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Abstract
Background—Lynch syndrome is caused by germline mismatch repair (MMR) gene mutations.
The PREMM1,2,6 model predicts the likelihood of a MMR gene mutation based on personal and
family cancer history.

Objective—To compare strategies using PREMM1,2,6 and tumour testing (microsatellite
instability (MSI) and/or immunohistochemistry (IHC) staining) to identify mutation carriers.

Design—Data from population-based or clinic-based patients with colorectal cancers enrolled
through the Colon Cancer Family Registry were analysed. Evaluation included MSI, IHC and
germline mutation analysis for MLH1, MSH2, MSH6 and PMS2. Personal and family cancer
histories were used to calculate PREMM1,2,6 predictions. Discriminative ability to identify carriers
from non-carriers using the area under the receiver operating characteristic curve (AUC) was
assessed. Predictions were based on logistic regression models for (1) cancer assessment using
PREMM1,2,6, (2) MSI, (3) IHC for loss of any MMR protein expression, (4) MSI + IHC, (5)
PREMM1,2,6 + MSI, (6) PREMM1,2,6 + IHC, (7) PREMM1,2,6 + IHC + MSI.

Results—Among 1651 subjects, 239 (14%) had mutations (90 MLH1, 125 MSH2, 24 MSH6).
PREMM1,2,6 discriminated well with AUC 0.90 (95% CI 0.88 to 0.92). MSI alone, IHC alone, or
MSI + IHC each had lower AUCs: 0.77, 0.82 and 0.82, respectively. The added value of IHC +
PREMM1,2,6 was slightly greater than PREMM1,2,6 + MSI (AUC 0.94 vs 0.93). Adding MSI to
PREMM1,2,6 + IHC did not improve discrimination.

Conclusion—PREMM1,2,6 and IHC showed excellent performance in distinguishing mutation
carriers from non-carriers and performed best when combined. MSI may have a greater role in
distinguishing Lynch syndrome from other familial colorectal cancer subtypes among cases with
high PREMM1,2,6 scores where genetic evaluation does not disclose a MMR mutation.

INTRODUCTION
Lynch syndrome is the most common form of hereditary colorectal cancer (CRC) and
accounts for up to 5% of all CRC cases.1 The autosomal dominant syndrome is characterised
by CRC diagnosed at an early age and a predilection to the proximal colon, synchronous and
metachronous CRCs, accelerated carcinogenesis and an increased risk for numerous
extracolonic neoplasms.2

Historically, a number of clinical criteria pertaining to personal and family history of cancer
have been employed to identify an individual’s risk for Lynch syndrome and to determine
for whom further genetic evaluation is warranted. The original Amsterdam criteria were
developed primarily for research purposes to provide consistency among studies but are too
stringent for clinical purposes. With the advent of molecular tumour testing, the Bethesda
guidelines were established to select those patients with CRC who should undergo
microsatellite instability (MSI) analysis, a hallmark feature associated with a defective DNA
mismatch repair system. Immunohistochemical (IHC) analysis of tumours for the expression
of MMR gene proteins associated with Lynch syndrome is another method to help select
individuals who should undergo germline genetic testing and has been advocated as a
strategy that should be applied to all newly diagnosed CRC cases.3 Finally, a number of
prediction models have recently been developed that rely on a combination of personal and
family cancer history to identify patients and families who should undergo genetic
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evaluation.4–6 Many studies have been conducted to determine an optimal strategy for
identifying patients with Lynch syndrome and the majority focused on comparing clinical
criteria with molecular diagnostic testing results.47–12 However, it is not known how the
recently developed prediction models compare with MSI testing and IHC staining in
identifying MMR gene mutation carriers.

Our goal was to compare the performance of the PREMM1,2,6 model (http://www.dfci.org/
premm) with MSI and IHC tumour testing conducted in patients with CRC with possible
Lynch syndrome recruited through the Colon Cancer Family Registry (CCFR). We also
evaluated the model’s ability to discriminate gene mutation carriers from non-carriers when
MSI and/or IHC are combined in a stepwise manner with the prediction estimates provided
by the PREMM1,2,6 model.

