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Prostate cancer screening in men aged 50–69 years
(STHLM3): a prospective population-based diagnostic study
Henrik Grönberg, Jan Adolfsson, Markus Aly, Tobias Nordström, Peter Wiklund, Yvonne Brandberg, James Thompson, Fredrik Wiklund,
Johan Lindberg, Mark Clements, Lars Egevad, Martin Eklund

Summary
Background The prostate-speciﬁc antigen (PSA) test is used to screen for prostate cancer but has a high false-positive
rate that translates into unnecessary prostate biopsies and overdiagnosis of low-risk prostate cancers. We aimed to
develop and validate a model to identify high-risk prostate cancer (with a Gleason score of at least 7) with better test
characteristics than that provided by PSA screening alone.
Methods The Stockholm 3 (STHLM3) study is a prospective, population-based, paired, screen-positive, diagnostic
study of men without prostate cancer aged 50–69 years randomly invited by date of birth from the Swedish Population
Register kept by the Swedish Tax Agency. Men with prostate cancer at enrolment were excluded from the study. The
predeﬁned STHLM3 model (a combination of plasma protein biomarkers [PSA, free PSA, intact PSA, hK2, MSMB,
MIC1], genetic polymorphisms [232 SNPs], and clinical variables [age, family, history, previous prostate biopsy,
prostate exam]), and PSA concentration were both tested in all participants enrolled. The primary aim was to increase
the speciﬁcity compared with PSA without decreasing the sensitivity to diagnose high-risk prostate cancer. The
primary outcomes were number of detected high-risk cancers (sensitivity) and the number of performed prostate
biopsies (speciﬁcity). The STHLM3 training cohort was used to train the STHLM3 model, which was prospectively
tested in the STHLM3 validation cohort. Logistic regression was used to test for associations between biomarkers
and clinical variables and prostate cancer with a Gleason score of at least 7. This study is registered with ISCRTN.
com, number ISRCTN84445406.
Findings The STHLM3 model performed signiﬁcantly better than PSA alone for detection of cancers with a Gleason
score of at least 7 (p<0·0001), the area under the curve was 0·56 (95% CI 0·55–0·60) with PSA alone and 0·74
(95% CI 0·72–0·75) with the STHLM3 model. All variables used in the STHLM3 model were signiﬁcantly associated
with prostate cancers with a Gleason score of at least 7 (p<0·05) in a multiple logistic regression model. At the same
level of sensitivity as the PSA test using a cutoﬀ of ≥3 ng/mL to diagnose high risk prostate cancer, use of the STHLM3
model could reduce the number of biopsies by 32% (95% CI 24–39) and could avoid 44% (35–54) of benign biopsies.
Interpretation The STHLM3 model could reduce unnecessary biopsies without compromising the ability to diagnose
prostate cancer with a Gleason score of at least 7, and could be a step towards personalised risk-based prostate cancer
diagnostic programmes.
Funding Stockholm County Council (Stockholms Läns Landsting).

Introduction
Levels of prostate-speciﬁc antigen (PSA) are widely used
as an initial screening test for prostate cancer and is
largely credited with the reduction in prostate cancer
mortality reported during the past two decades.1,2 Even
with evidence that PSA-based screening has reduced
prostate cancer mortality, no governmental body has
recommended structured PSA testing because of the
potential harms of overdiagnosis.3,4 Nonetheless,
opportunistic screening is frequent, resulting in
1 000 000 prostate biopsies annually in the USA.5 There
is growing concern about the increasing incidence of
serious infections caused by multidrug-resistant
bacteria and related infectious complications (eg, 2% of
patients develop septicaemia in Stockholm) after
prostate biopsy.6,7
Alternative plasma protein biomarkers have been
proposed to address these concerns; however, none has
www.thelancet.com/oncology Vol 16 December 2015

been prospectively assessed in screening studies.8,9 At
least 100 single nucleotide polymorphisms (SNPs) have
been identiﬁed, accounting for about 30% of the
inherited risk for prostate cancer.10 Combination of PSA
with a genetic score based on these SNPs has been
suggested to increase the speciﬁcity of prostate cancer
testing.11,12
We report a risk-based model for prostate cancer
screening that combines PSA, SNPs, clinical variables,
and established and novel plasma protein biomarkers
(the STHLM3 model). We aimed to assess whether the
STHLM3 model could increase the speciﬁcity of
detecting men with high risk (Gleason score of at least 7)
prostate cancer and thus substantially reduce the
proportion of men undergoing prostate biopsy, while
maintaining the same sensitivity to detect high risk
prostate cancers as the PSA test alone (which uses a
threshold of at least 3 ng/mL).
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Research in context
Evidence before this study
We searched PubMed between Jan 1, 2000, and 31 Dec, 2009,
using search terms related to prostate cancer, biomarkers, and
screening for articles written in English.
Prostate-speciﬁc antigen (PSA) is widely used as an initial
screening test for prostate cancer and is largely credited with
the reduction in prostate cancer mortality reported during the
past two decades. The European Randomised Study of
Screening for Prostate Cancer (ERSPC) showed a 21% reduction
in prostate cancer mortality with structured PSA screening after
13 years. However, the poor speciﬁcity of PSA translates into
many unnecessary prostate biopsies and overdiagnosis
of low-risk prostate cancers. Subsequently, no governmental
body has recommended structured PSA screening because of
the potential harms of overdiagnosis.
PSA is the only biomarker that has been assessed prospectively
and in randomised controlled trials. Alternative plasma protein
biomarkers other than PSA have been proposed to address these
concerns. In addition to total PSA, the other plasma protein
biomarkers used in the STHLM3 study were selected by a
systematic scientiﬁc literature search during 2010 and two
subsequent validation studies using the STHLM2 cohort
(appendix). Five additional biomarkers were selected based on
their associations with the presence of prostate cancer with a
Gleason score of at least 7. Urine-based markers were excluded
because they would require a prostate massage, which makes
them unsuitable to use in a population screening setting. On the

