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Abstract

Background: It has been shown that the Stockholm-3 model (S3M) outperforms pros-
tate-specific antigen (PSA) as a screening tool for prostate cancer.
Objective: To update the S3M, to give a detailed account of the value of each predictor in
the S3M, and to evaluate the S3M as a reflex test for men with PSA �3 ng/ml.
Design, setting, and participants: During 2012–2015, the Stockholm-3 study evaluated
the S3M relative to PSA as tests for Gleason score �7 prostate cancers among men aged
50–69 yr. The participants (n = 59 159) underwent both tests, and biopsy was recom-
mended if at least one was positive. A total of 5073 men had a biopsy because of elevated
PSA (�3 ng/ml).
Outcome measurements and statistical analysis: Logistic regression was used to update
the S3M: intact PSA was removed, HOXB13 was included, and the model was fitted to
data from the Stockholm-3 training and validation cohorts. To compare S3M with PSA,
we fixed the sensitivity for detection of high-grade cancer and evaluated the perfor-
mance as the number of biopsies needed to achieve that sensitivity for each test.
Results and limitations: The updated S3M slightly improved the area under the receiver
operating characteristic curve compared to previously published results (0.75 vs 0.74).
When used as a reflex test for men with PSA �3 ng/ml, S3M reduced the number of
biopsies needed by 34% compared to the use of PSA alone, with equal sensitivity. A
limitation is the ethnically homogeneous population.
Conclusions: A major problem with PSA screening—too many unnecessary biopsies—
can be mitigated if S3M is used as a reflex test.
Patient summary: To find aggressive prostate cancer with the minimum number of
negative biopsies and detection of clinically insignificant cancers, we evaluated the use
of a personalized diagnostic prediction model as a second test for men with a positive
prostate-specific antigen (PSA) test. We found that this two-step approach could reduce
prostate biopsies by a third compared to using PSA alone.
© 2018 European Association of Urology. 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/).
1. Introduction

Although prostate-specific antigen (PSA) measurement is
suitable for prostate cancer screening because of its low cost
and noninvasive nature, it has low specificity at acceptable
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sensitivity levels. This is because nonmalignant conditions
such as inflammations and benign prostate hyperplasia may
cause increases in PSA levels, and prostate cancer can exist
without an increase in PSA. The low specificity leads to
frequent prostate biopsies in men with benign conditions,
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Table 1 – Characteristics of the study cohort (pilot and validation
cohorts for the Stockholm-3 study)

Patients, n (%)

All participants Biopsied participants a

(n = 59 149) (n = 7417)

Age b

<49 yr 1791 (3) 45 (1)
50–54 yr 12923 (22) 640 (9)
55–59 yr 13570 (23) 1222 (16)
60–64 yr 14072 (24) 2031 (27)
65–69 yr 15998 (27) 3299 (44)
�70 795 (1) 180 (2)

First-degree relative with prostate cancer
Yes 7262 (12) 1118 (15)
No 51887 (88) 6299 (85)

Previous negative biopsy
Yes 1976 (3) 505 (7)
No 57173 (97) 6912 (93)

Prostate-specific antigen
<1 ng/ml 26159 (44) 2 (0)
1–3 ng/ml 25350 (43) 1938 (26)
3–5 ng/ml 4655 (8) 3461 (47)
5–10 ng/ml 2355 (4) 1613 (22)
�10 ng/ml 630 (1) 403 (5)

Medication (5a-reductase inhibitor)
Yes 1385 (2) 180 (2)
No 57764 (98) 7237 (98)

Digital rectal examination
Abnormal – 681 (9)
Normal – 6736 (91)

Prostate volume c

<35 ml – 2705 (36)
35–50 ml – 2497 (34)
�50 ml – 2215 (30)