METHODS
Study population

We analysed data from 1868 unrelated subjects recruited for the CCFR. The study subjects
enrolled in one of six registry centres, including the University of Hawaii (Honolulu,
Hawaii, USA), Fred Hutchinson Cancer Research Center (Seattle, Washington, USA), Mayo
Clinic (Rochester, Minnesota, USA), University of Southern California Consortium (Los
Angeles, California, USA), Cancer Care Ontario (Toronto, Canada) and University of
Melbourne (Melbourne, Australia). Families were ascertained through population-based
cancer registries (population-based) and high-risk clinics (clinic-based). Some centres
recruited all cases of CRC, whereas others oversampled cases with a family history or early
age of diagnosis. Standardised procedures were used to collect epidemiological data, blood
samples, tumour blocks and pathology reports from patients. Detailed information about the
CCFR can be found at http://epi.grants.cancer.gov/CFR/.13 All participants provided
informed consent for inclusion in the CCFR through each registry centre which was
approved by the institutional review board at each of the institutions.

Classification of personal and family history
Personal and family history data were provided by study participants during an interview.
Through standardised procedures implemented by the six registries, family history
information was verified by comparing reports from multiple individuals within the same
family, when possible. Where available, medical records, death certificates, pathology
reports and tumour tissues were also used to confirm reported cancer diagnoses. The six
centres used standardised protocols to collect detailed personal/family histories, clinical data
and related tumour and blood specimens for analyses, and eligible patients consented to
participate in research.

Microsatellite instability testing
MSI was evaluated using a panel of 10 markers (BAT25, BAT26, BAT40, MYCL, D5S346,
D17S250, ACTC, D18S55, D10S197, BAT34C4) using standard techniques.13–15 Results
were required for at least four markers to determine MSI status. Tumours were deemed
MSI-H if instability was seen at ≥30% of markers, MSI-L if >0 and <30% of markers were
instable, and MSS if all markers were stable. Results of MSI testing were dichotomised in
this study as MSI (includes MSI-H cases) and MSS (includes MSS and MSI-L cases).

Immunohistochemistry testing
IHC testing for MLH1, MSH2, MSH6 and PMS2 proteins was done as previously
described.13–15 All subjects with MSI-H or MSI-L tumours had IHC testing regardless of
recruitment method. Because of the low frequency of absent protein staining in MSS cases,
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some CCFR centres did not perform IHC testing on all MSS cases.14 Staining was classified
as absent, present, or inconclusive. The IHC results were dichotomised for the purposes of
this study as absent versus present/inconclusive.

MMR mutation data
MMR mutation data analysis was conducted in all probands with abnormal molecular
tumour testing, including high or low levels of MSI or loss of normal protein expression on
IHC. MMR testing was performed in all probands recruited through any of the clinic-based
CCFR registries regardless of molecular tumour testing results. Mutations in MSH2 and
MLH1 were detected using a combined approach of denaturing high-pressure liquid
chromatography/direct sequencing and multiplex ligation-dependent probe amplification
(MLPA). Direct sequencing was used to detect MSH6 mutations in cases with no
immunohistochemical staining of MSH6. In addition, large genomic rearrangements were
analysed by MLPA analysis. PMS2 mutations were evaluated in patients from four of the
CFR centres (Australia, Seattle, Mayo and Ontario) as previously described.1213 For this
analysis, we focus on the gene mutations that are considered to have a clearly deleterious
effect based on current evidence, specifically those with (a) changes known or predicted to
truncate protein production, including frame shift and nonsense variants, (b) splice site
mutations occurring within two base pairs of an intron/exon boundary and (c) missense
changes that have been shown to have a deleterious effect.

Derivation of PREMM1,2,6 scores
Detailed clinical information necessary for generating the PREMM1,2,6 score was extracted
from the CCFR database for each study participant (proband) and their family members. The
following data were used to derive a unique PREMM1,2,6 score for each study participant:
(1) proband-specific variables, including gender, occurrence and age of CRC, endometrial
and/or other Lynch syndrome-associated cancer diagnoses; extracolonic cancers, including
those of the ovary, stomach, kidney, ureter, bile duct, small bowel, brain (glioblastoma
multiforme), pancreas, or sebaceous glands; (2) family history related variables, including
number of relatives with CRC, endometrial cancer, or other Lynch syndrome-associated
cancers; relationship to proband (first- vs second-degree); minimum age at diagnosis of each
cancer in the family.

This study was reviewed and approved by the Dana–Farber/Harvard Cancer Center
Institutional Review Board. A waiver of consent for study participants was obtained because
the analyses were performed on de-identified data and did not require patient contact.

Statistical analyses
Univariate analyses were used to compare personal and family history of cancer, cancer
types and ages at diagnosis by gene mutation for probands and relatives. Age was truncated
at the lower and upper one centile for ages of CRC and endometrial cancer diagnoses.16 To
test for differences among carriers by type of mutated gene, one-way analysis of variance
was used. A two-sided p value of <0.05 was considered statistically significant. Analyses
were conducted for the entire patient population and then stratified by ascertainment (into
population-based and clinic-based).

