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LYNCH SYNDROME (ALSO CALLED

hereditary nonpolyposis colo-
rectal cancer) is the most com-
mon hereditary colorectal can-

cer syndrome in Western countries,
accounting for 2% to 5% of all colorec-
tal cancers (CRCs).1,2 Lynch syn-
drome is associated with underlying
mutations in the mismatch repair sys-
tem,3,4 most commonly in the MLH1
and MSH2 genes.5 Existing clinical cri-
teria to identify Lynch syndrome fami-
lies include the Amsterdam Criteria6

and Bethesda Guidelines,7 and these
have been updated, modified, and re-
vised by authorities in the field.8,9 How-
ever, the Amsterdam Criteria and some
components of the Bethesda Guide-
lines remain complex, and the relative
importance of the specific aspects of
personal and family history included in
these guidelines are unclear. In heredi-
tary breast-ovarian cancer syndrome,

multiple models have been developed
to predict mutations in the BRCA1 and
BRCA2 genes,10,11 and these models are
widely implemented by health care pro-
fessionals as they assess their patients’
genetic risk.

Using data from a large cohort of in-
dividuals undergoing genetic testing of
MLH1 and MSH2, we developed a clini-
cal model, the PREMM1,2 model (Pre-
diction of Mutations in MLH1 andSee also pp 1479, 1507, and 1521.
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Context Lynch syndrome is caused primarily by mutations in the mismatch repair
genes MLH1 and MSH2.

Objectives To analyze MLH1/MSH2 mutation prevalence in a large cohort of pa-
tients undergoing genetic testing and to develop a clinical model to predict the like-
lihood of finding a mutation in at-risk patients.

Design, Setting, and Participants Personal and family history were obtained for
1914 unrelated probands who submitted blood samples starting in the year 2000 for
full gene sequencing of MLH1/MSH2. Genetic analysis was performed using a com-
bination of sequence analysis and Southern blotting. A multivariable model was devel-
oped using logistic regression in an initial cohort of 898 individuals and subsequently
prospectively validated in 1016 patients. The complex model that we have named
PREMM1,2 (Prediction of Mutations in MLH1 and MSH2) was developed into a Web-
based tool that incorporates personal and family history of cancer and adenomas.

Main Outcome Measure Deleterious mutations in MLH1/MSH2 genes.

Results Overall, 14.5% of the probands (130/898) carried a pathogenic mutation
(MLH1, 6.5%; MSH2, 8.0%) in the development cohort and 15.3% (155/1016) in
the validation cohort, with 42 (27%) of the latter being large rearrangements. Strong
predictors of mutations included proband characteristics (presence of colorectal can-
cer, especially �2 separate diagnoses, or endometrial cancer) and family history (es-
pecially the number of first-degree relatives with colorectal or endometrial cancer).
Age at diagnosis was particularly important for colorectal cancer. The multivariable
model discriminated well at external validation, with an area under the receiver op-
erating characteristic curve of 0.80 (95% confidence interval, 0.76-0.84).

Conclusions Personal and family history characteristics can accurately predict the
outcome of genetic testing in a large population at risk of Lynch syndrome. The PREMM1,2

model provides clinicians with an objective, easy-to-use tool to estimate the likeli-
hood of finding mutations in the MLH1/MSH2 genes and may guide the strategy for
molecular evaluation.
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MSH2) to predict the presence of mu-
tations in the MLH1 and MSH2 genes
based on personal and family history of
individuals. For practical application,
we have made it available in a Web-
based format, so it can be easily acces-
sible to clinicians evaluating individu-
als with a personal or family history
suggestive of Lynch syndrome.

METHODS
Patients

The original cohort for model devel-
opment consisted of 1219 consecutive
unrelated probands who submitted
blood samples for full gene sequenc-
ing of MLH1 and MSH2 to Myriad Ge-
netic Laboratories Inc, Salt Lake City,
Utah, starting in 2000. Testing was or-
dered by health care professionals
(mainly geneticists, oncologists, gas-
troenterologists, or gynecologists) for
individuals with a personal or family
history suggestive of Lynch syn-
drome. Data were obtained from the test
order form (completed by the health
care professional ordering genetic test-
ing) and included the patient’s age, sex,
and ancestry as well as specific details
about personal and family cancer his-
tory. We excluded 278 probands for
whom the personal and family cancer
history were not available and 43 pro-
bands who reported a personal his-
tory of a Lynch syndrome–associated
diagnosis but not age at diagnosis, leav-
ing 898 probands included in the
analysis.

Among these 898 probands, there
were 2382 relatives reported. We nar-
rowed this group of relatives to in-
clude only those who fulfilled the fol-
lowing criteria: (1) first- or second-
degree relatives of the proband; (2)
affected with Lynch syndrome–
associated cancers (of the stomach, ova-
ries, urinary tract, small intestine, pan-
creas, bile ducts, brain [glioblastoma
multiforme], or sebaceous glands) or
colonic adenomas; (3) on the affected
side of the family; and (4) age at diag-
nosis known. This left a total of 1618
reported relatives in the final cohort.

The validation cohort consisted of
1057 consecutive unrelated probands

who submitted blood samples for full
gene sequencing and large rearrange-
ment analysis of MLH1 and MSH2 genes
to the same diagnostic laboratory after
August 2004. Personal and family his-
tory data were obtained in the same way
as described for the development co-
hort. After excluding 41 individuals
who did not meet the aforementioned
criteria, the validation cohort in-
cluded 1016 probands.

