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Background Lynch syndrome is a rare familial cancer syndrome caused by pathogenic variants in the mismatch repair
genes MLH1, MSH2, MSH6, or PMS2, that cause predisposition to various cancers, predominantly colorectal and
endometrial cancer. Data are emerging that pathogenic variants in mismatch repair genes increase the risk of earlyonset aggressive prostate cancer. The IMPACT study is prospectively assessing prostate-specific antigen (PSA)
screening in men with germline mismatch repair pathogenic variants. Here, we report the usefulness of PSA
screening, prostate cancer incidence, and tumour characteristics after the first screening round in men with and
without these germline pathogenic variants.
Methods The IMPACT study is an international, prospective study. Men aged 40–69 years without a previous prostate
cancer diagnosis and with a known germline pathogenic variant in the MLH1, MSH2, or MSH6 gene, and age-matched
male controls who tested negative for a familial pathogenic variant in these genes were recruited from 34 genetic and
urology clinics in eight countries, and underwent a baseline PSA screening. Men who had a PSA level higher than
3·0 ng/mL were offered a transrectal, ultrasound-guided, prostate biopsy and a histopathological analysis was done.
All participants are undergoing a minimum of 5 years’ annual screening. The primary endpoint was to determine the
incidence, stage, and pathology of screening-detected prostate cancer in carriers of pathogenic variants compared with
non-carrier controls. We used Fisher’s exact test to compare the number of cases, cancer incidence, and positive
predictive values of the PSA cutoff and biopsy between carriers and non-carriers and the differences between disease
types (ie, cancer vs no cancer, clinically significant cancer vs no cancer). We assessed screening outcomes and tumour
characteristics by pathogenic variant status. Here we present results from the first round of PSA screening in the
IMPACT study. This study is registered with ClinicalTrials.gov, NCT00261456, and is now closed to accrual.
Findings Between Sept 28, 2012, and March 1, 2020, 828 men were recruited (644 carriers of mismatch repair pathogenic
variants [204 carriers of MLH1, 305 carriers of MSH2, and 135 carriers of MSH6] and 184 non-carrier controls [65 noncarriers of MLH1, 76 non-carriers of MSH2, and 43 non-carriers of MSH6]), and in order to boost the sample size for
the non-carrier control groups, we randomly selected 134 non-carriers from the BRCA1 and BRCA2 cohort of the
IMPACT study, who were included in all three non-carrier cohorts. Men were predominantly of European ancestry
(899 [93%] of 953 with available data), with a mean age of 52·8 years (SD 8·3). Within the first screening round,
56 (6%) men had a PSA concentration of more than 3·0 ng/mL and 35 (4%) biopsies were done. The overall incidence
of prostate cancer was 1·9% (18 of 962; 95% CI 1·1–2·9). The incidence among MSH2 carriers was 4·3% (13 of 305;
95% CI 2·3–7·2), MSH2 non-carrier controls was 0·5% (one of 210; 0·0–2·6), MSH6 carriers was 3·0% (four of 135;
0·8–7·4), and none were detected among the MLH1 carriers, MLH1 non-carrier controls, and MSH6 non-carrier
controls. Prostate cancer incidence, using a PSA threshold of higher than 3·0 ng/mL, was higher in MSH2 carriers
than in MSH2 non-carrier controls (4·3% vs 0·5%; p=0·011) and MSH6 carriers than MSH6 non-carrier controls
(3·0% vs 0%; p=0·034). The overall positive predictive value of biopsy using a PSA threshold of 3·0 ng/mL was 51·4%
(95% CI 34·0–68·6), and the overall positive predictive value of a PSA threshold of 3·0 ng/mL was 32·1% (20·3–46·0).
Interpretation After the first screening round, carriers of MSH2 and MSH6 pathogenic variants had a higher incidence
of prostate cancer compared with age-matched non-carrier controls. These findings support the use of targeted PSA
www.thelancet.com/oncology Vol 22 November 2021
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screening in these men to identify those with clinically significant prostate cancer. Further annual screening rounds
will need to confirm these findings.
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Introduction
Prostate cancer is one of the major causes of morbidity
and mortality in men worldwide. The importance of
germline genetic variation for identifying men at increased
risk of prostate cancer to enable targeted screening and
early detection has become increasingly recognised.1
Mounting evidence suggests a moderately increased
risk of prostate cancer for men with Lynch syndrome.
Lynch syndrome is an autosomal, dominantly inherited,
multicancer syndrome caused by a germline pathogenic
variant in one of the mismatch repair genes: MLH1,
MSH2, MSH6, or PMS2. The population frequency of
pathogenic variants in these genes is between one (0·36%)
per 279 people and one (0·035%) per 2841 people.2

Each gene has a different cancer incidence spectrum,
with colorectal and endometrial cancers being the pre
dominant phenotype. These pathogenic variants are also
associated with an increased risk of other cancers
including those of the ovary, stomach, small bowel, ureter,
kidney, and brain.3,4
Lynch syndrome has been reported to increase risk of
prostate cancer by two-to-ten times.5–9 Most evidence has
come from studies of men with prostate cancer from
families with mismatch repair pathogenic variants.
Tumour testing has shown loss of expression of
mismatch repair proteins and microsatellite instability.7,10
However, mismatch repair deficiency does not
conclusively prove that a tumour is caused by a germline

