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BACKGROUND
High rates of overdiagnosis are a critical barrier to organized prostate cancer 
screening. Magnetic resonance imaging (MRI) with targeted biopsy has shown the 
potential to address this challenge, but the implications of its use in the context 
of organized prostate cancer screening are unknown.

METHODS
We conducted a population-based noninferiority trial of prostate cancer screening 
in which men 50 to 74 years of age from the general population were invited by 
mail to participate; participants with prostate-specific antigen (PSA) levels of 3 ng 
per milliliter or higher were randomly assigned, in a 2:3 ratio, to undergo a standard 
biopsy (standard biopsy group) or to undergo MRI, with targeted and standard 
biopsy if the MRI results suggested prostate cancer (experimental biopsy group). 
The primary outcome was the proportion of men in the intention-to-treat population 
in whom clinically significant cancer (Gleason score ≥7) was diagnosed. A key 
secondary outcome was the detection of clinically insignificant cancers (Gleason 
score 6).

RESULTS
Of 12,750 men enrolled, 1532 had PSA levels of 3 ng per milliliter or higher and 
were randomly assigned to undergo biopsy: 603 were assigned to the standard 
biopsy group and 929 to the experimental biopsy group. In the intention-to-treat 
analysis, clinically significant cancer was diagnosed in 192 men (21%) in the ex-
perimental biopsy group, as compared with 106 men (18%) in the standard biopsy 
group (difference, 3 percentage points; 95% confidence interval [CI], −1 to 7; 
P<0.001 for noninferiority). The percentage of clinically insignificant cancers was 
lower in the experimental biopsy group than in the standard biopsy group (4% [41 
participants] vs. 12% [73 participants]; difference, −8 percentage points; 95% CI, 
−11 to −5).

CONCLUSIONS
MRI with targeted and standard biopsy in men with MRI results suggestive of pros-
tate cancer was noninferior to standard biopsy for detecting clinically significant 
prostate cancer in a population-based screening-by-invitation trial and resulted in 
less detection of clinically insignificant cancer. (Funded by the Swedish Research 
Council and others; STHLM3-MRI ClinicalTrials.gov number, NCT03377881.)

A BS TR AC T

MRI-Targeted or Standard Biopsy  
in Prostate Cancer Screening

Martin Eklund, Ph.D., Fredrik Jäderling, M.D., Ph.D., Andrea Discacciati, Ph.D., 
Martin Bergman, M.D., Magnus Annerstedt, M.D., Markus Aly, M.D., Ph.D., 

Axel Glaessgen, M.D., Ph.D., Stefan Carlsson, M.D., Ph.D., 
Henrik Grönberg, M.D., Ph.D., and Tobias Nordström, M.D., Ph.D.,  

for the STHLM3 consortium*  

Original Article

CME
at NEJM.org

The New England Journal of Medicine 
Downloaded from nejm.org at UW-Madison on September 8, 2021. For personal use only. No other uses without permission. 

 Copyright © 2021 Massachusetts Medical Society. All rights reserved. 



n engl j med 385;10 nejm.org September 2, 2021 909

MRI-Targeted Biopsy in Prostate Cancer Screening

Organized prostate cancer screen-
ing in which prostate-specific antigen 
(PSA) testing is followed by standard 

systematic, ultrasonography-guided, transrectal 
biopsy of the prostate in men with elevated PSA 
levels reduces prostate cancer mortality.1,2 How-
ever, PSA-based screening also leads to high rates 
of overdiagnosis and overtreatment of clinically 
insignificant prostate cancer and to many unnec-
essary biopsies.3,4 As a result, no country except 
Lithuania has instituted organized prostate can-
cer screening programs.5

Magnetic resonance imaging (MRI) has gen-
erated interest as a method for improving pros-
tate cancer diagnostics.6 MRI can identify areas 
of the prostate suggestive of cancer, which allows 
prostate biopsies to be targeted toward those 
areas while unnecessary biopsies can be avoided 
in men with no visible lesions.7,8 In studies involv-
ing men referred for biopsy because of clinical 
suspicion of prostate cancer, targeted biopsy in 
men with positive findings on MRI (i.e., sugges-
tive of prostate cancer) resulted in less detection 
of clinically insignificant cancers than standard 
biopsy while showing similar or better ability to 
detect clinically significant cancers.9-12 We aimed 
to assess the performance of a strategy of MRI-
targeted biopsy in population-based prostate can-
cer screening.

The STHLM3-MRI trial compared several dif-
ferent screening strategies that used combinations 
of risk prediction, MRI-targeted biopsy, and stan-
dard biopsy in a population-based, organized, 
screening-by-invitation design.13,14 Here, we re-
port the results of a strategy of combined MRI-
targeted and standard biopsy in men with posi-
tive results on MRI, as compared with a standard 
biopsy strategy, among participating men with 
elevated PSA levels (≥3 ng per milliliter).

Me thods

Trial Design and Oversight

STHLM3-MRI was a prospective, randomized, 
population-based trial in men 50 to 74 years of 
age that evaluated various screening strategies 
for prostate cancer detection. Here, we report the 
findings of prespecified analyses in which we 
evaluated whether MRI followed by targeted and 
standard biopsy in participants in whom MRI 
indicated the presence of prostate cancer (experi-
mental biopsy group) was noninferior to standard 

biopsy (standard biopsy group) for detecting clini-
cally significant prostate cancer in men under-
going prostate cancer screening. Details of the 
trial design have been published previously13,14; 
details of the trial design and statistical analysis 
are provided in the Supplementary Appendix, 
which, along with the protocol (which adheres 
to the SPIRIT 2013 statement15), is available with 
the full text of this article at NEJM.org.