Biopsy result
Benign – 4618 (62)
Gleason 3 + 3 – 1558 (21)
Gleason 3 + 4 – 759 (10)
Gleason 4 + 3 – 253 (3)
Gleason � 4 + 4 – 229 (3)

a Participants were recommended a biopsy on a double–blind basis if they
were positive for prostate-specific antigen �3 ng/ml or the Stockholm-3
model test.
b The validation study only included men aged 50–69 yr.
c Measured via transrectal ultrasound.
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and to overdiagnosis of indolent prostate cancer. Use of PSA
for disease screening is therefore controversial [1]. One way
to improve the specificity of prostate cancer screening is to
use a second test—a reflex test—for men with increased PSA
levels [2]. The reflex test needs to be more predictive of
cancer than PSA alone, and since only men with a higher risk
of prostate cancer undergo the test, a higher cost may be
justified. There are several possible tests for this purpose,
such as percentage free PSA, the 4K score [3], the Prostate
Health Index (PHI) [4], PCA3 [5], and RC3 [6].

In 2015, Grönberg et al [7] published results for the
Stockholm-3 (STHLM3) study, in which the individualized
prediction model S3M was compared to PSA �3 ng/ml as a
screening test for prostate cancer. The study was designed
so that both tests would detect the same number of Gleason
score (GS) �7 cancers, and the tests were evaluated in terms
of the number of biopsies needed to achieve this. With
maintained sensitivity for detecting GS �7 disease, use of
S3M saved 32% of prostate biopsies compared to screening
using PSA �3 ng/ml as an indication for a prostate biopsy.

Knowledge of the contributions of separate components
in suggested tests is important to understand the perfor-
mance of the underlying biomarkers and was not presented
in detail by Grönberg et al [8]. Furthermore, it is not clear
how the S3M will perform in a reflex test setting. Here, we
describe an update of the S3M test and analyze the
predictive contribution of the biomarkers included in the
S3M. We also assess the usefulness of the S3M in a reflex
setting whereby the test is used only for subjects with
elevated PSA.

2. Patients and methods

2.1. Participants and study design

The STHLM3 study was a prospective and population-based diagnostic
trial designed to compare S3M with PSA �3 ng/ml as indications for
prostate biopsy [7]. It consisted of a training (n = 11130) and a validation
cohort (n = 47 688), both of randomly invited (no overlap) men aged
50–69 yr and without a previous prostate cancer diagnosis, from
Stockholm County, Sweden (Table 1). Data for the training cohort were
used to fit the S3M, which was subsequently evaluated in the validation
study. STHLM3 used a paired screen-positive design in which the S3M
test was analyzed for all participants with PSA �1 ng/ml [9]. Each
participant was then recommended prostate biopsy if he had PSA �3 ng/
ml or a S3M probability of GS �7 prostate cancer above a fixed threshold.
The S3M threshold was set such that both tests (PSA and S3M) detected
the same number of GS �7 cancers. The indication for biopsy referral was
blinded to the study participants, the urologists, and the pathologist. The
biopsy procedure followed a standardized protocol using 10–12-core
systematic biopsies, with 12 cores if the prostate volume was >35 cm3.

Since the sensitivity for detecting GS �7 cancer was the same for both
tests by design, the evaluation of the usefulness of the tests could be
based on the number of biopsies needed for each test (ie, the number of
participants with S3M above the adjusted threshold compared to the
number of participants with PSA �3 ng/ml), and specifically, how many
of these biopsies were cancer-free and cancers graded as GS 6.

In this study, we included all biopsied participants from the pilot
study and the validation study, and 331 (of whom 34 underwent biopsy)
additional participants who had not had a blood test before the database
of the STHLM3 study was locked (total n = 59 149). We excluded men
Please cite this article in press as: Ström P, et al. The Stockholm
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with PSA �10 ng/ml (n = 630) and men taking a-reductase inhibitor
medication at inclusion (n = 1385; Table 1).