Research in context
Evidence before this study
We did not do a formal systematic review when planning the
design of this trial because there were no published studies
assessing prostate cancer screening in men with mismatch repair
pathogenic variants. Evidence was assimilated about the risk of
prostate cancer associated with the mismatch repair genes. These
studies took two approaches: those that assessed the tumours of
men with prostate cancer from families with known pathogenic
variants, and those that assessed incidence in families with
known germline variants. However, not all men in these studies
had their germline mutation status confirmed, limiting their
design. A published meta-analysis reported a two times increased
risk of prostate cancer for men with known mutations, associated
with higher-grade tumours and younger age of onset.
Added value of this study
In this international prospective screening study of 828 men
from families with confirmed pathogenic variants in mismatch
repair genes, of whom 186 had a family history of prostate
cancer, we found that after one screening round a higher
incidence of prostate cancer was detected in men with MSH2
and MHS6 pathogenic variants compared with age-matched
non-carrier controls. Additionally, we identified that MSH2
carriers were diagnosed at a non-significantly younger age and
had more clinically significant disease at diagnosis compared
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with non-carriers. Therefore, these data add evidence that
prostate screening in this higher-risk context has potential to
detect tumours that are highly likely to need treatment based
on national and international guidelines without the
limitations of over-detection seen in general population
screening programmes.
Implications of all the available evidence
Our findings support the use of targeted prostate-specific
antigen screening in men with mismatch repair gene
pathogenic variants to successfully detect clinically significant
prostate cancers. To our knowledge, the IMPACT consortium
has the largest cohort of men with mismatch repair pathogenic
variants being screened and followed up, and subsequent
screening rounds and detection of incident cancers will be
important to confirm the optimal screening interval for early
detection of clinically important tumours and prevention of
metastatic events. As the use of immunotherapies within the
management of prostate cancer increases, the IMPACT study
has provided valuable evidence about the risk of prostate
cancer, tumour characteristics, and long-term clinical outcomes
in men with mismatch repair gene pathogenic variants who go
on to develop prostate cancer. Testing for mismatch repair
variants will likely become routine practice at diagnosis over the
coming years.
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variant. Other studies have attempted to estimate risk of
prostate cancer in patients with Lynch syndrome by
looking at the incidence of prostate cancer within
families with Lynch syndrome.4,5,7,11–14 These studies are
restricted by their size and design, often including men
whose pathogenic variant status is unconfirmed, but they
generally support an increased risk of prostate cancer.9
Other studies have not found an increased risk of
prostate cancer in association with Lynch syndrome.10,15 A
meta-analysis reported a 2·13 times increased risk of
prostate cancer and supported prostate cancer being
considered part of Lynch syndrome.9 An association with
higher grade tumours and younger age of onset has been
reported in some studies,6,7,16,17 while others have found no
such associations.8 Most studies have been underpowered
to observe differences by a specific mismatch repair
gene, but there is more evidence of an increased risk of
prostate cancer associated with pathogenic variants in
MSH2 than the other genes.3,5,7,8,13,14
The prostate-specific antigen (PSA) test is the most
effective prostate cancer biomarker; however, its
limitations have been well documented. Data from longterm follow-up in the European Randomised Study of
Screening for Prostate Cancer (ERSPC)18,19 and Prostate,
Lung, Colorectal and Ovary screening study (PLCO)20–22
are similar, indicating a 25–32% decrease in death from
prostate cancer when PSA testing is used in a screening
context.23 However, authoritative groups do not support
routine PSA screening for the general population
because of harms due to overdetection and treatment.
Most screening advisory bodies, including the American
Cancer Society and European Association of Urology
(EAU), recommend PSA screening for men with a strong
family history of prostate cancer (ie, a first degree relative
who is diagnosed below the age of 70 years, or multiple
relatives being diagnosed on the same side of the family).
The EAU updated their guidelines to include annual PSA
screening in men with BRCA2 pathogenic variants from
age 40 years, based on the results of the BRCA1 and
BRCA2 cohorts of the IMPACT study (Identification of
Men with a genetic predisposition to ProstAte Cancer:
Targeted screening in men at higher genetic risk and
controls).24–26
No international consensus exists on screening for
prostate cancer in men with Lynch syndrome. The
updated 2019 National Comprehensive Cancer Network
(NCCN) guidelines27 recommended consideration of
tumour testing for homologous recombination mutations
and microsatellite instability or deficient mismatch repair
in men with regional or metastatic prostate cancer.
Germline testing should be offered to all newly diagnosed
men with NCCN high-risk, very high-risk, regional, or
metastatic prostate cancer. The higher risk and possible
predisposition to aggressive disease is similar to the risk
of prostate cancer associated with pathogenic variants in
BRCA2.9,25 A confirmed risk of prostate cancer in men
with mismatch repair pathogenic variants would offer the

opportunity for targeted screening to enable earlier
detection. To date, no studies have been published
assessing targeted screening for prostate cancer in men
with known pathogenic variants in the mismatch repair
genes.
The IMPACT study was established in 2005 to assess
targeted PSA screening in men with BRCA1 or BRCA2
pathogenic variants.24,25 Using the established IMPACT
infrastructure, the protocol was extended in 2012 to
include men from families with MLH1, MSH2, and
MSH6 pathogenic variants. PMS2 was not included due
to the paucity of data supporting an increased risk of
prostate cancer. Here, we report the results of the first
screening round for all men enrolled into the mismatch
repair cohort of IMPACT. We aimed to assess the
usefulness of PSA screening and determine the incidence
of prostate cancer, positive predictive value (PPV) of
biopsy, biopsy rates, and tumour characteristics. Our
hypothesis was that men with pathogenic variants in the
mismatch repair genes would have a significantly
increased risk of prostate cancer compared with noncarrier controls.

Methods

Study design and participants
The IMPACT study is an international prospective,
targeted, prostate cancer screening study in men at a
genetically higher risk of prostate cancer than age-matched
controls.28 The original protocol was designed to screen
men with BRCA1 and BRCA2 pathogenic variants, and
amended on June 29, 2012, to include a mismatch repair
cohort to undergo the same study algorithm.
For the mismatch repair cohort, we recruited men from
genetics and urology clinics from 34 centres in eight
countries (Australia, Israel, Italy, Norway, Portugal, Spain,
the UK, and the USA; appendix pp 4–5). Men aged
40–69 years were eligible for the study if they had
undergone genetic testing and tested positive or negative
for a known familial pathogenic variant (MSH1, MSH2,
or MSH6), or if they were at 50% risk of inheriting a
pathogenic variant (ie, a first degree relative has tested
positive for a known variant) but had not yet undergone
testing. Men who were at risk and who had yet to be
tested were tested as part of the study and allocated to the
appropriate analysis group; this result was not disclosed
to the participants, and is not planned to be disclosed
unless the participant requests it. Men were excluded if
they were known to have prostate cancer or if they had a
previous cancer diagnosis with a prognosis of less than
5 years survival.
The study was approved by the UK West-Midlands
Research and Ethics Committee (reference 05/MRE07/25),
and subsequently by each participating institution’s
local committee. All participants provided written
informed consent and interim analyses are presented to
the Independent Data and Safety Monitoring Committee
twice a year. The study protocol is available online.
www.thelancet.com/oncology Vol 22 November 2021
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Procedures
Men with a pathogenic variant were age-matched with
non-carrier controls in a 1:1 ratio. Men were age-matched
to within 5 years of age of their allocated carrier.
Participants underwent a PSA blood test at enrolment
and PSA was measured at their local clinical laboratory to
determine clinical action. For participants with a PSA
concentration of higher than 3·0 ng/mL, transrectal,
ultrasound-guided, prostate biopsy was recommended.
Decision to biopsy was based on this single PSA level, and
the screening was not repeated unless clinically indicated.
A concurrent serum sample was taken for PSA quality
assurance testing and was shipped to HL’s laboratory
(Wallenberg Research Laboratory, SUS Skånes University
Hospital, Malmo, Sweden) for analysis using the ProStatus
PSA Free/Total DELFIA assay (PerkinElmer Life and
Analytical Sciences, Boston, MA, USA). The laboratory
technicians who processed the samples were masked to
participant clinical outcome data and genetic status; these
data will be subject to future analyses.
Centres were requested to follow a standard 12 core
biopsy protocol. The IMPACT protocol was written
before the routine use of MRI in the diagnostic pathway,
but MRI data were collected where available. Participants
with a benign prostate biopsy (classified as no cancer)
continued annual PSA screenings and follow-up
(figure 1). The local histopathologist at each centre
reported the biopsy outcome to guide treatment in
accordance with local guidelines. Cancers were deemed
to be clinically significant if classified as intermediaterisk (PSA concen
tration of 10–20 ng/mL, Gleason
score of 7, or TNM classification of T2b) or high-risk
(PSA concentration of >20 ng/mL, Gleason score of ≥8,
or TNM classification of ≥T2c) as defined using the
National Institute for Health and Care Excellence (NICE)
guidelines. Whenever high-grade prostate intraepithelial
neoplasia or atypical small acinar proliferation was
detected, the biopsy was repeated after 3 months if
atypical small acinar proliferation was detected and after
6 months if high-grade prostate intraepithelial neoplasia
was detected. Participants with a PSA concentration of
3·0 ng/mL or less will undergo annual PSA screening
for a minimum of 5 years. Participants with a PSA
concentration higher than 3·0 ng/mL and a negative
biopsy will continue annual PSA testing, with the biopsy
to be repeated if their PSA concentration increases by
more than 50%. All participants will be followed up for
at least 10 years to assess cancer incidence and prostate
cancer-specific mortality and morbidity. A central patho
logical review is ongoing as part of our quality control
measures and will be reported after the full 5 years of
screening have been completed.
The MSH6 carrier cohort did not reach its recruitment
target and so analyses were done with the numbers
available. Because the control cohorts did not reach
recruitment target, samples from men in the BRCA1 and
BRCA2 non-carrier control cohort of IMPACT were
www.thelancet.com/oncology Vol 22 November 2021