The STHLM3-MRI trial used a design that 
combined a paired-screen-positive step (in which 
two screening tests were used for all participants) 
and random assignment to either the experimen-
tal biopsy group or the standard biopsy group 
for all participants who had positive results on 
either of the two screening tests.16-18 In the paired 
step, we used a PSA test and the Stockholm3 test 
to assess the risk of prostate cancer among en-
rolled participants. The Stockholm3 test is a risk-
prediction model that is based on clinical vari-
ables (age, first-degree family history of prostate 
cancer, and previous biopsy), blood biomarkers 
(total PSA, free PSA, ratio of free PSA to total PSA, 
human kallikrein 2, macrophage inhibitory cyto-
kine-1, and MSMB), and a polygenic risk score 
for predicting the risk of prostate cancer with a 
Gleason score of 7 or higher.19,20 Participants 
with elevated PSA levels (≥3 ng per milliliter) or 
Stockholm3 scores (≥11%) were randomly as-
signed, in a 2:3 ratio, to the standard biopsy 
group or the experimental biopsy group (with 
the use of computer-generated blocks of five and 
stratified according to six cancer-risk strata, 
defined according to Stockholm3 risk distribu-
tion). This design establishes an analytic frame-
work in which multiple different screening work-
flows (or strategies) can be compared according 
to combinations of conditions for biopsy referral 
(i.e., PSA only, Stockholm3 score only, or PSA or 
Stockholm3 or both) and biopsy method (i.e., stan-
dard, MRI-targeted, or MRI-targeted plus standard 
[with biopsy in the experimental group per-
formed only in men with MRI results sugges-
tive of cancer]).

The analyses reported here examined the safety 
and efficacy of standard biopsy as compared with 
a strategy that used MRI-targeted biopsy in a 
screening workflow in which the only condition 
for referral for MRI or standard biopsy was a 
PSA level of 3 ng per milliliter or greater, in ac-
cordance with the condition used in the European 
Randomized Study of Screening for Prostate Can-

A Quick Take 
is available at 
NEJM.org
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cer (ERSPC). ERSPC provided level 1 evidence of 
lower prostate cancer mortality among men who 
were invited to undergo organized PSA screening 
than among men who were not invited to under-
go screening.1,2 In other words, although either 
an elevated PSA level (≥3 ng per milliliter) or a 
positive result on the Stockholm3 test was used 
as the condition for random assignment and 
subsequent biopsy, the analysis presented here 
includes only participants who underwent ran-
domization and who had PSA levels of 3 ng per 
milliliter or greater, irrespective of their Stock-
holm3 results. Results of analyses of other work-
flows, including the use of PSA as compared 
with the Stockholm3 test for biopsy referral, are 
not shown here.

The trial was approved by the regional ethics 
review board in Stockholm and monitored by an 
independent data and safety monitoring board 
(Section S2 of the Supplementary Appendix). 
Reporting adhered to START (Standards of Re-
porting for MRI-targeted Biopsy Studies) and 
CONSORT (Consolidated Standards of Report-
ing Trials) guidelines.21,22 The trial was designed 
by the authors, and data were collected by trial 
consortium members. The authors assume re-
sponsibility for the accuracy and completeness 
of the data and for the fidelity of the trial to the 
protocol. No one who is not an author contrib-
uted to the writing of the manuscript. The Swed-
ish Research Council and the Swedish Cancer 
Society funded the trial but had no role in pro-
tocol development, data analysis or interpreta-
tion, or manuscript preparation.

Participants

Men 50 to 74 years of age living in Stockholm 
County, Sweden, were randomly selected by Sta-
tistics Sweden and invited by mail to participate. 
Men with a previous diagnosis of prostate cancer, 
a prostate biopsy within 60 days before the invi-
tation, a contraindication to MRI, or severe illness 
(e.g., metastatic cancer, severe cardiovascular dis-
ease, or dementia) were not eligible to participate. 
Men who had undergone a previous prostate bi-
opsy more than 60 days before the invitation as 
well as men who had never undergone a prostate 
biopsy were eligible to participate. Assessment of 
eligibility, documentation of informed consent, 
and evaluation of baseline characteristics were 
conducted through a secure Web portal, and digi-
tal laboratory referrals were created automatically.

The prespecified intention-to-treat population 
for this analysis included all participants with 
PSA levels of 3 ng per milliliter or greater who 
underwent randomization. The per-protocol pop-
ulation included participants with PSA levels of 
3 ng per milliliter or greater who underwent ran-
domization, adhered to their assigned interven-
tion, and had complete data (MRI and pathology 
reports). Full details regarding the per-protocol 
population are provided in the Supplementary 
Appendix.

Blood Sampling

Participants provided blood samples (12 ml of 
blood plasma in EDTA collection tubes) at one 
of 60 laboratories in Stockholm County; at each 
laboratory, a trial nurse verified that the partici-
pant did not meet any exclusion criteria and that 
he understood the informed consent form. PSA 
was analyzed (B.R.A.H.M.S Kryptor compact 
PLUS) for all participants. Participants with PSA 
levels of less than 1.5 ng per milliliter were con-
sidered to be at low risk for clinically significant 
prostate cancer and were recommended to re-
peat testing in 6 years. For participants with PSA 
levels of 1.5 ng per milliliter or greater, the 
Stockholm3 test was performed at the A23 
Laboratory (Uppsala, Sweden) as described pre-
viously.19,20 Men with PSA levels that were 1.5 ng 
per milliliter or higher but less than 3 ng per 
milliliter and who had Stockholm3 scores of less 
than 11% were judged to have nonelevated risk, 
did not undergo randomization, and were rec-
ommended to repeat testing in 2 years.

