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Abstract

Background: Recent guidelines recommend the Lynch Syndrome prediction models MMRPredict, MMRPro, and PREMM1,2,6 
for the identification of MMR gene mutation carriers. We compared the predictive performance and clinical usefulness of 
these prediction models to identify mutation carriers.

Methods: Pedigree data from CRC patients in 11 North American, European, and Australian cohorts (6 clinic- and 5 
population-based sites) were used to calculate predicted probabilities of pathogenic MLH1, MSH2, or MSH6 gene mutations 
by each model and gene-specific predictions by MMRPro and PREMM1,2,6. We examined discrimination with area under the 
receiver operating characteristic curve (AUC), calibration with observed to expected (O/E) ratio, and clinical usefulness using 
decision curve analysis to select patients for further evaluation. All statistical tests were two-sided.

Results: Mutations were detected in 539 of 2304 (23%) individuals from the clinic-based cohorts (237 MLH1, 251 MSH2, 51 
MSH6) and 150 of 3451 (4.4%) individuals from the population-based cohorts (47 MLH1, 71 MSH2, 32 MSH6). Discrimination 
was similar for clinic- and population-based cohorts: AUCs of 0.76 vs 0.77 for MMRPredict, 0.82 vs 0.85 for MMRPro, and 
0.85 vs 0.88 for PREMM1,2,6. For clinic- and population-based cohorts, O/E deviated from 1 for MMRPredict (0.38 and 0.31, 
respectively) and MMRPro (0.62 and 0.36) but were more satisfactory for PREMM1,2,6 (1.0 and 0.70). MMRPro or PREMM1,2,6 
predictions were clinically useful at thresholds of 5% or greater and in particular at greater than 15%.

http://www.oxfordjournals.org/
mailto:fk18@columbia.edu?subject=
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Conclusions: MMRPro and PREMM1,2,6 can well be used to select CRC patients from genetics clinics or population-based 
settings for tumor and/or germline testing at a 5% or higher risk. If no MMR deficiency is detected and risk exceeds 15%, we 
suggest considering additional genetic etiologies for the cause of cancer in the family.

Lynch Syndrome accounts for approximately 3% of colorectal 
cancers (CRC). It is caused by germline mutations in the DNA 
mismatch repair (MMR) system involving the MLH1, MSH2, 
MSH6, PMS2, and EPCAM genes (1,2). If Lynch Syndrome is 
diagnosed in a patient with CRC, he or she may benefit from 
more intensive post-treatment colonoscopic surveillance, more 
extensive surgery, and management of extracolonic cancer 
risks. Furthermore, identification of a Lynch Syndrome muta-
tion in individuals with CRC has implications for their families 
because carriers have a 35% to 75% lifetime risk of developing 
CRC and other cancers, often at young ages (3,4). Early identifi-
cation of these individuals allows for implementation of cancer 
prevention strategies such as intensified surveillance, prophy-
lactic surgery, and/or chemoprevention to reduce cancer risks 
and improve survival (5).

The identification of Lynch Syndrome has traditionally 
relied on screening via clinical criteria such as the Amsterdam 
or Revised Bethesda guidelines (6–8). Systematic molecular 
tumor testing is increasingly supported for newly diagnosed 
patients with CRC, either as “reflex testing” (all patients undergo 
microsatellite instability [MSI] and/or immunohistochemistry 
[IHC] testing for protein expression of the MMR genes related 
to Lynch Syndrome) or based on age (1,9,10). Recent guidelines 
by the National Comprehensive Cancer Network (NCCN) and 
the US Multi-Society Task Force on CRC for the risk assess-
ment and management of Lynch Syndrome recommend genetic 
evaluation if the predicted risk of carrying an MMR mutation 
is 5% or higher using one of three prediction models: MMRPro, 
MMRPredict, or PREMM1,2,6 (11–15). These prediction models 
quantify an individual’s risk of carrying an MMR gene mutation 
and can support decision-making regarding genetic evalua-
tion, including germline testing or molecular tumor testing (16). 
However, their performance in diverse populations has not sys-
tematically been compared. We aimed to externally validate and 
assess the potential clinical usefulness of MMRPro, MMRPredict, 
and PREMM1,2,6 for selecting patients with MMR gene mutations 
in a multicenter international study.

Methods

Data Sources and Patient Eligibility

Individual-level data were obtained from eleven international 
cohorts of patients with CRC: six were clinic based and five 
population based (Supplementary Materials, available online). 
Patients with CRC and molecular tumor testing and/or MMR 
gene mutational analyses results were eligible. Only one indi-
vidual per family (referred to as the proband) was included for 
analysis, and patients with polyposis syndromes were excluded.