Methods
Study design and participants

See Online for appendix
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STHLM3 was a prospective, population-based,
diagnostic study following a paired, screen-positive
design, in which we compared the STHLM3 model with
PSA in men aged 50–69 years from Stockholm, Sweden.
Men, irrespective of any comorbidity except prostate
cancer, were randomly selected by date of birth from the
Swedish Population Register kept by the Swedish Tax
Agency and invitations were posted to them. The two
screening methods, PSA and the STHLM3 model, were
both tested in each study participant. PSA is the only
biomarker prospectively assessed in population-based
screening trials with a positive eﬀect on prostate cancer
mortality2 and the clinical usefulness of other
biomarkers in this context is limited. Subsequently, we
chose to use a PSA concentration of at least 3 ng/mL as
the reference to infer the same mortality eﬀect as seen
in these trials. The STHLM3 model is a test consisting
of a combination of plasma protein biomarkers (PSA,
free PSA, intact PSA, hK2, MSMB, and MIC1), genetic
markers, clinical variables (age, family history, previous
prostate biopsy), and a prostate exam (digital rectal
exam and prostate volume). Plasma protein biomarkers
used in STHLM3 were selected from a scientiﬁc

basis of the literature and genetic assessment of previous
studies, 254 SNPs were selected based on their association with
prostate cancer risk.
Added value of this study
We showed that the STHLM3 model, a combination of plasma
protein biomarkers, genetic polymorphisms, and clinical
variables, can signiﬁcantly improve prostate cancer screening
speciﬁcity with the same sensitivity compared with the PSA
testing using a cutoﬀ of at least 3 ng/mL. The STHLM3 model
can identify cancers with a Gleason score of at least 7 in men
aged 50–69 years and identify clinically signiﬁcant prostate
cancers in the PSA concentration range of 1–3 ng/mL. The
STHLM3 model also includes two novel biomarkers and
genetics markers that have not been previously included in a
prospective diagnostic study. Additionally, STHLM3 is the ﬁrst
large-scale diagnostic study in prostate cancer where biopsy
decision is prospectively based on the results from the
predeﬁned STHLM3 model. Finally, STHLM3 is population
based, thus minimising selection bias and increasing the
generalisability.
Implications of all the available evidence
Together with the results from the European Randomized
Study of Prostate Cancer, the ﬁndings from the STHLM3 study
indicate that prostate cancer mortality can be reduced but with
substantially fewer biopsies and reduced overdiagnosis.

literature search and two subsequent validation studies
(appendix). For the genetic markers, we tested the
254 SNPs shown to be associated with prostate cancer
in our previous studies.11,13 These SNPs were combined
in a genetic score using odds ratios estimated from
cohorts in these previous studies (appendix).11,13 We
subsequently ranked the SNPs according to their
p value and included SNPs in the genetic score in the
order of the ranked list. SNPs that could not be
genotyped reliably were excluded from the score,
leaving 232 SNPs in the STHLM3 model.
STHLM3 was done in two separate phases. The
STHLM3 training cohort recruited men from May, 2012,
to May, 2013, followed by the STHLM3 validation cohort,
which recruited men from August, 2013, to December,
2014. The training cohort (appendix) was used to train
and predeﬁne the STHLM3 model algorithm. The
validation cohort was used to prospectively test the
STHLM3 algorithm. Local and governmental ethics
committees reviewed and approved the study protocol.
All participants provided written informed consent.

Procedures
The study participants were enrolled and blood was drawn
at 67 clinical laboratories in Stockholm collaborating with
www.thelancet.com/oncology Vol 16 December 2015
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145 905 invited to participate in the STHLM3 study

STHLM3 training cohort
32 823 men aged 50–69 years invited

STHLM3 validation cohort
113 082 men aged 50–69 years invited

370 excluded because
of prostate cancer

1263 excluded because
of prostate cancer

32 453 eligible

111 819 eligible

21 240 did not participate
in the study
83 had PSA test
technical diﬃculties

63907 did not participate
in the study
224 had PSA test
technical diﬃculties

11 130 participated in the study

6228 had PSA concentrations
≥1 ng/mL

4902 had PSA concentrations
<1 ng/mL

6207 had the STHLM3 model test

4372 biopsy not recommended
(PSA 1 to <3 ng/mL and STHLM3<τ)

21 175 had PSA concentrations
<1 ng/mL

21 had STHLM3 test technical
diﬃculties

1835 biopsy recommended
(PSA≥3 ng/mL or STHLM3≥τ)