2.2. Predictors in S3M

The predictors in S3M include clinical variables (age, first-degree family
history of prostate cancer, and a previous biopsy), blood biomarkers
(total PSA, free PSA, ratio of free/total PSA, hK2, MIC1, and MSMB),
genetic markers (a genetic score based on 254 single-nucleotide
polymorphisms [SNPs] and an explicit variable for the HOXB13 SNP),
and prostate examination (digital rectal examination [DRE], and prostate
volume). Details of the genetic score have been described by Grönberg
et al [7]. The original version of S3M also included intact PSA, but because
of interference between the kallikreins in the immunosorbent allergen
chip assay it has been removed from S3M. In addition, a new biomarker is
included, the HOXB13 SNP, a rare germline mutation of the HOXB13 gene
with a large effect on the risk of prostate cancer [10]. It is present in 1.3%
of healthy Swedish men and is 3.5-fold more common among prostate
cancer patients with otherwise similar characteristics. All continuous
predictors are included as linear effects and the others (family history,
-3 Model for Prostate Cancer Detection: Algorithm Update,
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previous biopsy, HOXB13, and DRE) as indicator variables in a logistic
regression model.

2.3. Evaluation of individual predictions

The S3M predictions were evaluated in terms of the area under the
receiver operating characteristic curve (AUC) and impact on model
calibration. The predictors were evaluated individually in a bivariate
model together with PSA, as the last predictor to enter the full S3M, and
cumulatively as added in a prespecified order.

Because of the novelty of MIC1, MSMB, and the genetic score for use
in a diagnostic prediction model, and the low prevalence of men with a
previous prostate biopsy or carrying the HOXB13 SNP, we assessed the
impact of inclusion of these variables on model calibration (predicted vs
observed risk). This was done using both the S3M and a model using all
S3M predictors except the one investigated.

2.4. Reflex test

Men in STHLM3 with PSA �3 ng/ml were biopsied regardless of S3M
results (n = 5073). For these men, we can evaluate the S3M test as a reflex
test. By accepting a fraction of missed GS �7 cancers compared to PSA
�3 ng/ml (here 10% and 20%), we compared the S3M to the corresponding
fractions of missed GS �7 cancers by further increasing the PSA threshold
for biopsy indication. Since the sensitivity is then the same for the two
tests (S3M and PSA), the evaluation used the reduction in the number of
biopsies compared to PSA �3 ng/ml for biopsy referral as the performance
measure. The biopsies that could be avoided were also assessed by
stratification as benign biopsies and GS 6 cancers. We also evaluated three
additional models: a model with age and four kallikreins (total PSA, free
PSA, intact PSA, and hK2) as predictors; a model with only clinical
variables (total PSA, age, DRE, and prostate volume); and PSA density (total
PSA/prostate volume). The two first models involved logistic regression
with the predictors included as in S3M, while PSA density was used as is
(ie, positivity defined as being above a certain threshold).

Furthermore, cancer length (in mm) and the percentage of positive
cores for GS �7 cancers missed by the S3M and PSA tests were compared
to all GS �7 cancers in the cohort.
Table 2 – Performance in predicting Gleason score �7 prostate cancer 

Test AUC (95% CI)

S3M 0.75 (0.73–0.77)
PSA 0.58 (0.57–0.60)

Individual predictors Bivariate a

Age 0.59 (0.57–0.61) 

Digital rectal examination 0.63 (0.61–0.64) 

Previous biopsies 0.61 (0.59–0.63) 

Prostate volume 0.67 (0.66–0.69) 

Family history 0.59 (0.57–0.61) 

Free PSA 0.65 (0.63–0.67) 

Free/total PSA ratio 0.65 (0.63–0.67) 

Intact PSA d 0.58 (0.56–0.60) 

hK2 0.59 (0.57–0.61) 

MIC1 0.59 (0.57–0.61) 

MSMB 0.60 (0.58–0.62) 

HOXB13 0.59 (0.56–0.60) 

Genetic score 0.61 (0.59–0.63) 

S3M = Stockhom-3 model; PSA = prostate-specific antigen; AUC = area under the 

a Individual S3M biomarkers in combination with PSA (including intact PSA).
b The cumulative performance for inclusion of each biomarker in the order pres
c The remaining value after removing the biomarker from the full set of predicto
d Intact PSA is no longer part of S3M but was evaluated among the set of individ
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2.5. Statistical analyses

All risk predictions for the participants (S3M and models comprising a
subset of predictors) were based on tenfold cross-validation, and all
confidence intervals (CIs) presented are 95% two-sided bootstrap
intervals based on 1000 bootstrap samples [11]. HOXB13 inclusion in
the model was decided a priori, and the cross-validated model was
prespecified (ie, no model selection). The software used was R version
3.2.5 [12].

