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A B S T R A C T

Purpose: To assess the contribution of germline pathogenic variants (PVs) in population-based
series of breast cancers and the best strategy to improve detection rates.
Methods: Three cohort studies were utilized, including a hospital-based series identified from
new UK mainstream testing criteria (group-1), offering testing to all women (group-2-BReast
CAncer [BRCA]-DIRECT), and a Greater Manchester cohort study recruited from the
mammography screening population (group-3-Predicting Risk of Cancer at Screening). DNA
samples from women with breast cancer were sequenced for PVs in BRCA1, BRCA2, and
Partner and Localiser of BRCA2 (PALB2). The Manchester score (MS) was used at different
points thresholds. Current mainstream criteria include women diagnosed <40 years and all
triple negative <60 years or an MS ≥15.
Results: Thirty-six PVs (BRCA1 = 9, BRCA2 = 18, PALB2 = 9) were identified among 1061
women with breast cancer (3.4%). Mainstreaming criteria identified 21 of 36 (58%) of PVs by
testing 190 women; detection rate (8.4%), specificity = 83.5%. A better detection rate was found
using an MS threshold of 12-points with 66.7% (24/36) sensitivity and 85.7% specificity in 171
women. No PVs were identified in 158 women with grade-1 invasive cancers. The best strategy
to detect all PVs was an MS ≥3 with specificity of 32.6%.
Conclusion: In order to detect higher PV rates on a population basis the best strategy is to reduce
the MS threshold for genetic testing.
© 2023 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
shing Charge (APC) was waived.
ld be addressed toD.GarethEvans,Department ofGeneticMedicine,ManchesterAcademicHealthSciencesCentre
hester, Manchester M13 9WL, UK. Email address: gareth.evans@mft.nhs.uk; Gareth.d.evans@manchester.ac.uk

sevier Inc. on behalf of American College of Medical Genetics and Genomics. This is an open access article
commons.org/licenses/by-nc-nd/4.0/).

Delta:1_given name
https://orcid.org/0000-0002-8482-5784
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:gareth.evans@mft.nhs.uk
mailto:Gareth.d.evans@manchester.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gimo.2023.100849&domain=pdf
https://www.journals.elsevier.com/genetics-in-medicine-open
https://doi.org/10.1016/j.gimo.2023.100849
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 D.G. Evans et al.
Introduction

Current guidelines for germline genetic testing for highly
penetrant, high-risk breast cancer genes in most of the
world are based on algorithms that assess a likelihood of
a woman carrying a germline pathogenic variant (PV) in
the genes tested. For breast cancer in Europe, testing
strategies are primarily targeted at individuals affected
with cancer and testing of relatives is only usually
offered if a PV is identified in an index relative.1,2 More
recently updated European guidelines are now strongly
driven by the potential for gene-level driven manage-
ment strategies, such as Poly (ADP-ribose) polymerase
(PARP) inhibitors (PARPi) in the person with breast
cancer.2 Testing in England was updated in April 2022
to make it more widely available in women with breast
cancer and it now includes all women diagnosed at <40
years, except those with grade-1 disease (https://www.
england.nhs.uk/wp-content/uploads/2018/08/rare-and-
inherited-disease-eligibility-criteria-v4.pdf). Testing at a
population level in Israel has been started based on
health economic data and the known 2.5% frequency of
founder variants in BRCA1/2 in the Ashkenazim.3-5

Despite advanced plans to roll this out in England, it is
likely to be some time before total population testing for
breast cancer predisposition genes is implemented
outside of specific populations. Until the issue of vari-
ants of uncertain significance is resolved, there remains
some reluctance, among geneticists in particular, to role
this out. In view of the increasing evidence of efficacy
for PARPi in earlier stage breast cancer,6 further
expansion of testing criteria is likely to be implemented.
The main question is whether this should be provided to
all people with breast cancer or whether a threshold
should be used, based on overall likelihood of BRCA1/2
and PALB2 variants, perhaps incorporating likely future
benefit from PARPi. In view of this, we have assessed
population testing of BRCA1/2 and PALB2 variants in
North-West England in over 1000 affected women with
breast cancer.
Materials and Methods

Patient cohorts

The population-based patient cohorts were drawn from 3
sources:

1. Women diagnosed with breast cancer meeting NHS
England Mainstreaming criteria (Table 1) at Man-
chester NHS Foundation Trust (MFT) and where
samples were available for genetic testing between
October 2021 and November 2022.