The test order form used in both co-
horts asks specifically for maternal or
paternal origin of each relative. When
both sides of the family were affected
by Lynch syndrome–associated tu-
mors (which occurred in 3 instances of
1914 kindreds), the family history was
carefully reviewed to make an assess-
ment of the lineage most likely to be af-
fected. Ethnicity was classified based on
the information provided by the health
care professional using prespecified cat-
egories on the test order form. These
data are included because they are rel-
evant for generalizability of the results
and demonstrate the heterogeneity of
the study population.

The s tudy was inves t iga tor -
initiated. Data collection and model de-
velopment occurred independently: col-
lection of clinical data and molecular
analyses occurred at Myriad Genetic
Laboratories, and an anonymized data
set was provided to Dana-Farber/
Harvard Cancer Center investigators for
all further data analyses. The statisti-
cal analysis was conducted by clinical
researchers (J.B. and D.H.S.) and an in-
dependent statistician (E.W.S.) not af-
filiated with Myriad Genetic Laborato-
ries. The study was reviewed and
approved by the Dana-Farber /
Harvard Cancer Center institutional re-
view board; a waiver of informed con-
sent for study participants was obtained
because the analysis was performed on
deidentified data, without the need for
patient contact.

Laboratory Methods

From each sample of blood, DNA from
white blood cells was extracted and pu-
rified, amplified by polymerase chain
reaction, and directly sequenced in for-

ward and reverse directions. For the
MLH1 gene, approximately 2300 base
pairs were sequenced, comprising 19
exons and approximately 560 adja-
cent noncoding intronic base pairs. For
the MSH2 gene, approximately 2800
base pairs were sequenced, compris-
ing 16 exons and approximately 470 ad-
jacent noncoding intronic base pairs.
Chromatographic tracings of each am-
plicon were analyzed by a proprietary
computer-based review followed by vi-
sual inspection and confirmation. Ge-
netic variants were detected by com-
parison with a consensus wild-type
sequence constructed for each gene. All
potential genetic variants were inde-
pendently confirmed by repeat poly-
merase chain reaction amplification and
sequencing.

For large rearrangement analysis, ali-
quots of genomic DNA were digested
individually with 3 restriction en-
zymes or combination of enzymes for
MLH1 analysis and 3 restriction en-
zymes or combinations of enzymes for
MSH2 analysis. Digested DNA was elec-
trophoresed in an agarose gel, trans-
ferred to a membrane, and hybridized
with a gene-specific probe labeled with
phosphate 32. The probe binds to all
fragments containing coding se-
quences of that gene. Autoradio-
graphs and phosphorimages were pro-
duced and analyzed for the presence of
novel bands and for fragment dosage,
from which it was determined which,
if any, exons had been deleted or du-
plicated. Positive and negative con-
trols were run with each batch. All po-
tential mutations were independently
confirmed.

Mutations were classified as delete-
rious, suspected deleterious, uncer-
tain, favor polymorphism, or polymor-
phism. All nonsense and frameshift
mutations that occurred at or before
amino acids 733 and 888 of MLH1 and
MSH2, respectively, were considered to
be deleterious. In addition, specific mis-
sense mutations and noncoding inter-
vening sequence mutations were con-
sidered to be deleterious on the basis
of data derived from linkage analysis of
high-risk families, functional assays,
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biochemical evidence, and/or demon-
stration of abnormal messenger RNA
transcript processing. Genetic vari-
ants for which the available evidence
indicates a likelihood, but not proof,
that the mutation is deleterious were
classified as “suspected deleterious.”
Examples include mutations that oc-
cur at the conserved locations of splice
acceptors and splice donors. Missense
mutations, mutations that occurred in
intronic regions whose clinical signifi-
cance has not yet been determined, and
nonsense and frameshift mutations that
occurred distal to amino acid position
733 of MLH1 and distal to amino acid
position 888 of MSH2 were consid-
ered to be variants of uncertain signifi-
cance. Genetic variants that are highly
unlikely to contribute substantially to
cancer risk were considered to be poly-
morphisms. For the purposes of this
study, we classified individuals found
to have either deleterious or sus-
pected deleterious mutations as muta-
tion-positive. Those with all other ge-
netic variants and polymorphisms were
included in the mutation-negative
group.

Statistical Methods

Variables related to the proband were
the presence and age at diagnosis of
CRC, colonic adenomas, endometrial
cancer, and other Lynch syndrome–
associated cancers (the latter were con-
sidered as 1 group). Variables related
to the family history included the num-
ber of relatives with CRC, endome-
trial cancer, and other Lynch syn-
drome–associated cancers , the
relationship to the proband (first- vs
second-degree), the minimum age at di-
agnosis for each cancer in the family,
and the presence of a relative with more
than 1 Lynch syndrome–associated can-
cer. Because adenomas were reported
in only 5% of the relatives (79/1618),
we were concerned that this informa-
tion was unreliable and we therefore did
not analyze the effect of adenomas in
relatives. Age was treated as a continu-
ous variable, and the effect of age was
analyzed separately for each diagno-
sis. In probands diagnosed as having the

same cancer more than once, the age
at diagnosis was defined as the young-
est age. Restricted cubic spline func-
tions in logistic regression models were
used to explore the possibility that the
effect of age at diagnosis was nonlin-
ear.12 In relatives, the minimum age and
mean age for any given diagnosis in the
family appeared to have similar ef-
fects, so we chose to use minimum age
for ease of use in clinical practice.

We used univariate analyses to de-
termine how best to include each ele-
ment of personal and family history in
a single multivariable model. We cre-
ated a variable for probands with 2 or
more separate CRCs since this group
was reasonably large and had a high
prevalence of mutations. Similarly, for
relatives with CRC and endometrial
cancer, we created variables indicat-
ing both the number of affected rela-
tives (1 vs �2) and their relationship
to the proband (first- vs second-
degree). We included 2 variables for
each diagnosis in the multivariable
model: an indicator variable for the

presence or absence of that diagnosis
and a variable relating to the age at di-
agnosis. Finally, the magnitude of the
age effect for each diagnosis is pre-
sented in decades rather than years for
ease of interpretation.