3. Results

3.1. Predictors in S3M

The AUC for PSA alone was 0.58 (95% CI 0.57–0.60) and the
AUC for the updated S3M was 0.75 (95% CI 0.73–0.77;
Table 2). When used together with PSA in a bivariate model,
all biomarkers showed a higher AUC than PSA alone,
indicating independent value to discriminate for GS �7
prostate cancer. The AUC rapidly increased when clinical
variables (DRE, previous biopsies, and prostate volume)
were included (Cumulative), but each additional predictor
increased the AUC by one unit at most. However, together
these additional predictors increased the AUC from 0.71 to
0.76. The AUC was almost unaffected by taking out a single
predictor from the model (Remove). Prostate volume
resulted in the greatest increase in AUC when the predictors
were individually considered together with PSA, and the
largest loss in AUC when removed from the full set of
predictors in S3M.

Calibration of the predictions improved among partici-
pants with the 10% highest or 10% lowest values for the
genetic score, MIC1, or MSMB when compared to a model
with all S3M predictors except each of these three. The
calibration also improved for HOXB13 carriers and men with
for S3M, PSA, and submodels comprising S3M components

Cumulative b Remove c

0.59 (0.57–0.61) 0.75 (0.74–0.77)
0.63 (0.61–0.65) 0.75 (0.73–0.76)
0.65 (0.63–0.66) 0.75 (0.74–0.77)
0.71 (0.69–0.73) 0.74 (0.73–0.76)
0.71 (0.70–0.73) 0.76 (0.74–0.77)
0.72 (0.71–0.74) 0.76 (0.74–0.78)
0.73 (0.71–0.74) 0.76 (0.74–0.77)
0.74 (0.72–0.75) 0.75 (0.73–0.77)
0.75 (0.74–0.77) 0.75 (0.73–0.76)
0.75 (0.74–0.77) 0.76 (0.74–0.77)
0.76 (0.74–0.77) 0.76 (0.74–0.77)
0.76 (0.74–0.77) 0.76 (0.74–0.77)
0.76 (0.74–0.77) 0.76 (0.74–0.77)

receiver operating characteristic curve; CI = confidence interval.

ented (including intact PSA).
rs (including intact PSA).
ual predictors.
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Table 3 – Calibration of S3M in subgroups according to values for
selected biomarkers, comparing S3M including all but the
specified biomarker, the full S3M, and the observed risk in the
corresponding group

Subjects Predicted risk (%) Observed

(n) S3M – SB Full S3M risk (%)

Genetic score a

10% highest 656 16% 19% 19
80% middle 5247 15% 15% 15
10% lowest 656 12% 10% 9

MIC1 a

10% highest 657 17% 19% 21
80% middle 5251 15% 14% 14
10% lowest 651 14% 13% 14

MSMB a

10% highest 655 16% 19% 20
80% middle 5237 15% 15% 15
10% lowest 667 14% 12% 11

HOXB13 b

Yes 87 28% 34% 34
No 4986 15% 15% 15

Previous biopsy
No 6169 15% 15% 15
Yes 390 16% 6% 6

S3M = Stockholm-3 model; S3M – SB = S3M without the specified
biomarker.
a These variables occur as continuous variables in S3M but are grouped here
in quantiles (10%, 80%, 10%) to asses calibration among subjects with
unusually high or low values for these biomarkers.
b HOXB13 calibration was only performed for participants with PSA �3 ng/
ml, since everyone with this SNP mutation (and PSA �1 ng/ml) was
recommended biopsy.
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a previous negative biopsy when these predictors were
included in the model (Table 3).