1274 included biopsies*

183 had a Gleason
score ≥7

47 688 participated in the study

246 had a Gleason
score of 6

26 476 had the STHLM3 model
test

18 870 biopsy not recommended
(PSA 1 to <3 ng/mL and
STHLM3<τ)

37 had STHLM3 test technical
diﬃculties

7606 biopsy recommended
(PSA≥3 ng/mL or STHLM3≥τ)

4947 included biopsies*

77 excluded biopsies because
of α-reductase inhibitors
or PSA ≥10 ng/mL*

845 benign

26 513 had PSA concentrations
≥1 ng/mL

738 had a Gleason
score ≥7

1128 had a Gleason
score of 6

479 excluded biopsies because
of α-reductase inhibitors
or PSA ≥10 ng/mL*

3081 benign

Figure 1: CONSORT diagram of the STHLM3 study
We let τ denote the STHLM3 model cutoﬀ yielding the same sensitivity as a PSA concentration of at least 3 ng/mL to detect cancers with a Gleason score of at least 7. *Some participants did not have
the recommended biopsies.

STHLM3. Previous prostate biopsy sample records
(within 10 years before inclusion in STHLM3) were taken
from highly accurate health-care registers,14 together with
self-reported family history of prostate cancer (ﬁrst-degree
relatives). PSA levels were analysed in all patients and in
those with a PSA concentration of at least 1 ng/mL,
additional biomarkers were analysed (genetic and plasma
protein markers). Men with PSA concentrations of less
than 1 ng/mL have very low prevalence of high-risk
cancers. The PCPT trial15 showed that almost half the
www.thelancet.com/oncology Vol 16 December 2015

study population had a PSA concentration less than
1 ng/mL and only 7·2% of high-risk cancers were
identiﬁed in these. Moreover, men with a PSA
concentration of less than 1 ng/mL have a very low risk of
dying with prostate cancer within 25 years of their
diagnosis.16 This low-risk group was therefore excluded
from being tested with the additional biomarkers.
Men with a PSA concentration of at least 3 ng/mL or
an STHLM3 model indicating high risk were considered
to be at an increased risk of high-risk prostate cancer and
1669
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Participants enrolled
to the study
(n=47 688)

Participants that had
a biopsy sample
taken* (n=5426)

Age (years)
50–54

11 723 (25%)

55–59

10 924 (23%)

492 (9%)
897 (17%)

60–64

11 159 (23%)

1460 (27%)

65–69

13 882 (29%)

2577 (47%)

First-degree relative with prostate cancer (self-reported)
Yes

5872 (12%)

834 (15%)

No

41 816 (88%)

4592 (85%)

Participants that had previously (within 10 years of inclusion) had a negative biopsy
Yes

1739 (4%)

431 (8%)

No

45 949 (96%)

4995 (92%)

Yes

31 435 (66%)

3709 (68%)

No

16 253 (34%)

1717 (32%)

Had a PSA test within 10 years of inclusion

PSA at inclusion (ng/mL)
Median

1·1 (0·6–1·6)

3·8 (3·0–4·8)

<1

21 175 (44%)

1 to <3

20 136 (42%)

1036 (19%)

3 to <5

4042 (8%)

2878 (53%)

5 to <10

1834 (4%)

1196 (22%)

510 (1%)

316 (6%)

10 or more

0

5-α-reductase inhibitors at inclusion
Yes†

1179 (2%)

131 (2%)

No

46 509 (98%)

5295 (98%)

Digital rectal exam
Abnormal

··

524 (10%)

Normal

··

4902 (90%)

Prostate volume (mL)‡
<35

··

1829 (34%)

35–50

··

1889 (35%)

>50

··

1708 (31%)

Biopsy results
Benign

··

3320 (61%)

Gleason score of 3 + 3

··

1189 (22%)

Gleason score of 3 + 4

··

566 (10%)

Gleason score of 4 + 3

··

182 (3%)

Gleason score of 4 + 4 or more

··

169 (3%)

Data are n (%) or median (IQR). *Biopsied up to Feb 28, 2015. About 300 biopsy samples planned for March and
April, 2015, are not included in the analysis. †Prostate volume was assessed by transrectal ultrasound. ‡Men with a
prostate speciﬁc antigen concentration of at least 10 ng/mL and men receiving 5-α-reductase inhibitors are excluded
from analysis. Five men had both a PSA concentration of at least 10 ng/mL and were receiving 5-α-reductase inhibitors.

Table 1: Baseline characteristics of the validation cohort

were referred to a urologist. The urologist performed
digital rectal exams, prostate volume measurements, and
transrectal prostate biopsy. According to a standardised
biopsy protocol, 10 core biopsies were taken if the
prostate volume was less than 35 cm³ and 12 core
biopsies were taken if the volume was greater or equal to
35 cm³. A single pathologist assessed all biopsies to
reduce interobserver variance (appendix). Participating
urologists and the pathologist were blinded to biomarker
1670

results and PSA concentration. Plasma protein
biomarkers were analysed using Thermo Fisher
Scientiﬁc’s ISAC multiplex platform. Genotyping was
done using the QuantStudio 12K Flex Real-Time PCR
System (appendix).