Prediction Rule

We aimed to create a prediction rule
that would be simpler to use than a full
multivariable model and would gener-
ate more robust predictions of muta-
tion risk. All decisions about model
specification were based on the devel-
opment cohort. First, we critically as-
sessed all variables in the model with
a P value greater than .20 and elimi-
nated 3 that did not achieve this P value:
age at diagnosis of other Lynch syn-
drome cancers in the proband, mini-
mum age at diagnosis of other Lynch
syndrome cancers in the relatives, and
the presence of a relative with mul-
tiple cancers. Second, we combined
clinically similar age variables with simi-
lar statistical effects. One such com-
posite variable included the effects of

Table 1. Demographics of the Study Population*

Characteristics
Development Cohort

(n = 898)
Validation Cohort

(n = 1016)

Age at testing, median (range), y 49 (5-85) 50 (17-95)

Sex
Female 566 (63) 742 (73)

Male 332 (37) 274 (27)

Ancestry
European 637 (71) 813 (80)

Latin American 36 (4) 31 (3)

African 36 (4) 31 (3)

Asian 27 (3) 20 (2)

Native American 18 (2) 10 (1)

Middle Eastern 9 (1) 10 (1)

Not specified 135 (15) 101 (10)

Ordering health care professional
Geneticist 251 (28) 264 (26)

Gastroenterologists 153 (17) 142 (14)

Oncologist 323 (36) 416 (41)

Obstetrician/gynecologist 54 (6) 61 (6)

Primary care physician 9 (1) 10 (1)

Other 108 (12) 122 (12)

Country of origin
United States 880 (98) 1006 (99)

Outside United States 18 (2) 10 (1)

Clinical criteria
Amsterdam II Criteria 260 (29) 274 (27)

Revised Bethesda Guidelines 512 (57) 538 (53)
*Data are expressed as No. (%) unless otherwise indicated.
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the age at diagnosis of CRC or ad-
enoma in the proband as well as the
minimum age at diagnosis of CRC in
first- and second-degree relatives, and
the other reflected the effects of age at
diagnosis of endometrial cancer in the
proband and first- and second-degree
relatives. Finally, we created sum-

mary variables for each cancer diagno-
sis in relatives, in which second-
degree relatives were weighted to have
half the effect of first-degree relatives.

The modeling process was inter-
nally validated by bootstrap resam-
pling. Two hundred random samples
were drawn with replacement; predic-

tive models were developed in each
sample, including variable selection,
and evaluated in the development co-
hort.13,14 For external validation, we as-
sessed the performance of the predic-
tion rule derived from the development
cohort in the validation cohort. An up-
dated version of the prediction rule was
based on logistic regression coeffi-
cients estimated from both cohorts, af-
ter testing for differences in effects be-
tween the development and validation
cohorts by statistical interaction terms
(“interaction by cohort”).

To test the accuracy of the updated
model in predicting MLH1 or MSH2
mutations, we categorized predicted
probabilities of mutation into 5 pre-
specified but arbitrary categories: 5% or
less, 5.1% to 10%, 10.1% to 20%, 20.1%
to 40%, and more than 40%. Sensitiv-
ity and specificity were calculated and
were plotted in a receiver operating
characteristic curve. We also included
the sensitivity and specificity for the
Amsterdam Criteria and revised Be-
thesda Guidelines6-9 and assessed pre-
dictions made using the Leiden model
for 1086 probands with CRC.15 Multi-
variable modeling was performed us-
ing SAS version 8 software (SAS Insti-
tute Inc, Cary, NC), and internal and
external validation were performed us-
ing S-Plus version 6 software (Insight-
ful Corp, Seattle, Wash). Discrimina-
tion between patients with and without
mutations was quantified by the area
under the receiver operating charac-
teristic curve (AUC), calculated with
95% confidence intervals (CIs). Cali-
bration was assessed graphically and by
the Hosmer-Lemeshow goodness-of-
fit statistic.13

RESULTS
Patient Characteristics

The median ages of individuals under-
going genetic testing were 49 and 50
years in the development and valida-
tion cohorts, and 63% and 73% of the
898 and 1016 probands were women,
respectively (TABLE 1). Patients were
mainly of European ancestry, but other
ancestries were also represented, in-
cluding Latin American, African, Asian,

Table 2. Univariate Analysis of Prevalence of MLH1 and MSH2 Mutations in Probands
According to Clinical History

Characteristics

Prevalence of Mutations
in the Development Cohort

Prevalence of Mutations
in the Validation Cohort

No./Total
(n = 898)

P
Value*

No./Total
(n = 1016)

P
Value*

Overall mutation-positive rate
in the proband

14.5 (130/898)† 15.3 (155/1016)‡

Proband’s history
CRC

0 11 (40/362) 8 (39/466)

1 15 (72/496) �.001 19 (98/509) �.001

�2 45 (18/40) 44 (18/41)

Adenoma 15 (21/141) .88 10 (24/231) .02

Endometrial cancer 24 (22/91) .006 30 (45/149) �.001

Other HNPCC cancer 22 (22/100) .02 19 (18/93) .25

Multiple HNPCC cancers 28 (34/122) �.001 39 (50/129) �.001

No HNPCC-associated
diagnosis

4 (7/159) �.001 6 (12/210) �.001

First-degree family history
CRC, No. of relatives

0 9 (37/396) 10 (50/491)

1 16 (59/363) �.001 17 (62/372) �.001

�2 24 (34/139) 28 (43/153)