Seven testing strategies were compared using the area under the receiver operating
characteristic curve (AUC). Predictions were based on a series of logistic regression
analyses with the presence of any deleterious gene mutation as the outcome variable. The
logistic regression models included the log odds of the PREMM1,2,6 risk and the MSI and
IHC results as dichotomous variables in various combinations: (1) cancer history assessment
using PREMM1,2,6 alone, (2) MSI testing alone (high vs low/stable), (3) IHC testing alone
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for any loss of MLH1, MSH2, MSH6 and/or PMS2 protein expression (abnormal vs normal/
inconclusive), (4) MSI + IHC, (5) PREMM1,2,6 + MSI, (6) PREMM1,2,6 + IHC and (7)
PREMM1,2,6 + MSI + IHC. Seven AUCs were generated to distinguish between gene
mutation carriers and non-carriers. Only subjects who had undergone clinical genetic testing
and had results from tumour molecular testing (IHC and/or MSI) were included in these
analyses. Of the 1868 probands enrolled, 217 were excluded because they lacked any results
from tumour molecular testing, leaving 1651 subjects available for the analyses. Additional
analyses assessed the effect of enrolling site on each strategy’s performance, since each
CCFR site had different recruitment criteria, particularly for population-based CRC cases.

To determine the incremental value provided by tumour molecular testing results (IHC and/
or MSI) in addition to the estimated probability of mutation carrier status provided by the
PREMM1,2,6 model, net reclassification improvement analysis was used. We extended the
PREMM1,2,6 model with the inclusion of tumour molecular testing results to determine the
additional predictive value when probands were reclassified based on <5%, 5–10% and
>10% cut-off points for the risk of carrying a MMR gene mutation. These cut-off points
have been previously reported but lack formal support (ie, from cost-effectiveness
analyses).411 We therefore also considered reclassification over the whole range of possible
cut-off values.17

The statistical analysis conducted for this study included SAS statistical software (V.9.1;
SAS Institute, Inc) for data management and univariate analysis and SPSS (V.16, SPSS, Inc)
and R software (version 2.8.0, R Foundation for Statistical Computing, Vienna, Austria) for
the multivariable analysis, validation with reclassification analyses and imputation of
missing values. Missing values for molecular tumour testing results were common: 264
subjects had no MSI testing (16%) and IHC was not performed in 75 (4.5%), 59 (3.6%), 203
(12.3%) and 743 (45%) for loss of MLH1, MSH2, MSH6 and/or PMS2 protein expression
(abnormal vs normal/inconclusive), respectively. Discarding subjects with incomplete
information would have led to inefficient and potentially biased analyses.17 We therefore
imputed molecular tumour testing data based on correlations among variables included in
the PREMM1,2,6 model, available tumour MSI and IHC results, mutation status and
enrolling site. Multiple imputation was used (aregImpute procedure in R) to properly
account for missing data uncertainty.18 Five imputed datasets were each analysed to obtain
AUC estimates, which were then combined into one overall estimate and variance,
incorporating both the within- and between-imputation variability in accordance with
Rubin’s rules.18

RESULTS
Data were analysed from 1651 subjects for whom any tumour molecular testing results were
available. Of these subjects, 1181 (72%) were population-based cases and 470 (28%) were
ascertained through high-risk clinics. In total, 14% (239/1651) of subjects had pathogenic
MMR gene mutations with 90 MLH1, 125 MSH2 and 24 MSH6 gene mutation carriers
identified (table 1). Sixty-seven per cent (159/239) of all gene mutation carriers were
recruited through high-risk clinics.

MSI results were available for 1387 cases included in this analysis (table 2). Overall,
155/239 (65%) of gene mutation carriers with CRC had undergone MSI tumour testing. MSI
testing had a sensitivity of 94% (146/155 had MSI-H tumours) but specificity was only 66%
(810/1232). Among the 1232 non-carriers with available MSI testing, 422 (34%) had MSI-
H, 330 (27%) had MSI-L and 480 (39%) had MSS tumours. Of all 1387 tumours cases
tested for MSI, 819 were MSS and of these, 40 (5%) did not have IHC testing performed.
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MLH1, MSH2, MSH6 and PMS2 IHC testing results were available for 1576, 1592, 1448
and 908 subjects, respectively. Among the 84 subjects with pathogenic MLH1 gene
mutations and available IHC results, 78 (93%) had loss of MLH1 protein expression (84% in
the population-based group and 97% in the clinic-based group). Among MSH2 gene
mutation carriers with available IHC results, 116/121 (96%) had tumours with loss of MSH2
protein expression, with similar results noted in both population- and clinic-based cases.
MSH6 gene mutation carriers were less likely to demonstrate loss of MSH6 protein
expression in their tumours: 17/24 (71%) in the overall study group with similar IHC results
among population- and clinic-based cases. There were a limited number of inconclusive IHC
testing results: 33/1576 (2%) for MLH1, 16/1592 (1%) for MSH2 and 47/1448 (3%) for
MSH6.