3.2. Reflex tests: results for men with PSA �3 ng/ml

All 5073 men with PSA �3 ng/ml were biopsied. Of these
biopsies, 791 (16%) were GS �7 cancer, 1078 (21%) were GS
6 cancer, and 3204 (63%) were benign. Table 4 evaluates
alternative strategies to reduce the number of biopsies by
reflex tests among men with PSA �3 ng/ml. The cost for
reducing the number of biopsies is a lower detection rate of
GS �7 cancers. Here we chose to accept 10% (n = 79) or 20%
(n = 158) missed GS �7 cancers. Missing 10% and 20% of the
GS �7 cancers corresponds to increasing the PSA cutoff for
biopsy referral to 3.2 ng/ml and 3.4 ng/ml, respectively. This
would reduce the total number of biopsies by 14% (n = 710)
and 27% (n = 1370). The corresponding reductions would be
15% (n = 480) and 29% (n = 929) for benign biopsies, and 15%
(n = 162) and 28% (n = 302) for GS 6 cancer biopsies. By
instead using percentage free PSA as a reflex test, the
reduction in total biopsies would increase to 18% and 32%
for 10% and 20% missed GS �7 cancers, respectively. When
S3M is used, 33% (n = 1674) and 52% (n = 2638) fewer
biopsies would be performed. Among benign biopsies 42%
(n = 1346) and 62% (n = 1986) would be avoided, while GS
6 cancer biopsies would be reduced by 26% (n = 280) and
43% (n = 464). The three additional models evaluated (PSA
density, clinical model, and age + four kallikreins) all
showed similar performance, with AUCs of 0.69–0.71 and
Please cite this article in press as: Ström P, et al. The Stockholm
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reduced biopsies of 23–26% and 40–43% for 10% and 20%
missed GS �7 cancers, respectively.

As a reflex test, S3M would reduce the number of
necessary biopsies by an estimated 34% compared to simply
raising the PSA threshold. This number was calculated for a
reflex test missing 20% of GS �7 cancers, whereby
2435 biopsies would be performed after an S3M reflex test
and 3703 biopsies by raising the PSA threshold.

In addition to the evaluation of the individual predictors
in Table 4, we also considered the remaining performance
after removing each predictor separately from the model,
with only volume resulting in a meaningful decrease in
biopsies, as shown in Supplementary Table 1. This table also
presents an alternative cumulative order that more closely
represents the clinical workflow, where DRE and volume are
added last.

Figure 1 shows the implication of using S3M as a reflex
test in contrast to raising the PSA threshold for biopsy
referral among men with PSA in the range 3–10 ng/ml. The
figure complements the first and second rows of Table 4 by
showing the total number of biopsies needed by the fraction
of missed GS �7 cancers we are willing to accept.

Table 5 compares the characteristics of the GS �7 cancers
that would have been missed in the reflex test to all the GS
�7 cancers among men with PSA �3 ng/ml. A cancer length
of <10mm in the biopsy specimen was more common
(p < 0.01) among the missed cancers from a S3M reflex test
(69%) compared to all GS �7 cancers (46%). There was no
significant difference (p = 0.28) between those missed by
S3M (69%) and by increasing the PSA threshold (63%). The
fraction of the 10–12 cores that were positive for cancer
among the cancers missed by S3M is lower compared to all
GS �7 cancers (p < 0.01) and cancers missed by PSA
(p < 0.01). For GS �7 cancers missed by S3M, 77% had
<34% positive cores. The corresponding numbers for all
cancers and cancers missed by PSA are 56% and 64%,
respectively. The Gleason grade distributions are similar
among all cancers and the missed cancers.

4. Discussion

After removing intact PSA and including the HOXB13 SNP in
the set of predictors, and fitting the S3M to more data, we
estimated an AUC of 0.75 (95% CI 0.73–0.77) for predicting
GS �7 prostate cancers, which is a slight improvement
compared to the result reported by Grönberg et al (AUC
0.74, 95% CI 0.72–0.75). From Tables 2 and 4 it is evident
that the collection of predictors together is beneficial for
reducing unnecessary biopsies. However, the loss in
performance when biomarkers are left out from the full
S3M model is small, and for some of the weakest predictors
there are no (or only negligible) benefits for the popula-
tion. However, they may still be important for a minority of
men with a rare exposure (eg, the HOXB13 risk SNP). The
most substantial contributions are from prostate volume
and free PSA.