Endometrial cancer,
No. of relatives

0 13 (101/804) 14 (126/902)

1 28 (24/85) �.001 22 (23/105) �.001

�2 56 (5/9) 67 (6/9)

Other HNPCC cancer,
No. of relatives

0 14 (102/758) 14 (127/872)

1 20 (26/129) .13 19 (24/128) .26

�2 18 (2/11) 25 (4/16)

Second-degree family history
CRC, No. of relatives

0 15 (81/528) 16 (102/651)

1 13 (32/241) .68 14 (33/229) .89

�2 13 (17/129) 15 (20/136)

Endometrial cancer,
No. of relatives

0 14 (125/893) 15 (137/939)

1 24 (10/42) .21 21 (15/69) .06

�2 17 (1/6) 38 (3/8)
Abbreviations: CRC, colorectal cancer; HNPCC, hereditary nonpolyposis colorectal cancer.
*P values represent comparison of each characteristic in probands with and without mutations. All P values are 2-sided

and were obtained by �2 tests.
†All were point mutations in MLH1 or MSH2.
‡One hundred thirteen (73%) were point mutations in MLH1 or MSH2 and 42 (27%) were large rearrangements in MLH1

(n = 7) or MSH2 (n = 35).
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Native American, and Middle Eastern.
Ordering health care professionals were
mainly geneticists (28% and 26%, re-
spectively) and oncologists (36% and
41%, respectively), but other special-
ties (ie, gastroenterologists and gyne-
cologists) were also represented. The
majority of tests (98% and 99%) were
ordered from within the United States,
with tests ordered from all 50 states.
Overall, 29% and 27% of patient his-
tories fulfilled the Amsterdam I/II Cri-
teria, and 57% and 53% met one of the
revised Bethesda Guidelines, respec-
tively. There were no significant dif-
ferences between demographic and
clinical characteristics in the 2 co-
horts.

Univariate Analysis

In the development cohort, 14.5% (130/
898) of the study individuals were found
to have mutations: 6.5% (58/898) had
mutations in MLH1 and 8.0% (72/898)
had mutations in MSH2. In the valida-
tion cohort, the overall prevalence of mu-
tations was 15.3% (155/1016): 5.3% (54/
1016) had mutations in MLH1 and 9.9%
(101/1016) had mutations in MSH2. Of
the 155 mutations detected in the vali-
dation cohort, 113 (73%) were point mu-
tations and 42 were large rearrange-
ments, the majority in MSH2 (83% [35/
42]). Mutations were particularly
prevalent among probands with 2 or
more separate CRCs (45% and 44%, re-

spectively), endometrial cancer (24%and
30%), other Lynch syndrome–associ-
ated cancers (22% and 19%), and mul-
tiple diagnoses (28% and 39%)
(TABLE 2). The prevalence of muta-
tions in the probands increased with in-
creasing numbers of first-degree rela-
tives with CRC or endometrial cancer.
As expected, probands with mutations
had a younger mean age at CRC diag-
nosis than those who did not have mu-
tations, and the age at diagnosis of CRC
and endometrial cancer was also younger
among the relatives of probands with
mutations (TABLE 3). In probands, the
age difference was most apparent for
CRC and colonic adenomas, and in rela-
tives, it was most apparent for CRC and
endometrial cancer.

Multivariable Analysis

In the multivariable model (TABLE 4), the
risk of finding a mutation was similarly
increased in probands diagnosed as hav-
ing 1 CRC (odds ratio [OR], 2.2; 95% CI,
1.9-2.5), endometrial cancer (OR, 2.5;
95% CI, 2.1-3.1), or other Lynch syn-
drome–associated cancers (OR, 2.1; 95%
CI, 1.7-2.5). Probands with adenomas
also had a significantly increased risk of
a mutation, with an OR of 1.8 (95% CI,
1.5-2.2). Probands with metachronous
or synchronous CRC had a very high OR
at 8.2 (95% CI, 5.6-12.0). Among rela-
tives, both the presence and number of
first-degree relatives with CRC and en-

dometrial cancer strongly increased the
risk of finding a mutation in the proband.
Diagnosis of CRC or endometrial can-
cer at a younger age was clearly associ-
ated with an increased risk of finding a
mutation(ORperdecadeyoungerat time
of diagnosis, 1.5; 95% CI, 1.5-1.5).

Prediction Rule

The multivariable model had an AUC
of 0.79 (95% CI, 0.76-0.83) at inter-
nal validation. The effects were simi-
lar in the development and validation
cohorts for most predictors (Table 4).
However, effects were significantly
larger in the validation cohort for one
or multiple CRCs in the proband (in-
teraction by cohort, P=.002 and P=.02)
and for endometrial cancer in the
proband (interaction by cohort, P=.01)
without any obvious reason. When only
point mutations were considered, ex-
ternal validation of the model in the
validation cohort showed an AUC of
0.79 (95% CI, 0.74-0.83), as previ-
ously predicted with bootstrapping. In-
terestingly, the AUC increased to 0.80
(95% CI, 0.76-0.84) when large rear-
rangement mutations were accounted
for in the validation cohort, reflecting
that some patients had previously been
misclassified as not having a mutation.