The clinic-based cohorts recruited patients through genet-
ics clinics and/or family cancer registries and included the: 
1) Medical Genetics Program of Newfoundland (Newfoundland, 
Canada), 2)  Colon Cancer Family Registry (CCFR; http://epi.
grants.cancer.gov/CFR/) (17), 3)  Dana Farber Cancer Institute 
Gastrointestinal Cancer Genetics and Prevention Program 
(Boston, MA), 4) participating centers in the Hereditary Cancer 
Group of the Spanish Medical Oncology Society (SEOM), 
5) Erasmus MC Genetic Registry (Rotterdam, the Netherlands) 

(18), and 6)  participating centers in the Fondazione IRCCS 
Istituto Nazionale Tumori (Milan, Italy). The population-based 
cohorts included the: 1)  Newfoundland Colorectal Cancer 
Registry (19), 2) CCFR (17), 3) EPICOLON Consortium (Spain) (20), 
4)  LIMO Study group (the Netherlands) (10), and 5)  the Ohio 
State University (1). Information regarding the evaluation pro-
cess for DNA mutational analysis and/or molecular tumor test-
ing by specific site is as previously described (1,10,17–20). This 
study was approved by the Dana-Farber/Harvard Cancer Center 
and Columbia University Medical Center Institutional Review 
Boards.

Variables for Risk Prediction Models

The primary outcome was MMR gene mutation carrier status 
for the most common genes, MLH1, MSH2, and MSH6. PMS2 
gene mutation carriers were not included, as few sites con-
ducted germline testing for PMS2 mutations. Patients without 
germline testing results were classified as noncarriers if tumor 
testing showed no evidence of MMR deficiency. Each site pro-
vided deidentified datasets to Dana-Farber/Harvard Cancer 
Center and Columbia University investigators for analysis (RO, 
RM, CA, FK). Data for probands included demographic informa-
tion, cancer history (including ages of cancer diagnoses and date 
of last follow-up), tumor testing results, and results of germline 
testing. Family history of cancer was limited to first-degree rela-
tives (FDR) or second-degree relatives (SDR) affected with Lynch 
Syndrome cancers (colon, endometrial, stomach, ovaries, uri-
nary tract, small intestine, pancreas, bile ducts, brain, sebaceous 
glands), including ages of diagnosis and/or date of last follow-
up. For relatives unaffected by cancer, the age, sex, and date of 
last follow-up were included.

For every patient, predicted probabilities were estimated 
for carrying an MMR gene mutation using the MMRPredict, 
PREMM1,2,6, and MMRPro models (Supplementary Materials, 
available online) (13–15). The MMRPredict and PREMM1,2,6 predic-
tions were generated using published formulas, and for MMRPro 
probabilities were derived using software provided by the devel-
oping investigators. Predictions were verified by comparison of 
probabilities from our calculations with those from web-based 
calculators for a sample of patients. Model comparisons were 
based on pedigree data alone and did not incorporate tumor 
testing information.

Data Analysis

We compared predicted probabilities from each model with 
observed frequencies of mutations (MLH1, MSH2, MSH6, or any 
of these) in each cohort. We stratified by cohort type (popula-
tion vs clinic) and considered site-specific results before pooling 
data over sites. We tested for differences in predicted probabil-
ities by cohort in the pooled data by modeling an interaction 
term (cohort*logit of predicted probability) in logistic regression 
with any one of the mutations as the outcome. An interaction 
term with a P value of less than .05 indicated that the relation 
between predicted probabilities and mutation status varied by 
cohort.

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv308/-/DC1
http://epi.grants.cancer.gov/CFR/
http://epi.grants.cancer.gov/CFR/
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv308/-/DC1
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Discrimination and Calibration
Discrimination is the model’s ability to differentiate between 
a mutation carrier and noncarrier. It was assessed by the area 
under the receiver operating characteristic curve (AUC). An 
AUC of 0.5 reflects performance of a coin flip, while 1.0 is per-
fect. Calibration is the agreement between observed and pre-
dicted mutation frequencies and can be depicted graphically 
(21). Systematic under- or overestimation (‘calibration-in-the-
large’) was quantified by the intercept in a logistic regression 
model with the log odds of predictions as an offset variable: y 
~ offset(log odds[prediction]), with y indicating the presence of 
a genetic mutation as a binary outcome, and prediction the pre-
dicted probability of that mutation. For ease of interpretation, we 
converted the intercept estimates to observed to expected (O/E) 
ratios: O/E = exp(intercept). We also estimated a calibration slope 
to indicate the agreement with the 45-degree line in a validation 
plot by logistic regression analysis: y ~ log odds(prediction). An 
intercept of zero (O/E = 1) and calibration slope of 1 indicate per-
fect calibration (21). All statistical tests were two-sided.