Although intact PSA is no longer part of S3M, we
included it in the list of individual predictors for
-3 Model for Prostate Cancer Detection: Algorithm Update,
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Table 4 – Reduction in biopsies for a reflex test missing 10% and 20% GS �7 cancers among subjects positive for the first test (PSA �3 ng/ml) in
total and for benign samples and GS 6 cancers

Test AUC (95% CI) Missing 10% GS �7 cancers Missing 20% GS �7 cancers

Biopsy
referral

Reduction in biopsies, % (95% CI) Biopsy
referral

Reduction in biopsies, % (95% CI)

Benign GS 6 Total Benign GS 6 Total

S3M 0.76 (0.74–0.77) 0.08 42 (36–48) 26 (22–31) 33 (29–38) 0.11 62 (58–67) 43 (38–47) 52 (48–55)
PSA 0.58 (0.56–0.60) 3.2 ng/ml 15 (13–18) 15 (13–18) 14 (12–16) 3.4 ng/ml 29 (25–33) 28 (23–32) 27 (24–30)
Free/total PSA ratio 0.64 (0.62–0.67) 28% 20 (17–24) 17 (13–21) 18 (15–21) 31% 36 (32–40) 31 (27–36) 32 (30–36)
PSA density a 0.69 (0.67–0.70) 0.07 ng/

(ml � cm3)
27 (24–33) 20 (16–26) 23 (20–28) 0.09 ng/

(ml � cm3)
45 (41–49) 37 (33–41) 40 (36–42)

Clinical model b 0.71 (0.69–0.73) 0.09 31 (26–37) 24 (20–30) 26 (22–31) 0.12 50 (45–55) 40 (35–46) 43 (39–47)
Age + four kallikreins c 0.70 (0.68–0.72) 0.08 29 (23–33) 20 (16–24) 24 (20–27) 0.11 47 (42–51) 37 (31–41) 40 (36–44)
Bivariate d

Age 0.59 (0.56–0.61) – 15 (13–18) 14 (12–17) 14 (12–17) – 28 (24–33) 26 (21–31) 26 (23–30)
DRE 0.63 (0.60–0.65) – 18 (15–21) 18 (14–21) 17 (14–19) – 33 (28–37) 31 (25–35) 30 (26–34)
Previous biopsies 0.61 (0.59–0.63) – 20 (17–24) 16 (13–20) 18 (15–21) – 33 (30–37) 27 (24–32) 29 (27–33)
Prostate volume 0.69 (0.67–0.70) – 28 (25–33) 20 (16–24) 24 (21–27) – 45 (41–49) 36 (31–40) 39 (36–42)
Family history 0.59 (0.57–0.61) – 16 (12–19) 15 (11–18) 15 (12–17) – 29 (25–34) 25 (21–30) 27 (24–31)
Free PSA 0.65 (0.63–0.67) – 20 (17–26) 17 (13–23) 18 (15–23) – 36 (32–42) 32 (27–37) 33 (29–38)
Free/total PSA ratio 0.65 (0.63–0.67) – 20 (18–25) 18 (15–23) 18 (16–22) – 36 (33–43) 33 (29–39) 33 (30–38)
Intact PSA e 0.58 (0.56–0.61) – 14 (11–17) 15 (12–18) 14 (11–16) – 28 (24–32) 27 (23–31) 27 (23–30)
hK2 0.59 (0.56–0.61) – 16 (13–19) 13 (10–16) 14 (12–17) – 30 (26–33) 26 (22–30) 28 (24–30)
MIC1 0.59 (0.57–0.61) – 17 (12–19) 15 (12–18) 15 (12–17) – 30 (26–35) 29 (25–35) 28 (25–32)
MSMB 0.60 (0.58–0.62) – 17 (14–19) 13 (10–16) 15 (12–17) – 31 (27–35) 27 (23–32) 28 (25–32)
HOXB13 0.59 (0.57–0.61) – 16 (12–20) 16 (12–19) 15 (12–18) – 28 (24–33) 26 (22–31) 26 (23–30)
Genetic score 0.61 (0.59–0.63) – 22 (18–25) 14 (10–17) 19 (15–20) – 36 (31–39) 25 (21–30) 31 (27–34)