The updated prediction rule was based
on the combination of the development
and validation cohorts (Table 4). A small
effect for cohort was incorporated (OR,

Table 3. Comparison of Age at Diagnosis According to Proband Mutation Status

Development Data Set (n = 898) Validation Data Set (n = 1016)

Mutation-Positive Mutation-Negative
P

Value* Mutation-Positive Mutation-Negative
P

Value*

Proband, mean age, y,
at diagnosis

Colorectal cancer 40.4 45.5 �.001 45.6 47.7 .09

Adenoma 40.9 45.5 .09 43.8 44.0 .94

Endometrial cancer 45.7 47.3 .54 46.8 49.2 .21

Other HNPCC cancer 47.9 50.4 .49 46.8 48.4 .63

Relatives, mean youngest age, y,
at diagnosis in first-/
second-degree relatives

Colorectal cancer 42.2 51.1 �.001 43.5 52.1 �.001

Endometrial cancer 45.8 51.8 .01 46.3 52.0 .008

Other HNPCC cancer 48.6 52.1 .23 51.2 58.6 .003
Abbreviation: HNPCC, hereditary nonpolyposis colorectal cancer.
*P values represent the statistical significance of the comparison of the mean age at diagnosis in probands with and without mutation, and the mean youngest age at diagnosis in

relatives of probands with and without mutation. All P values are 2-sided and were obtained by t tests.

PREDICTION OF MLH1 AND MSH2 MUTATIONS IN LYNCH SYNDROME

©2006 American Medical Association. All rights reserved. (Reprinted) JAMA, September 27, 2006—Vol 296, No. 12 1473

Downloaded From: https://jamanetwork.com/ on 05/22/2023



1.28), reflecting the higher prevalence of
mutations due to rearrangement analy-
sis in the validation cohort. The equa-
tion with the variables included in this
updated prediction rule is presented in
the BOX. The Web-based clinical model
is shown in FIGURE 1 and is accessible
to health care professionals at the Dana-
Farber Cancer Institute Web site
(http://www.dfci.org/premm).

Upon grouping by predicted likeli-
hood of carrying a mutation, patients
in the combined cohort were distrib-
uted reasonably evenly across 5 cat-
egories of risk, with a predicted risk of
mutation of 5% or less for 482, 5.1% to
10% for 540, 10.1% to 20% for 460,
20.1% to 40% for 282, and greater than
40% for 150. The model demon-
strated excellent ability to discrimi-

nate between risk groups (TABLE 5)
with an AUC of 0.80 (FIGURE 2A). Sen-
sitivity and specificity depended on the
cutoff used for the predicted risk of mu-
tation. If a low cutoff, such as 5%, was
used, many patients would be consid-
ered for testing, with a sensitivity of 94%
but a specificity of 29%. If a high cut-
off, such as 40%, was used, specificity
would be much better (92%), but many
patients with mutations would be
missed (sensitivity of 29%). Fulfill-
ment of the Amsterdam II Criteria had
a sensitivity of 63% with a 78% speci-
ficity, while the revised Bethesda Guide-
lines had a 74% sensitivity with a speci-
ficity of 48% (Figure 2A). Of the 1914
individuals, 105 and 75 mutation car-
riers did not fulfill the Amsterdam II
Criteria or the revised Bethesda Guide-
lines, respectively, and therefore would
not have been tested if only these cri-
teria had been considered (TABLE 6).
Compared with the revised Bethesda
Guidelines, a 10% cutoff led to testing
of fewer patients (47% vs 55%), while
missing fewer mutation carriers (15%
vs 26%). A safer cutoff of 5% led to more
testing (75%) and a lower miss rate
(6%). For 1086 probands with CRC, the
Leiden model had an AUC of 0.755
compared with 0.806 for the PREMM1,2

model (Figure 2B).

COMMENT
Our study reports the prevalence of
MLH1/MSH2 mutations detected from
a large and diverse cohort of probands
undergoing genetic testing on the ba-
sis of clinical history, largely without
prior molecular prescreening. We found
an overall prevalence of deleterious
point mutations in 14.5% of individu-
als in a cohort of 898 with gene se-
quencing alone and an increase in
prevalence to 15.3% (155/1016) with
the addition of Southern blot analysis,
with 27% (42/155) of detected muta-
tions corresponding to large rearrange-
ments.

Previous estimates for prevalence of
MLH1 and MSH2 mutations, the most
common genes associated with Lynch
syndrome, have ranged from 0.3% to
88% and depend greatly on the popu-

Table 4. Multivariable Analysis of the Development and Validation Cohorts for Estimation
of the Final Prediction Model (Combined Cohort)

Odds Ratio (95% Confidence Interval)

Development
Cohort

(n = 898)

Validation
Cohort

(n = 1016)

Combined
Cohort

(n = 1914)

Predictors
Proband

Unaffected 1.0 1.0 1.0

1 CRC 2.2 (1.9-2.5) 7.0 (6.0-8.1) 3.8 (3.6-4.1)

�2 CRC 8.2 (5.6-12) 37 (25-55) 16 (14-20)

Adenoma 1.8 (1.5-2.2) 1.5 (1.2-1.7) 1.5 (1.4-1.6)

Endometrial cancer 2.5 (2.1-3.1) 7.1 (6.1-8.2) 4.2 (3.9-4.6)

Other HNPCC cancer 2.1 (1.7-2.5) 1.4 (1.1-1.8) 1.8 (1.6-2.0)

Family history
CRC

No family history of CRC 1.0 1.0 1.0

Presence of CRC in first-/
second-degree relatives*

2.3 (2.1-2.5) 3.0 (2.8-3.3) 2.6 (2.5-2.7)

�2 CRC in first-degree relatives 3.1 (2.6-3.6) 4.2 (3.6-4.8) 3.6 (3.4-3.8)

Endometrial cancer
No family history of

endometrial cancer
1.0 1.0 1.0

Presence of endometrial
cancer in first-/second-
degree relatives*

2.7 (2.4-3.2) 2.7 (2.3-3.1) 2.6 (2.4-2.8)

�2 Endometrial cancers
in first-degree relatives

6.5 (1.8-24) 26 (6.0-113) 12 (6.3-23)