Clinical Usefulness
When models are used to guide decisions, ie, for further 
diagnostic testing for presence of a mutation, decision curve 
analysis has been advocated to quantify the potential clinical 
usefulness, considering both true-positive and false-positive 
classifications (22–26). A decision curve shows the net benefit 
of using a model for a range of potential decision thresholds. 
The net benefit is the sum of the number of true positives 
(mutation carriers for whom benefit is obtained) minus a 
weighted number of false-positive classifications (who should 
not have been tested): NB =  (TP – wFP)/n. Here n is the total 
sample size and w is the relative weight of the harm of unnec-
essary testing versus the benefit of identifying a mutation 
carrier. The weight w is defined by the threshold probability 
that is applied to define at-risk patients that need genetic 
testing. For example, a threshold of 5% implies that we value 
unnecessary testing as 1/19 as important as identifying a 
mutation carrier. We calculated the net benefit of each predic-
tion model and two reference strategies: test none or test all. 
We considered threshold probabilities between 0% (very lib-
eral testing) and 20% (restricted testing of high-risk probands) 
and focused on the threshold of 5%, in line with current 
guidelines (11,12). The model with the highest net benefit is 
the most clinically useful considering the weighted sum of 
true- and false-positive classifications. Additional informa-
tion on net benefit analysis and its interpretation is provided 
in the Supplementary Materials (available online). We used R 
version 2.8.1 (R Foundation for Statistical Computing, Vienna, 
Austria) for analyses.

Results

We studied 5755 individuals, including 2304 from clinic-based 
and 3451 from population-based CRC registries. The median age 
of CRC diagnosis in the clinic-based cohorts was between 45 and 
50 years, while patients in the population-based cohorts were 
older (median age = 60–70 years) (Tables 1 and 2). The prevalence 
of MMR gene mutations in the clinic-based cohorts was 23% 
(539/2304), with similar numbers of MLH1 and MSH2 mutations 
(237 and 251 respectively) and fewer MSH6 mutations (51/2304, 
2.2%). The prevalence of gene mutations was lower in the popu-
lation-based cohorts (150/3451, 4.4%) (Table 2), with more MSH2 
than MLH1 and MSH6 mutations (71 vs 47 and 32, respectively).

Prediction of Any MMR Gene Mutation

Clinic-Based Cohorts
The AUCs for any MMR gene mutation for the pooled data 
were 0.76 (95% confidence interval [CI]  =  0.74 to 0.79), 0.82 
(95% CI  =  0.80 to 0.84), and 0.85 (95% CI  =  0.83 to 0.87) for 
MMRPredict, MMRPro, and PREMM1,2,6, respectively (Figure  1A 
and Table 3). The O/E ratio of predicted risk for PREMM1,2,6 was 
1.0 (95% CI = 0.89 to 1.2) compared with 0.38 (95% CI = 0.32 to 
0.45) for MMRPredict and 0.62 (95% CI = 0.53 to 0.74) for MMRPro 
(Table 3). The calibration slope for PREMM1,2,6 was 0.81 vs 0.42 
and 0.28 for MMRPro and MMRPredict respectively (Figure  2, 
A-C). Using Figure  2A as an example, MMRPredict overpre-
dicted mutation carrier status at predictions under 15% and 
more so at predictions under 5%. Conversely, the model under-
predicted at predictions higher than 15%. In Figure 2B, MMRPro 
overpredicted at predictions under 15% and deviated consist-
ently from perfect agreement between 0% and 15%. The model 
also underpredicted carrier status, at a risk of higher than 20%. 
MMRPro and PREMM1,2,6 identified a similar percentage of carri-
ers (sensitivity 95% and 96%, respectively) at a threshold of 5% 
or higher (Table 5).