Of the 1651 subjects analysed, 815 (49%) had PREMM1,2,6 scores of >5%, which captured
226 of the 239 (95%) identified gene mutation carriers (table 3). The mean PREMM1,2,6
score for the overall cohort was 14.5% with a mean score of 48% for gene mutation carriers
and 9% for subjects without a MMR gene mutation. Compared with cases ascertained
through high-risk clinics, population-based cases had a lower mean PREMM1,2,6 score for
the overall cohort and among non-carriers at 8.5% and 6%, respectively (table 3). Of the 13
gene mutation carriers with a score of <5%, three were MLH1 gene mutation carriers, six
were MSH2 gene mutation carriers and four were MSH6 mutation carriers. There was an
almost equal number of gene mutation carriers missed using a 5% cut-off point among both
clinic and population-based cases (seven vs six mutation carriers, respectively). The
probability of carrying a MMR gene mutation based on varying PREMM1,2,6 cut-off scores,
stratified by type of mutated gene is shown in table 1 of the online supplementary data. The
positive predictive value of PREMM1,2,6 >5%, MSI and any IHC testing was 28%, 25% and
23%, respectively. The PREMM1,2,6 model discriminated well at distinguishing mutation
carriers versus non-carriers with AUC of 0.90 (95% CI 0.88 to 0.92; table 4). The AUCs of
MSI alone, IHC alone, or MSI + IHC molecular tumour testing were 0.77, 0.82 and 0.82,
respectively. The added value of IHC to PREMM1,2,6 was slightly larger than that for
adding MSI: 0.94 vs 0.93. No statistically significant difference was noted for MSI (p=0.33)
in the comparison of PREMM1,2,6 + IHC + MSI versus PREMM1,2,6 + IHC (AUC 0.94 vs
0.94). The performance of each strategy was also compared based on method of
ascertainment (table 4). The molecular tumour strategy which most improved the
discriminative ability of the PREMM model in both population- and clinic-based cases was
the addition of IHC tumour testing. There was limited additional value of MSI to the
combination of PREMM + IHC. Stratifying for CCFR site of recruitment did not alter the
results.

The addition of IHC to PREMM1,2,6 reclassified 364 subjects with moderate or high
probability as non-carriers, whereas PREMM1,2,6 alone classified 161 subjects as non-
carriers that the extended PREMM1,2,6 + IHC model would have reclassified as moderate or
high probability of carrying a MMR gene mutation. Overall, extending the prediction model
with IHC increased the sensitivity of PREMM in identifying MMR gene mutation carriers
by 9.2% and the specificity by 10%. The increase in sensitivity and specificity by adding
MSI to predictions provided by PREMM1,2,6 + IHC was minor: + 0.4% and + 0.2%,
respectively. Reclassification plots confirmed that MSI had limited additional value once
IHC results were added to PREMM1,2,6.

Conversely, when using IHC alone as the initial strategy, the overall sensitivity among the
229 mutation carriers with available IHC results was 92%. When adding PREMM1,2,6
prediction to IHC testing, the sensitivity improved: 97.8% for IHC + PREMM1,2,6>5%,
96.1% for IHC + PREMM1,2,6>10% and 95.2% for IHC + PREMM1,2,6>15% and at higher
cutoff points the sensitivity approached that of IHC alone. The sensitivity of IHC for MLH1,
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MSH2 and MSH6 protein loss individually was determined at various cut-off scores for
PREMM1,2,6. A score of ≥15% improved sensitivity for all three IHC testing approaches:
92.9% to 94.3% for MLH1 loss in IHC, 95.9% to 98% for MSH2 loss in IHC and 70.8% to
77.8% for MSH6 loss in IHC. The specificity for IHC with the addition of PREMM1,2,6
prediction at a cut-off score of <5% also improved from 78.7% to 92.5% for MLH1, 96% to
97.4% for MSH2 and 95.7% to 97% for MSH6 gene mutations.

