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Abstract

Background: Several prostate cancer (PCa) early-detection biomarkers are available for reflex testing in men with
intermediate prostate-specific antigen (PSA) levels. Studies of these biomarkers typically provide information about diagnos-
tic performance but not about overdiagnosis and lives saved, the primary drivers of associated harm and benefit.
Methods: We projected overdiagnoses and lives saved using an established microsimulation model of PCa incidence and
mortality with screening and treatment efficacy based on randomized trials. We used this framework to evaluate four
urinary reflex biomarkers (measured in 1112 men presenting for prostate biopsy at 10 US academic or community clinics) and
two hypothetical ideal biomarkers (with 100% sensitivity or specificity for any or for high-grade PCa) at one-time screening
tests at ages 55 and 65 years.
Results: Compared with biopsying all men with elevated PSA, reflex testing reduced overdiagnoses (range across ages and
biomarkers ¼ 8.8–60.6%) but also reduced lives saved (by 7.3–64.9%), producing similar overdiagnoses per life saved. The ideal
biomarker for high-grade disease improved this ratio (by 35.2% at age 55 years and 42.0% at age 65 years). Results were similar
under continued screening for men not diagnosed at age 55 years, but the ideal biomarker for high-grade disease produced
smaller incremental improvement.
Conclusions: Modeling is a useful tool for projecting the implications of using reflex biomarkers for long-term PCa outcomes.
Under simplified conditions, reflex testing with urinary biomarkers is expected to reduce overdiagnoses but also produce
commensurate reductions in lives saved. Reflex testing that accurately identifies high-grade PCa could improve the net bene-
fit of screening.

The United States Preventive Services Task Force recommends
offering prostate-specific antigen (PSA) screening for prostate
cancer (PCa) to men age 55–69 years with a stated preference for
screening after discussion with a provider (1). Available evi-
dence indicates that screening reduces the risk of PCa death by
20% (2,3) but carries risks of false-positive tests, unnecessary bi-
opsies, overdiagnosis, and overtreatment.

In practice, if a man elects screening, an intermediate PSA
level (eg, PSA between 4.0 and 10.0 ng/mL) may prompt addi-
tional diagnostic (reflex) testing to further inform the choice to
undergo prostate biopsy. Over the past decade, several blood,

urine, and tissue biomarkers have been studied as potential re-
flex tests in this setting (4–9). For example, urine-based PCa bio-
markers, such as quantitative TMPRSS2:ERG gene fusion (T2:
ERG) and prostate cancer antigen 3 (PCA3) assays, and multiplex
combinations, such as the Michigan Prostate Score (MiPS), have
been shown to predict risk of PCa and high-grade PCa (10,11).

By identifying men at low risk for any or aggressive PCa, re-
flex testing seeks to reduce unnecessary biopsies and the diag-
nosis of “nonthreatening” disease while preserving survival
benefit. Nonthreatening disease is often defined using clinico-
pathologic variables available at diagnosis (12–14). For example,
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it might be defined as PCa with a low risk of biochemical recur-
rence according to the D’Amico system (12) (Figure 1A).
Alternatively, nonthreatening disease can be defined as disease
that would not have progressed to diagnosis in the absence of
screening within a man’s lifetime (Figure 1B). Such PCa will not
cause symptoms or affect the quality or quantity of a man’s life;
in this article, these PCa are referred to as overdiagnosed (15–
17). Most studies of reflex testing have focused on the clinico-
pathologic definition. However, overdiagnosis is the primary
driver of harm in early-detection efforts and is the definition of
nonthreatening disease used in this study.

Studies of reflex tests typically focus on their performance in
terms of sensitivity, specificity, and reduction in unnecessary
biopsies and do not examine impact on overdiagnosis or
survival. Indeed, overdiagnosis is not directly observable, and
empirical observation of survival impact requires lengthy fol-
low-up. An alternative approach models disease natural his-
tory, progression, and survival to translate diagnostic
performance of reflex tests into projections of long-term out-
comes. In this article, we use this approach to quantify expected
overdiagnosis and lives saved by reflex testing in men with se-
rum PSA between 4.0 and 10.0 ng/mL. We use an established
simulation model of PCa and intervention effects from random-
ized PCa screening and treatment trials to predict overdiagnosis
and long-term survival benefit associated with four urinary bio-
markers used as reflex tests (T2:ERG, PCA3, and MiPS for any
and for high-grade PCa). For general insights, we also model hy-
pothetical ideal biomarkers with 100% sensitivity and specificity
for any and for high-grade PCa.