Prostate Biopsies

All biopsies were performed by experienced urol-
ogists (each of whom had performed >200 pro-
cedures) at one of four participating clinics. Men 
undergoing biopsy were given a prophylactic anti-
biotic (oral ciprofloxacin, 750 mg). Participants in 
the standard biopsy group underwent standard 
transrectal ultrasonography–guided prostate bi-
opsies to obtain 10 to 12 biopsy cores from the 
peripheral zone of the prostate (apical, midgland, 
and base).

In the experimental biopsy group, T2- and 
diffusion-weighted images were obtained with 
the use of a biparametric (i.e., combined T2- and 
diffusion-weighted imaging without contrast en-
hancement) MRI protocol developed for high-
throughput screening (<16 minutes), with 1.5T 

The New England Journal of Medicine 
Downloaded from nejm.org at UW-Madison on September 8, 2021. For personal use only. No other uses without permission. 

 Copyright © 2021 Massachusetts Medical Society. All rights reserved. 



n engl j med 385;10 nejm.org September 2, 2021 911

MRI-Targeted Biopsy in Prostate Cancer Screening

Magnetom Aera (Siemens) and 3T SIGNA Archi-
tect (GE Healthcare) scanners, without endorec-
tal coil (details of the MRI protocol and quality 
control are provided in Section S3). Radiology 
readings were performed at Capio St. Göran’s 
Hospital, Stockholm, by three uroradiologists; 
consensus by at least two radiologists was re-
quired for each case. Regions suggestive of pros-
tate cancer were scored according to Prostate 
Imaging Reporting and Data System (PI-RADS), 
versions 2.0 and 2.1, on a scale of 1 to 5, with 
higher scores indicating more clinically suspi-
cious lesions; scores of 3 to 5 defined a positive 
MRI. A maximum of three clinically significant 
lesions were identified per participant and delin-
eated for targeted biopsy with the use of dedi-
cated software (MIM Symphony DX, MIM Soft-
ware). For quality-control purposes, an external 
uroradiologist, who was unaware of the PI-RADS 
scores assigned by the study uroradiologists, 
reviewed 99 of the biparametric MRIs, randomly 
sampled by PI-RADS score. If no clinically sig-
nificant lesions were identified, biopsies were 
not performed except in cases of Stockholm3 
test scores of 25% or greater (which indicated a 
high risk of clinically significant cancer despite 
a negative MRI).23 Otherwise, we used the MRI-
fusion technique (bkFusion, BK Medical) to 
perform transrectal sampling of 3 to 4 biopsy 
cores targeting each significant lesion. The 
urologist also obtained a standard 10-to-12–core 
biopsy specimen immediately after the targeted 
biopsy.

Pathological assessments were performed at 
Unilabs pathology unit (Capio St. Göran’s Hos-
pital, Stockholm) by one of four experienced 
uropathologists. Gleason score and number of 
millimeters of cancer in each biopsy core were 
reported for each core according to International 
Society of Urological Pathology 2014 guidelines.24 
The overall Gleason score was reported for each 
case and for each biopsy method; the reported 
score for the combined biopsy was the highest 
overall score across the two biopsy methods.

Outcomes

The primary outcome was the probability of de-
tection of clinically significant prostate cancer, 
defined as the percentage of participants in each 
group who received a diagnosis of cancer with a 
Gleason score of 3+4 or greater (International 
Society of Urological Pathology grade ≥2). The 

Gleason score is composed of a primary (most 
predominant) grade plus a secondary (highest non-
predominant) grade; the sum is reached by add-
ing the primary and secondary grades. The Glea-
son sum ranges from 6 to 10, with higher scores 
indicating a more aggressive form of prostate 
cancer. Secondary outcomes included the detec-
tion probabilities (i.e., proportions) of benign bi-
opsies, clinically insignificant cancer (defined as 
a Gleason score of 3+3 or International Society 
of Urological Pathology grade 1 cancer), cancers 
with Gleason scores of 4+3 or greater (Interna-
tional Society of Urological Pathology grade ≥3), 
and serious adverse events (infections treated 
with antibiotics, hospitalization, or death within 
30 days after the biopsy procedure) in each group.

All participants were followed for a minimum 
of 200 days after receiving PSA test results. Men 
who underwent biopsy were followed for at least 
30 days after the biopsy for monitoring of ad-
verse events, and participants who underwent 
radical prostatectomy before October 22, 2020, 
were followed until prostatectomy pathology re-
sults were available.

Statistical Analysis

We planned to invite 50,000 men to participate 
in screening, assuming 25% participation and 13% 
of participants having PSA results of 3 ng per mil-
liliter or greater.19 This number would yield 1625 
participants with PSA levels of 3 ng per milliliter 
undergoing randomization. Using a noninferior-
ity margin of 4 percentage points and an alpha 
of 2.5% and assuming a relative detection prob-
ability of clinically significant cancer of 1.3 in 
favor of the experimental biopsy group (on the 
basis of previous studies25), 80% adherence to 
the assigned intervention, and 18% detection 
probability of clinically significant cancer in the 
standard biopsy group, we estimated that the 
trial would have more than 90% power to show 
the noninferiority of the experimental biopsy strat-
egy to the standard biopsy strategy. The nonin-
feriority margin was agreed upon at a consensus 
group meeting that included urologists, oncolo-
gists, and statisticians.