Outcomes
The primary aim of STHLM3 was to increase the
speciﬁcity of a combined prostate cancer test compared
with the PSA test without decreasing the sensitivity of
high risk prostate cancer. The primary endpoints were
the number of detected high-risk prostate cancers
(sensitivity) and the number of performed prostate
biopsies (speciﬁcity).

Statistical analysis
Logistic regression was used to test for associations
between predictors (biomarkers and clinical variables
measured in the STHLM3 training cohort) and cancers
with a Gleason score of at least 7 (cancers with Gleason
scores of 6 and benign biopsies were treated as controls).
Non-linear models and semi-supervised models were
also examined but did not improve predictive
performance. We let τ denote the STHLM3 model cutoﬀ
yielding the same sensitivity as a PSA concentration of at
least 3 ng/mL to detect cancers with a Gleason score of at
least 7. On the basis of the STHLM3 training cohort data,
a cutoﬀ of τ* was chosen using ﬁve-fold cross-validation,
such that the sensitivity of the STHLM3 model with
cutoﬀ τ* was estimated to be 7% higher than with a PSA
concentration of more than 3 ng/mL. This oversampling
was done to ensure that τ was estimable (ie, that as many
or more high-risk cancers would be diagnosed with τ* as
an STHLM3 model cutoﬀ for biopsy compared with a
PSA concentration of at least 3 ng/mL as a cutoﬀ for
biopsy). Assuming the relative false-positive fraction of
the STHLM3 model compared with PSA to be 0·81 (for a
relative true positive fraction of 1·07), we calculated that a
sample size of 48 000 men would be needed to show, with
92% power, a non-inferior sensitivity and superior
speciﬁcity of the STHLM3 model (appendix).
The trained model was used prospectively in the
STHLM3 validation cohort. Study participants were
referred to have a biopsy sample taken if they had a
predicted STHLM3-model risk of having cancer with a
Gleason score of at least 7 exceeding τ* or a PSA
concentration of at least 3 ng/mL.
The paired, screen-positive design is an eﬃcient design
to estimate relative changes in test characteristics.17,18 A
paired, screen-positive design was used in the STHLM3
study to estimate ratios between the STHLM3 model
and PSA tests for the sensitivity for high risk prostate
cancers, for the false-positive fraction of men with
benign biopsies and cancers with a Gleason score of 6,
and for the number of total biopsies. After the STHLM3
validation cohort closed, we computed an estimate of τ,
τ^ , by setting the relative sensitivity for high-risk cancers
www.thelancet.com/oncology Vol 16 December 2015
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Univariate
p value
Total PSA
Risk factors
Age
Family history
Previous biopsies
Biomarkers†
Genetic score‡

0·001
··

Multivariate
p value
0·008
··

AUC (univariate)

AUC (stepwise
multivariate)

Cumulative AUC

p value*

Saved biopsies
compared with
PSA≥3 ng/mL (%)

0·56 (0·54–0·59)

0·56 (0·54–0·59)

0·56 (0·55–0·60)

Reference

Reference

0·58 (0·56–0·60)

<0·0001

··

··

5% (3–8)

<0·0001

<0·0001

0·54 (0·52–0·56)

0·57 (0·55–0·59)

··

··

··

0·005

0·004

0·52 (0·51–0·54)

0·58 (0·55–0·60)

··

··

··

<0·0001

<0·0001

0·51 (0·50–0·52)

0·58 (0·56–0·60)

··

··

··

··

··

··

0·70 (0·68–0·72)

<0·0001

··
27% (19–35)

<0·0001

0·006

0·54 (0·52–0·56)

0·60 (0·58–0·62)

··

··

··

MSMB

0·0002

0·0002

0·54 (0·52–0·56)

0·61 (0·59–0·63)

··

··

··

MIC1

<0·0001

0·047

0·53 (0·51–0·56)

0·62 (0·60–0·64)

··

··

··

Free PSA§

<0·0001

<0·0001

0·55 (0·53–0·57)

0·66 (0·64–0·68)

··

··

··

Intact PSA

0·194

<0·0001

0·52 (0·50–0·55)

0·69 (0·67–0·71)

··

··

··

<0·0001

<0·0001

0·55 (0·53–0·57)

0·70 (0·68–0·72)

··

··

hK2
Prostate exam¶

··

··

··

··

0·74 (0·72–0·75)

<0·0001

··
32% (24–39)

Digital rectal exam||

<0·0001

<0·0001

0·57 (0·56–0·59)

0·72 (0·70–0·74)

··

··

··

Prostate volume||

<0·0001

<0·0001

0·62 (0·60–0·64

0·74 (0·72–0·75)

··

··

··

Data are p value or AUC (95% CI), unless otherwise indicated. 442 men with PSA≥10 or 5-α-reductase inhibitor users were excluded. Additionally, 37 men with incomplete
data were excluded from the analysis. PSA=prostate-speciﬁc antigen. AUC=area under the curve. MSMB=β-microseminoprotein. MIC1=macrophage inhibitory cytokine 1.
hK2=human kallikrein 2. *p value from DeLong’s test for diﬀerences in AUC. †The biomarker score was computed for each participant by combining the genetic score and ﬁve
plasma biomarkers (MSMB, MIC1, free PSA, intact PSA, and hK2) using logistic regression. ‡The genetic score was computed for each participant by summing the number of
risk alleles at each of the 232 SNPs multiplied by the logarithm of each SNP's odds ratio estimated from Swedish CAPS and STHLM1. §Both free PSA and ratio-free PSA or
total PSA have been included in STHLM3 model. Univariate AUC for ratio-free PSA or total PSA is 0·63 (95% CI 0·61–0·65). ¶Because all blood-based markers will be used to
refer men to a urological assessment (digital rectal exams and transrectal ultrasound), they are added to the model before adding digital rectal exams and prostate volume as
predictors. ||Prostate volume and digital rectal exams were only assessed in men who had biopsy samples taken.