2. All women diagnosed with breast cancer in follow-up
after primary treatment at MFT consenting to the
BRCA-DIRECT study7 between December 2021 and
August 2022.

3. Women identified from the Predicting Risk of Cancer
at Screening (PROCAS) population-based study of
women in the NHS Breast Screening Programme.8

This included prevalent cases at recruitment (2009-
2014) and incident cases after recruitment in women
aged 46 to 79 years at recruitment.

The combination of group 1 and 2 means that all women
with breast cancer were eligible.

Clinical or research consent was given for testing of
breast cancer associated genes [Research Ethics Commit-
tee, reference 09/H1008/81 (PROCAS) and 08/H1006/77
and Trust Committee for Clinical Research, reference
CCR5234, and the Research Ethics Committee, reference
20/LO/1200].

Genetic testing

For group 1, DNA was extracted from lymphocytes and
tested using a combination of targeted sequencing and
multiplex ligation-dependent probe amplification.9 All par-
ticipants underwent testing of BRCA1, BRCA2, CHEK2,
ATM, and PALB2. CHEK2 and ATM were only tested from
April 2022 and are not reported here.

For group 2, women had DNA extracted from saliva
samples. Samples were tested as part of the BRCA-DIRECT
study using a bespoke sequencing panel for the BRCA1,
BRCA2, and PALB2 genes, as previously described.7

For group 3, women had DNA extracted from saliva
samples. Samples were tested as part of the Breast cancer
Risk after Diagnostic GEne Sequencing (BRIDGES) study
by direct sequencing of a 34 gene panel, including BRCA1,
BRCA2, CHEK2, ATM, and PALB2, as previously
described.9,10

Additional testing from referrals to Genomic Medicine
(MFT) were utilized to assess Manchester scores (MS) on
larger numbers, particularly for sporadic breast cancers.

Variants were classified in accordance with the American
College of Medical Genetics and Genomics and the Associ-
ation for Molecular Pathology (ACMG-AMP)11 and Cancer
Variant Interpretation Group guidelines CanVIG.12 Only
those reported as “pathogenic” or “likely pathogenic” were
included as positive findings and, along with copy number
variants, we refer to all these categories as PVs.

Tumor pathology information was obtained for each case,
when available, through hospital records, and cancer registries,
as previously described.8,9,12,13 The likelihood of a BRCA1/2
PV was determined using the MS for each affected individ-
ual.14 The MS provides a points score to each cancer in the
individual and direct family lineage and adjusts for tumor pa-
thology, including a score of minus 6 points for HER2+ breast
cancer and plus 6 for grade 3 triple-negative breast cancer
(Supplemental Table 1).14 An MS of 15 to 19 equates to a 10%
likelihood of a BRCA1/2 PV, and MS 20 to 24 to a 20%
likelihood, with a MS ≥40 equivalent to a >75% likelihood.14

https://www.england.nhs.uk/wp-content/uploads/2018/08/rare-and-inherited-disease-eligibility-criteria-v4.pdf
https://www.england.nhs.uk/wp-content/uploads/2018/08/rare-and-inherited-disease-eligibility-criteria-v4.pdf
https://www.england.nhs.uk/wp-content/uploads/2018/08/rare-and-inherited-disease-eligibility-criteria-v4.pdf


Table 1 NHS England mainstream testing criteria since April
2022 for breast cancer for R208

Living affected individual (proband) with breast or ovarian cancer
where the individual +/− family history meets 1 of the criteria.
The proband has the following:
a. Breast cancer (age < 40 years, excluding grade 1 breast

cancers), OR
b. Bilateral breast cancer (age < 50 years), OR
c. Triple-negative breast cancer (age < 60 years), OR
d. Male breast cancer (any age), OR
e. Breast cancer (age <45 years) and a first-degree relative with

breast cancer (age <45 years), OR
f. Pathology-adjusted Manchester score ≥15 or CanRisk score