Population-Based Cohorts
The pooled AUCs for any MMR gene mutation prediction were 
slightly higher for population-based than clinic-based cohorts 
(0.77, 0.85, 0.88 for MMRPredict, MMRPro, and PREMM1,2,6, respec-
tively) (Figure  1B and Table  4). Predictions were too high for 
all models, with O/E ratios of 0.70 (95% CI  =  0.58 to 0.84) for 
PREMM1,2,6, 0.36 (95% CI  =  0.27 to 0.47) for MMRPro, and 0.31 
(95% CI  =  0.24 to 0.39) for MMRPredict. Predictions were too 
extreme for MMRPro (slope  =  0.43, 95% CI  =  0.37 to 0.48) and 
for MMRPredict (slope  =  0.37, 95% CI  =  0.31 to 0.42) (Figure  2, 
D-F, and Table  4). MMRPro and PREMM1,2,6 identified a similar 
proportion of high-risk patients who were mutation carriers at 
a threshold of 5% (13% vs 15% respectively) (Table 5). Overall, 
MMRPro had fewer observations than PREMM1,2,6 because data 
needed to generate an MMRPro score, such as information on 
all relatives affected and unaffected by cancer, including ages 
at last follow-up, were not available for all patients. All analyses 
were also performed by site and confirmed the patterns noted 
for the pooled datasets (Supplementary Table 1, A and B, avail-
able online).

Gene-Specific Predictions

The PREMM1,2,6 and MMRPro models provide gene-specific pre-
dictions for MLH1, MSH2, and MSH6. In both clinic- and pop-
ulation-based cohorts, these models performed similarly in 
discrimination of MLH1 and MSH2 mutations (Tables 3 and 4). 
However, discrimination of MSH6 mutations from no mutation 
carriers was more difficult. Gene-specific O/E ratios and the cali-
bration slopes were better for PREMM1,2,6 than MMRPro for each 
gene in both types of cohorts (Table 3 and 4). Specific analyses 
confirmed these patterns (Supplementary Materials, available 
online).

Clinical Usefulness

In clinic-based cohorts, the decision to recommend genetic 
testing based on PREMM1,2,6 or MMRPro estimates at any thresh-
old 5% or higher provided a higher net benefit compared with 
MMRPredict (Figure  3A). There was no net benefit in using 
MMRPredict to select patients for testing at a threshold up 

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv308/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv308/-/DC1
http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv308/-/DC1
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to 10% compared with a strategy of testing all patients. The 
PREMM1,2,6 model provided the highest net benefit at thresholds 
of 15% or higher where more true-positive carriers were identi-
fied compared with MMRPro.

In population-based cohorts, using any of the models to 
determine who should undergo genetic testing was supe-
rior to testing all patients for thresholds 5% and higher. More 
carriers were identified with PREMM1,2,6 than MMRPro and 
MMRPredict at higher thresholds (Figure 3B). Both in clinical and 

population-based cohorts, thresholds under 5% would exclude 
few patients from genetic testing, leading to no clinical useful-
ness beyond that of testing all patients.

The net benefit for PREMM1,2,6 was higher for gene-specific test-
ing for MLH1 and MSH2 compared with MMRPro for both clinic- 
and population-based cohorts. The net benefit for MSH6 gene 
testing was limited to risk thresholds from 5% to 15% for PREMM1,2,6 
in clinic-based cohorts (Supplementary Figures 1 and 2, available 
online).

Figure 1. Receiver operating characteristic curves for MMRPredict, MMRPro, and PREMM1,2,6 models. A) Receiver operating characteristic curves for discriminating mis-

match repair mutation carriers from noncarriers with MMRPredict, MMRPro, and PREMM1,2,6 in clinic-based cohorts. B) Receiver operating characteristic curves for dis-

criminating mismatch repair mutation carriers from noncarriers with MMRPredict, MMRPro, and PREMM1,2,6 in population-based cohorts. AUC = area under the curve.

Table 2. Characteristics of participants in five population-based cohorts of probands assessed for Lynch Syndrome*

Characteristics
Total

(n = 3451)
CCFR

(n = 1196)
Newfoundland,  

Canada (n = 731)
OSU

(n = 191)

Rotterdam,
Netherlands

(n = 196)

Spanish
Consortium

(n = 1137)

Male, %, No. (%) 1905 (55.2) 581 (48.6) 443 (60.6) 89 (46.6) 117 (59.7) 675 (59.4)
Median age of CRC diag-

nosis, y (IQR)
64 (54–72) 58 (48–67) 64 (56–71) 63 (51–72) 59 (52–64) 71 (63–78)

Mutation carriers, No. (%)
Any mutation 150 (4.4) 78 (6.5) 14 (1.9) 30 (2.5) 18 (9.2) 10 (0.9)
MLH1, % 47/150 (31.3) 30/78 2/14 (14.3) 8/30 (26.7) 4/18 (22.2) 3/10 (30)
MSH2, % 71/150 (47.3) 36/78 10/14 (71.4) 15/30 (50) 4/18 (22.2) 6/10 (60)
MSH6, % 32/150 (21.3) 12/78 2/14 (14.3) 7/30 (23.3) 10/18 (55.6) 1/10 (10)

* CCFR = Colon Cancer Family Registries; IQR = interquartile range; OSU = Ohio State University.