Table 2: Test characteristics of the clinical variables and biomarkers included in the STHLM3 model for prediction of prostate cancers with a Gleason score
of at least 7 in the STHLM3 validation cohort based on 4947 biopsy samples taken in men aged 50–69 years

equal to 1 and solving for τ (that is, the same number of
cancers with a Gleason score of at least 7 for a PSA
concentration of at least 3 ng/mL and for the STHLM3
model cutoﬀ being at least τ). CIs were computed
with the non-parametric bootstrap method with
1000 bootstrapped datasets. Brieﬂy, for each bootstrapped
dataset, we solved for the STHLM3 model cutoﬀ yielding
a relative true positive fraction equal to 1 and then
calculated the proportion of patients that had a biopsy
taken, the percentage of patients with a tumour of
Gleason score 6 that were spared biopsy, the percentage
reduction in benign biopsies, and the numbers of
detected cancers stratiﬁed by Gleason score and total
cancer length above or below 10 mm. CIs were then
computed with methods described by Efron and
colleagues.19 Age-stratiﬁed (5-year strata) results and
results using other endpoints20 (number of all prostate
cancers, Gleason score of at least 4 + 3, and CAPRA
score20 of at least 3 as dependent variables) were
computed as additional analyses.
For model comparisons, we calculated the area under the
curve (AUC) with 95% CI calculated using the bootstrap
method. All p values are two-sided and a p value of less
than 0·05 was considered signiﬁcant. We used R statistical
software version 3.1 for all analyses (appendix). This study
is registered with ISRCTN.com, number ISRCTN84445406
Subsequent to registration, but before enrolment, the study
design was changed from a randomised design to that
www.thelancet.com/oncology Vol 16 December 2015

reported here. Continuous quality controls were
implemented for all processes and data integrity was
monitored regularly throughout the study (appendix).

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to
all the data in the study and they had ﬁnal responsibility
for the decision to submit for publication.

Results
Of 260 000 men aged 50–69 years with a residential
address in Stockholm, 145 905 were randomly selected
and invited to the study. 1633 men with prevalent prostate
cancer at recruitment were excluded (ﬁgure 1). Between
May 28, 2012, and May 31, 2013, 11 130 men were recruited
to the STHLM3 training cohort. The results from the
training cohort are summarised in the appendix.
113 082 men aged 50–69 years were invited to participate
in the STHLM3 validation cohort and 1263 men were
excluded because of previous prostate cancer diagnosis.
Between Aug 5, 2013, and Dec 30, 2014, 47 688 (42%) men
chose to enrol in the STHLM3 validation cohort (ﬁgure 1).
On the basis of the results of the PSA test and the
STHLM3 model, or both, 7606 men in the validation
cohort were recommended to urological consultation
and 5426 (71%) had a prostate biopsy sample taken.
1671
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PSA concentration ≥3 ng/mL

STHLM3 model ≥10% risk

Number of biopsies

Number of biopsies

Gleason score ≥7 detection in diﬀerent PSA

Gleason
score 6

Gleason
score ≥7

Total

Benign

PSA concentration (ng/mL)

NA

NA

NA

NA

1–2

NA

NA

NA

NA

2–3

1826

1192

407

227

958

592

218

148

1174

704

242

228

3958

2488

867

603

12%
15%
19%

15%

Gleason Gleason Benign Total
score ≥7 score 6
28

95

187

310

23%

87

101

198

386

3–4

22%

157

195

353

705

4–5

25%

125

129

237

491

5–10

25%

206

202

406

814

1–10

22%

603

722

1381

2706

9%

Gleason score ≥7

0% (by design)

Gleason score 6

17% (95% CI 7–26) decrease

Benign

44% (95% CI 35–54) decrease

Total

32% (95% CI 24–39) decrease

Figure 2: Comparison of biopsy results in the STHLM3 validation cohort (n=4947 biopsy samples) using PSA concentrations of at least 3 ng/mL versus the
STHLM3 model with at least 10% risk of detecting cancers
PSA=prostate-speciﬁc antigen. NA=not applicable.