≥10%
g. Ashkenazi Jewish ancestry and breast cancer at any age
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Statistics

Where relevant, 2-sided χ2 testing with Yates correction was
used.
Results

For this research, we initially assessed at a 5% MS threshold
for identifying either a BRCA1 or BRCA2 PV. This was the
threshold at which there would be at least a 5% detection
rate in the lowest risk group among patients diagnosed with
breast cancer through all MFT genetic testing for BRCA1/2
(n = 5410). The 5% threshold was surpassed with a MS of
12 points with BRCA1/2 PV seen in 22 to 340 (6.47%)
(Supplemental Table 2). The threshold was not reached in
those with MS = 10, (7/256 [2.73%]) or in those with MS =
11, (10/231 [4.33%]).

A total of 1061 samples have been submitted for popu-
lation testing: group 1 mainstreaming (Table 1) n = 97
(BRCA1 = 7; BRCA2 = 6; PALB2 = 1, overall detection rate
14.7%, mean age of cohort = 46.6 years), group 2: BRCA-
DIRECT n = 416 (BRCA1 = 1; BRCA2 = 4; PALB2 = 4,
overall detection rate 2.2%, mean age cohort = 56.0 years),
and from group 3:PROCAS n = 548 (BRCA1 = 1;
BRCA2 = 8; PALB2 = 4, overall detection rate 2.4%, mean
age cohort = 59.1 years). Mean age at breast cancer was
56.7 years (median = 56.9, IQR = 50.5-64.4) and range was
26.3 to 90.4 years. As expected, age was strongly predictive
of a PV in BRCA1/2 +/− PALB2 (P < .0001; χ2 test for
trend) (Table 2). Overall, 27 PVs were found in BRCA1/2 in
2.54% (BRCA1 = 9; BRCA2 = 18) and 9 in PALB2
(0.85%), with an overall detection rate of 3.39%. PV
detection rate reduced from 12.9% in women aged <40
years (27% with a first-degree relative family history-
FDRFH) to 0/96 in all women diagnosed >70 years, irre-
spective of FDRFH. A 5% threshold for identifying a
BRCA1/2 PV, based on age alone, was met for women
diagnosed <50 years and those with a FDRFH aged 50 to 59
years. The relatively high rate in women with sporadic
breast cancers aged 40 to 49 years was driven by 4 of 30
(13.3%) with triple-negative tumors because detection rate
in the remaining pathologies for all 3 genes was only 7 of
143 (4.9%).

Mainstreaming criteria (Table 1) were met in 190 women,
with PVs found in 8.4% in BRCA1/2 and 11% when PVs in
PALB2 are included (Table 3). In those meeting main-
streaming criteria with an MS <15, the detection rate was 7 of
122 (5.7%) for BRCA1/2 PVs. The MS was strongly pre-
dictive for both BRCA1/2 PVs and the addition of PALB2
PVs (Table 3). In particular, the PV detection rate for women
with an MS <7 (n = 666) was only 0.60% for BRCA1/2 PVs
and only rose to 0.75% by including PALB2 PVs (P < .0001
for all PVs MS ≥15 vs <7).

However, the PV yield from those who met mainstream
testing criteria but had an MS of <12 was only 1 of 69
(1.4%), with no BRCA1/2 PVs. In contrast, among 50
women with an MS of 12 to 14 that did not meet main-
streaming criteria, 3 BRCA2 PVs were identified (6.0%, 1
from each cohort). As such, using an MS of ≥12 was more
sensitive and specific than mainstream testing criteria
(Table 3).

Likewise, tumor pathology was also predictive with an
overall detection rate of 8% for BRCA1/2 in women with
triple-negative breast cancer rising to 8.8% with the inclu-
sion of PALB2, but this dropped to 0 in 23 in those with
triple-negative tumors aged >60 years compared with 9 of
50 (18%) <50 years (P = .049) (Table 4). Women with
high-grade estrogen receptor (ER) + HER2- breast cancer
(n = 152) had the next highest detection rate at 4.6%
(BRCA1/2 only) and 7.2% for the combined 3 genes.
Notably, no PVs were identified in 156 women with grade 1
invasive breast cancers and 96 with invasive lobular breast
cancers. Unfortunately, pathology reports could not be ob-
tained for 52 retrospective (prevalent) PROCAS cases.

