care.
Thus, we show that understanding genetic determinants
of biomarker variation may be important for improving
the performance of screening biomarkers. Applying this
knowledge could improve the quality of care especially
with respect to false positive PSA elevations, increasing
the positive predictive value of invasive diagnostic
testing and avoiding overdiagnosis of indolent prostate
cancers.

This study also has limitations. Our retrospective
cohort is from a single center. It is possible that patients
also received care at other institutions which may result
in under ascertainment of outcomes of interest. How-
ever, all providers and patients were blinded to geno-
type, which mitigates the likelihood that ascertainment
of outcome would differ by genotype status. Standards
of care with respect to an elevated PSA have evolved over
the time periods examined in this study, which can limit
the generalizability of these findings. However, the
consistency of the findings across a range of relevant
outcomes supports the overall merit of our findings.
Our conservative approach to deriving the PGS-PSA111

removed variants that were nominally associated with
prostate cancer which reduced the predictive power of
the score and excluded PSA-associated SNPs that may
simply be more pleiotropic.

In conclusion, a genetic predisposition toward
higher benign PSA levels was associated with escala-
tions in clinical care related to evaluating an elevated
PSA among men 45–59 years. Accounting for polygenic
variation in a screening biomarker could avoid escala-
tions in diagnostic evaluations.
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