Methods

Simulated Life Histories

Our PCa microsimulation model (18–20) links a man’s PSA levels
with onset of preclinical PCa, progression from localized to dis-
tant- stage disease, and progression from preclinical PCa to clin-
ical diagnosis (Figure 2). Baseline PCa survival without
screening is based on the control group of the European
Randomized Study of Screening for Prostate Cancer (ERSPC) (21).

Early detection of PCa results in cure for a fraction of patients;
the fraction of patients cured depends on how much earlier the
cancer is detected (also known as “lead time”) and declines to
zero as the time of detection approaches the time of clinical
diagnosis—when the cancer would have been diagnosed with-
out screening. Curative treatment lowers the hazard of PCa
death as estimated in the Scandinavian Prostate Cancer Group
Study Number 4 (22) randomized trial of prostatectomy as pri-
mary treatment. Supplementary Figure 1 (available online)
shows 13-year cumulative incidence of PCa death in the ERSPC
and 20-year predictions from the model assuming these effects
of early detection and treatment. The model simulates life his-
tories, including ages at onset and at diagnosis and death with
and without screening, and determines overdiagnoses and lives
saved empirically from the simulated data (19).

To the extent that a more sensitive reflex test advances the
timing of diagnosis (thereby lengthening the lead time), this
increases the likelihood of overdiagnosis because there is a lon-
ger time window during which competing mortality can occur
before clinical diagnosis. At the same time, according to our
model of screening benefit, a more sensitive reflex test also
increases the likelihood of cure (Figure 3). In this way the model
provides a means of translating the diagnostic performance of a
reflex test involving a more sensitive biomarker into changes in
the downstream outcomes of interest.

Reflex Testing Using Empirical Biomarkers

Our empirical analysis used quantitative T2:ERG and PCA3 levels
derived from whole urine after digital rectal exams collected from
previously reported cross-sectional patient cohorts (7). These in-
cluded a training cohort composed of 711 men presenting for bi-
opsy at three US academic institutions and a validation cohort
composed of 1225 men presenting for biopsy at seven US commu-
nity clinics. After excluding men with missing age, on active sur-
veillance, or with PSA outside the 4.0–10.0 ng/mL range, the
combined patient cohort consisted of 1112 men (Supplementary
Figure 2, available online) with age, PSA, T2:ERG, and PCA3 levels
and biopsy results (benign or Gleason sum �6, 7, or �8). MiPS

A B

Figure 1. Two definitions of “nonthreatening” disease for a prostate cancer (PCa) diagnosed by prostate-specific antigen (PSA) screening. A) D’Amico classification of

clinically localized PCa into low- (white), intermediate- (light gray), and high- (dark gray) risk groups. B) An overdiagnosed PCa (white) is any PCa that would not have

been diagnosed during the patient’s remaining lifetime in the absence of screening.

A
R

T
IC

LE

R. Gulati et al. | 385

Deleted Text: .
Deleted Text: ``
Deleted Text: -
Deleted Text: ''
Deleted Text: .
Deleted Text: impact 
Deleted Text: ``
Deleted Text: -
Deleted Text: ''
Deleted Text: .
Deleted Text: .
Deleted Text: -
Deleted Text: .
Deleted Text: ,
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: l
Deleted Text: h
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz127#supplementary-data
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: t
Deleted Text: u
Deleted Text: e
Deleted Text: b
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: , 
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: , 
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz127#supplementary-data
https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djz127#supplementary-data
Deleted Text: .


levels were previously calculated from (log2-transformed) PSA,
T2:ERG, and PCA3 via logistic regression models fitted to the
unrestricted training cohort to predict any PCa (MiPS) and high-
grade (Gleason sum �7) PCa (MiPShg) (7). Biomarker levels for the
combined cohort were used in this analysis.