Table 1. Characteristics of participants in six clinic-based cohorts of probands assessed for Lynch Syndrome*

Characteristics
Total

(n = 2304)
CCFR

(n = 529)
DFCI

(n = 229)
Milan, Italy

(n = 232)

Newfoundland, 
Canada
(n = 120)

Rotterdam,  
Netherlands

(n = 514)

Spanish  
Consortium

(n = 680)

Male, %, No. (%) 1136 (49.3) 263 (49.7) 99 (43.3) 118 (50.9) 65 (54.2) 243 (47.3) 348 (51.2)
Median age of CRC 

diagnosis, y (IQR)
46 (39–55) 45 (38–51) 43 (35–50) 44 (37–53) 53 (43–62) 51 (42–61) 45 (39–55)

Mutation carriers, No. (%)
Any mutation, % 539 (23.4) 166 (31.4) 62 (27.1) 99 (42.7) 19 (15.8) 58 (11.3) 135 (19.9)
MLH1, % 237/539 (44) 71/166 (42) 30/62 (48) 44/99 (44) 3/19 (16) 19/58 (33) 70/135 (52)
MSH2, % 251/539 (47) 84/166 (51) 26/62 (42) 47/99 (47) 15/19 (79) 21/58 (36) 58/135 (43)
MSH6, % 51/539 (9) 11/166 (7) 6/62 (10) 8/99 (9) 1/19 (5) 18/58 (31) 7/135 (5)

* CCFR = Colon Cancer Family Registries; DFCI = Dana Farber Cancer Institute; IQR = interquartile range; OSU = Ohio State University.

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv308/-/DC1
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Discussion

Both MMRPro and PREMM1,2,6 better discriminated MMR gene muta-
tion carriers from noncarriers than MMRPredict in this large dataset 
of international cohorts of individuals diagnosed with CRC in both 
clinic- and population-based settings. These models were clinically 
useful at a 5% or higher risk threshold as recommended in recent 
guidelines for consideration of predictive genetic testing (11,12).

We assessed expected clinical usefulness through decision 
curve analyses because this approach offers important informa-
tion beyond the standard performance metrics of discrimination 
and calibration (21–26). This methodology allowed us to estimate 
the net number of carriers identified by each model over different 
risk thresholds to select cases for further testing, penalizing for 
the number of patients having unnecessary testing. The numbers 
of identified carriers and those having unnecessary testing are 
also used in sensitivity and specificity calculations and are appro-
priately summarized in the net benefit. (23–26).

We considered thresholds between 5% and 20% as clini-
cally plausible. With thresholds of 5% or greater, MMRPro and 
PREMM1,2,6 are clinically useful in clinic-based cohorts. PREMM1,2,6 
also had an appreciable net benefit in the population-based 
cohorts, despite being originally developed using clinic-based 
patients. This is explained by the better calibration of PREMM1,2,6 
than MMRPro or MMRPredict. While all models overestimated 
the probability of being a carrier among population-based cases, 
they most often deviated in predictions under 5%, where the 
predicted number of carriers far exceeded those observed. While 
this affects overall calibration, it has limited clinical signifi-
cance because germline testing has not been recommended in 
patients with predicted probabilities under 5%. However, consid-
eration can be given to a lower threshold in the future if costs of 
mutation analysis decrease or if multigene panel testing based 
on next-generation DNA sequencing becomes incorporated into 

clinical practice as the standard of care. In this study, there was 
no net benefit of any of the models at relatively low risk thresh-
olds (<5%).

The geographic diversity of the cohorts provides a more com-
prehensive assessment of external validity than previous analy-
ses (18,19,27–33), in addition to a recent meta-analysis of studies 
that have validated the models (34). The clinic-based sample 
included individuals evaluated at cancer genetics clinics where 
personal and family histories of cancers were well character-
ized. We further addressed the potential utility of the models in 
general medical settings by the inclusion of population-based 
series. Our results also provide new information about the abil-
ity of MMRPro and PREMM1,2,6 to predict gene-specific risk esti-
mates. Both models performed equally well in identifying MLH1 
and MSH2 gene mutation carriers but had low overall discrimi-
nation for MSH6 gene mutations. MSH6 gene mutation carriers 
may be challenging to identify, as CRC diagnoses occur usually 
at older ages than in MLH1 and MSH2 carriers and cases may 
appear as “sporadic CRC.” Endometrial cancer may present as 
the sentinel malignancy in female MSH6 carriers and at younger 
ages than CRC.