Wenext added all sporadic breast cancers fromother testing at
MFT (n = 5410) to those without a family history of breast/
ovarian cancer and without a contralateral breast cancer or
ovarian cancer to those identified from population testing
(Table 5). We assessed the detection rates for BRCA1/2 PVs
alone, and with the addition of PALB2, in 10-year age cohorts in
these cases of an isolated breast cancer with no relevant family
history. We specifically assessed the rates in triple-negative and
all other pathologies combined. ThePVdetection rates inwomen
with triple-negative tumors exceeded 5% for breast cancers <60
years for BRCA1/2 PVs, but for women with non-triple-negative
tumors, the rate did not exceed 5%. However, by adding PALB2
PVs, the rates approached 5% inwomenwith non-triple-negative
tumors aged <40 years. We did not have sufficient numbers to
stratify non-triple-negative tumors by histological subtype. If we
included additional testing for grade 1 invasive cancers with an
MS <12 then the detection rate was 0 in 246 women. Nonethe-
less, for lobular cancer, additional testing revealed that 3 of 90
women with MS <12 had PVs (1 each in BRCA1, BRCA2, and
PALB2). Thus, 3 of 186 (1.6%) women with lobular cancer and
MS <12 had a PV in 1 of the 3 genes. In women with HER2+
breast cancer, testing a further 132 samples revealed an additional



Table 2 Population based testing of breast cancer by age and family history

Age (yrs) Number % All BC BRCA1 BRCA2 BRCA1/BRCA2 % PALB2 Any PV % Any PV

<40 70 6.6% 5 2 7 10.0% 2 9 12.9%
FH+ 11 2 1 3 27.3% 0 3 27.3%
FH- 59 3 1 4 6.8% 2 6 10.2%
40-49 186 17.5% 3 7 10 5.4% 3 13 6.9%
FH+ 43 2 1 3 7.0% 0 3 7.0%
FH- 143 1 6 7 4.9% 3 10 7.0%
50-59 396 37.6% 1 7 8 2.0% 4 12 3.0%
FH+ 90 0 4 4 4.4% 3 7 7.8%
FH- 306 1 3 4 1.3% 1 5 1.6%
60-69 315 29.8% 0 2 2 0.6% 0 2 0.6%
FH+ 67 0 1 1 1.5% 0 1 1.5%
FH- 248 0 1 1 0.40% 0 1 0.4%
70+ 96 9.0% 0 0 0 0.00% 0 0 0.0%
FH+ 28
FH- 66
Total FH+ 239 22.5% 4 7 11 4.6% 3 14 5.8%
Total FH+ 822 77.5% 5 11 16 1.9% 6 22 2.7%
Mean age 56.74
Median age 56.89
IQR 50.48-64.43

BC, breast cancer; FH+, first degree family history of BC; PV, pathogenic variant.
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PALB2 andBRCA2PVwithMS<12, providing a combined rate
of 3 of 185 (1.6%).

Finally, we assessed changing the threshold for genetic
testing using additional criteria rather than just using MS.
We looked at women fulfilling the following 3 criteria:
(1) meeting current mainstream testing criteria and (2) those
diagnosed with breast cancer aged <50 years, and (3) those
FDRFH 50 to 59 years. This group comprised 38.7% (411/
Table 3 PV rate by Manchester score (MS) and mainstreaming criteria

MS Number BRCA1 BRCA2 BRCA1/2

20+ 25 2 3 5
15-19 43 2 2 4
12-14 103 5 5 10
7-11 222 0 4 4
<7 668 0 4 4
3-7 364 0 4 4
<3 334 0 0 0
Total 1061 9 18 27

Yes 190
Yes MS <15 122
Yes MS <12 69
No MS 12-14 50
No 871

MS
MS ≥15 10%threshold 68
MS ≥12 5%threshold 171
MS ≥7 2%threshold 395
MS ≥3 1%threshold 727
Current mainstreaming + All BC <50 or FDRFH or TNT 50-59 years 411

FDRFH, first-degree relative family history; MS, Manchester score; PV, pathoge
1061) of the study cohort; yet, testing would identify 83.3%
(30/36) of all PV.