Men, aged 40–69 years, who have undergone genetic testing and tested positive
or negative for a known familial pathogenic variant (MSH1, MSH2, or MSH6)
Known carrier
Decline

Invited to participate
Accept

Known non-carrier
Decline

End of study

Annual PSA, and
serum sample
collection
PSA concentration of
>3·0 ng/mL

No cancer

MRI performed and biopsy
repeated after 3 months
if atypical small acinar
proliferation detected,
and after 6 months if
high-grade prostate
intraepithelial neoplasia
detected

Accept

Clinic visit, consent taken

Return to annual PSA, repeat
biopsy if PSA level increases
by 50% above the value that
triggered previous biopsy

PSA concentration of
≤3·0 ng/mL

Cancer

Patient informed of result and
invited for annual visits for a
minimum of 5 years

For a minimum of 5 years

No cancer

Patient informed of
result, biopsy done
if PSA >3·0 ng/mL

Atypical small
acinar proliferation or high-grade
prostate intraepithelial
neoplasia

Invited to participate

Cancer

End of 5-year
screen for last
active recruit

Follow-up questionnaires for a
minimum of 5 years and
until 2028

End of study

Local treatment of disease;
treatment questionnaires
completed annually for
10 years

Figure 1: Study algorithm

randomly selected by members of the laboratory team
from a plate of anonymised extracted DNA samples to
supplement the control group. The selected mismatch
repair genes were sequenced from germline DNA using
targeted next-generation sequencing and analysed for
pathogenic variants using Agilent SureCall (version 4.2.1;
Santa Clara, CA, USA).

Outcomes
The primary endpoint was to determine the incidence,
stage, and pathology of screen-detected prostate cancer
in carriers of mismatch repair pathogenic variants
compared with non-carrier controls. Secondary endpoints
were to determine age-specific PSA concentrations in
carriers of pathogenic variants in mismatch repair genes
versus age-matched non-carrier controls and men in
two population-based screening studies (ERSPC and
PLCO);18–20 to determine a profile of PSA concentration
and its predictive value for the development of prostate
cancer in carriers of mismatch repair pathogenic variants
using 5 years, or more, of annual follow-up compared
with the control populations (ie, age-matched non-carrier
and population-based studies); to assess the sensitivity
and specificity of new serum and urine markers of
prostate cancer in carriers of mismatch repair pathogenic
variants; to develop microarrays to determine the genetic
profile of prostate cancers occurring in carriers of

Elizabeth University Hospital,
Glasgow, UK
(R Davidson MBChB);
East Anglian Medical Genetics
Service, Cambridge University
Hospitals NHS Trust,
Cambridge, UK (A Taylor PhD);
New Cross Hospital,
Wolverhampton, UK
(P Cooke MD); Division of
Psychosocial Research and
Epidemiology, The Netherlands
Cancer Institute, Amsterdam,
Netherlands
(N K Aaronson PhD);
Department of Urology,
Erasmus Cancer Institute,
Erasmus University Medical
Centre, Rotterdam,
Netherlands (C H Bangma MD);
Spanish National Cancer
Research Center, Madrid, Spain
(E Castro PhD); Division of
Radiotherapy and Imaging,
The Institute of Cancer
Research, Sutton, Surrey, UK
(D Dearnaley FRCP, V Khoo);
Instituto Nacional de Cancer
Jose de Alencar Gomes da Silva
INCA, Rio de Janeiro, Brazil
(A Dias MD); Faculty of
Medicine, University of
Southampton, Southampton,

1621

Articles

828 men recruited to the IMPACT study mismatch repair gene pathogenic variant cohort

134 BRCA1 or BRCA2 non-carriers from the IMPACT study

4 did not undergo PSA screening

203 MLH1 carriers

192 had PSA
≤3 ng/mL

11 had PSA
>3 ng/mL

5 benign
tissue by
biopsy
1 HGPIN or
ASAP by
biopsy
5 no biopsy

192 followed up annually
11 required further
investigations

199 MLH1 non-carrier
controls

189 had PSA
≤3 ng/mL

10 had PSA
>3 ng/mL

4 benign
tissue by
biopsy
1 HGPIN or
ASAP by
biopsy
5 no biopsy

189 followed up annually
10 required further
investigations

303 MSH2 carriers

276 had PSA
≤3 ng/mL

27 had PSA
>3 ng/mL

210 MSH2 non-carrier
controls

203 had PSA
≤3 ng/mL

13 cancers
detected
by biopsy
5 benign
tissue by
biopsy
9 no biopsy

276 followed up annually
27 required further
investigations

7 had PSA
>3 ng/mL

1 cancer
detected
by biopsy
2 benign
tissue by
biopsy
4 no biopsy

203 followed up annually
7 required further
investigations

134 MSH6 carriers

129 had PSA
≤3 ng/mL

5 had PSA
>3 ng/mL

4 cancers
detected
by biopsy
1 HGPIN or
ASAP by
biopsy

129 followed up annually
5 required further
investigations

177 MSH6 non-carrier
controls

173 had PSA
≤3 ng/mL

4 had PSA
>3 ng/mL

2 benign
tissue by
biopsy
2 no biopsy

173 followed up annually
4 required further
investigations

Figure 2: Trial profile
BRCA1 and BRCA2 non-carrier controls were included in every non-carrier control group, but only counted once in the total cohort number, therefore the sum of each genetic cohort does not equal the
total. ASAP=atypical small acinar proliferation. HGPIN=high-grade prostate intraepithelial neoplasia.
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mismatch repair pathogenic variants; and to characterise
the genomic and biological profiles in samples from
carriers with mismatch repair pathogenic variants and
changes related to prostate cancer in those individuals.
All secondary endpoints require the full 5 years of PSA
screening to be completed and will be reported as part of
future analyses.

Statistical analysis
We hypothesised that men with pathogenic variants in the
mismatch repair genes would have at least a two times
increased risk of prostate cancer compared with noncarrier controls. IMPACT has been powered to detect a
two-times relative risk of prostate cancer over 5 years of
screening, with 80% power at an α level of less than 0·01.
The target sample was 190 men aged 40–69 years from
each of the following six groups: MLH1, MSH2, and
MSH6 germline pathogenic variant carriers and noncarriers. We ensured that the same proportion of carriers
and non-carrier controls were within each age group of
40–49, 50–59, and 60–69 years. We also ensured that mean
and median ages were within 5 years for each cohort
versus their control group. The number of missing PSA
readings was low (n=4) and in post-hoc analyses these
were counted as negative—ie, did not trigger a biopsy.
We used Fisher’s exact test to compare the number of
cases and incidence of prostate cancer, and PPV of the
PSA cutoff and biopsy for prostate cancer between
carriers and non-carriers and the differences between

disease types (ie, cancer vs no cancer and clinically
significant cancer vs no cancer). We assessed screening
outcomes and tumour characteristics by pathogenic
variant status. We used Student’s t test to compare mean
ages and PSA readings. We used the Mann-Whitney
U test to compare median ages and PSA readings. All
statistical tests were-two tailed and p values of less
than 0·05 were considered to be significant. For
assumption checking, we used 95% CIs for proportions
and χ² tests, for both we used exact CIs where appropriate.
We did a sensitivity analysis to assess the robustness of
the results to changes in biopsy compliance rates in the
non-carrier controls. We assumed that the biopsy rates in
the non-carrier controls was the same as among the
carrier group, and recalculated the number of cancers
that could have been present in the non-carriers
assuming that any additional biopsies resulted in a
cancer outcome and compared cancer incidence.
Interim analyses are planned for when all participants
have completed 3 years of screening. The final analysis
will be completed after all participants have completed a
minimum of 5 years of screening.
We did all statistical analysis using Graphpad
(version 9.0.2) and Stata (version 16.1). This study is
registered with ClinicalTrials.gov, NCT00261456.