Because only cross-sectional (one-time) test data for the re-
flex tests were available, our analysis focused on one-time
screening tests. T2:ERG, PCA3, MiPS, and MiPShg levels were
generated for simulated men age 55 or 65 years with PSA be-
tween 4.0 and 10.0 ng/mL at a screening test via bootstrap
imputations. The bootstrapped values were selected to match
age (65 years), PSA level (62.0 ng/mL), and cancer status (benign
or Gleason sum �6, 7, or �8) of simulated individuals. Reflex
test results were considered positive if generated biomarkers
exceeded thresholds that have been used in practice (7,23,24):
T2:ERG greater than 5, PCA3 greater than 35, MiPS greater than
30%, and MiPShg greater than 10%. Otherwise, no additional
testing occurred.

Reflex Testing Using Ideal Biomarkers

A hypothetical analysis used perfect knowledge of PCa status to
model reflex test results for simulated men age 55 or 65 years
with PSA between 4.0 and 10.0 ng/mL at a screening test using
ideal biomarkers with 100% sensitivity and specificity to detect
any PCa and high-grade (Gleason sum �7) PCa.

Statistical Analysis

We assessed the validity of our biomarker model by comparing
modeled diagnostic performance against empirical perfor-
mance of the reflex biomarkers. We calculated sensitivity and
specificity at the stated thresholds, receiver operating charac-
teristic curves, and calibration plots for detecting any PCa and
high-grade PCa, and we tested changes in the area under the re-
ceiver operating characteristic curve (AUC) when using each
biomarker compared with PSA alone (25). DeLong test was used
to compare AUCs, and two-sided P values less than .05 were
considered statistically significant. Modeled biopsies performed
or avoided and any PCa and high-grade PCa detected or missed
for a range of MiPS thresholds were also tabulated for compari-
son with empirical outcomes.

We predicted the long-term impact of reflex testing by simu-
lating screening-naı̈ve men with PSA levels between 4.0 and
10.0 ng/mL at ages 55 and 65 years, generating reflex test results,
determining impacts on ages at diagnosis and death, and calcu-
lating overdiagnoses and lives saved. We simulated sufficient
numbers of men (>10 million for each age and biomarker) to
eliminate Monte Carlo error. For simplicity, 100% of men with
positive reflex tests received biopsy, and 100% of men with con-
firmed PCa received definitive treatment. For comparison, cor-
responding outcomes were predicted if all patients or no
patients were biopsied. The 20-year cumulative incidence of
PCa death was estimated using Kaplan-Meier methods.

As a sensitivity analysis, we also predicted long-term
impacts under serial screening for men age 55 years with PSA
between 4.0 and 10.0 ng/mL who were not diagnosed at the ini-
tial screening test either because they were not biopsied or be-
cause their biopsies were negative. These men continued
biennial screening up to age 69 years, with biomarker values
regenerated using the same imputation procedure described
above whenever their PSA was between 4.0 and 10.0 ng/mL. Men
with PSA above 10.0 ng/mL were always biopsied.

Results

Performance of Modeled Reflex Testing Using Empirical
Biomarkers

The model preserved the performance advantages of the uri-
nary biomarkers over PSA in terms of predicting relative and ab-
solute probabilities of preclinical PCa. The model reproduced

Figure 2. A microsimulation model of linked prostate-specific antigen (PSA) levels and prostate cancer (PCa) natural history and survival.

Figure 3. A model of the relationship between prostate cancer early detection

and the probability of cure associated with definitive treatment.
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statistically significant improvement in the AUCs of T2:ERG,
PCA3, MiPS, and MiPShg compared with PSA with respect to the
ability to discriminate between patients with and without PCa
or high-grade PCa (Supplementary Table 1, available online).
Discrimination and calibration of actual and simulated biopsy
results are shown in Supplementary Figures 3 and 4 (available
online). At the thresholds considered in this study, MiPS and
MiPShg had the highest sensitivity and lowest specificity, with
model estimates close to empirical estimates (Table 1).