Cumulative f

Age 0.59 (0.56–0.61) – 15 (13–18) 14 (12–17) 14 (12–17) – 28 (24–33) 26 (21–31) 26 (23–30)
DRE 0.62 (0.60–0.65) – 16 (13–20) 14 (11–18) 15 (13–18) – 31 (27–35) 29 (25–34) 29 (26–32)
Previous biopsies 0.65 (0.62–0.67) – 21 (18–25) 16 (12–19) 18 (16–21) – 36 (31–41) 29 (24–35) 32 (28–36)
Prostate volume 0.72 (0.70–0.74) – 36 (31–41) 25 (20–30) 29 (25–34) – 52 (46–57) 39 (34–45) 44 (40–48)
Family history 0.72 (0.70–0.74) – 36 (31–41) 25 (20–29) 30 (25–34) – 53 (47–58) 39 (34–45) 45 (40–49)
Free PSA 0.73 (0.71–0.75) – 37 (31–42) 25 (20–29) 30 (25–34) – 55 (51–59) 42 (37–47) 47 (43–50)
Free/total PSA ratio 0.73 (0.71–0.75) – 38 (31–42) 25 (20–29) 31 (26–34) – 55 (51–59) 43 (38–47) 47 (43–50)
Intact PSA e 0.75 (0.73–0.76) – 39 (33–45) 25 (20–32) 32 (27–37) – 58 (53–62) 44 (39–48) 49 (45–52)
hK2 0.76 (0.74–0.78) – 43 (38–48) 27 (22–31) 34 (30–38) – 61 (56–66) 43 (38–48) 51 (47–55)
MIC1 0.76 (0.74–0.78) – 42 (38–47) 26 (22–32) 33 (30–38) – 62 (57–66) 43 (39–49) 51 (48–55)
MSMB 0.77 (0.75–0.78) – 42 (36–48) 26 (21–31) 34 (29–39) – 63 (59–67) 44 (40–48) 52 (49–56)
HOXB13 0.77 (0.75–0.79) – 42 (37–48) 26 (21–31) 34 (30–39) – 63 (59–67) 44 (40–49) 52 (49–56)
Genetic score 0.77 (0.75–0.79) – 44 (40–49) 26 (22–30) 35 (31–39) – 64 (59–67) 44 (39–48) 53 (49–56)

GS = Gleason score; PSA = prostate-specific antigen; S3M = Stockholm-3 model; DRE = digital rectal examination.
a PSA/prostate volume; the referral value is the actual value for the density, not a probability of GS �7 cancer.
b PSA, age, DRE, and prostate volume.
c Age, PSA, free PSA, free/total PSA ratio, hK2, and intact PSA.
d Individual S3M biomarkers in combination with PSA (including intact PSA).
e Intact PSA is no longer part of S3M but was evaluated among the set of individual predictors.
f The cumulative performance by including each biomarker in the order presented (including Intact PSA).
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comparison. This is the reason for the potentially better
performance compared to the original S3M (ie, AUC
>0.75) when a predictor is removed from the rest. Table 3
shows that the weaker predictors (MSMB, MIC1, and
genetic score) also contribute to improving the risk
prediction for subjects with high or low values for these
markers. Similarly, HOXB13 also improves the model
calibration, although the prevalence of HOXB13 mutations
in the population is too low to meaningfully affect the
AUC.

The cost for advanced biomarker-based prostate
cancer tests ranges from $500 upwards [2]. S3M is still
not a commercial test and it is difficult to judge the price
of the test. Estimates indicate that it will fall in the lower
range despite the inclusion of genetic factors rather than
just protein biomarkers. Combined biomarker tests such
Please cite this article in press as: Ström P, et al. The Stockholm
Biomarker Contribution, and Reflex Test Potential. Eur Urol (2018
as S3M and others are superior to PSA alone, but their
higher cost motivates initial triaging based on PSA alone.
Here we analyzed S3M as a reflex test for men with PSA
�3 ng/ml, meaning that to save biopsies compared to PSA
�3 ng/ml there must be a sacrifice in terms of some
missed cancers, as already considered in similar studies
[3,4,13].