Alternatively, reducing the MS threshold to 7 points
identifies 31 of 36 (86.1%) of PVs in only 395/1061
(37.2%) of the population (Table 3). Thus, using MS is,
again, more sensitive and specific than tweaking the main-
stream criteria. To identify all PV heterozygotes, an MS of
≥3 would have been required with testing an additional 364
% PALB2 Any PV %

20.00% 1 6 24.00%
9.30% 2 6 13.95%
9.71% 2 12 11.65%
1.80% 3 7 3.15%
0.60% 1 5 0.75%
1.10% 1 5 1.37%
0.00% 0 0 0.00%
2.54% 9 36 3.39%

Mainstream Criteria Met Sensitivity Specificity

9 7 16 8.42% 5 21 11.05% 21/36 (58%) 83.5%
5 2 7 5.74% 2 9 7.38% 9/36 (25%) -
0 0 0 0.0% 1 1 1.4% - -
0 3 3 6.0% 1 4 8.0% - -
0 11 11 1.26% 4 15 1.72% - -

thresholds
4 5 9 13.2% 3 12 17.6% 12/36 (33%) 94.5%
9 10 19 11.1% 5 24 14.0% 24/36 (66.7%) 85.7%
9 14 23 5.8% 8 31 7.8% 31/36 (86.1%) 64.5%
9 18 27 3.1% 9 36 4.95% 36/36 (100%) 32.6%
9 13 22 5.4% 8 30 7.3% 29/36 (80.5%) 62.8%

nic variant; TNT, triple negative tumor.



Table 4 Pathogenic Variant (PV) rate by breast cancer pathology

Pathology Total BRCA1 BRCA2 PALB2 Total PV % Total BRCA1/2 %BRCA1/2

G3 BC ERpos her2- 152 1 6 4 11 7.24% 7 4.61%
G2 BC ERpos her2- 301 0 5 1 6 1.99% 5 1.66%
G1BC 156 0 0 0 0 0.00% 0 0.00%
DCIS 138 0 2 2 4 2.90% 2 1.45%
Lobular 96 0 0 0 0 0.00% 0 0.00%
HER2+ 53 0 1 0 1 1.89% 1 1.89%
TNT 113 7 2 1 10 8.85% 9 7.96%
IDC grade NOS 52 1 2 1 4 7.69% 3 5.77%
Total 1061 9 18 9 36 3.39% 27 2.54%

BC, breast cancer; G1BC, grade 1 invasive ductal carcinoma; G2BC, grade 2 invasive ductal carcinoma; G3BC, grade 3 invasive ductal carcinoma; DCIS
-disseminated carcinoma in situ; IDC, invasive ductal carcinoma; NOS, not otherwise stated; TNT, triple negative tumor; PV, pathogenic variant.
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women to detect the remaining 3 BRCA2 PVs and 1 PALB2
PV. Because of tumor pathology, 123 women had a 0 or
negative MS. Given the 0 rate of PV seen in women with
grade 1 cancers, adding in another 42 women with scores of
3 to 11 would improve specificity to 346 in 1025 (33.8%).
This would still be a better strategy than testing all women
diagnosed with grade 2 or grade 3 breast cancer aged below
70 years, which would only have identified 245 not
requiring testing (specificity 24%).