For the primary and secondary outcomes, ab-
solute differences in detection probabilities and 
95% two-sided Wald confidence intervals were 
computed (without adjustment for the variable 
used for stratification at randomization). If the 
lower boundary for the two-sided 95% confidence 
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12,750 Provided blood sample and were
included in the study

49,118 Men were invited to participate

36,368 Declined to participate

2008 Had PSA level <3 ng/ml and
Stockholm3 <11%

7 Did not undergo randomization despite
having PSA level ≥3 ng/ml

or Stockholm3 ≥11%

4308 Had PSA level ≥1.5 ng/ml

761 Were excluded owing to having
 PSA level <3 ng/ml and

Stockholm3 ≥11%

2293 Underwent randomization (3:2)

2300 Had PSA level ≥3 ng/ml
or Stockholm3 ≥11%

1532 Had PSA level ≥3 ng/ml

929 Were assigned to the experimental
biopsy group

603 Were assigned to the standard
biopsy group

929 Were included in the intention-to-treat
analysis

790 Were included in the per-protocol analysis

603 Were included in the intention-to-treat
analysis

436 Were included in the per-protocol analysis
1 Had missing Stockholm3 data and was not

included

790 Underwent assigned intervention
34 Had normal MRI, but had systematic

biopsy on the basis of Stockholm3 ≥25%
139 Did not undergo assigned intervention

78 Did not have MRI or biopsy
5 Did not have MRI, but had systematic

biopsy
28 Had abnormal MRI but no biopsy
8 Had abnormal MRI, but had either syste-

matic biopsy or targeted biopsy only
18 Had normal MRI and Stockholm3 ≥25%,

but did not have biopsy
2 Had normal MRI and Stockholm3 <25%,

but had systematic biopsy

437 Underwent assigned intervention
166 Did not undergo assigned intervention

165 Did not have biopsy
1 Had MRI

8442 Were excluded
45 Had blood sample that could not be

processed or had blood-analysis failure
8397 Had PSA level <1.5 ng/ml
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interval in the absolute difference of clinically 
significant cancer between the experimental bi-
opsy group and the standard biopsy group was 
greater than −4 percentage points, the experi-
mental strategy would be deemed to be noninfe-
rior; if the lower boundary was greater than 0, 
the experimental strategy would be deemed to 
be superior. Prespecified subgroup analyses were 
performed according to age strata (50 to 59, 60 
to 69, and 70 to 74 years), PSA strata (3 to 3.9, 4 to 
9.9, and ≥10 ng per milliliter), and previous bi-
opsy (yes or no). Analyses were performed in the 
intention-to-treat population (analyses of results 
in the per-protocol population were also per-
formed for the primary outcome). In a prespecified 
sensitivity analysis, we used model-based multi-
ple imputation to impute the outcome status with 
respect to clinically significant cancer for partici-
pants who did not undergo MRI or biopsy exami-
nations (details regarding the imputation proce-
dure are provided in Section S4). The imputation 
procedure was constructed to take into account 
the effect of the MRI result on missing outcome 
status.26

To further assess the effect of missing out-
come status owing to participants not undergo-
ing recommended MRI or biopsy procedures, we 
conducted two post hoc analyses. First, we as-
sessed whether the results from the multiple im-
putation analysis were robust to deviations from 
the missing-at-random assumption by allowing the 
primary outcome to be missing-not-at-random. 

Second, to further account for incomplete adher-
ence to protocol being dependent on baseline 
covariates — and in the experimental biopsy 
group dependent on MRI result — we estimated 
the difference in detection probabilities of clini-
cally significant and insignificant prostate cancer 
and benign biopsy findings using inverse prob-
ability weighting.

We performed a prespecified analysis that 
ignored results of the standard biopsy in men 
with positive MRI results to estimate results of 
performing only targeted biopsy, and a post hoc 
analysis that ignored biopsy outcome for par-
ticipants who had negative MRI results but who 
were at high risk (Stockholm3 score of ≥25%) in 
order to estimate results if these participants 
had not undergone biopsies. No adjustment for 
multiplicity was made. P values are reported only 
for the primary outcome.27 For secondary out-
comes and subgroup analyses, the reported two-
sided 95% confidence intervals for the individual 
contrasts have not been adjusted for multiplicity 
and should be interpreted with caution. The analy-
sis plan was approved by the data and safety 
monitoring board.

R esult s

Trial Population

From February 2018 through March 2020, a total 
of 49,118 men were invited to participate, and 
12,750 men consented to screening and provided 
blood samples; 2293 had PSA results of 3 ng per 
milliliter or higher or Stockholm3 scores of 11% 
or greater and underwent randomization. For 
analyses presented here, we included participants 
with PSA levels of 3 ng per milliliter or higher, 
irrespective of Stockholm3 score (1532 partici-
pants); 929 were randomly assigned to the ex-
perimental biopsy group and 603 to the standard 
biopsy group (Fig. 1 and Section S1). The char-
acteristics of the patients at baseline were simi-
lar in the two groups (Table 1). In the experimen-
tal biopsy group, 338 participants (36%) underwent 
biopsies — 297 on the basis of PI-RADS scores 
of 3 or higher, 34 on the basis of Stockholm3 
results of 25% or greater despite negative MRI 
findings, and 7 on the basis of the judgment of 
the study physician to overrule the trial protocol 
— with a median of 15 cores obtained (Table S1 
and Fig. S2). In the standard biopsy group, 438 

Figure 1 (facing page). Enrollment, Randomization, and 
Follow-up of the Trial Populations.