761
800
700

Referred to biopsy based on
PSA
Referred to biopsy based on
STHLM3 model

608

Number of cancers

600
500
400
300
180

200

190

212 217

106 114

100

49 45

76 76
35 28

51 47

0–10

>10

0
0–10

>10

Gleason score 3 + 3

0–10

>10

Gleason score 3 + 4

0–10

>10

Gleason score 4 + 3

Gleason score 4 + 4

Length of cancer (mm)

Figure 3: Comparison of the tumour characteristics of biopsy samples from the validation cohort with a
Gleason score of at least 6 in the biopsy samples obtained from men referred using either the STHLM3 model
with a 10% risk cutoﬀ or PSA concentrations of at least 3 ng/mL
The total number of cancers with a Gleason score of at least 7 are ﬁxed and by design the same (n=603) in both
groups. No signiﬁcant diﬀerences in cancer length in cancers with a Gleason score of at least 7 were detected by the
STHLM3 model versus PSA testing (p=0·82). The reduction in Gleason score 6 cancers detected by the STHLM3
model was for cancers <10 mm length (p<0·001). The error bars on the graph represent 95% CI. NA=not applicable.
PSA=prostate-speciﬁc antigen.

Baseline characteristics of the validation cohort are
shown (table 1).
All variables used in the STHLM3 model were
signiﬁcantly associated with high-risk prostate cancers
(p<0·05) in a multiple logistic regression model.
1672

STHLM3 did signiﬁcantly better (p<0·0001) than PSA
for detection of high-risk prostate cancers; the AUC was
0·56 (95% CI 0·55–0·60) with PSA alone and 0·74 (95%
CI 0·72–0·75; table 2). In a stepwise AUC analysis, the
established risk factors (age, family history, and biopsy
history), the combined biomarker score (genetic score
and plasma protein biomarkers), and the prostate exam
(digital rectal exam and prostate volume) all
independently improved the test characteristics of the
STHLM3 model (table 2).
Using the same sensitivity for the STHLM3 model as
for the PSA test to detect high-risk prostate cancers
(corresponding to τ^ =0·10; 95% CI 0·09–0·12; ie,
10% predicted risk), the STHLM3 model would reduce
the number of biopsies by 32% (95% CI 24–39). Moreover,
using the STHLM3 model would have reduced the
number of benign biopsies by 44% (95% CI 35–54)
(ﬁgure 2). Of the 603 high-risk cancers identiﬁed by the
STHLM3 model, 124 (21%) were identiﬁed in the PSA
range 1–3 ng/mL. Furthermore, there was no signiﬁcant
diﬀerence in the total cancer length of the high-risk
prostate cancers detected by the STHLM3 compared with
those detected with a PSA of at least 3 ng/mL (p=0·82;
ﬁgure 2). The number of cancers with a Gleason score of
6 identiﬁed by the STHLM3 model was 722, whereas
867 were identiﬁed using PSA alone; a reduction of 17%
(95% CI 7–26). The 104 cancers with a Gleason score of 6
not identiﬁed by the STHLM3 model all had a total cancer
length of less than 10 mm in the biopsy samples (ﬁgure 3).
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Subanalysis of 5-year age strata with a ﬁxed sensitivity
(10% risk) for high risk prostate cancers in each age class
showed similar performance of the STHLM3 model in all
age classes (appendix). Sensitivity analysis showed that
the STHLM3 model performance is robust to endpoints
other than a Gleason score of at least 7 (eg, a Gleason
score of at least 4 + 3 prostate cancers or CAPRA score
0–2; table 3). Comparing the STHLM3 model to PSA
alone excluding the prostate exam (digital rectal exam
and prostate volume) maintained the robustness of the
STHLM3 model (appendix).

Discussion
We have shown that a combination of plasma protein
biomarkers, genetic polymorphisms, and clinical
variables can improve the speciﬁcity of prostate cancer
screening signiﬁcantly compared with PSA in men aged
50–69 years. Use of the STHLM3 model in structured
screening could reduce the number of prostate biopsy
samples taken by about a third compared with the use of
PSA screening. Importantly, this can be achieved without
compromising the number of high risk cancers
diagnosed. We identiﬁed an equal Gleason score
distribution for cancers detected by PSA versus the
STHLM3 model, apart from small cancers with a Gleason
score of 6 (ﬁgure 3). The clinical usefulness of the
STHLM3 model is further displayed in the appendix
where the STHLM3 model is compared with PSA in a
hypothetical example of 10 000 tested men.
We aimed to develop a model for prostate cancer
screening with better test characteristics than PSA. PSA
was chosen as a comparison because it is the most widely
used screening biomarker and the only biomarker that
has been assessed prospectively in a randomised
controlled trial with prostate cancer mortality as an
endpoint. The European Randomized Study of Prostate
Cancer (ERSPC)2 showed a 21% decrease in prostate
cancer mortality using PSA screening after 13 years of
follow-up. To infer the same mortality reduction as
reported in ERSPC, we ﬁxed the sensitivity of the
STHLM3 model for detection of high-risk cancers to be
equal to that of a PSA concentration of at least 3 ng/mL.
Use of the STHLM3 model could result in a 17%
reduction in the number of Gleason score 6 cancers that
were biopsied. Although some debate remains as to
whether Gleason score 6 cancers can progress to highergrade disease and although postoperative upgrading of
Gleason score 6 cancers is not uncommon, longitudinal
cohort studies21,22 suggest that most of these lesions are
indolent and therefore need no treatment. The STHLM3
model would permit a substantial reduction in the
number of men needlessly being diagnosed and treated
for small and insigniﬁcant prostate cancers. Gleason
score 6 cancers not diagnosed by the STHLM3 model
were all less than 10 mm in total cancer length,
indicating that most of these cancers were clinically
insigniﬁcant.
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Area under the curve