Observed and simulated biopsy results for selected MiPS
thresholds are presented in Table 2. Absolute numbers of any
PCa and high-grade PCa diagnosed were higher in the observed
results than in the simulated results; this is unsurprising be-
cause the observed results were for men who presented for bi-
opsy whereas the simulated results were for unselected, age-
matched individuals. In the observed results, a MiPS threshold
of 40% would have missed 11.1% of any PCa and 4.0% of high-
grade PCa, and using simulated results, corresponding predic-
tions were 7.0% and 1.4%.

Predicted Impact of Reflex Testing Using Empirical
Biomarkers

Predicted outcomes for men with PSA between 4.0 and 10.0 ng/
mL under different biopsy strategies are shown in Table 3.
Biopsying all men detected all cancers, with fewer overdiagno-
ses at age 55 years (67 per 1000) compared with age 65 years
(121 per 1000), reflecting the fact that younger men have a lower
chance of dying from other causes before the cancer would
have been clinically diagnosed. As expected, universal biopsy
also saved the most lives, with more lives saved at age 55 years
(49 per 1000) compared with age 65 years (20 per 1000) because,
as a result of secular increases in PSA levels with age, younger
men with PSA between 4.0 and 10.0 ng/mL have higher baseline
risk of PCa death than older men with PSA in this range.

Performing biopsy only when reflex biomarkers exceeded
conventional thresholds reduced the number of biopsies, over-
diagnoses, and lives saved relative to universal biopsy by vary-
ing amounts (Table 3). Summarized as ranges across screening
ages, T2:ERG, PCA3, MiPS, and MiPShg avoided 50.9–51.4%, 66.2–
73.9%, 33.1–43.1%, and 21.2–26.8% of biopsies and reduced over-
diagnoses by 35.8–36.4%, 48.0–60.6%, 14.0–21.2%, and 8.8–15.0%,
respectively. However, the predicted number of lives saved was
concomitantly reduced by 36.0–38.5%, 46.6–64.9%, 11.4–19.6%,
and 7.3–13.1%, respectively. In general, all biopsy strategies

resulted in similar overdiagnoses per life saved at each age: on
average 1.4 at age 55 years and 6.0 at age 65 years.

Predicted Impact of Reflex Testing Using Ideal
Biomarkers

Biopsies performed based on the ideal biomarker for detecting
any PCa would also reduce the number of biopsies relative to
universal biopsy but with no change to overdiagnoses or lives
saved (by definition; see Table 3). In contrast, biopsies per-
formed based on the ideal biomarker for detecting high-grade
PCa would not only reduce overdiagnoses as well as lives saved
relative to universal biopsy but also improve their ratio (on aver-
age from 1.4 to 0.9 at age 55 years and from 6.0 to 3.5 at age
65 years ).

Predicted 20-year cumulative incidence of PCa death is
shown in Figure 4 for the same biopsy strategies. Reflex testing
using T2:ERG, PCA3, MiPS, and MiPShg reduced mortality by
varying amounts relative to a predicted maximum (biopsy no
patients) of 6.5% at age 55 years and 5.5% at age 65 years and a
predicted minimum (biopsy all patients or use the ideal bio-
marker for any PCa) of 2.5%. Similar to using the urinary bio-
markers, biopsies performed based on the ideal biomarker for
high-grade PCa produced mortality rates that fell midway be-
tween these extremes.

Sensitivity Analysis

The overall impact of using urinary reflex biomarkers at one-
time tests was essentially unchanged if men with PSA between
4.0 and 10.0 ng/mL who were not diagnosed at the initial test
continued screening (Supplementary Table 2, available online).
Compared with results for one-time tests, the model predicted
more biopsies, overdiagnoses, and lives saved under serial
screening, yet overdiagnoses per life saved remained compara-
ble across biopsy strategies. The improvement from using an
ideal biomarker for detecting high-grade PCa, however, became
smaller (decreased from 1.4 to 1.3).