Role of the funding source
The study sponsor, The Institute of Cancer Research, has
oversight of study design and conduct and had no role in
www.thelancet.com/oncology Vol 22 November 2021
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the data collection, data analysis, data interpretation, or
writing of the report. The funders of the study had no
role in study design, data collection, data analysis, data
interpretation, or writing of this report.

Results
Between Sept 28, 2012, and March 1, 2020, 962 men were
recruited, of whom 828 (86%) were recruited as part of
the mismatch repair pathogenic variant cohort (644 [78%]
carriers of a mismatch repair pathogenic variant
[204 (32%) carriers of MLH1, 305 (47%) carriers of MSH2,
and 135 (21%) carriers of MSH6] and 184 [22%] noncarrier controls [65 (35%) non-carriers of MLH1, 76 (41%)
non-carriers of MSH2, and 43 (23%) non-carriers of
MSH6]; appendix pp 4–5) and 134 (14%) were randomly
selected from the BRCA1 and BRCA2 non-carrier cohort
of the IMPACT study and screened for pathogenic
variants in the mismatch repair genes and their data
were used to supplement the control groups (figure 2).
Men were predominantly of European ancestry
(899 [94%] of 953 with available data) and most had a
technical or vocational qualification (180 [20%] of 910
with available data) or had graduated university (372 [41%]
of 910; table 1). Median age at enrolment was 53 years
(IQR 46–59). 208 (22%) participants reported previous
urinary symptoms, 318 (38%) had previously had a PSA
test (no significant difference between carriers and noncarrier controls), and 186 (19%) had at least one firstdegree or second-degree relative with prostate cancer
(self-reported), with significantly more non-carrier
controls reporting a family history of prostate cancer in
the MSH2 (p=0·028) and MLH1 (p=0·0044) groups than
carriers; for the MSH6 group, there was no significant
difference between carriers and non-carrier controls
(p=0·081; table 1).
The overall study population comprised 962 partici
pants, including the 134 non-carriers who were counted
within each of the non-carrier control groups. The MSH6
cohort did not reach target capacity because of the rarity
of indentified carriers.
Among 962 men, 958 (>99%) baseline PSA screening
results were available, four (<1%) PSA screening results
were missing or not obtained and these were counted as
negative (ie, did not trigger a biopsy); therefore, this did
not affect the overall result (one MLH1 carrier, two MSH2
carriers, and one MSH6 carrier). 56 (6%) of 962 men had
a PSA reading higher than 3·0 ng/mL (median 5·1 ng/mL
[IQR 3·8–11·1]), requiring referral for a prostate biopsy, of
whom 35 (63%) had a biopsy (figure 2, table 2). 21 (37%)
of 56 men declined prostate biopsy due to concurrent
health conditions (n=2), urologist repeating PSA reading
before prostate biopsy resulting in a reading of 3·0 ng/mL
or lower (n=9), undergoing an MRI with no abnormalities
(n=4), or men changing their mind (n=6).
Of the 35 biopsies performed, 18 (51%) indicated the
presence of cancer and were in 13 (4%) of 305 MSH2
carriers, four (3%) of 135 MSH6 carriers, and one (<1%)
www.thelancet.com/oncology Vol 22 November 2021

of 210 MSH2 non-carrier controls. No cancers were
diagnosed in the MLH1 carriers, MLH1 non-carrier
controls, or MSH6 non-carrier controls. The number of
biopsy cores taken across all biopsies ranged from six
to 33, age at biopsy ranged from 40 to 69 years, and no
significant differences in these biopsy characteristics
were seen between groups (table 3). Higher compliance
with biopsy was observed in MSH2 carriers than in noncarrier controls (18 [67%] of 27 vs three [43%] of seven;
p=0·39) and in MSH6 carriers than in non-carrier
controls (five [100%] of five vs two [50%] of four; p=0·17;
table 3), although these differences were not significant.
Three participants had off-protocol biopsies (ie, with
PSA concentrations of <3·0 ng/mL) after their baseline
PSA screening. Two malignant biopsies were identified in
these participants: an MSH2 carrier with an abnormal
rectal examination (PSA concentration of 0·85 ng/mL,
Gleason score of 5+4, and TNM classification T-stage of
T3a) and an MLH1 non-carrier control (PSA concentration
of 2·97 ng/mL, Gleason score of 3+3, and TNM
classification T-stage of T2c; table 4). The third participant,
an MSH2 carrier with a PSA concentration of 2·98 ng/mL),
had benign tissue on biopsy. Additionally, three men (one
MLH1 carrier, one MLH1 non-carrier control, and one
MSH6 carrier) had either atypical small acinar proliferation
or high-grade prostate intraepithelial neoplasia.
Overall prostate cancer incidence for the baseline
screening, using a PSA threshold of more than
3·0 ng/mL, was 1·9% (18 of 962; 95% CI 1·1–2·9; table 2).
The incidence among MSH2 carriers was 4·3% (13 of 305;
95% CI 2·3–7·2) compared with 0·5% (one of 210;
0·0–2·6) in MSH2 non-carrier controls; a difference of
3·8% (95% CI 1·3–6·2; p=0·011). The incidence among
MSH6 carriers was 3·0% (four of 135; 95% CI 0·8–7·4)
compared with 0% (none of 177) among MSH6 noncarrier controls; a difference of 3·0% (95% CI 0·1–5·8;
p=0·034). When looking at the incidence of clinically
significant prostate cancer, the incidence among MSH2
carriers was 3·6% (11 of 305; 95% CI 1·8 to 6·4) compared
with 0% (none of 210) among MSH2 non-carrier controls
(p=0·0037). The incidence among MSH6 carriers was
2·2% (three of 135; 95% CI 0·5–6·4) compared with 0%
(none of 177) among MSH6 non-carrier controls
(p=0·080; table 2).
In a sensitivity analysis, we found that if the biopsy
compliance rate for the carrier cohorts was applied to the
non-carrier control cohorts, an additional cancer might
have been identified in the MSH2 and MSH6 non-carrier
control cohorts. Under this scenario of a 67% biopsy
compliance rate in the control cohort, the prostate cancer
incidence would then be 1·0% (two of 210; 95% CI
0·1–3·4) in MSH2 non-carrier controls (vs 4·3%
[13 of 305; 2·3–7·2] in MSH2 carriers), with a difference
in incidence of 3·3% (0·7–5·9; p=0·032). In the MSH6
non-carrier control cohort, under a scenario of a 100%
biopsy compliance rate, the prostate cancer incidence
would then be 0·6% (one of 177; 95% CI 0·0–3·1; vs
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Total cohort
(n=962*)

MLH1 carriers
(n=204)

MLH1 noncarrier controls
(n=199)

MSH2 carriers
(n=305)

MSH2 noncarrier controls
(n=210)

MSH6 carriers
(n=135)

MSH6 non-carrier
controls
(n=177)

Age, years
40–49

369 (38%)

76 (37%)

67 (34%)

133 (44%)

77 (37%)

50 (37%)

50–59

358 (37%)

78 (38%)

79 (40%)

101 (33%)

76 (36%)

54 (40%)

62 (35%)
70 (40%)

60–69

235 (24%)

50 (25%)

53 (27%)

71 (23%)

57 (27%)

31 (23%)

45 (25%)

Median

53 (46–59)

52 (46–59)

54 (46–54)

51 (45–59)