Proportion of biopsies saved compared
with PSA ≥3 ng/mL (%)

PSA test (95%CI)

STHLM3 model
(95%CI)

All biopsies
(95%CI)

Cancers with Benign
(95%CI)
a Gleason
score of 6
(95%CI)

All prostate cancers

0·52 (0·50–0·53)

0·69 (0·68–0·71)

20% (16–25)

5% (3–9)

32% (26–38)

Cancers with a
Gleason score ≥7

0·56 (0·54–0·59)

0·74 (0·72–0·75)

32% (24–39)

17% (7–29)

44% (35–54)

Excluding very
low-risk cancer*

0·64 (0·62–0·67)

0·78 (0·76–0·80)

30% (21–37)

15% (5–24)

43% (36–53)

Cancers with a
Gleason score
≥(4 + 3)

0·60 (0·56–0·64)

0·74 (0·71–0·77)

23% (15–34)

8% (1–19)

35% (26–48)

The results are based on the STHLM3 validation cohort including 4947 biopsies done in men aged 50–69 years.
PSA=prostate-speciﬁc antigen. *Very low-risk cancer is deﬁned as a CAPRA score of 0–2.

Table 3: Test characteristics of the STHLM3 model using the diﬀerent endpoints compared with the PSA test

Information from the prostate exam (prostate volume
and digital rectal exam) has been shown to be important
for predicting cancers with a Gleason score of at least
7 and improves the STHLM3 model.12 From a practical
standpoint, to avoid having to do a digital rectal exam and
prostate volume measurements on all men, we foresee a
situation where an individual prostate volume threshold
for a biopsy sample recommendation is written explicitly
in the urology referral based on the result from the
STHLM3 model (eg, on the basis of the STHLM3 model,
a biopsy sample is recommended if the prostate volume is
<50 cm³ or if the digital rectal exam is positive). The
genetic score did not improve the overall predictive
performance of the STHLM3 model as much as shown in
the training cohort (appendix); however, it did improve
predictive performance (table 2), it is inexpensive to
measure (and the price is constantly dropping), it only
needs to be measured once in a man’s lifetime, and it is
important for men with a very high genetic risk (men in
the top decile of the genetic score have a 25% risk of
cancer with a Gleason score of at least 7).
To put these numbers in perspective, a 30% reduction
in prostate biopsies translates to 300 000 fewer procedures
annually in the USA.5 Having a prostate biopsy sample
taken can cause pain and rectal bleeding and increases
the risk of a serious infection with multiresistant bacteria.6
Thus, the improved speciﬁcity of the STHLM3 model
could result in savings in terms of reduced treatment
morbidity, costs to the individual patient, and to the
health-care system. A full health economic assessment
will be published in a separate report. Future reports will
also include an assessment of increasing the PSA
concentration level cutoﬀs for the STHLM3 model testing
(set to 1 ng/mL in the STHLM3 model) because the group
of men with a PSA concentration between 1 ng/mL and
2 ng/mL showed a low prevalence of cancers with a
Gleason score of at least 7.
Two commercial tests based on the kallikreins are
available, the Prostate Health Index (PHI) and the
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4KScore. Used as a reﬂex test to PSA, both have been
found to increase speciﬁcity compared with PSA, but at
the risk of missing 5–15% of high-risk cancers that would
normally be detected in a clinical setting.9,23–25 STHLM3
avoids this problem with the design—ie, prospectively
biopsying based on the STHLM3 model results, and the
ﬁxed sensitivity between the STHLM3 model and PSA.
The STHLM3 model includes all four kallikreins included
in 4KScore. A comparative study between 4KScore and
PHI has shown that they have similar performance.26 The
4KScore was recently assessed in the large UK ProtecT
study.27 Although it is diﬃcult to compare the results
between diﬀerent studies, we believe that the results from
ProtecT and the results presented here both show the
value of using a structured prediction algorithm for
biopsy recommendations.27 Several other prostate cancer
risk calculators are also available, combining PSA, free
PSA, and clinical variables.28 To our knowledge, the
STHLM3 model is the only model that has been
prospectively assessed in a large diagnostic study.
Population-based data from the Stockholm PSA and
Biopsy Registry14 for more than 420 000 men being
tested for PSA during the past 10 years suggests that
the use of clinical risk calculators is very limited, at
least in Stockholm. In Stockholm, the following
variables are available in routine clinical care: age, total
PSA, repeated PSA testing (PSA velocity), free PSA,
family history, prostate volume, PSA density, digital
rectal exam, and previous biopsy history. However, the
detection rate of high-risk cancers in clinical practice
and using PSA alone in this study are similar. The
conclusion is that PSA alone, as used in STHLM3, is at
least as good as diagnostic practice for detecting highrisk cancers. These results show the diﬃculty of
interpreting several biomarkers and clinical variables at
the same time. Some clinicians and health-care systems
use
age-adjusted
PSA
cutoﬀs
for
biopsy
recommendation. In STHLM3, the AUC improvement
of using age as a predictor together with PSA was very
small (table 2). This indicates that age-speciﬁc PSA
cutoﬀs do not improve much on using PSA alone in
this study.
The STHLM3 model includes two novel biomarkers for
prostate cancer. β-microseminoprotein (MSMB) is one of
the most common proteins in human semen and is
highly expressed in normal prostate. Several studies29,30
have indicated that MSMB is downregulated in prostate