Discussion

This study evaluated downstream harm and benefit resulting
from reflex testing in asymptomatic men with serum PSA be-
tween 4.0 and 10.0 ng/mL. Our results indicated that, under sim-
plified conditions, performing biopsy when urinary biomarkers

Table 1. Sensitivity and specificity of PCa-specific biomarkers for predicting any and high-grade PCa in empirical and simulated records of men
with PSA level between 4.0 and 10.0 ng/mL*

Source Biomarker Threshold

Any PCa High-grade PCa

Sensitivity, % (95% CI) Specificity, % (95% CI) Sensitivity, % (95% CI) Specificity, % (95% CI)

Empirical T2:ERG 5 65.5 (61.2 to 69.6) 58.4 (54.4 to 62.3) 66.1 (60.3 to 72.0) 51.5 (47.8 to 54.9)
PCA3 35 55.6 (51.3 to 59.6) 76.0 (72.6 to 79.5) 63.4 (57.2 to 69.3) 68.9 (66.0 to 71.9)
MiPS 30% 86.9 (84.0 to 89.9) 45.6 (41.4 to 49.4) 91.8 (87.9 to 95.3) 37.3 (34.2 to 40.7)
MiPShg 10% 92.0 (89.5 to 94.3) 25.9 (22.2 to 29.2) 95.3 (92.6 to 97.7) 21.4 (18.6 to 24.2)

Model T2:ERG 5 66.2 (65.0 to 67.4) 58.1 (57.3 to 59.0) 65.2 (62.9 to 67.3) 51.6 (50.8 to 52.4)
PCA3 35 59.7 (58.5 to 61.0) 69.5 (68.7 to 70.4) 66.2 (64.0 to 68.4) 62.6 (61.9 to 63.4)
MiPS 30% 90.8 (90.0 to 91.5) 38.6 (37.8 to 39.5) 93.2 (92.1 to 94.3) 31.2 (30.5 to 31.9)
MiPShg 10% 94.5 (93.9 to 95.0) 22.4 (21.6 to 23.1) 96.5 (95.6 to 97.3) 18.2 (17.6 to 18.8)

*CI ¼ confidence interval; T2:ERG ¼ TMPRSS2:ERG gene fusion; PCA3¼prostate cancer antigen 3; MiPS ¼ Michigan Prostate Score for any PCa; MiPShg ¼ Michigan

Prostate Score for high-grade PCa; PCa ¼ prostate cancer; PSA ¼ prostate-specific antigen.
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exceeded conventional thresholds could reduce overdiagnoses
by roughly 10–60%, depending on the biomarker used and pa-
tient age. However, this practice would reduce lives saved by a
similar amount, leaving overdiagnoses per life saved virtually
unchanged.

In general, translating the diagnostic performance of reflex
biomarkers to their expected long-term impact requires a model
that can incorporate the biomarkers in a manner concordant
with disease histories and that can project the long-term effects
of early detection involving more sensitive and specific tests.
Our analysis imputed empirical biomarker measurements into
a model with effects of early detection and treatment that
mimic randomized trials of PSA screening and definitive
treatment. Our results show that reflex testing involves trade-
offs; a decrease in overdiagnosis is inherently coupled to a de-
crease in lives saved except when the reflex biomarker is highly

specific for aggressive disease. Similar tradeoffs likely apply to
reflex biomarkers other than the ones examined here.

For simplicity, we modeled overdiagnoses and lives saved
when the reflex biomarkers for any PCa exceeded thresholds
that have been used in practice. Higher thresholds decreased
both outcomes whereas lower thresholds increased both out-
comes, yet overdiagnoses per life saved remained stable. Effects
of varying thresholds for biomarkers for high-grade PCa are
more complicated, however, because putative false positives
can lead to detection of low-grade PCa.