54 (46–60)

54 (46–60)

53 (46–59)

Mean

52·8 (8·3)

52·7 (8·2)

53·9 (8·2)

51·9 (8·2)

53·5 (8·6)

53·6 (8·2)

52·9 (8·0)

p value for difference in mean between carriers and
non-carrier controls

NA

0·15

··

0·036

··

0·42

··

Qualifications
No qualifications
Attended school up to age 16 years
Attended school up to age 18 years or College degree

61/910 (6%)

15/196 (8%)

16/187 (9%)

11/286 (4%)

18/198 (9%)

8/129 (6%)

13/168 (8%)

172/910 (19%)

34/196 (17%)

34/187 (18%)

60/286 (21%)

38/198 (19%)

20/129 (16%)

28/168 (17%)

82/910 (9%)

18/196 (9%)

24/187 (13%)

20/286 (7%)

26/198 (13%)

8/129 (6%)

24/168 (14%)

Technical or vocational qualification

180/910 (20%)

32/196 (16%)

47/187 (25%)

53/286 (19%)

45/198 (23%)

23/129 (18%)

40/168 (24%)

University graduate

372/910 (41%)

81/196 (41%)

63/187 (34%)

127/286 (44%)

71/198 (36%)

64/129 (50%)

60/168 (36%)

Other qualification

43/910 (5%)

16/196 (8%)

3/187 (2%)

15/286 (5%)

Unknown

52

8

12

19

0
12

6/129 (5%)

3/168 (2%)

6

9

Ethnicity
European ancestry

899/953 (94%)

Black African or Black Caribbean ancestry

5/953 (1%)

176/201 (88%)
1/201 (<1%)

192/199 (96%)
0

287/304 (94%)
4/304 (1%)

206/209 (99%)

130/132 (98%)

0

0

174/176 (99%)
0

Asian ancestry

37/953 (4%)

18/201 (9%)

6/199 (3%)

10/304 (3%)

2/209 (1%)

1/132 (1%)

2/176 (1%)

Mixed

12/953 (1%)

6/201 (3%)

1/199 (1%)

3/304 (1%)

1/209 (<1%)

1/132 (1%)

0

3

0

1

1

3

1

Unknown

9

Family history of prostate cancer (self-reported)†
Yes

186 (19%)

31 (15%)

49 (25%)

56 (18%)

58 (28%)

29 (21%)

47 (27%)

No

776 (81%)

173 (85%)

150 (75%)

249 (82%)

152 (72%)

106 (79%)

130 (73%)

p value for difference between carriers and non-carrier
controls

NA

··

0·028

··

0·081

··

0·0044

Previous urinary symptoms

··

Yes

208/949 (22%)

43/203 (21%)

53 (27%)

55/302 (18%)

42/207 (20%)

33/131 (25%)

42/175 (24%)

No

741/949 (78%)

160/203 (79%)

146 (73%)

247/302 (82%)

165/207 (80%)

98/131 (75%)

133/175 (76%)

Unknown

13

1

p value for difference between carriers and non-carrier
controls

NA

0·24

0

3

··

3

0·57

4

··

0·89

2
··

Previous PSA test
Yes

318/834 (38%)

71/168 (42%)

76/181 (42%)

92/266 (35%)

72/189 (38%)

45/116 (39%)

68/154 (44%)

No

516/834 (62%)

97/168 (58%)

105/181 (58%)

174/266 (65%)

117/189 (62%)

71/116 (61%)

86/154 (56%)

Unknown

128

36

19

23

p value for difference between carriers and non-carrier
controls

NA

0·99

18

39
··

0·49

21
··

0·39

··

Data are n (%), n/N (%), n, median (IQR), mean (SD), or p value. PSA=prostate-specific antigen. *BRCA1 and BRCA2 non-carrier controls were included in every non-carrier control group but only counted once in
the total cohort number; therefore, the sum of each genetic cohort does not equal the total. †First-degree or second-degree relative with prostate cancer.

Table 1: Baseline demographic and clinical characteristics

3·0% [ four of 135; 0·8–7·4] in MSH6 carriers), with a
difference in incidence of 2·4% (0·7–5·5; p=0·17).
The overall PPV of biopsy using a PSA threshold of
3·0 ng/mL (ie, number of prostate cancers identified
divided by number of prostate biopsies) was 51·4%
(18 of 35; 95% CI 34·0–68·6; table 2). When separated by
genetic status, PPV in MSH2 carriers was 72·2%
(13 of 18; 46·5–90·3), in MSH2 non-carrier controls was
33·3% (one of three; 0·8–90·6), and in MSH6 carriers
1624

was 80·0% (four of five; 28·4–99·5). We could not
calculate PPV for the MSH6 non-carrier controls, MLH1
carriers, and MLH1 non-carrier controls because no
cases were detected in these groups. There were no
significant differences between carriers and non-carriers
of each gene (table 2).
The overall PPV of PSA concentration higher than
3·0 ng/mL (ie, number of prostate cancers identified
divided by number of PSA readings of more than
www.thelancet.com/oncology Vol 22 November 2021
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Total PSA screenings done at baseline

Total cohort
(n=962*)

MLH1 carriers
(n=204)

MLH1 non-carrier MSH2 carriers
controls (n=199) (n=305)

MSH2 noncarrier controls
(n=210)

MSH6 carriers
(n=135)

MSH6 noncarrier controls
(n=177)

958

203

199

210

134

177

Median PSA concentrations, ng/mL

0·8 (0·6 to 1·4)

PSA concentration >3·0 ng/mL
Biopsies†
Benign tumour
ASAP or HGPIN
Malignant tumour—ie, prostate cancer
incidence with PSA >3·0 ng/mL

56 (6%)

11 (5%)

35 (4%)
14
3
18 (1·9%
[1·1 to 2·9])

Difference between carriers and
non-carrier controls

NA

p value

NA

Clinically significant prostate cancer
incidence with PSA >3·0 ng/mL

0·9 (0·6 to 1·4)

27 (9%)

6 (3%)

5 (3%)

18 (6%)

5

4

1

1

0

0

0

0

NA

NA

p value

NA

NA

51·4%
(34·0 to 68·6)
NA

0

p value

NA

NA

32·1%
(20·3 to 46·0)

0

0

1

0

1 (0·5%
[0·0 to 2·6])

··

Difference between carriers and
non-carrier controls

NA

0

··

p value

NA

NA

··

··
··

··

··

0·20

··

3 (2·2%
[0·5 to 6·4])

0

··

··
··

80·0%
(28·4 to 99·5)

0

80·0%
(44·9 to 115·1)

··

0·14

14·3%
(0·4 to 57·9)

33·9%
(1·8 to 65·9)

0·034

0·080

··

0·25

··

2·2% [–0·3 to 4·7)

33·3%
(0·8 to 90·6)

48·1%
(28·7 to 68·1)

0

3·0%
(0·1 to 5·8)

0

38·9%
(18·3 to 96·1)

0

4 (3·0%
[0·8 to 7·4])

··

0·0037

··

0

2 (1%)
2

72·2%
(46·5 to 90·3)
··

4 (2%)

5 (4%)

3·6% (1·5 to 5·7)

··

5 (4%)
0

0·011

0

0·8 (0·5 to 1·4)

7 (3%)
3 (1%)

11 (3·6%
[1·8 to 6·4])
··

0·8 (0·6 to 1·4)

2

3·8%
(1·3 to 6·2)

0

0

Difference between carriers and noncarrier controls
PPV of PSA >3·0 ng/mL requiring action§

··

0·9 (0·6 to 1·5)

5
13 (4·3%
[2·3 to 7·2])

··

14 (1·5%
[0·8 to 2·4])

0·8 (0·6 to 1·4)

10 (5%)

Difference between carriers and
non-carrier controls
PPV of biopsy‡

303

0·8 (0·6 to 1·4)

··

80·0%
(28·4 to 99·5)

0

80·0%
(44·9 to 115·1)

··

0·048

··

Data are n (%), median (IQR), n with incidence and 95% CI in parentheses, or incidence with 95% CI in parentheses. ASAP=atypical small acinar proliferation. HGPIN=high-grade prostate intraepithelial neoplasia.
NA=not applicable. PPV=positive predictive value. *BRCA1 and BRCA2 non-carrier controls were included in every non-carrier control group, but only counted once in the total cohort number; therefore, the sum
of each genetic cohort does not equal the total. †Not including off-protocol biopsies (in participants with PSA <3·0 ng/mL). ‡PPV of biopsy is number of cancers diagnosed divided by the number of biopsies
performed. §PPV of PSA >3ng/mL requiring action is number of cancers diagnosed divided by number of PSA readings of >3·0 ng/mL.