Several limitations of our study should be considered. The 
mechanisms of case identification at each site may have contrib-
uted to site-specific variation in model performance, although 
the overall patterns of the validity of the prediction models 
were consistent (Supplementary Materials, available online). 
Differences in the prevalence of carriers between sites could be 
attributable to heterogeneity in assessments between sites (ie, 
referral filter) (35). Another possible limitation is that some sites 
screened individuals for MMR deficiency based on tumor testing 
results and did not pursue germline testing when tumor testing 
was normal. This partial verification bias may misclassify some 
individuals as noncarriers (36) and may be more relevant for 

Table 3. Pooled performance characteristics of MMRPro, PREMM1,2,6, and MMRPredict for prediction of MMR gene mutations associated with 
colorectal cancer cases in international clinic-based cohorts*

Characteristics MMRPro† PREMM1,2,6‡ MMRPredict§,‖

Discrimination
AUC (95% CI)
Any mutation¶ 0.82 (0.80 to 0.84) 0.85 (0.83 to 0.87) 0.76 (0.74 to 0.79)
MLH1 0.87 (0.84 to 0.89) 0.88 (0.86 to 0.90)
MSH2 0.83 (0.80 to 0.86) 0.87 (0.84 to 0.89)
MSH6 0.57 (0.49 to 0.65) 0.67 (0.60 to 0.75)
Calibration
O/E ratio (95% CI)
Any mutation¶ 0.62 (0.53 to 0.74) 1.0 (0.89 to 1.2) 0.38 (0.32 to 0.45)
MLH1 0.49 (0.39 to 0.62) 0.97 (0.82 to 1.2)
MSH2 0.51 (0.41 to 0.64) 0.93 (0.78 to 1.1)
MSH6 0.26 (0.18 to 0.37) 1.1 (0.84 to 1.5)
Slope (95% CI)
Any mutation¶ 0.42 (0.38 to 0.45) 0.81 (0.73 to 0.88) 0.28 (0.25 to 0.32)
MLH1 0.47 (0.42 to 0.53) 0.81 (0.72 to 0.90)
MSH2 0.42 (0.37 to 0.47) 0.77 (0.68 to 0.86)
MSH6 0.09 (-0.01 to 0.20) 0.69 (0.44 to 0.93)

* n = 2304. AUC = area under the receiver operating characteristic curve; CI = confidence interval; O/E = observed/expected.

† Two-sided test of statistical interaction between cohorts and predicted probabilities: P < .001. An interaction term with P < .05 indicated that the relation between 

predicted probabilities and mutation status varies by cohort.

‡ Two-sided test of statistical interaction between cohorts and predicted probabilities: P = .03. An interaction term with P < .05 indicated that the relation between 

predicted probabilities and mutation status varies by cohort.

§ Two-sided test of statistical interaction between cohorts and predicted probabilities: P < .001. An interaction term with P < .05 indicated that the relation between 

predicted probabilities and mutation status varies by cohort.

‖ MMRPredict does not generate gene-specific probabilities.

¶ MLH1, MSH2, or MSH6 mutation.

http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv308/-/DC1
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Table 4. Pooled performance characteristics of MMRPro, PREMM1,2,6, and MMRPredict for prediction of MMR gene mutations associated with 
colorectal cancer cases in international population-based cohorts*

Characteristics MMRPro† PREMM1,2,6‡ MMRPredict§,‖

Discrimination
AUC (95% CI)
Any mutation¶ 0.85 (0.81 to 0.88) 0.88 (0.85 to 0.92) 0.77 (0.73 to 0.82)
MLH1 0.84 (0.77 to 0.91) 0.90 (0.85 to 0.96)
MSH2 0.92 (0.90 to 0.95) 0.92 (0.88 to 0.96)
MSH6 0.68 (0.61 to 0.76) 0.75 (0.66 to 0.84)
Calibration
O/E ratio (95% CI)
Any mutation¶ 0.36 (0.27 to 0.47) 0.70 (0.58 to 0.84) 0.31 (0.24 to 0.39)
MLH1 0.21 (0.13 to 0.32) 0.61 (0.44 to 0.85)
MSH2 0.27 (0.18 to 0.39) 0.71 (0.54 to 0.94)
MSH6 0.28 (0.18 to 0.45) 0.70 (0.49 to 1.00)
Slope (95% CI)
Any mutation¶ 0.43(0.37 to 0.48) 1.07 (0.94 to 1.19) 0.37 (0.31 to 0.42)
MLH1 0.42 (0.34 to 0.51) 0.93 (0.77 to 1.09)
MSH2 0.52 (0.44 to 0.61) 1.03 (0.88 to 1.18)
MSH6 0.21 (0.10 to 0.32) 1.12 (0.82 to 1.43)

* n = 3451. AUC = area under the receiver operating characteristic curve; CI = confidence interval; O/E = observed/expected.