Our predictions are consistent with previous modeling stud-
ies of reflex tests. A previous analysis using our model to study
reflex PCA3 testing similarly estimated that reductions in lives
saved tracked reductions in overdiagnoses (26). Another micro-
simulation model predicted little change to either overdiagno-
ses or lives saved when using the Prostate Health Index as a

Table 2. Impact of MiPS-based risk prediction on biopsies avoided and any and high-grade PCa detected in empirical and simulated records of
men with PSA level between 4.0 and 10.0 ng/mL*

Source Threshold, %

Biopsies Any PCa High-grade PCa

Done, n Avoided, No. (%) Detected, No. (%) Missed, No. (%) Detected, No. (%) Missed, No. (%)

Empirical 0 1112 0 (0.0) 513 (46.1) 0 (0.0) 257 (23.1) 0 (0.0)
10 1077 35 (3.1) 508 (45.7) 5 (0.4) 254 (22.8) 3 (0.3)
20 938 174 (15.6) 479 (43.1) 34 (3.1) 247 (22.2) 10 (0.9)
30 772 340 (30.6) 446 (40.1) 67 (6.0) 236 (21.2) 21 (1.9)
40 627 485 (43.6) 390 (35.1) 123 (11.1) 213 (19.2) 44 (4.0)

Model 0 1112 0 (0.0) 375 (33.8) 0 (0.0) 114 (10.2) 0 (0.0)
10 1084 28 (2.6) 373 (33.6) 2 (0.2) 112 (10.1) 1 (0.1)
20 944 168 (15.1) 359 (32.3) 17 (1.5) 111 (9.9) 3 (0.3)
30 791 321 (28.9) 340 (30.6) 35 (3.2) 106 (9.5) 8 (0.7)
40 636 476 (42.8) 297 (26.7) 78 (7.0) 98 (8.8) 16 (1.4)

*MiPS ¼Michigan Prostate Score for any PCa; PCa ¼ prostate cancer; PSA ¼ prostate-specific antigen.

Table 3. Predicted immediate and long-term PCa outcomes per 1000 men with PSA between 4.0 and 10.0 ng/mL by screening age and biopsy
strategy

Screening
age,
y

Biopsy
strategy*

Biopsies
done,

n
Biopsies,

%D†

PCa diagnoses, n

Over
-diagnoses, n

Overdia-
gnoses,

%D†

Deaths, n

Lives
saved, n

Lives
saved,%D†

Overdiagnoses
per life
saved

Low
grade

High
grade PCa Other

55 No patients 0 100.0 0 0 0 100.0 88 912 0 100.0 —
T2:ERG >5 491 50.9 156 112 43 36.4 57 943 31 36.0 1.4
PCA3 >35 261 73.9 93 75 27 60.6 71 929 17 64.9 1.6
MiPS >30% 569 43.1 188 151 53 21.2 49 951 39 19.6 1.4
MiPShg >10% 732 26.8 203 160 57 15.0 45 955 42 13.1 1.4
IDEAL 421 57.9 248 173 67 0.2 39 961 49 0.1 1.4
IDEALhg 173 82.7 0 173 25 62.9 60 940 28 42.6 0.9
All patients 1000 0.0 248 173 67 0.0 39 961 49 0.0 1.4

65 No patients 0 100.0 0 0 0 100.0 42 958 0 100.0 —
T2:ERG >5 486 51.4 144 57 77 35.8 30 970 12 38.5 6.3
PCA3 >35 338 66.2 105 59 63 48.0 31 969 11 46.6 5.8
MiPS >30% 669 33.1 184 87 104 14.0 24 976 18 11.4 5.8
MiPShg >10% 788 21.2 197 88 110 8.8 23 977 19 7.3 5.9
IDEAL 311 68.9 218 93 121 0.0 22 978 20 0.2 6.0
IDEALhg 93 90.7 0 93 34 72.0 32 968 10 51.8 3.5
All patients 1000 0.0 218 93 121 0.0 22 978 20 0.0 6.0

*IDEAL ¼ ideal biomarker with 100% sensitivity or specificity for any PCa; IDEALhg ¼ ideal biomarker with 100% sensitivity or specificity for high-grade PCa; MiPS ¼
Michigan Prostate Score for any PCa; MiPShg ¼ Michigan Prostate Score for high-grade PCa; PCa ¼ prostate cancer; PCA3¼prostate cancer antigen 3; PSA ¼ prostate-

specific antigen; T2:ERG ¼ TMPRSS2:ERG gene fusion.