Table 2: Participants summarised by mutation status, PSA summary data, and PPV of PSA and biopsy

Total
cohort*

MLH1
carriers

MLH1
non-carrier
controls

p value

MSH2 carriers

18

3

>0·99

18/27 (67%)

3/7 (43%)

Total biopsies

35

6

5

Biopsy compliance

35/56 (63%)

6/11 (55%)

5/10 (50%)

PSA concentration that triggered biopsy, ng/mL

5·1
(3·80–11·1)

3·9
(3·5–5·4)

4·2
(3·6–9·4)

0·72

Age at biopsy, years

61 (56–64)

60 (55–64)

62 (62–64)

0·35

60 (53–64)

Time between PSA screening and biopsy, days

91 (54–148)

92 (39–169)

87 (64–96)

0·70

105 (43–179)

Biopsy cores taken

12 (12–14)

12 (10–23)

12 (10–14)

>0·99

13 (12–15)

5·8
(3·8–20·6)

MSH2
non-carrier
controls

5·1
(3·4–5·3)
64 (62–66)

p value MSH6 carriers

5
0·39
0·45
0·13

5/5 (100%)
7·8
(4·0–9·9)

MSH6
non-carrier
controls

p value

2
2/4 (50%)

0·17

4·3
(3·4–5·1)

0·43
0·86

64 (59–67)

63 (62–64)

87 (80–256) 0·66

89 (77–120)

84 (80–87)

0·57

10 (8–12)

13 (11–13)

10 (8–12)

0·27

0·07

Data are n, n/N (%), or median (IQR). *BRCA1 and BRCA2 non-carrier controls were included in every non-carrier control group but only counted once in the total cohort number; therefore, the sum of each
genetic cohort does not equal the total.

Table 3: Summary of characteristics of men who underwent biopsies after their baseline PSA screen

3·0 ng/mL) at detecting prostate cancer was 32·1%
(18 of 56; 95% CI 20·3–46·0). Similarly, when separated
by genetic status, the PPV in MSH2 carriers was 48·1%
(13 of 27; 28·7–68·1), in MSH2 non-carriers was 14·3%
(one of seven; 0·4–57·9), and in MSH6 carriers was
80·0% (four of five; 28·4–99·5). We could not calculate
PPV for the MSH6 non-carrier controls, MLH1 carriers,
www.thelancet.com/oncology Vol 22 November 2021

and MLH1 non-carrier controls because no cases were
detected in these groups. There was a significant
difference in PPV between MSH6 carriers and non-carrier
controls (p=0·048) and no significant difference between
MSH2 carriers and non-carrier controls (p=0·20).
In MSH2 carriers, the mean age at diagnosis was
58 years (SD 9) compared with 66 years (SD 0) in the
1625
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No
Yes

4·5

3·4

62

66

MSH6 carrier

MSH6 carrier

2·97

66

MLH1 non-carrier

Yes

No

No

No

No

No

No

No

No

No

No

No

No

No

Yes

No

No

No

Yes

No

No

Family
history of
prostate
cancer

Yes

No

Yes

No

No

No

Yes

No

No

No

No

No

No

No

No

No

Yes

No

No

No

Previous
urinary
symptoms
N stage† M stage†

High

High

Low

High

High

High

High

High

High

Intermediate

High

Low

High

High

High

High

Intermediate

Intermediate

Low

Low

3+3

5+4

3+3

3+4

3+4

4+4

4+4

4+3

3+4

3+4

3+3

3+3

4+3

4+5

4+5

4+3

4+3

NA

3+3

3+3

T2c

T3a

NA

T2c

T2c

T2b

T3a

T2c

T3b

T2a

T2c

NA

T2a

T3b

T3b

T3

T2a

NA

T1c

T2a

N0

N0

NA

Nx

N0

N0

N0

N0

Nx

N0

N0

NA

Nx

NA

N1

NA

NA

NA

N0

Nx

M0

M0

NA

M0

M0

Mx

Mx

Mx

Mx

M0

M0

NA

M0

NA

M1b

NA

NA

NA

M0

M0

Table 4: Clinical features of all 18 on-protocol and two off-protocol participants for whom prostate cancer was diagnosed in the first screening round

NA

12

12

NA

13

10

NA

18

14

15

28

20

NA

12

NA

NA

14

NA

12

10

Total
cores
taken

T stage†

Cancer risk*

Gleason
score†

Biopsy

Risk scores

NA=not available. *Using National Institute for Health and Care Excellence guidelines. †Gleason score and TNM stage were taken from the participants’ most recent histology data.

0·85

49

MSH2 carrier

No

No

Off-protocol cancers (PSA ≤3·0 ng/mL)

No

7·8

11·1

67

55

MSH6 carrier

No

Unknown

Yes

No

No

No

No

No

No

No

Yes

Yes

Yes

No

Previous
PSA test

MSH6 carrier

3·5

29·0

48

13·0

65

14·0

61

66

MSH2 carrier

MSH2 carrier

MSH2 carrier

3·3

MSH2 carrier

5·8

58

44

22·5

40

MSH2 carrier

MSH2 carrier

20·6

MSH2 carrier

89·7

64

64

MSH2 carrier

31·1

MSH2 carrier

10·0

69

60

11·05

57

MSH2 carrier

MSH2 carrier

3·05

MSH2 carrier

5·3

66

58

MSH2 non-carrier

Diagnostic PSA
concentration,
ng/mL

MSH2 carrier

On-protocol cancers (PSA >3 ng/mL)

Age at
diagnosis, years

NA

6

1

NA

4

1

NA

3

5

2

4

5

NA

5

NA

NA

3

NA

5

1
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Radical prostatectomy
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Radical prostatectomy

Radical prostatectomy

Active surveillance
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hormone therapy

Radical prostatectomy

Radical prostatectomy

Non-surgical treatment

Active surveillance

Active surveillance

Radical prostatectomy

Non-surgical treatment

Non-surgical treatment

Radiotherapy

Non-surgical treatment

Radical prostatectomy plus
hormone therapy

Active surveillance

Radical prostatectomy
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non-carriers (p=0·40). Mean PSA concentration at prostate
cancer diagnosis was 19·7 ng/mL (SD 8·9) in MSH2
carriers compared with 5·3 ng/mL (SD 0) in MSH2 noncarrier controls (p=0·56). In MSH6 carriers the mean age
at biopsy was 63 years (SD 5) and the mean PSA
concentration at diagnosis was 6·7 ng/mL (SD 3.5). Only
three (17%) of 18 men who were diagnosed with onprotocol prostate cancer reported urinary symptoms before
diagnosis (two MSH2 carriers and one MSH6 carrier) and
five (28%) had previously had a PSA test before study entry
(four MSH2 carriers and one MSH6 carrier; table 4). Using
the NICE classification, intermediate-risk or high-risk
tumours were observed in 11 (85%) of 13 MSH2 carriers
with a diagnosis versus none of one MSH2 non-carrier
control with a diagnosis. We found no significant differ
ence between genetic status and NICE classification in
the MSH2 cohort (p=0·43). One MSH2 carrier had
nodal involvement and metastatic disease at diagnosis.
Three (75%) of four cancers detected in MSH6 carriers
were classified as high risk, but no cancers were detected
in MSH6 non-carrier controls to enable a comparison.
There was no specific pathogenic variant or gene region
associated with the cancers diagnosed in the MSH2 and
MSH6 carriers (data not shown).