Other HNPCC cancers
No family history of other

HNPCC cancers
1.0 1.0 1.0

Presence of other
HNPCC cancers

1.5 (1.4-1.7) 1.4 (1.4-1.6) 1.5 (1.4-1.6)

Age at diagnosis
CRC† 1.5 (1.5-1.5) 1.4 (1.4-1.4) 1.4 (1.4-1.4)

Endometrial cancer‡ 1.3 (1.2-1.4) 1.4 (1.3-1.4) 1.3 (1.3-1.4)

Model performance
Discrimination

Area under the ROC curve apparent§ 0.81 (0.78-0.85) 0.81 (0.77-0.85) 0.81 (0.78-0.84)

Area under the ROC curve validated 0.79 (0.76-0.83) � 0.80 (0.76-0.84)¶ 0.80 (0.77-0.83) �

Calibration, predicted vs observed, % 14 vs 14 13 vs 15¶ 15 vs 15
Abbreviations: CRC, colorectal cancer; HNPCC, hereditary nonpolyposis colorectal cancer; ROC, receiver operating char-

acteristic.
*Family history was coded as 0 for no affected first- or second-degree relatives, 1 for 1 affected first-degree relative, and

an additional 0.5 for 1 or more affected second-degree relatives, such that the family history could have values of 0, 0.5,
1, or 1.5.

†Age effect was considered per decade younger and was averaged for probands with CRC, probands with adenoma, and
youngest ages for CRC diagnoses in affected first- or second-degree relatives.

‡Age effect was considered per decade younger and was averaged for probands with endometrial cancer and youngest
ages for endometrial cancer diagnoses in affected first- or second-degree relatives.

§Performance was evaluated on the data to derive the final model.
�Estimated by internal validation (bootstrap method).
¶Estimated by applying the model from the development data set in the validation data set (independent external validation).
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lation studied, prior selection based on
microsatellite instability and/or immu-
nohistochemistry, and the sensitivity of
the laboratory techniques used for germ-
line mutation detection.16-22 Although
not truly “population-based,” our find-
ings likely closely reflect what one
would expect to see among individu-
als currently undergoing direct clini-
cal genetic testing for Lynch syn-
drome in the US population at risk of
the disease.

Because of the large sample size of
our cohorts, we were able to precisely
quantitate the relative importance of
known clinical parameters in Lynch
syndrome. The most significant clini-
cal predictors of finding a mutation ac-
cording to the proband’s history were
the presence of 2 or more CRCs (asso-
ciated with an OR of 16) and accord-
ing to the family history were the num-
ber of first-degree relatives with CRC
or endometrial cancer. Age at diagno-
sis was more important as a factor for
CRC than for endometrial or other
Lynch syndrome cancers. In the latter
cases, the clustering of such tumors
with CRC in a kindred was much more
important than the age at which they
were diagnosed. Although history of ad-
enomas could only be assessed for pro-
bands, we observed that they were a sig-
nificant predictor of mutation status in
both the derivation and validation co-
horts, although less strong than that of
a CRC diagnosis.

Despite the fact that Lynch syn-
drome is the most common hereditary
CRC predisposition syndrome, the
identification of at-risk families, the ap-
proach to molecular evaluation, and
clinical management continue to pose
significant challenges for researchers
and clinicians.23 One of the main top-
ics of debate has been how to ap-
proach the molecular evaluation of pa-
tients and their families. Strategies
ranging from using existing diagnos-
tic criteria alone to population-based
molecular testing of all colorectal tu-
mors using immunohistochemistry
have been proposed.21,22,24,25

In hereditary breast-ovarian cancer
syndrome, several models have been

developedforriskstratificationofBRCA1
and BRCA2 gene mutations and are
widely used in clinical practice to assist
in genetic evaluation and counsel-
ing.10,11 The availability of similar mod-
els has been more limited for Lynch syn-
drome. The most widely used diagnostic
criteria, the Amsterdam Criteria and
Bethesda Guidelines, help researchers
and clinicians identify individuals and
families at risk of this syndrome but
include broad and often complex vari-
ables that may encompass multiple diag-
noses across generations and are not
designed to determine the likelihood of
carrying a genetic mutation for an indi-
vidual patient. Wijnen et al15 developed
a multivariable model to identify pre-
dictors of MLH1 and MSH2 point muta-
tions in 184 unrelated kindreds referred
to high-risk clinics that contained 3 pre-
dictorsofmutations inMLH1/MSH2: ful-
fillment of the Amsterdam Criteria,

younger mean age at diagnosis of CRC
in the family, and presence of endome-
trial cancer in the kindred. Recently, a
quantitative model was developed from
a familial cancer clinic population in the
United Kingdom,26 which added 5 vari-
ables to the Amsterdam Criteria to
improve its ability to predict mismatch
repair gene mutations (number of CRC
and endometrial cancers in the family,
number of individuals with �2 CRC or
endometrialprimaries,meanageatdiag-
nosis,andnumberof individualswith�5
adenomas).Bothof thesemodels include
the rather complex variables within the
Amsterdam Criteria and were devel-
oped using relatively small populations
from dedicated high-risk clinics. Our
larger and heterogeneous study popula-
tion allowed the PREMM1,2 model to be
more detailed, taking into account the
age at diagnosis in probands and rela-
tives, the presence of colonic adenomas

Box. Equation for PREMM1,2 (Prediction of Mutations
in MLH1 and MSH2) Model

Predicted probability of a mutation in MLH1 or MSH2 = 1/[1�exp (−L)], where L=
−3.87�1.33V1�2.78V2�1.44V3�0.59V4�0.41V5�0.951V6�1.27V7�0.964V8
�2.48V9�0.404V10−(0.358)V11/10−(0.293)V12/10.