To determine whether the proband’s age at CRC diagnosis affects the ability of
PREMM1,2,6, MSI and IHC in discriminating between mutation carriers and non-carriers,
we examined each individual strategy stratified by age. The age categories assessed were for
initial CRC diagnoses made by age 50, 60 and 70 years. The overall performance of IHC
testing decreased with every 10-year increase in the age of CRC diagnosis: AUC of 0.85 for
probands diagnosed by 50 years, 0.84 for CRC diagnosed by 60 years and 0.82 for CRC
diagnoses by 70 years; the specificity of IHC testing with loss of MLH1 protein expression
decreased from 90.4% to 87.1% to 82.6% for CRC cases diagnosed by 50, 60 and 70 years,
respectively, while sensitivity increased from 93% to 94%. In contrast, the performance of
PREMM1,2,6 increased slightly with every 10-year increase in age at time of CRC diagnosis:
AUC of 0.87 to 0.88 to 0.90 for CRC diagnoses made by 50, 60 and 70 years, respectively.
For MSI, the AUC was 0.83 for CRC cases diagnosed by ages 50 and 60 years but decreased
to 0.81 for CRC cases diagnosed by 70 years.

DISCUSSION
There is active debate about the optimal and standard approach to screening for MMR
deficiency in patients diagnosed with CRC. Although a variety of strategies have been
advocated, including universal IHC on all CRCs,3 MSI testing based on clinical
guidelines,19 comprehensive family history assessment for all newly diagnosed patients with
CRC as well as healthy individuals,2021 there is no standard approach and great variability
exists in care practices in the USA and around the world. We compared a variety of
strategies and found that all approaches can reasonably distinguish mutation carriers from
non-carriers, each with its advantages and disadvantages.

The best approach, and one that is feasible for the vast majority of clinical practices, is the
combination of personal and family history assessment using the PREMM1,2,6 model and
IHC for the MLH1, MSH2, MSH6 and PMS2 proteins. The added value of IHC to
PREMM1,2,6 was greater than that for PREMM1,2,6 + MSI testing. In addition, no
incremental gain in discriminating mutation carriers from non-carriers was noted when
adding MSI to the combined testing strategy of PREMM1,2,6 + IHC.

Personal and family history assessment have always been the cornerstone for the diagnosis
of Lynch syndrome and a variety of clinical criteria exist to aid the clinician, including the
Amsterdam criteria and the Bethesda guidelines,192223 each with their respective
sensitivities and specificities.24 However, recent studies have consistently shown that Lynch
syndrome prediction models outperform the existing clinical criteria,41125 and it is
increasingly being suggested that the models should replace the existing clinical criteria as
prescreening tools for identifying at-risk individuals for possible germline mutation
testing.25–27 We elected to evaluate PREMM1,2,6 because we did not have all the data
required to compute predictions using the other models, but our findings are probably
generalisable to the other models as well. A comprehensive family history obtained through
PREMM1,2,6 did a better job at distinguishing mutation carriers from non-carriers in the
entire cohort than either MSI or IHC alone (AUC of 0.90 vs 0.77 and 0.82, respectively);
when stratified by ascertainment it appears that all three modalities are equivalent in
population-based cases, but the model performs better in the higher-risk clinic-based cases.
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Unfortunately, computing risk predictions for all newly diagnosed CRCs may not be an
achievable goal as family history assessments are known to be suboptimal in clinical
practice,2829 and therefore universal molecular analysis has also been advocated. MSI and
IHC staining, either separately or in combination, are important intermediate instruments of
screening for Lynch syndrome among patients with a personal diagnosis of CRC.30

Nevertheless, both techniques for molecular testing have some advantages and some
limitations. Recent studies show a high interobserver variability among pathologists in
interpreting cases with indefinite IHC staining.3132 To ensure the highest accuracy attainable
by molecular tumour testing, pathologists suggest that MMR protein immunostaining should
be restricted to experienced gastrointestinal pathologists in specialised settings, which
potentially limits the feasibility and/or accuracy of universal IHC on all newly diagnosed
CRCs. Also, tumours from MSH6 gene mutation carriers may not display the MSI
phenotype despite an inactive DNA MMR system and there are pathogenic missense
mutations that do not completely abrogate protein expression, yielding false-negative results
by IHC testing.33 In this study, 28% (7/24) of carriers with pathogenic MSH6 gene
mutations had tumours which displayed normal protein expression on IHC staining. As
expected, IHC tumour testing was more informative for MLH1 and MSH2 gene mutation
carriers: 93% of MLH1 carriers had correlating loss of MLH1 protein expression and 96%
of MSH2 carriers had loss of MSH2 protein expression. However, MSS or MSI-L tumours
were noted in 3% and 8% of MLH1 and MSH2 gene mutation carriers, respectively. In
addition, the ability of MSI and IHC testing to discern between gene mutation carriers and
non-carriers also decreased among CRC cases diagnosed after the age of 60 years, probably
because somatic hypermethylation of MLH1 contributes more to a microsatellite unstable
tumour than a germline MMR gene mutation.