The protocol-defined analyses compared the safety and 
efficacy of standard biopsy with those of magnetic res-
onance imaging (MRI) and targeted and systematic bi-
opsy in men with positive results on MRI. Participants 
assigned to the standard biopsy group underwent stan-
dard transrectal ultrasonography–guided biopsy to ob-
tain 10 to 12 cores. Participants in the experimental bi-
opsy group with a Prostate Imaging Reporting and 
Data System (PI-RADS) score of 3 or greater (on a 
scale of 1 to 5, with higher scores indicating more clini-
cally suspicious lesions) underwent MRI-guided biopsy 
and standard biopsy; participants with no suspicious 
lesions on MRI (PI-RADS score of ≤2) did not undergo 
biopsy unless they were at very high risk for clinically 
significant prostate cancer (Stockholm3 score [a risk-
prediction score based on clinical variables, blood bio-
markers, and a polygenic risk score] of ≥25%). PSA de-
notes prostate-specific antigen.
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participants (73%) underwent biopsy, with a me-
dian of 12 cores obtained. In the intention-to-treat 
population, the absolute between-group differ-
ence in the percentage of men who underwent 
biopsy was −36 percentage points (95% confidence 
interval [CI], −41 to −32); in the inverse proba-
bility weighting analysis, the absolute between-
group difference was −55 percentage points 
(95% CI, −58 to −51) (Table S2).

Biopsy Outcomes

In the intention-to-treat analysis, clinically sig-
nificant cancer was diagnosed in 192 of 929 

participants (21%) in the experimental biopsy 
group, as compared with 106 of 603 participants 
(18%) in the standard biopsy group, a difference 
of 3 percentage points (95% CI, −1 to 7) (Table 2 
and Fig. 2). Since the lower boundary of the two-
sided 95% confidence interval was greater than 
−4 percentage points, the experimental strategy 
was deemed noninferior to the standard strategy 
for detecting clinically significant cancer (P<0.001). 
In the per-protocol analysis, clinically signifi-
cant cancer was detected in 183 of 790 partici-
pants (23%) in the experimental biopsy group, 
as compared with 105 of 436 participants (24%) 

Table 1. Characteristics of the Participants at Baseline.*

Characteristic
Enrolled Population 

(N = 12,750)

Experimental Biopsy 
Group 

(N = 929)

Standard Biopsy 
Group 

(N = 603)

Age — yr

Median 61 66 66

Interquartile range 55–67 61–71 61–71

Previous biopsy procedure — no. (%)

Yes 533 (4) 154 (17) 97 (16)

No 11,736 (92) 737 (79) 488 (81)

Missing data 481 (4) 38 (4) 18 (3)

PSA at enrollment — ng/ml

Median 1.03 4.25 4.29

Interquartile range 0.60–1.88 3.50–5.94 3.50–5.61

Prostate volume — cm3†

Median 45 44

Interquartile range 33–62 34–60

Score on PI-RADS — no. (%)

≤2 521 (56) 0

3 175 (19) 0

4 85 (9) 0

5 65 (7) 1 (0.2)

No MRI performed 83 (9) 602 (100)

*  Of the 12,750 who were enrolled, 1532 men with prostate-specific antigen (PSA) levels of 3 ng per milliliter or higher 
were randomly assigned to the experimental biopsy group or to the standard biopsy group. Participants assigned to 
the experimental biopsy group underwent magnetic resonance imaging (MRI). If the MRI screening indicated the pres-
ence of prostate cancer (a score of ≥3 as categorized according to the Prostate Imaging Reporting and Data System 
[PI-RADS], on which scores range from 1 to 5, with higher scores indicating more clinically suspicious lesions), the 
participant underwent targeted biopsy and standard biopsy (combined biopsy). Men whose MRI screenings did not 
indicate prostate cancer (PI-RADS score of ≤2) were not recommended to undergo biopsy unless they had a very high 
risk of clinically significant prostate cancer (Stockholm3 score [a risk-prediction score based on clinical variables, blood 
biomarkers, and a polygenic risk score] of ≥25%). Participants who were assigned to the standard biopsy group under-
went standard transrectal ultrasonography–guided biopsy, with 10 to 12 core samples obtained. The characteristics of 
the participants at baseline were similar in the two groups. Percentages may not total 100 because of rounding.

†  Prostate volume was measured with the use of MRI in the experimental biopsy group and ultrasonography in the stan-
dard biopsy group.
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in the standard biopsy group. The results with 
model-based multiple imputation were consis-
tent with the intention-to-treat results and were 
robust to departures from the missing-at-ran-
dom assumption. In addition, the results with 
inverse probability weighting were consistent 
with the intention-to-treat results (Table 2 and 
Fig. 2).

In the intention-to-treat analysis, clinically in-
significant cancer was diagnosed in fewer par-
ticipants in the experimental biopsy group than 
in the standard biopsy group (41 [4%] vs. 73 

[12%]), representing a difference of −8 percent-
age points (95% CI, −11 to −5). Fewer partici-
pants had benign biopsy findings in the experi-
mental biopsy group than in the standard biopsy 
group (105 [11%] vs. 259 [43%]), representing a 
difference of −32 percentage points (95% CI, −36 
to −27). These differences were more marked in 
the inverse probability weighting analysis, where 
the difference between the experimental biopsy 
group and the standard biopsy group in the di-
agnosis of clinically insignificant cancer was 
−11 percentage points (95% CI, −15 to −7) and 

Table 2. Comparison of Cancer Detection in the Trial Groups.