† Two-sided test of heterogeneity between cohorts: P = .47; MMRPro results do not include data from the Spanish cohort.

‡ Two-sided test of heterogeneity between cohorts: P < .001.

§ Two-sided test of heterogeneity between cohorts: P < .001.

‖ MMRPredict does not generate gene-specific probabilities.

¶ MLH1, MSH2, or MSH6 mutation.

Figure 2. Calibration plots for MMRPredict, MMRPro, and PREMM1,2,6 models. A-C) Clinic-based cohort: (A-C) display calibration plots for external validation of (A) MMR-

predict, (B) MMRPro, and (C) PREMM1,2,6 for predicting MMR mutations for individuals in clinic-based settings. D-F) Population-based cohort: (D-F) display calibration 

plots for external validation of (A) MMRpredict, (B) MMRPro, and (C) PREMM1,2,6 for predicting MMR mutations for individuals in population-based settings. The x-axis 

represents predicted probabilities, the y-axis represents the observed proportion of MMR mutations, and the long dashed diagonal line represents the ideal model with 

perfect prediction. The short dashed line represents the relation between MMR mutations and model-based predictions (according to a loess smoother). The triangles 

represent observed frequencies by quintiles of predicted probability with corresponding 95% confidence limits (vertical lines). The distribution of predicted probabili-

ties is displayed for individuals with and without a mutation in the lower portion of the figure. ROC = receiver operating characteristic curve.
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individuals with MSH6 mutations, whose tumors are not always 
microsatellite unstable and where certain pathogenic missense 
mutations do not completely abrogate protein expression yield-
ing false-negative IHC results. Lastly, the current models do not 
predict PMS2 and EPCAM mutations. Because many sites did not 

include these mutational analyses, the models’ performance for 
these genes could not be assessed.

The results of our study have several implications for indi-
viduals with CRC. Assessment of family history of cancer by the 
Amsterdam criteria or Bethesda Guidelines (7,8) has been the 
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Figure 3. Net benefit analyses comparing MMRPredict, MMRPro, and PREMM1,2,6 to identify mismatch repair mutation carriers at different risk thresholds. A and B) 
Display of the net benefit curves comparing the three prediction models among the clinic-based cohort. The y-axis measures net benefit, which is calculated by sum-

ming the benefits (true positives) and subtracting the harms (false positives), where the latter are weighted by a factor related to the relative harm of a missed mutation 

carrier compared with the harm of unnecessary genetic testing. A model is considered of clinical value if it has the highest net benefit compared with other models 

and simple strategies such as performing genetic testing in all patients (dashed black line) or no patients (horizontal black line) across the full range of threshold 

probabilities at which a patient would undergo genetic testing. For example, the net benefit of using PREMM1,2,6 or MMRPro to selectively test for mutation carriers 

exceeds that of testing all at a risk of 5% or higher. A) The net benefit at the 10% threshold is 0.18 for PREMM1,2,6 vs 0.15 for testing all and 0 for testing none among 

clinic-based cases. The net benefit of the PREMM1,2,6 model over testing all is thus 0.03, which means that three individuals would be identified as mutation carriers for 

every 100 people assessed with PREMM1,2,6 without an increase in the number of false-positive results. At the 10% threshold, this calculation assumes that we value a 

true-positive classification worth incurring up to nine false-positives (since 1:9, which is the odds corresponding to a probability of 10%). B) Display of the net benefit 

curves for the three models among the population-based cohort. The benefit at the 10% threshold is 0.02 for PREMM1,2,6 vs 0 for testing all and 0 for testing none. This 

means that two individuals would be identified as mutation carriers for every 100 people assessed with PREMM1,2,6 without an increase in the number of false positives.