The combination strategy of PREMM1,2,6 and IHC offers several advantages. In high-risk
families, where a high prediction score (≥15%) is obtained, further germline testing should
be considered even if MSI and IHC are normal, owing to the possibility of false-negative
results. Conversely, when IHC testing reveals aberrant MLH1 tumour staining but the
personal and family history evaluation through PREMM1,2,6 yields a low score, this case
probably represents a sporadic case of CRC due to hypermethylation of the MLH1 gene
promoter and may not warrant germline analysis; alternative approaches to confirm this via
promoter methylation studies or BRAF mutation analysis can be pursued first. In our study,
21% of tumours tested for MLH1 protein expression showed deficiency but no associated
MLH1 germline mutation; the addition of a <5% PREMM1,2,6 score improved the
specificity of MLH1 IHC testing from 79% to 93%.

What about the role of MSI? We found that MSI testing performed less well than either
PREMM1,2,6 estimates or IHC alone and the combination of PREMM1,2,6 and IHC did not
improve the distinction between mutation carriers and noncarriers in the overall cohort.
However, MSI may in fact be helpful in the counselling of patients who are at high risk
(PREMM1,2,6 ≥15%), but are not found to carry a mutation. In these cases, MSI analysis
would help in categorising the family as an indeterminate negative if there is evidence of
MSI (and should still be followed up as a Lynch syndrome family) versus a ‘familial
colorectal cancer type X’ family if the tumour is microsatellite stable, where surveillance
guidelines are not so arduous and extracolonic surveillance may not be necessary.34 In
addition, MSI testing is increasingly being performed to help with treatment decision-
making and prognosis of CRC and ultimately both MSI analysis and IHC may be deemed
necessary for different purposes.

As there are benefits and limitations to each approach when used individually, we propose
an algorithm for the systematic evaluation for Lynch syndrome in patients diagnosed with
CRC based on the results of this study, which combines PREMM1,2,6 prediction, IHC and
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MSI (figure 1). Since our data demonstrate that specificity of IHC decreases significantly
after age 70, presumably owing to MLH1 promoter hypermethylation, and the AUC of
PREMM1,2,6 predictions remain high, we propose that evaluations are initially stratified by
age of CRC diagnosis at ≥70 or <70 years. For those patients with CRC diagnosed at age
<70 years, IHC testing is an acceptable first step. When tumours display loss of MLH1
protein expression on IHC testing, BRAF testing can be pursued unless there is a strong
family cancer history (PREMM1,2,6≥15%) when direct germline mutational analysis should
still be performed. Family cancer history is important in evaluating cases diagnosed at ages
≥70 years since those with PREMM1,2,6 scores <5% will be unlikely to have a germline
mutation. This approach limits screening all CRC cases for Lynch syndrome through reflex
IHC testing, but expands significantly the age cut-off point of 50 years proposed in the
Bethesda guidelines. MSI testing should be reserved for those cases with (a) abnormal IHC
tumour testing results but where no germline MMR gene mutation is detected or (b) normal
IHC testing but high PREMM1,2,6 score of ≥15%.

Our study has some limitations. We elected to impute missing molecular tumour testing data
using a multiple imputation method in order to minimise a biased analysis that would be
encountered when restricting the analysis to include only those subjects with complete
clinical, MSI and IHC data. Based on correlations among variables in the PREMM1,2,6
model, available MSI and IHC results, mutation carrier status and participating recruitment
site, five imputed datasets were created and each analysed to obtain AUC estimates and
thereafter combined into one overall estimate and variance by incorporating both the within-
and between-imputation variability.18 We believe that this approach in missing data
imputation offers a more accurate assessment and comparison of the different risk
assessment strategies. Another potential limitation may involve the variability by which
each participating centre in the CCFR defines population-based cases. Differing eligibility
criteria for population-based cases exist between sites where probands may have been
selected based on their age at first CRC diagnosis. However, we do not believe that this
affects our results as performance of the PREMM1,2,6 model was as robust and slightly
better among cases recruited through high-risk clinics. Additionally, performance of the
PREMM1,2,6 model, together with the other risk assessment models and the existing clinical
criteria, require good quality family data, where history limited only to the proband (ie,
personal CRC history at age <50 years) is not sufficient. The CCFR registries may represent
an idealised version of family history accuracy and the performance of the models would be
less reliable if providers input erroneous or incomplete data.