Variable Analysis*

Experimental Biopsy 
Group 

(N = 929)

Standard Biopsy 
Group 

(N = 603)
Difference 
(95% CI)†

P 
value‡

Biopsy procedures — no. (%) ITT 338 (36) 438 (73) −36 (−41 to −32)

Biopsy outcome — no. (%)§ ITT

Benign 105 (11) 259 (43) −32 (−36 to −27)

Gleason score 6 41 (4) 73 (12)

Gleason score 3+4 125 (13) 63 (10)

Gleason score 4+3 29 (3) 21 (3)

Gleason score ≥4+4 38 (4) 22 (4)

Referred for biopsy, biopsy not performed¶ 124 (13) 165 (27)

Detection of clinically insignificant cancer: 
Gleason score 6 — no. (%)§

ITT 41 (4) 73 (12) −8 (−11 to −5)

Detection of clinically significant cancer: 
Gleason score ≥7 — no./total no. (%)§

ITT 192/929 (21) 106/603 (18) 3 (−1 to 7) <0.001

MBI 231/929 (25) 130/603 (22) 3 (−1 to 8) <0.001

IPW 230/929 (25) 133/603 (22) 3 (−2 to 8) 0.004

PP 183/790 (23) 105/436 (24) −1 (−6 to 4) 0.11

Detection of Gleason Score ≥4+3 cancer  
— no. (%)§

ITT 67 (7) 43 (7) 0.1 (−3 to 3)

No biopsy performed given negative result on 
MRI and Stockholm3 score of <25%  
— no. (%)

467 (50) 0

*  The intention-to-treat (ITT) analysis included all the participants who underwent randomization. The per-protocol (PP) analysis included 
participants with PSA levels of 3 ng per milliliter or higher who underwent randomization and completed their assigned intervention as 
specified in the protocol. In addition, we performed a prespecified model-based multiple imputation (MBI) analysis, in which biopsy out-
comes for participants who underwent randomization but who did not undergo biopsy were imputed on the basis of Stockholm3 risk score 
for the standard biopsy group, and Stockholm3 risk score in combination with PI-RADS score for the experimental biopsy group. We also 
performed an inverse probability weighting (IPW) analysis to account for incomplete adherence to the protocol.

†  Between-group differences are shown in percentage points.
‡  P values are for a test of the noninferiority of the experimental biopsy strategy to the standard biopsy strategy, at a noninferiority margin of 

−4 percentage points, with respect to detection of clinically significant cancers.
§  For purposes of the primary analysis, clinically significant cancer was defined as Gleason score 3+4 (Gleason sum of 7) or greater, and clini-

cally insignificant cancer was defined as Gleason score of 3+3 (Gleason sum of 6). In a prespecified additional analysis, we also compared 
the detection probabilities of an alternative definition of significant prostate cancer (Gleason score ≥4+3).

¶  Of the participants who were referred for biopsy but did not undergo biopsy, 2% in the experimental biopsy group and 18% in the standard 
biopsy group chose not to undergo biopsy after discussions with trial urologists. The remaining participants did not undergo biopsy within 
the 200-day follow-up period after they received the serum PSA test result.
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in a biopsy with benign findings was −46 percent-
age points (95% CI, −52 to −41). Figure 3 sum-
marizes the comparative number of procedures 
and clinically significant and insignificant can-
cers detected by means of each diagnostic strat-
egy, normalized to a population of 10,000 
screened men.

Subgroup analyses showed that in the inten-
tion-to-treat population, the differences in de-
tection probabilities of significant and insignifi-
cant cancer in the experimental and standard 
biopsy groups were consistent across PSA and age 
strata and between men who had undergone a 
previous negative prostate biopsy and men who 
had not undergone a previous biopsy (details re-
garding subgroup analyses provided in Tables S3 
through S5).

Ignoring biopsy outcomes for participants 
who had negative MRI results but who were at 
high risk (Stockholm3 score ≥25%) resulted in 
6 fewer clinically significant cancers detected in 
the experimental biopsy group and 5 fewer in-
significant cancers detected (Table S6). In this 
case, the experimental strategy remained nonin-
ferior in the intention-to-treat population.

Ignoring the supplemental standard biopsy, 

the MRI-targeted biopsy alone in the experimen-
tal biopsy group reduced the detection probabil-
ity of significant cancer to 17% in the intention-
to-treat population (162 of 929 participants), and 
the experimental strategy no longer met the non-
inferiority criterion at the 2.5% alpha level (dif-
ference, −0.1 percentage point; 95% CI, −4 to 4) 
(Table S7).

Adverse Events

In the intention-to-treat population, 20 partici-
pants (2%) in the experimental biopsy group and 
23 (4%) in the standard biopsy group had infec-
tions after the biopsy procedure that were treated 
with antibiotics (difference, −2 percentage points; 
95% CI, −4 to 0.1) (Table S8). The incidence of 
hospitalization was 1% (13 participants) in the 
experimental biopsy group and 3% (17 partici-
pants) in the standard biopsy group (difference, 
−1 percentage point; 95% CI, −3 to 0.1). No deaths 
were reported in either group during the trial 
period.

Quality Control

In the quality-control review of MRI results, the 
central study radiology team and the external 

Figure 2. Intention-to-treat, Imputation, and Inverse Probability Weighted Analyses of the Primary Outcome  
for the Detection Probability of Clinically Significant Prostate Cancer.