Table 5. Proportion of patients identified as gene mutation carriers by MMRPro and PREMM1,2,6 at different decision thresholds

Model and risk score 
category

High-risk patients*
No. (%)

Identified gene mutation  
carriers (true positive)

No. (%)

Predicted but not  
actual carriers
(false positive)

No. (%)

Missed gene  
mutation carriers

(false negative)
No. (%)

Clinic-based cohorts
PREMM1,2,6, %
 >0 2294/2294 (100) 536/536 (100) 1758/1758 (100) 0/536 (0)
 >5 1754//2294 (76) 516/536 (96) 1238/1758 (70) 20/536 (4)
 >10 1156/2294 (50) 467/536 (87) 689/1758 (39) 69/536 (13)
 >20 744/2294 (32) 403/536 (75) 341/1758 (19) 133/536 (25)
MMRPro, %
 >0 2304/2304 (100) 539/539 (100) 1765/1765 (100) 0/539 (0)
 >5 1595/2304 (69) 510/539 (95) 1085/1765 (61)  29/539 (5)
 >10 1338/2304 (58) 482/539 (89) 856/1765 (48) 57/539 (11)
 >20 990/2304 (43) 422/539 (78) 568//1765 (32) 117/539 (22)
Population-based cohort
PREMM1,2,6, %
 >0 3451/3451 (100) 150/150 (100) 3301/3301 (100) 0/150 (0)
 >5 887/3451 (26) 130/150 (87) 757/3301 (23) 20/150 (13)
 >10 375/3451 (11) 102/150 (68) 273/3301 (8) 48/150 (32)
 >20 179/3451 (5) 81/150 (54) 98/3301 (3) 69/150 (46)
MMRPro, %
 >0 2314/2314 (100) 140/140 (100) 2174/2174 (100) 0/140 (0)
 >5 906/2314 (39) 119/140 (79) 787/2174 (36) 21/140 (15)
 >10 730/2314 (32) 111/140 (74) 619/2174 (28) 29/140 (21)
 >20 532/2314 (23) 102/140 (68) 430/2174 (20) 38/140 (27)

* High-risk = number of patients within each designated risk score category.
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cornerstone for the diagnosis of Lynch Syndrome, but multiple 
studies have demonstrated their limited sensitivity and specific-
ity (37,38). The performance of PREMM1,2,6 and MMRPro exceeds 
that of existing clinical criteria to identify mutation carriers 
(13,14,19,28,29,33), and prediction models should replace clini-
cal criteria as prescreening tools in the risk assessment pro-
cess for Lynch Syndrome (19,27,32). For such an application, the 
PREMM1,2,6 model has the advantage of being simpler to apply 
than MMRPro (27) while its performance is at least as good. It 
does not require information on unaffected family members, 
and it has a simple, web-based platform (27). Another approach 
is systematic tumor testing for MMR deficiency through MSI or 
IHC for all newly diagnosed individuals with CRC (1,12,37). This 
approach may be feasible for some centers and superior to any 
prediction model if we accept a high rate of unnecessary test-
ing. Unnecessary testing may be a consequence of false-posi-
tive tumor results because of somatic causes of MSI via MLH1 
gene promoter hypermethylation rather than germline MMR 
deficiency, particularly in older patients. A combined approach 
may be attractive (39), such as using IHC and prediction model 
risk estimates in those with CRC older than 70 years (16). Model 
predictions can also complement results from tumor testing 
becasue false-negatives are possible with IHC testing (16). In 
light of these considerations, the PREMM1,2,6 or MMRPro models 
can be recommended to direct germline testing or genetic refer-
ral when risk exceeds 5% if tumor testing is unavailable or when 
resources are limited and the universal tumor testing approach 
cannot be adopted. However, there is a growing trend toward 
a very broad and routine molecular characterization of CRC 
tumors, if only to identify mutations that are targetable with 
newer chemotherapeutic agents. Because MSI testing is invari-
ably included in such evaluations, we may anticipate the rou-
tine availability of these results in the very near future, which 
can potentially guide the assessment for Lynch Syndrome. The 
MMRPro model can readily incorporate molecular tumor testing 
results in the risk prediction. Lastly, individuals with high risk, 
ie, 15% or higher, may need to be considered for inherited can-
cer syndromes other than Lynch Syndrome. Screening patients 
with CRC for Lynch Syndrome based on molecular tumor test-
ing alone may miss the opportunity to identify other familial 
cancer syndromes. For patients without a germline MMR muta-
tion but with high predictions, intensive surveillance may be 
considered and additional genetic testing may be warranted 
in the future as novel genes associated with familial CRC are 
discovered.

In summary, the MMRPro and PREMM1,2,6 models are clini-
cally useful tools to assess patients who are newly diagnosed 
with CRC for Lynch Syndrome. A threshold of 15% in the absence 
of MMR deficiency may identify individuals at high risk for other 
familial CRC syndromes and prompt further genetic evaluation 
and testing. These patients may need modified cancer surveil-
lance tailored to their specific cancer spectrum while additional 
genetic etiologies for the cause of cancer in their families are 
investigated.
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