The variant of uncertain significance (VUS) rate was not
available for PROCAS or BRCA-DIRECT because these
were not part of the protocol. Thus, women receiving results
from BRCA-DIRECT, nor their clinicians were aware of
any VUS. Current reporting of variants since the beginning
of 2021 from clinical testing in our center excludes reporting
VUS with no evidence to support pathogenicity (cold VUS).
Table 5 Detection rate of BRCA1/2 PVs in sporadic breast cancer
by age group

Age BC Sporadic TNT Other

<30 Number tested 48 61
BRCA1/2 6 2
% 12.50% 3.28%
PALB2 1 1
Combined % 14.5% 4.9%

30-39 Number tested 193 92
BRCA1/2 15 3
% 7.77% 3.26%
PALB2 3 1
Combined % 9.3% 4.3%

40-49 Number tested 137 114
BRCA1/2 11 2
% 8.03% 1.75%
PALB2 1 2
Combined % 8.8% 3.5%

50-59 Number tested 159 237
BRCA1/2 8 5
% 5.03% 2.11%
PALB2 4 0
Combined % 7.5% 2.1%

>60 Number tested 15 237
BRCA1/2 0 1
% 0.00% 0.42%

BC, breast cancer; TNT, triple negative tumor.
There was no VUS reported in the 97 women in group 1
tested with mainstreaming. If we include all breast cancer
testing since the beginning of 2021 only 8 of 952 (0.84%)
had a BRCA1/2 VUS with none in PALB2. This was similar
for those samples referred by surgeons/oncologists for
mainstreaming 5 of 614 (0.81%).
Discussion

We have carried out genetic testing for the 3 most important
germline high-risk genes in a population-based sample of breast
cancers in North-West England. The age range and pathology
are consistent with the UK population apart from lower rates of
HER2+ breast cancer and women aged >70 years. From
Cancer Research UK statistics for the UK (2016-2018)15 the
number of women affected with invasive breast cancer was
46,993 with 5.1% (n = 2403) occurring in women aged <40
years and 16% (n = 7533) occurring in women aged 40 to 49
years, which is similar to the 6.6% and 17.5% tested in our
study. However, only 9% (n = 83) of women were aged 70 to
79 years (9%) compared with an expected 10,739/46,993
22.9%. The main over-representation was therefore in the 50 to
59 years age group at 37.6% versus UK statistics of 27%. The
proportion of our cohort with a FDRFH was 22%, in the middle
of the range of 15% to 28.3% in the cohorts in the Cancer Risk
Estimates Related to Susceptibility (CARRIERS) population-
based-study16 (7 cohorts above 8 below). The rate of 2.54% for
identification of BRCA1/2 PVs is consistent with other
population-based cohorts with no upper age limit.10,16,17 Only
2.15% in the CARRIERS study16 had a BRCA1 or BRCA2 PV.
The very low rate of BRCA1/2 PVs in women over age 70
years and the relative under representation of this age group
means the true figure for BRCA1/2 PV is likely closer to 2% in
our population of women with breast cancer. These low figures
for outbred populations are much lower than stated in many
reviews of genetic testing, which quote ranges of 3% to 6% or
even higher.18-20 These reviews have likely selected older, more
selected populations (at least by age) in these testing studies.
The prevalence of PALB2 PVs in our study at 0.84% compares
with 0.46% in the US-based CARRIERS study15 and 0.56% in
the international BRIDGES study.10 This difference is not
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significant even against the CARRIERS study (χ2 = 2.54; P =
.11), although the high frequency of PALB2 c.3113G>A;
p.(Trp1038Ter), c.3116del; p.(Asn1039llefsTer2), and
c.3549C>G; p.(Tyr1183Ter) accounting for over 50% of
PALB2 PVs may mean there is a founder effect in our region.12