V1=presence of CRC in the proband; V2=2 or more CRC in the proband;
V3=endometrial cancer in the proband; V4=other HNPCC cancer in the proband;
V5=adenoma in the proband; V6=1 for presence of 1 CRC in first-degree relative
� 0.5 for presence of CRC in second-degree relatives; V7=2 or more first-degree
relatives with CRC; V8=1 for presence of 1 first-degree relative with endometrial
cancer � 0.5 for presence of any second-degree relatives with endometrial can-
cer; V9=2 or more first-degree relatives with endometrial cancer; V10=first- or
second-degree relatives with other HNPCC cancer; V11=sum of ages at diagnosis
of CRC/adenoma; V12=sum of ages at diagnosis of endometrial cancer.

For each diagnosis, brackets are interpreted as [diagnosis]=1 if the proband or
relatives have had the diagnosis, [diagnosis]=0 otherwise.

For V11 and V12, ages at diagnosis are calculated as [youngest age at diagnosis
in years−45] if the proband or relatives have had the diagnosis. For V11, we con-
sider the sum of 4 ages at diagnosis: age at diagnosis of CRC in the proband, age at
diagnosis of adenoma in the proband, age at diagnosis of CRC in a first-degree
relative, age at diagnosis of CRC in a second-degree relative. For V12, we consider
the sum of 3 ages at diagnosis of endometrial cancer: age in the proband, age in a
first-degree relative, and age in a second-degree relative.

If a proband or relative has had a given diagnosis, but the age at diagnosis is
unknown, then the age at diagnosis should be estimated. If no age is entered, the
model defaults to age at diagnosis=45 years.

Abbreviations: CRC, colorectal cancer; HNPCC, hereditary nonpolyposis colorectal cancer
(other HNPCC-associated cancers: stomach, ovaries, urinary tract, small intestine, pan-
creas, bile ducts, brain [glioblastoma multiforme], sebaceous glands).
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in probands, and the different effect of
each cancer diagnosis among first- and
second-degree relatives. This increased

level of detail led to better sensitivity and
specificity combinations than achieved
with the Amsterdam II Criteria and

revised Bethesda Guidelines. In con-
trast with the model of Wijnen et al,15

which provides a family estimate,
PREMM1,2 can be used to generate sepa-
rate probabilities of carrying a mutation
for each individual in a family and may
help to determine which family mem-
ber might be most appropriate for test-
ing. More recently, 2 models have
included microsatellite instability or
immunohistochemistrydata torefine the
estimated probability of finding a muta-
tion. The first, a mendelian model for
determining MLH1 and MSH2 carrier
probabilities, is based on published esti-
mates of mutation frequencies and can-
cer penetrances in both mutation carri-
ers and noncarriers and includes clinical
microsatellitedata.27 Howthismodelper-
forms on actual data from clinical prac-
tice is not yet known. The second model
was developed in a large population-
based cohort of early onset (�55 years)
CRC patients undergoing genetic test-
ing for DNA mismatch repair genes.28

Data from microsatellite instability and
immunohistochemistry were incorpo-
rated to refine carrier prediction at dif-
ferent cutoffs. However, its applicabil-
ity inCRCpatientsaged55yearsorolder
or patients with other Lynch syndrome–
associated tumors has not been assessed.

As is shown by its good discrimina-
tory ability, the PREMM1,2 model may be-
come an effective tool for mismatch re-
pair gene mutation risk stratification,
which will complement the existing mo-
lecular diagnostic tools and other Baye-
sian models currently in development.
The PREMM1,2 model can be used to give
accurate estimates of a priori risk of car-
rying MLH1/MSH2 mutations.Howthese
risks are translated into clinical deci-
sion making depends on a variety of fac-
tors, including the availability of com-
prehensive genetic testing services
(sequencing and large rearrangement
analysis), the timelines of testing infor-
mation for clinical management deci-
sions, insurance coverage for testing, and
the availability of tissue for analysis.
Basedon the riskestimategenerated from
the model and the above factors, a cli-
nician may choose whether genetic
evaluation should be pursued, as well as

Figure 1. PREMM1,2 Model as Presented on the Web

How many separate colorectal cancers has the proband had?

If one, what was the age at diagnosis?

If two or more, what was the youngest age at diagnosis?

Has the proband had colonic adenoma(s)?

What was the youngest age at diagnosis?

Has the proband had endometrial cancer?

What was the youngest age at diagnosis?

Has the proband had another HNPCC-associated cancer?

Proband Information

None       One       Two or more

("Proband" refers to the individual being evaluated.  Ideally, this individual should have a cancer or 
adenoma diagnosis.)

(Other HNPCC-associated cancers include ovary, stomach, small intestine, urinary tract/kidney, 
bile ducts, glioblastoma multiforme, sebaceous gland tumors, and pancreas.)

(if unknown, estimate)

(if unknown, estimate)

(if unknown, estimate)

(if unknown, estimate)

Yes       No

Yes       No

Yes       No

None       One       Two or more

None       One       Two or more

(if unknown, estimate)

(if unknown, estimate)

(if unknown, estimate)

(if unknown, estimate)

Yes       No

How many first-degree relatives have had colorectal cancer?

If one, what was his/her age at diagnosis?

If two or more, what was the youngest age at diagnosis?

How many first-degree relatives have had endometrial  
cancer?

If one, what was her age at diagnosis?

If two or more, what was the youngest age at diagnosis?

Have any first-degree relatives had another HNPCC-
associated cancer?

Relatives’ Information—First Degree

(Only from affected side of family)

None       One       Two or more

None       One       Two or more

(if unknown, estimate)

(if unknown, estimate)

(if unknown, estimate)

(if unknown, estimate)

Yes       No

How many second-degree relatives have had colorectal 
cancer?

If one, what was his/her age at diagnosis?