Discussion
Here, we present the results of the first screening round
of the mismatch repair cohort enrolled in the IMPACT
study. With mismatch repair germline pathogenic
variants being relatively rare, the success of IMPACT has
been in the use of an existing international consortium.
We found a significantly higher incidence of prostate
cancer in men with pathogenic variants in MSH2 and
MSH6 compared with non-carrier controls, supporting
that the risk of prostate cancer is increased with Lynch
syndrome, and specifically with MSH2 and MSH6.
Since the initial design of the IMPACT study in 2005,
multiparametric MRI has increasingly become a
standard part of the diagnostic pathway, and only men
with targetable MRI lesions proceed to biopsy.29 In our
study, four men with PSA concentrations of more
than 3·0 ng/mL and normal MRIs were not put forward
for biopsy by their local urology team, despite the
protocol advising biopsy in all men with a PSA con
centration of more than 3·0 ng/mL. Compliance with
biopsy was 63% overall, which is slightly lower than the
81% compliance in the BRCA1 and BRCA2 cohort of
IMPACT after the baseline screen24 and the 86%
compliance in the ERSPC, and higher than the
31·5% compliance in the PLCO studies after baseline
PSA screen.18–22 By 3 years of follow-up in the PLCO
study, 64% of participants had a biopsy, and therefore a
similar level of compliance might be observed in
subsequent screening rounds of IMPACT in the
current cohort. We found no significant differences in
biopsy compliance between carriers and non-carriers
in each gene group.
www.thelancet.com/oncology Vol 22 November 2021

56 (6%) of 962 men had a positive PSA test
(>3·0 ng/mL), which is lower than the 16·2% (range
11·1–22·3 among sites) reported in the ERSPC study.18
However, these differences might be because ERSPC
recruited an older cohort of men (aged 55–75 years)
than we did (aged 40–69 years), with a mean age of
61 years compared with 53 years in our cohort. PSA
concentration increases with age, and therefore higher
PSA concen
trations would be expected in an older
cohort. Additionally, most centres in the ERSPC study
used screening intervals of 2–4 years, compared with our
annual screening, and these design differences make a
direct comparison between the studies challenging.
The mean age in the IMPACT BRCA1 and BRCA2
cohort was also 54 years and 8% of men had a biopsy,24
which is similar to in the mismatch repair cohort and
supports the idea that over-biopsy is probably not a
concern in a younger cohort. The mean age of MSH2
carriers was lower than that of MSH2 non-carrier
controls (51·9 vs 53·5 years) adding further weight to the
difference observed in cancer incidence between carriers
and non-carrier controls in this cohort.
No consensus currently exists on PSA concentration to
indicate biopsy, and age-mediated PSA thresholds are
being increasingly used. The PPV of biopsy using a PSA
threshold of 3·0 ng/mL did not differ significantly
between MSH2 carriers and non-carrier controls (72·2%
vs 33·3%; p=0·25) or for MSH6 carriers and non-carrier
controls (80·0% vs 0; p=0·14). Although the total number
of cancers detected was small, these PPVs were
considerably higher than those reported in the ERSPC
study (24·1%), and after the baseline screening in the
IMPACT BRCA1 and BRCA2 cohort (44%).24,30 The PPV
of PSA concentration of higher than 3·0 ng/mL for
detecting cancer was also higher in MSH2 carriers than
in non-carrier controls (48·1% vs 14·3%; p=0·20) and in
MSH6 carriers than in non-carrier controls (80·0% vs 0;
p=0·048). These results suggest that the use of this PSA
threshold detects early-stage, clinically important disease,
reflecting the higher incidence and higher grade of
tumours detected in these men than in the general
population. However, because the number of cancers
detected was relatively small, subsequent screening
rounds will be key to confirming these findings.
The incidence of prostate cancer was significantly
higher in MSH2 carriers than in non-carrier controls and
in MSH6 carriers than in non-carrier controls, adding
further weight to the increased risk associated with these
genes specifically; however, no specific pathogenic
variant or gene region was associated with the cancer
cases. The overall incidence of cancer for our study
cohort was 1·9%, which is similar to the 2·4% reported
in the BRCA1 and BRCA2 cohort of IMPACT and lower
than the 4·3% of men diagnosed in the first screening
round of the ERPSC.31 The lower incidence of prostate
cancer in the IMPACT cohorts are likely explained by the
younger ages of the cohorts than in ERSPC.
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MSH2 carriers were on average younger with a higher
mean PSA value at diagnosis than non-carrier controls.
Importantly, the incidence of clinically significant tumours
(intermediate risk or high risk based on the NICE
classification) was 85% (11 of 13) in the MSH2 carriers and
75% (three of four) in the MSH6 carriers compared with
none in the two non-carrier control groups, supporting
retrospective reports of a more aggressive phenotype in
these groups.6,7,16,17 Seven of 13 tumours diagnosed in
MSH2 carriers had Gleason 4 (grade group 3) as the
dominant pattern, and three tumours were Gleason
score 8 or 9 (grade groups 4–5) and so were more likely to
behave aggressively with a worse prognosis. One MSH2
carrier was found to have nodal involvement and metastatic
disease at diagnosis and longer-term follow-up is required
to establish whether there is a difference in metastatic
events and mortality between carriers and controls. The
outcome of different treatments in men with pathogenic
variants in mismatch repair gene mutations and prostate
cancer has not been studied (although it is under investi
gation as part of the GENPROS study [NCT02705846]);
therefore, a minimum of 5 years’ follow-up would be
required to see different outcomes from treatment.
Subsequent screening rounds and detection of incident
cancers will be important in determining whether annual
screening using a PSA threshold of 3·0 ng/mL is
successful in the early detection of clinically important
tumours and prevention of metastatic events.
The low incidence of prostate cancer we found, coupled
with the high proportion of clinically significant disease
detected at biopsy, suggests that screening men with
MSH2 and MSH6 pathogenic variants has a low risk of
overdiagnosis of indolent cancers. Because this is a
baseline analysis, we had no measure of time to calculate
an incidence rate ratio, but this will be included with the
results of future screening rounds. No cancers were
detected in either the MLH1 carrier or non-carrier control
groups and further years of follow-up are required to
conclude whether or not there is an increased risk of
prostate cancer associated with MLH1.
From a treatment perspective, knowledge of mismatch
repair pathogenic variant status is increasingly important
because of the evidence that mismatch repair-deficient
prostate tumours can be sensitive to immune checkpoint
inhibitors. The Philadelphia Prostate Cancer Consensus
2017 recommended that men with prostate cancer and a
family history of Lynch syndrome should be screened for
mismatch repair pathogenic variants, and men whose
prostate tumour has pathogenic variants in mismatch
repair genes should undergo germline testing.32 The
NCCN guidelines support the use of the PD-1 inhibitor
pembrolizumab in patients with mismatch repairdeficient, metastatic, castration-resistant, prostate cancer
whose disease has progressed on at least one line of
treatment.33 Therefore, although used predominantly in
the metastatic context at present, this field is rapidly
evolving and we will likely see these treatments move