Lastly, we did not take into account the costs related to each testing strategy (individually or
in combination) or assess the additional costs incurred when evaluation based on one
approach requires subsequent testing, including gene mutation analyses. A recent cost-
effectiveness study based on a Markov model evaluating approaches for diagnosing Lynch
syndrome among patients with CRC found that any strategy (ie, use of risk model estimates,
molecular tumour testing, direct genetic testing or different combinations of the above) was
very sensitive to the number of relatives who would undergo gene-specific testing after an
identified mutation was found in the affected proband.35 The cost-effective strategy of IHC
with BRAF testing was preferred, particularly when the implementation rate of clinical
criteria or prediction model estimates decreased. The use of both MSI and IHC testing was
the least cost-effective strategy and supports our findings in a large patient cohort that the
performance of this approach led to little (if any) incremental gain in identifying MMR gene
mutation carriers. While this study was not designed to determine a preferred approach
among unaffected people at-risk for Lynch syndrome, recent data also support direct genetic
testing with a prediction score of ≥5% when tumour tissue is unavailable or cannot be
obtained from an affected relative.21
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In summary, our study demonstrates that there are several excellent options available,
including personal and family history assessment using PREMM1,2,6 and molecular tumour
diagnostic testing, to distinguish between MMR gene mutation carriers and non-carriers.
Based on our study and others, it is time that all clinical centres adopted a systematic
strategy that can be implemented as a standard of care for patients with newly diagnosed
CRC based on the specifics of their own institutions so that individuals with Lynch
syndrome and their families are identified and offered an opportunity to prevent future
cancers through appropriate screening and risk-reducing options.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Significance of this study

What is already known about this subject?

► Lynch syndrome is the most common inherited colorectal cancer (CRC)
syndrome and is caused by germline mutations in the DNA mismatch repair
(MMR) system.

► There is active debate about the standard approach to screening for MMR
deficiency in patients diagnosed with CRC, which may include use of clinical
criteria, molecular tumour testing and risk estimation provided by prediction
models.

► The performance characteristics of prediction models compared with
molecular tumour testing involving microsatellite instability (MSI) and
immunohistochemistry (IHC) testing are not known.

► The PREMM1,2,6 model is a validated, web-based clinical prediction model
that offers personal and family cancer history risk assessment to identify
patients at risk for Lynch syndrome.

What are the new findings?

► The best approach in identifying MMR gene mutation carriers involves the
combination of PREMM1,2,6 assessment and IHC tumour testing, as
determined by this large international cohort of patients with CRC
undergoing genetic testing.

► The added value of IHC to PREMM1,2,6 prediction was greater than that for
PREMM1,2,6 and MSI testing.

► PREMM1,2,6 prediction estimates are especially informative in CRC cases
owing to somatic hypermethylation of the MLH1 gene, and among MSH6
gene mutation carriers with pathogenic missense mutations which may yield
false-negative IHC results.

How might the findings impact clinical practice in the foreseeable future?

► Combining molecular tumour testing results with risk prediction estimates
using the PREMM1,2,6 model may better aid healthcare providers in
standardising the approach to identifying Lynch syndrome among patients
with CRC.
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Figure 1.
Proposed algorithm for systematic evaluation for Lynch syndrome in patients with colorectal
cancer. *PREMM1,2,6 score can be calculated at website http://www.dfci.org/premm; †other
models (MMRpro, MMRpredict) may also be used with their own specified cut-off scores;
‡gene-specific germline mutational analysis. §BRAF testing: (+)= mutation present,(−)=
mutation absent/wild-type; ¶Surveillance recommendations based on personal and family
history. CRC, colorectal cancer; IHC, immunohistochemistry; MSI, microsatellite
instability; MSS, microsatellite stable. Reprinted with permission (Kastrinos F, Syngal S:
Cancer J 17: 405–415, 2011).
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Table 1

Characteristics of the study population

Characteristics

Total cases
(N= 1651),
N (%)

Population-based
cases (N = 1181),
N (%)

Clinic-based
cases (N = 470),
N (%)

Age at last follow-up, median (years) 63 (range 23–93) 65.0 (range 23–88) 58 (range 28–93)