†“%D” shows the percent reduction under each biopsy strategy relative to biopsying all patients.

A
R

T
IC

LE

388 | JNCI J Natl Cancer Inst, 2020, Vol. 112, No. 4

Deleted Text: .
Deleted Text: .
Deleted Text: /
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: .
Deleted Text: while 
Deleted Text: .
Deleted Text: since 
Deleted Text: .
Deleted Text: .
Deleted Text: .


reflex test (27). The present study adds to previous work by vali-
dating diagnostic performance of modeled biomarkers, projec-
ting long-term harm-benefit tradeoffs for several urinary
biomarkers, and considering hypothetical ideal biomarkers for
any PCa and for high-grade PCa.

Our study is not without limitations. The accuracy of our
predictions may be limited by our model assumptions about the
patterns of PCa development and progression and about how
disease progression correlates with biomarker levels. Although
the model approximates incidence trends in the United States
(19,28) and in the ERSPC (21), it was originally developed and
calibrated to stage- and grade-specific incidence data from the
Surveillance, Epidemiology, and End Results program for the pe-
riod 1975–2000. Consequently, it may not necessarily replicate
contemporary low-grade, early-stage PCa, which is likely to
have lower risk of progression than PCa previously classified as
low grade. One implication is that the model-predicted risk of
overdiagnosis for low-grade PCa may be lower than what would
be expected based on contemporary grading practices.
Conversely, also because of shifting grading schemes, the model
may overstate the risk of PCa death for contemporary men with
low-grade disease. Finally, the paucity of serial data on the re-
flex biomarkers motivated our focus on one-time screening
tests. Our sensitivity analysis of serial screening supported our
principal conclusions provided correlations in the cross-
sectional data generalize to longitudinal relationships. It is also
possible that active surveillance for low-risk PCa could modify
the balance between overdiagnosis and lives saved, though our
simplified assumptions about the biopsy decision process and
definitive treatment for all confirmed disease provides a first
approximation for plausible long-term outcomes.

Our findings have implications regarding how reflex tests
might be used in practice and for future research. Our study
shows that the performance of existing urinary reflex bio-
markers, despite apparently favorable tradeoffs in terms of test
diagnostics and biopsies avoided vs PCa missed, does not neces-
sarily imply that their use will improve the long-term balance of

harms and benefits. Indeed, an ideal biomarker for detecting
any PCa could serve as a perfect surrogate for biopsy but would
not reduce overdiagnosis by definition. This is because overdi-
agnosis is determined by a competition between cancer pro-
gression (or lack thereof) and other-cause mortality (Figure 1B),
so even perfect knowledge about cancer status gives only an in-
complete picture of a patient’s risk for overdiagnosis. For this
reason, the biopsy decision for a man with an intermediate PSA
level should take into account his life expectancy. In contrast,
an ideal biomarker for detecting high-grade PCa would reduce
overdiagnoses per life saved at one-time screening tests (by
35.2% at age 55 years and 42.0% at age 65 years) although the in-
cremental improvement is diminished under continued screen-
ing (by 6.1% at age 55 years). Our results therefore support
efforts to develop more accurate reflex biomarkers for high-
grade PCa, particularly for use in settings with less frequent
screening.

In conclusion, previous studies have shown that reflex test-
ing may substantially reduce unnecessary biopsies while miss-
ing few cancers with aggressive features. Investigations using a
disease model like the one in this study can help to translate
this improved diagnostic performance into impact on long-term
clinical outcomes. Under simplified assumptions about the re-
ceipt of biopsy and treatment, our model predicts that reduced
overdiagnoses due to existing urinary biomarkers are likely to
be proportionally offset by reduced lives saved. This finding
underscores the continued need for discovering biomarkers tar-
geted to PCa destined to cause morbidity or mortality and for
proven ways to control overdiagnosis and overtreatment.
Disease modeling is certain to remain an essential partner in
these efforts to improve the clinical outcomes that ultimately
matter most.
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