Black diamonds indicate the absolute differences in detection probability of clinically significant prostate cancer 
(Gleason score ≥7) between the standard biopsy and experimental biopsy groups. The intention-to-treat analysis 
included all participants with a PSA level of 3 ng per milliliter or higher who underwent randomization. We per-
formed a prespecified model-based multiple imputation analysis in which biopsy outcomes for participants who 
underwent randomization but did not undergo biopsy were imputed according to Stockholm3 risk score for the 
standard biopsy group and according to Stockholm3 risk score in combination with the PI-RADS score for the ex-
perimental biopsy group. We also performed an inverse probability weighting analysis to account for incomplete 
adherence to protocol. If the lower boundary of the two-sided 95% confidence interval for the difference in detec-
tion probability (experimental biopsy group minus standard biopsy group) was greater than −4 percentage points 
(dashed vertical line), MRI with targeted and standard biopsy in men in whom MRI indicated the presence of pros-
tate cancer (PI-RADS score of ≥3) was deemed to be noninferior. If the lower boundary was greater than 0 (solid 
vertical line), MRI with targeted and standard biopsy was deemed superior. P values are for noninferiority of the 
 experimental biopsy strategy to the standard biopsy strategy.
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radiologist were in concordance with regard to 
biopsy referral in 83% of cases reviewed (82 of 
99). As calculated with use of the linearly 
weighted Cohen’s kappa statistic for PI-RADS, 
version 2.1, concordance was 0.78 (Table S9). A 
total of 59 patients in the standard biopsy 
group underwent radical prostatectomy during 
follow-up, as compared with 124 patients in the 
experimental biopsy group. The use of MRI and 
combined biopsy did not result in significantly 
higher agreement between biopsy Gleason 
score and whole-mount histopathological analy-
sis of the prostatectomy samples than stan-
dard biopsies in the standard biopsy group 
(linear weighted Cohen’s kappa 0.6 and 0.5, re-
spectively; difference, 0.1; 95% CI, −0.1 to 0.3) 
(Table S10).

Discussion

High rates of overdiagnosis and unnecessary 
biopsies are the primary reasons that organized 
prostate cancer screening programs have not been 
implemented.3-5 We showed, in a population-
based, screening-by-invitation trial, that detec-
tion of clinically insignificant tumors and benign 
findings on biopsy were lower (by 64% and 74%, 
respectively) among men with elevated PSA lev-
els (≥3 ng per milliliter) when biopsy was per-
formed only in men with positive MRI results 
than when biopsy was performed according to 
the standard strategy. These results were achieved 
without compromising detection rates of clini-
cally significant cancers. In addition, fewer in-
fections after the biopsy procedure were noted in 

Figure 3. Elevated PSA Levels, Performed Procedures, and Detected Cancers.

Bars indicate comparative results from the STHLM3-MRI trial normalized to a population of 10,000 men 50 to 74 years of age under-
going prostate cancer screening. Red bars represent results from the MRI-enhanced screening strategy used in the experimental biopsy 
group (PSA testing followed by MRI for participants with PSA levels of ≥3 ng per milliliter and combined biopsy in men with MRI results 
suggestive of prostate cancer). Blue bars represent results of the screening strategy used in the standard biopsy group (PSA testing fol-
lowed by standard biopsy in men with PSA levels of ≥3 ng per milliliter). The Gleason score is composed of a primary (most predomi-
nant) grade plus a secondary (highest nonpredominant) grade; the sum is reached by adding the primary and secondary grades. The 
Gleason sum ranges from 6 to 10, with higher scores indicating a more aggressive form of prostate cancer. The definition of the Gleason 
score suggests that Gleason score 4+3 generally indicates worse prognosis than Gleason score 3+4, although both sum to 7. I bars 
 represent 95% confidence intervals.
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the experimental biopsy group than in the stan-
dard biopsy group (although this difference was 
not significant at the 5% significance level), be-
cause fewer participants underwent biopsy in the 
experimental biopsy group.

The use of a PSA of 3 ng per milliliter or 
higher as a condition for biopsy in this analysis 
was designed to reflect the conditions for biopsy 
referral used in ERSPC. After 16 years of follow-
up, ERSPC has shown that there were 20% fewer 
deaths among men invited to undergo prostate 
cancer screening than among men not invited, 
providing level 1 evidence of mortality reduction 
from organized screening. In ERSPC, the stan-
dard biopsy method was used. Although the MRI-
targeted biopsy approach appears to offer im-
portant improvements to standard biopsy in the 
STHLM3-MRI population, longer follow-up would 
be needed to estimate the effect on mortality.

Most studies of MRI-targeted biopsy have 
shown greater sensitivity to detect clinically sig-
nificant cancers than standard biopsy.12 These 
study populations were restricted to men re-
ferred for biopsy on the basis of clinical suspi-
cion of prostate cancer, and the results are thus 
challenging to interpret in the context of popu-
lation-based screening, in which the majority of 
men referred for biopsy would be expected to be 
at lower risk for clinically significant prostate 
cancer. For example, in the studies by Kasivisva-
nathan et al.,9 Ahdoot et al.,10 Grönberg et al.,23 
and Klotz et al.,28 the median PSA among par-
ticipants was 6.2 to 6.7 ng per milliliter, and the 
percentage of negative MRIs was 19 to 38%. In 
our trial, the median PSA was 4.3 ng per milli-
liter among participants referred for prostate 
biopsy on the basis of a PSA level of 3 ng per 
milliliter or higher, and the percentage of nega-
tive MRIs was 61%. This contrast illustrates the 
marked differences between clinical cohorts (pa-
tients referred to urologists for prostate biopsy) 
and screening cohorts and emphasizes the need 
to improve the selection of men for biopsy refer-
ral to minimize overdiagnosis and unnecessary 
biopsies in organized screening.