earlier in the treatment pathway; thus knowledge of
mismatch repair status has the potential to substantially
affect a patient’s treatment pathway. As use of these
therapies increases within prostate cancer management,
establishing the risk of prostate cancer, tumour charac
teristics, and optimal treatments will become increasingly
important.
With increasing evidence of germline pathogenic
variants in mismatch repair genes predisposing to prostate
cancer and aggressive disease, we hypothesise that prostate
cancer screening and management guidelines will be
expanded to include men with pathogenic variants in
mismatch repair genes and other relevant germline
variants over the coming years. Our study adds to the
evidence that PSA screening identifies clinically significant
prostate cancer when targeted at higher-risk groups of
men. If validated in future screening rounds, there will be
a strong case to adopt screening for men with pathogenic
variants in mismatch repair genes into clinical guidelines.
All men with pathogenic variants in mismatch repair
genes or concerned about their family history of prostate
cancer should discuss PSA screening with their primary
care provider.
Our study had several limitations. Although the
recruitment of men with these rare variants was
challenging, particularly for MSH6 carriers, we detected
a significantly higher risk of prostate cancer in this
cohort than in non-carrier controls. However, the number
of cancers detected was relatively small and therefore
further data from subsequent screening rounds are
required to increase power and confirm these findings.
Recruitment to the control groups was also below the
initial targets, but we were able to make use of the
established dataset from our BRCA1 and BRCA2 control
group, who underwent an identical screening protocol,
to enhance the numbers.
The observed mean PSA concentration at prostate
cancer diagnosis in MSH2 carriers was higher than
MSH2 non-carriers (19·7 ng/mL vs 5·3 ng/mL); although
this difference was not significant (p=0·56). Monitoring
these readings will be important in future screening
rounds to determine whether or not MSH2 carriers
should undergo earlier screening or use a lower threshold
for investigations than non-carriers, in view of the fact
that the majority of people in this group had high-risk
disease. The IMPACT protocol triggers prostate biopsy
with a PSA concentration higher than 3·0 ng/mL but the
outcome of biopsy at lower PSA concentrations requires
further evaluation. When the protocol was initially
reviewed in 2005, we were not given approval to offer
biopsy at lower PSA values.
Findings from published studies of the risk of prostate
cancer in Lynch syndrome have been compiled in the
Prospective Lynch Syndrome Database. Most of these
studies were in men of European ancestry, as indeed is the
case in this IMPACT cohort (94% of those with available
data were of European ancestry); therefore, generalising
www.thelancet.com/oncology Vol 22 November 2021
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these findings to non-European populations will need
further research. Although we had low ethnic diversity in
our study, it is important to ensure that recruitment and
access to trials is inclusive and reflects the diversity of the
population served.
A challenge of a longitudinal study across multiple
countries is in balancing the standardisation of procedures
and changes in practice. In addition to the introduction of
routine multiparametric MRI in the diagnostic pathway,
we have seen a shift from transrectal to transperineal
biopsies combined with targeted sampling of suspicious
or equivocal MRI lesions. Consequently, we observed a
range in the number of biopsy cores taken for diagnosis
(range six to 33). We found no significant difference in the
mean number of biopsy cores sampled between men with
and without cancer. Fewer samples were probably taken in
men for whom a targeted biopsy approach was used. This
approach improves the sampling of areas with suspicious
lesions, but might affect incidence of cancer. As follow-up
continues over the next 5 years, future cancer diagnoses
will be captured and the effect of sampling differences
determined.
Without a systematic assessment of the use of MRI in
men at genetically high risk of prostate cancer and its
incidence in this specific subgroup, it is difficult to
extrapolate general population data to this setting and
further research is required. Assessing the gener
alisability of the results for contemporary patients,
where guidelines include MRI, is also difficult. This
question is being addressed in the PROFILE study
(NCT02543905), in which men with pathogenic variants
in genes including the mismatch repair genes will be
following a screening algorithm that includes MRI.
Therefore, future comparisons with the IMPACT
dataset will be possible. We cannot exclude that some
men might have had PSA screening before inclusion in
the IMPACT study. From our participant-completed
questionnaire, 30–40% of carriers and non-carriers
reported undergoing PSA testing before enrolling,
which might have introduced some selection bias.
However, previous screening would potentially have a
positive bias on the data because it would mean that
only men with low PSA concentrations and those who
have not undergone a prostate biopsy within the past
12 months would meet the inclusion criteria.
Not all men complied with the study protocol, and
therefore cancers might have been missed either in men
who refused biopsy, who had a normal MRI, or those
advised locally to have a repeat PSA screening or MRI
instead of a biopsy. Genetic status might affect protocol
compliance, with fewer non-carriers proceeding with
prostate biopsy than carriers (eg, 67% of MSH2 carriers
vs 43% of non-carrier controls), which might represent
variation in how men are counselled, with a bias towards
promoting biopsy in MSH2 carriers. Further screening
rounds with increased numbers of biopsies will enable
further evaluation of this within all gene groups. If the
www.thelancet.com/oncology Vol 22 November 2021

compliance rates of the carriers and the non-carrier
cohort were the same (as investigated in our sensitivity
analysis), there would be no change in significance
observed for MSH2 carriers vs non-carrier controls.
Because of the smaller number of participants in the
MSH6 cohort than in the MSH1 and MSH2 cohorts, we
cannot rule out that these findings would remain
significant if we had recruited larger numbers of men
from these cohorts. Further screening rounds will be
needed to provide additional data to support these
observations. There might be some selection bias
introduced with the use of local MRI in some centres,
with those men with a visible lesion being put forward
for biopsy. We know only four men with a negative MRI
did not proceed with biopsy, so this bias is likely to be
small. Because of the large number of centres and
clinicians involved in the study, consistency was difficult
to achieve and led to some PSA screenings being
repeated on the basis of clinical discussions, rather than
management being informed by a single PSA value as
stated in the protocol. Because PSA screening continues
for another 5 years, the clinical outcome in those men
who declined prostate biopsy at this first screening round
will be included in future analyses.
Finally, we need to consider that men with Lynch
syndrome might have below-average life expectancy and
therefore there could be a higher probability that screendetected cancers might not otherwise have been found in
a man’s lifetime, and subsequently be considered to be
over-detection. Further screening rounds and longerterm follow-up within the IMPACT study will enable a
more complete assessment of the possible benefit and
harms of screening in terms of risk of competing
mortality and efficacy of early detection and treatment in
these men, as well as enabling the assessment of the
rates of interval cancers to inform the optimal PSA
screening interval.
In summary, the first screening round of the mis
match repair cohort of IMPACT supports consideration
of targeted PSA screening for prostate cancer in men
with MSH2 and MSH6 pathogenic variants to increase
the detection of prostate tumours that are highly likely
to need treatment based on national and international
guide
lines. Using a PSA threshold of 3·0 ng/mL
resulted in a low biopsy rate (6%) and a high PPV
for the detection of intermediate-risk and high-risk
disease in MSH2 and MSH6 carriers. We observed a
significant difference in the incidence of prostate
cancer between carriers and age-matched non-carriers.
MSH2 carriers were diagnosed at a younger age,
although this was not significant, and had more
clinically significant disease compared with noncarriers. Future screening rounds will determine the
optimal frequency of PSA testing, the usefulness of
PSA screening in MLH1 carriers, and provide further
data on the value of annual screening in MSH2 and
MSH6 carriers.
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