If two or more, what was the youngest age at diagnosis?

How many second-degree relatives have had endometrial  
cancer?

If one, what was her age at diagnosis?

If two or more, what was the youngest age at diagnosis?

Have any second-degree relatives had another HNPCC- 
associated cancer?

Relatives’ Information—Second Degree

(Only from affected side of family)

Probability of MLH1, MSH2 Mutation C A L C U L AT E

PREMM1,2 indicates Prediction of Mutations in MLH1 and MSH2 model; HNPCC, hereditary nonpolyposis
colorectal cancer. Model is available online at http://www.dfci.org/premm. Adapted with permission from
the Dana-Farber Cancer Institute.
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the approach to testing, such as pre-
screening of a tumor specimen with mi-
crosatellite instability or immunohis-
tochemistry vs direct germline analysis.
Microsatellite instability results were re-
ported for only 47 probands and, hence,
were not included in the model. The
PREMM1,2 model might well be used in
the initial assessment of individuals at
risk of Lynch syndrome, before micro-
satellite instability information is avail-
able to the clinician. A health care pro-
fessional may use the tool to decide
whether to refer the patient for further
risk assessment and whether to pursue
molecular prescreening.

It is important to consider some limi-
tations of our study. The main potential
source of error is that our model relies
ontheclinicalhistoryreportedbyhealth
care professionals on the test order
formandthe inability toverifydiagnoses
or collect additional informationoncer-
tain diagnoses. Previous evidence in the
literature shows that accuracy of self-
reportedfamilyhistoryinfirst-degreerela-
tives by probands is quite reliable, while
itmaynotbeasaccurateinsecond-degree
relatives.29-32 Although reporting errors
certainly are likely to occur, the fact that
health care professionals are the sources
ofdata likelyminimizethosebasedoner-
roneous diagnoses. Reporting errors are
likely to represent both underreporting
and overrepresentation of cancer diag-
noses.Forexample,becauseof timelimi-
tations when completing the test order
form,healthcareprofessionalsmayonly
reportdiagnoses thatareconsideredsuf-
ficient to justifyorderingthegenetic test.
Conversely, unaffected relatives are not
reportedonthetestorderformand,there-
fore, overrepresentation of cancer diag-
nosesmayoccurinlargefamiliesinwhich
manyunaffected individualsmaybepre-
sent. Despite these inaccuracies, strong
predictive effects were found that were
similar in the development and valida-
tion cohorts, which illustrates the capa-
bility of routinely obtained information
for selection of patients for further diag-
nosticworkup.Wedidnothavedetailed
pedigree informationoneachfamilyand,
therefore, could not incorporate the im-
pact of family size and unaffected indi-

vidualsonthelikelihoodofcarryingamu-
tation. Finally, our model predicts mu-
tation status only for MSH2 and MLH1.
However, we plan to continue to update
themodelwithincorporationofdatafrom

MSH6 sequenceanalysiswhensufficient
data are available.

In conclusion, we determined which
aspects of personal and family history
were most important in predicting the

Table 5. Prevalence of Mutations Observed in MLH1/MSH2 Among Predicted Model’s Risk
Groups for Probability of Mutation

Estimated Risk
for Probability

of a Mutation, %

No. With Mutations/No. Predicted in Risk Group (%)

Development Cohort
(n = 898)

Validation Cohort
(n = 1016)

Combined Cohort
(n = 1914)

�5 7/252 (3) 9/230 (4) 16/482 (3)

5.1-10 15/259 (6) 11/281 (4) 26/540 (5)

10.1-20 35/191 (18) 31/269 (12) 66/460 (14)

20.1-40 39/126 (31) 54/156 (35) 93/282 (33)

�40 34/61 (49) 50/80 (62) 84/150 (56)

Total 130/898 (14) 155/1016 (15) 285/1914 (15)

Figure 2. Sensitivity and Specificity Receiver Operating Characteristic Curves
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PREMM1,2 indicates prediction of mutations in MLH1 and MSH2 model. A, Receiver operating characteristic
curve illustrating sensitivity and specificity of the PREMM1,2 model at different cutoffs for predicted probabili-
ties. The square represents the sensitivity and 1−specificity value for fulfillment of the Amsterdam II Criteria
and the triangle represents the sensitivity and 1−specificity value for fulfillment of the revised Bethesda Guide-
lines at single cutoff points, as these criteria are dichotomous. B, Receiver operating characteristic curve illus-
trating sensitivity and specificity of the PREMM1,2 model and the Leiden model at different cutoffs for pre-
dicted probabilities.

Table 6. Comparison of Performance of the PREMM1,2 Model With Amsterdam II Criteria
and Revised Bethesda Guidelines

Criterion
Sensitivity,

%
Specificity,

%

No. (%)

Individual
Candidates
for Testing

Mutation
Carriers Who

Would Not Have
Been Tested

PREMM1,2 model cutoff value, %
�5 94 29 1432 (75) 16 (6)

�10 85 60 892 (47) 42 (15)

Amsterdam II Criteria 63 78 534 (28) 105 (37)

Revised Bethesda Guidelines 74 48 1050 (55) 75 (26)
Abbreviation: PREMM1,2, prediction of mutations in MLH1 and MSH2 model.
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outcome of clinical genetic testing in a
large, diverse population at risk of Lynch
syndrome from across the United States.
Our prediction rule includes specific and
discrete variables and does not rely on
complex combinations of diagnoses
acrossgenerations.ThePREMM1,2 model
has been externally validated and is avail-
able as a user-friendly Web-based model
to provide clinicians with an objective
tool to estimate the likelihood of find-
ing mutations in the MLH1 and MSH2
genes and to help guide the strategy for
molecular evaluation.
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