An important question is whether men who 
have positive MRI results should undergo stan-
dard biopsy in addition to targeted biopsy. In our 
trial, 30 fewer clinically significant cancers would 
have been detected among the 929 men in the 

experimental biopsy group if the additional stan-
dard biopsy had not been performed, while 18 
fewer clinically insignificant cancers would have 
been found; thus, detection of 1.7 clinically sig-
nificant cancers would be delayed for each clini-
cally insignificant cancer avoided. Our results 
therefore support the use of standard biopsy in 
addition to targeted biopsy for men who have 
positive MRI results, an observation that is in 
line with previous findings.29

Key strengths of this trial include the screen-
ing-by-invitation design, the large number of 
participants, the random assignment of biopsy 
techniques (which avoided the risk of incorpora-
tion bias arising from comparing different tech-
niques applied to the same patient), and the 
pragmatic design with a short biparametric MRI 
protocol suitable for high-volume, population-
based screening. However, although biparame-
tric protocols in several studies have performed 
on par with multiparametric protocols,30-32 the use 
of biparametric 1.5T and 3T MRI protocols could 
potentially have contributed to the somewhat 
lower relative detection probability of targeted 
biopsies than that observed in previous studies. 
The STHLM3-MRI trial was performed in Stock-
holm, Sweden, with centralized radiologic and 
pathological assessment, which may limit gener-
alizability to other health care settings. Further-
more, only a single round of screening was 
performed, so whether the reduction in overdi-
agnosis will be retained through multiple rounds 
of screening is unknown. However, participants 
in the STHLM3-MRI trial will be invited for sub-
sequent screening, and men with negative MRI 
results will be followed to ensure that clinically 
significant cancers were not overlooked. We also 
cannot draw definitive conclusions regarding the 
equivalency of MRI-targeted and standard bi-
opsy approaches with respect to prostate cancer 
mortality, although equivalency seems plausible 
since the Gleason score distributions across 
clinically significant cancers were similar in the 
two trial groups. Although consensus is lacking 
on the definition of clinically significant pros-
tate cancer, we used Gleason scores of 7 or higher, 
a common definition used in previous studies,9-11,25 
while also reporting outcomes for other scores 
(Gleason Score ≥4+3) (Table 2). In the STHLM3-
MRI trial, men with negative MRI results but 
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Stockholm3 scores of 25% or greater were rec-
ommended to undergo standard biopsy as a safety 
mechanism. Recognizing that Stockholm3 testing 
is not widely available, we included sensitivity 
analyses in which the biopsy outcomes of these 
participants were omitted. The effect on the re-
sults was small. Other safety mechanisms could 
be used — for example, biopsy on the basis of 
PSA alone (e.g., PSA ≥10 ng per milliliter) or PSA 
combined with free PSA, prostate volume (i.e., 
PSA density), or both.

Overall adherence to trial recommendations 
was 85% in the experimental biopsy group and 
72% in the standard biopsy group, which suggests 
the participants’ increased willingness to under-
go biopsy after identification of lesions visible on 
MRI. As a consequence, the difference in diag-
nosed insignificant prostate cancers, benign bi-
opsy results, and overall biopsies was greater in 
results that were based on inverse probability 
weighting than in results of the intention-to-
treat analysis, whereas the detection probability 
for significant prostate cancer was similar in the 
two analyses (Table 2 and Fig. 2). Participants in 
the standard biopsy group who did not adhere to 
biopsy recommendations had a lower risk of 
clinically significant prostate cancer than non-
adherent participants in the experimental biopsy 
group (median Stockholm3 risk 11% vs. 22%). 
The reason for this difference is that, by design, 
nonadherent participants in the experimental 
biopsy group had to have either a positive MRI 
or Stockholm3 score of at least 25%. This ex-
plains why the results with model-based multi-
ple imputation to impute the primary outcome 
status and results based on inverse probability 
weighting are closer to the intention-to-treat 
result than to the per-protocol result (Table 2): 
among nonadherent participants, more biopsy 
results were imputed with a clinically significant 
cancer finding in the experimental biopsy group 
than in the standard biopsy group, resulting in 
higher detection probability for significant can-
cer in the imputed data than in the per-protocol 
results.

In a trial of population-based screening by 
invitation, our results showed that among men 
with elevated PSA levels, combined biopsy per-
formed only in men who had positive results on 
MRI was noninferior to standard biopsy for de-

tecting clinically significant prostate cancer. The 
markedly reduced incidences of unnecessary bi-
opsy and diagnosis of clinically insignificant 
cancer address key barriers impeding implemen-
tation of population-based screening for pros-
tate cancer. When normalized to a population of 
10,000 men 50 to 74 years of age in which those 
with elevated PSA levels (≥3 ng per milliliter) are 
referred for biopsy, the combined biopsy ap-
proach in men with positive MRI scans would 
result in 409 fewer men undergoing biopsy, 366 
fewer biopsies with benign findings, and 88 
fewer clinically insignificant cancers detected 
than with the standard biopsy approach. These 
numbers represent 48%, 73%, and 62% lower 
incidences, respectively, with the use of MRI and 
the combined biopsy approach (Fig. 3). The re-
duced biopsy rate and potential downstream 
savings that result from less overtreatment offer 
potential cost savings that may offset the addi-
tional costs of MRI.33
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