cancer, particularly in high-grade tumours, and tissue
expression MSMB is associated with biochemical
recurrences after radical prostatectomy. Macrophage
inhibitory cytokine 1 (MIC1), also known as GDF15, is
involved in inﬂammation regulation and apoptotic
pathways in injured tissues. In-vitro studies31 suggest that
it plays an important part in the progression of prostate
cancer. High serum concentrations of MIC1 were highly
associated with metastatic prostate cancer in a Swedish
study of 1442 men with prostate cancer.32
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Comparing AUC statistics from other published
biomarker studies are not informative as the receiver
operating characteristic (ROC) curves and AUC values in
this study are relative. Absolute true and false-positive
rates cannot be assessed in a screen-positive design
because the true disease rate is not known. Subsequently,
comparisons of relative ROC curves are only valid within
the STHLM3 dataset and cannot be compared with other
studies. For example, because of the marked age-related
prevalence of prostate cancer, a diﬀerence of 5–10 years
in mean age of the study population will substantially
change the ROC curve. Similarly, the PSA range of the
study population will greatly aﬀect the ROC curve.
Instead of using AUC statistics as a main outcome, we
used a clinically interpretable endpoint, the number of
prostate biopsies.
Our study has some limitations. We cannot assess the
performance of the STHLM3 model in a retesting
situation because the testing was done only once in this
study. Furthermore, STHLM3 is a diagnostic trial, which
is not designed to address long-term outcomes—eg,
prostate cancer mortality (although we believe the results
shown in ﬁgure 2 indicate that any eﬀect on mortality by
using the STHLM3 model instead of PSA will be small).
We are planning follow-up studies to address these
research questions. At the time of start of this study in
2011, we chose to use a Gleason score of at least 7 as the
main outcome in STHLM3. The view of what is a
clinically signiﬁcant prostate cancer is controversial and
varies within the professional community. The STHLM3
model is ﬂexible and when using other outcomes the
performance is similar (table 3).
STHLM3 was done in Stockholm, Sweden, and most
participants were of northern European descent. However,
robust evidence exists9 that suggests that protein
biomarkers in prostate cancer predict outcome similarly
in other white populations in diﬀerent parts of the world.
Thus, we predict that the STHLM3 model would be
generalisable among these populations. Although most of
the SNPs used in this study are also signiﬁcantly
associated with prostate cancer in other ethnicities,33,34
diﬀerences exist between SNP proﬁles from groups of
diﬀerent ethnic origin. The use of the STHLM3 model in
these ethnic groups needs to be validated.
The strengths of the STHLM3 study are that it is
population based with a prospective design and uses a
predeﬁned algorithm tested in the independent
STHLM3 validation cohort. Moreover, the STHLM3
study consists of a large random subsample of the male
population aged 50–69 years in Stockholm, where
opportunistic PSA testing is common.14 No signiﬁcant
diﬀerences in age and previous PSA testing were
reported between participants in STHLM3 and men
undergoing PSA testing in Stockholm14 and the
education level of participants in STHLM3 was similar
to that in the general male population in Stockholm.35
Importantly, a subanalysis including 35% of PSA-naive
www.thelancet.com/oncology Vol 16 December 2015
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participants showed that the STHLM3 model worked
equally well in these men as in men with a previous
history of PSA testing (33% reduced biopsies for PSAnaive men and 31% for men with previous PSA).
Modern imaging techniques, such as MRI combined
with targeted biopsies, will most likely further reduce
overdiagnosis and unnecessary prostate biopsies.36 With
use of the STHLM3 model, MRI could be used more costeﬀectively by identifying men at increased risk of clinically
signiﬁcant prostate cancer for subsequent MRI referral.
Additionally, the identiﬁcation of additional, new
biomarkers can be incorporated within the STHLM3
model as they arise, ultimately improving its performance.
We have established a systematic assessment programme
of potential new markers using the 58 000 samples obtained
in STHLM3 and 26 000 samples from earlier studies.26
We argue that the STHLM3 study has several important
novel aspects, which increases its potential to change
clinical practice. The STHLM3 model identiﬁed clinically
signiﬁcant cancers (with a Gleason score of at least 7) in
men with low PSA concentration ranges (1–3 ng/mL),
representing 40% of the population aged 50–69 years.
STHLM3 is a large-scale population-based study, thus
minimising selection bias and increasing generalisability.
The STHLM3 model also includes two novel plasma
biomarkers and genetics, which have never before been
included in a prospective diagnostic study.
Overall, the STHLM3 model can be used as an aid to
identify high risk prostate cancers in men aged
50–69 years, with a PSA concentration of at least 1 ng/mL,
reducing the number of prostate biopsies and the
detection of clinically insigniﬁcant disease, while
maintaining the sensitivity to clinically signiﬁcant
prostate cancer.
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