Toour knowledge, this study is thefirst to assess new testing
criteria in the United Kingdom aimed at simplifying the
availability of testing with all breast cancers, except in women
with grade 1 invasive breast cancer, being eligible for testing
<40 years and women with triple-negative tumors <60 years.
We have shown that, in those not meeting a 10% threshold for
identification of BRCA1/2 PVs of an MS ≥15 points, the
detection rate is only 5.7% for BRCA1/2 PVs with a detection
rate of 0 for 69women with anMS<12. Rather than withdraw
the availability of testing, we suggest increasing availability by
using a 5% threshold of anMS≥12 points, which has a greater
sensitivity and specificity than the current mainstreaming
criteria. Mainstreaming criteria were met by 18% of our pop-
ulation and identified58%of thePVs in the 3genes, as opposed
to using an MS of ≥12 points, which identifies 66.7% of the
PVs fromonly 16%of the population. The exclusion of grade 1
breast cancers is further justified by our study because 0 in 246
women with grade 1 breast cancers and an MS <12 had a PV
identified in any of the 3 genes. It is highly unlikely that a grade
1 breast cancerwill require PARPi treatment and the extremely
low level of grade 1 breast cancerswithBRCA1/2PVs suggests
that many of the grade 1 breast cancers that do occur in the
context of a PV in BRCA1/2 or PALB2 may not be driven by
loss of homologous repair function but represent sporadic
breast cancers. Further, loosening of the criteria for testing,
short of proposing universal testing, may suggest a 2%
threshold for genetic testing in all women with breast cancer
aged <50 years (except grade 1 with an MS <12) and anyone
with a breast cancer aged <60 years with a FDRFH (except
grade 1 with an MS <12). In order to detect all PVs, the best
strategy was to use an MS threshold of 3, which would mean
304 of 1061 (28.7%) women would not require testing,
increasing to 346 if excluding grade 1 with anMS of 3 to 11. A
simpler strategy of testing all women<70years, except grade 1
cancers, would have only identified 245 women not requiring
testing. Although the MS requires a few minutes work, it is
beingusedbyall the breast units sending samples toMFTusing
the new mainstreaming criteria. The 70 years age threshold
might also be a concern for oncologists for triple-negative
cancers. These would all qualify using a MS threshold of 3
because even grade 2 tumors over age 60 years would score 2
(for combined BRCA1 and BRCA2 age score) + 4 (for triple
negative) for a total of 6.

The current study has further justified the utility of the
MS for PALB2 PV. We have shown that women with a
PALB2 PV are more likely to have high-grade breast can-
cers12 and, along with others, develop triple-negative dis-
ease.10,12,16 Along with the higher penetrance of PALB2
PVs compared with CHEK2 and ATM, all of these factors
contribute to a higher likelihood of a higher MS.

This study has some limitations. As stated above, it falls just
short of a fully representative population cohort with an under
representation of women aged>70 years but is not dissimilar to
many of the other population-based cohorts in this respect. By
offering genetic testing to all women inMFTwith breast cancer,
either through BRCA-DIRECT (group 2) or mainstream testing
(group 1), around 75% of women in breast cancer follow-up
were able to opt for testing, regardless of age or family history
or pathology. Testing for copy number variants was not used in
the BRIDGES study for PVs in PROCAS. Because only 1
BRCA1 PVwas identified in cases, this is unlikely to have had a
major effect on our figures. We have chosen not to report ATM
and CHEK2 variants because these were not tested in the 416
women in theBRCA-DIRECT study. Identifying PVs in these 2
genes has much less actionability than the 3 high-risk genes and
is not predictive of benefit for PARPi treatment. We also have
not reported VUS in the full cohort. Very few of these would be
reclassified as a PV and the current UK practice is only to report
VUS that have evidence pushing toward pathogenicity. We
show a detection rate using current reporting criteria of these
VUS of only 0.84%, which is almost 10 times lower than the
7.8% detection rate of PVs using 2% threshold in Table 3.
Indeed, a new population screening program for the UK Jewish
population in England is screening all of BRCA1/2 but not
reporting back any VUS.21

In conclusion, this study has shown that 1 in 6 women
who came forward for population-based testing were
eligible for germline genetic testing, and this identified 56%
of the PVs. Using an MS of ≥12 points, in addition to
mainstream criteria, identified 4 additional PVs by testing an
extra 50 women, increasing sensitivity to 69% by testing
20.7% of the population. We have also identified further
strategies to loosen criteria that would identify 80.6% of
PVs (29/36) in only 35.2% of the population (374/1061).
Alternatively, an MS threshold of 7 has a higher sensitivity
of 86% by testing 16 less women. An MS threshold of 3
(excluding grade 1 with an MS = 3-11) would have detected
all PVs identified in this study, with 346 (33%) women not
requiring testing. As most of the “missing” population are
likely to have very low rates of germline PVs, it is likely that
the 80% sensitivity figure using the expanded loosened
criteria and/or an MS ≥12 would remain.
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