If accepting a decrease of 10% in detection of GS �7
cancers, S3M would reduce biopsies by 33%, while the
three additional models evaluated (PSA density, clinical
model, and age + four kallikreins) would achieve biopsy
reductions in the range 23–26%, and simply increasing the
PSA threshold would reduce the number of biopsies by
14%. This highlights the value of utilizing all S3M
predictors, including those with only a modest incremen-
tal increase in model accuracy. This is further illustrated by
-3 Model for Prostate Cancer Detection: Algorithm Update,
), https://doi.org/10.1016/j.eururo.2017.12.028
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Fig. 1 – Clinical implications of using the Stockholm-3 model (S3M) as a reflex test for 1000 men aged 50–69 yr with prostate-specific antigen (PSA) in
the range 3–10 ng/ml. GS = Gleason score.

Table 5 – Tumor characteristics of the GS �7 cancers included in
the study cohort (n = 6559) and of the 20% GS �7 cancers missed by
a reflex test for these men based on S3M and PSA

Patients, n (%)

All GS �7 cancers Missed GS �7 cancers

(n = 969) (n = 194)

PSA S3M

Cancer length
<10 mm 448 (46) 123 (63) 134 (69)
�10 mm 521 (54) 71 (37) 60 (31)

Positive cores
<34% 540 (56) 125 (64) 150 (77)
�34% 429 (44) 69 (36) 44 (23)

Grade
GS 3 + 4 645 (67) 140 (72) 136 (70)
GS 4 + 3 188 (19) 36 (19) 39 (20)
GS � 4 + 4 136 (14) 18 (9) 19 (10)

GS = Gleason score; S3M = Stockholm-3 model; PSA = prostate-specific
antigen.
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the higher AUC for S3M (0.76) compared to the three
additional models evaluated (PSA density, clinical model,
and age + four kallikreins with AUC of 0.69, 0.71, and 0.70,
respectively) for men with PSA �3 ng/ml. If we accept 20%
missed GS �7 cancers compared to PSA �3 ng/ml for
biopsy referral, S3M would save more than half of the
biopsies. The reduction in benign biopsies is particularly
large (62% would be avoided). Biopsies in men with cancer
that would have been missed by a S3M reflex test
contained less cancer than the overall positive biopsies
in the study, in terms of both total cancer length and
number of positive cores. This was also the case for cancers
missed by S3M compared to cancers missed by simply
raising the PSA threshold.

This missed cancers compared to PSA �3 ng/ml can be
compensated for by lowering the PSA threshold for a reflex
test, for example to 1.5 ng/ml as suggested by Crawford et al
[2] or 1 ng/ml as used by Grönberg et al [7]. The full range of
outcomes when using different PSA thresholds for S3M
testing and different S3M thresholds for biopsy recommen-
dation was described by Nordström et al [14].
Please cite this article in press as: Ström P, et al. The Stockholm-3 Model for Prostate Cancer Detection: Algorithm Update,
Biomarker Contribution, and Reflex Test Potential. Eur Urol (2018), https://doi.org/10.1016/j.eururo.2017.12.028
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The strength of this study is the sample size of nearly 60
000 participants, with more than 7000 of these undergoing
biopsy. Each of these biopsies was examined by the same
pathologist (Professor Lars Egevad), which decreases the
risk of systematic differences in the evaluation of prostate
tissues. Furthermore, the STHLM3 study was blinded,
whereby the urologist, patient, or pathologist did not know
the result of the PSA test or the prediction from the S3M test,
only whether the patient was recommended biopsy or not.
The main weakness of STHLM3 is that the population
is ethnically homogeneous, with most participants of
northern European descent.

5. Conclusions

We have shown that we can reduce biopsies by using a
refined test in the diagnostic pathway before deciding on
prostate biopsy. The STHLM3 study prospectively demon-
strated a 32% reduction in biopsies using S3M compared to
PSA �3 ng/ml for biopsy referral, without any loss in
sensitivity by also detecting GS �7 cancers for the PSA range
1–3 ng/ml. Here we demonstrate an equally large reduction
(34%) when S3M is used as a reflex test for men with PSA
�3 ng/ml. This study adds to the evidence that improved
risk stratification using biomarker models can improve
prostate cancer diagnosis.
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