Sex

    Female 840 (51.9) 595 (51.5) 245 (52.9)

    Male 779 (48.1) 561 (48.5) 218 (47.1)

    Missing 32 (–) 25 7

Clinical criteria

    Amsterdam I 246 (15.0) 114 (9.7) 132 (29.0)

    Amsterdam II 306 (18.7) 136 (11.5) 170 (37.3)

    Revised Bethesda guidelines 1088 (65.9) 681 (57.7) 407 (86.6)

Pathogenic MMR gene mutations

    Total 239 (14.5) 80 (6.8) 159 (33.8)

      MLH1 90 (5.4) 27 (2.3) 63 (13.4)

      MSH2 125 (7.6) 43 (3.6) 82 (17.4)

      MSH6 24 (1.5) 10 (0.9) 14 (3.0)

MMR, mismatch repair.
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Table 3

Probability of a MMR gene mutation according to PREMM1,2,6, by ascertainment

Characteristics
Total
N (%)

No mutation
N (%)

With mutation
N (%)

Overall

  PREMM1,2,6 (N=1651)

    <5% 836 (50.6) 823 (58.3) 13 (5.4)

    5–9% 331 (20.1) 306 (21.7) 25 (10.5)

    10–19% 174 (10.5) 151 (10.7) 23 (9.6)

    20–29% 68 (4.1) 44 (3.1) 24 (10.0)

    30–39% 53 (3.2) 28 (2.0) 25 (10.5)

    ≥40% 189 (11.5) 60 (4.2) 129 (54.0)

    Total 1651 (100.0) 1412 (100.0) 239 (100.0)

    Mean score (±SD) 14.4 (±22.4) 8.60 (±13.7) 48.4 (±31.7)

Population-based

  PREMM1,2,6 (N=1181)

    <5% 738 (62.5) 731 (66.4) 7 (8.8)

    5–9% 239 (20.2) 225 (20.4) 14 (17.5)

    10–19% 99 (8.4) 92 (8.4) 7 (8.7)

    20–29% 31 (2.6) 20 (1.8) 11 (13.7)

    30–39% 18 (1.5) 10 (0.9) 8 (10)

    ≥40% 56 (4.8) 23 (2.1) 33 (41.3)

    Total 1181 (100.0) 1101 (100.0) 80 (100.0)

    Mean score (±SD) 8.5 (±22.4) 6.3 (±10.3) 38.7 (±30.3)

Clinic-based

  PREMM1,2,6 (N=470)

    <5% 98 (20.8) 92 (29.6) 6 (3.8)

    5–9% 92 (19.6) 81 (26.0) 11 (6.9)

    10–19% 75 (16.0) 59 (19.0) 16 (10.0)

    20–29% 37 (7.9) 24 (7.7) 13 (8.2)

    30–39% 35 (7.4) 18 (5.8) 17 (10.7)

    ≥40% 133 (28.3) 37 (11.9) 96 (60.4)

    Total 470 (100.0) 311 (100.0) 159 (100.0)

    Mean score (±SD) 29.2 (±29.8) 16.8 (±19.9) 53.3 (±31.4)

MMR, mismatch repair.
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Table 4

Discriminative performance of MMR prediction strategies, stratified by ascertainment

Strategy
Total cohort (N=1651),
c-statistic

Population-based (N=1181),
c-statistic

Clinic-based (N=470),
c-statistic

PREMM1,2,6 0.90 (0.88 to 0.92) 0.84 (0.81 to 0.88) 0.88 (0.84 to 0.93)

MSI 0.77 (0.74 to 0.79) 0.82 (0.78 to 0.86) 0.79 (0.76 to 0.82)

IHC 0.82 (0.80 to 0.84) 0.88 (0.85 to 0.90) 0.79 (0.76 to 0.82)

MSI + IHC 0.82 (0.80 to 0.84) 0.90 (0.87 to 0.92) 0.80 (0.78 to 0.83)

PREMM1,2,6 + MSI 0.93 (0.92 to 0.95) 0.92 (0.89 to 0.94) 0.93 (0.89 to 0.96)

PREMM1,2,6 + IHC 0.94 (0.92 to 0.96) 0.94 (0.92 to 0.96) 0.92 (0.88 to 0.96)

PREMM1,2,6 + MSI + IHC 0.94 (0.93 to 0.96) 0.94 (0.92 to 0.97) 0.94 (0.89 to 0.96)

IHC, immunohistochemistry; MSI, microsatellite instability.
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