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Abstract
Purpose: To determine the impact of applying an age cutoff to
tumor-based Lynch syndrome (LS) screening, specifically focus-
ing on changes in relative effectiveness, efficiency, and cost. The
project was undertaken to answer questions about implementa-
tion of the LS screening program in an integrated health care
delivery system.

Patients and Methods: Clinical data extracted from an in-
ternal cancer registry, previous modeling efforts, published liter-
ature, and gray data were used to populate decision models
designed to answer questions about the impact of age cutoffs in
LS screening. Patients with colorectal cancer (CRC) were strati-
fied at 10-year intervals from ages 50 to 80 years and compared

with no age cutoff. Outcomes are reported for a cohort of 325
patients screened and includes total cost to screen, LS cases
present in the cutoff category, number of LS cases expected to
be identified by screening, cost per LS case detected, and total
number and percentage of LS cases missed.

Conclusion: Applying an age cutoff to an LS screening pro-
gram has considerable potential for decreasing total screening
costs and increasing efficiency, but at a loss of effectiveness.
Imposing an age cutoff of 50 years reduces the cost of the
screening program to 16% of a program with no age cutoff, but
at the expense of missing more than half of the cases. Failure to
identify LS cases is magnified by a cascade effect in family mem-
bers. The results of this analysis influenced the final policy in our
system.

Introduction
Colorectal cancer (CRC) is the second leading cause of cancer
death in the United States. In 2011, an estimated 141,210
people were diagnosed with CRC, and 49,380 died as a result.1

Approximately 3% of patients with CRC also have Lynch syn-
drome (LS), an inherited cancer syndrome caused by germline
mutations that affect one of four DNA mismatch repair genes:
MLH1, MSH2, MSH6, and PMS2.2-5 Individuals with LS have
a substantially increased lifetime risk for developing CRC com-
pared with population risk, ranging from 54% to 74% in males
and 35% to 52% in females.2,5 In addition, women with LS will
have a 28% to 60% lifetime risk of endometrial cancer.2 LS
is also associated with modest increased risks (generally 10%
by age 70) for other cancers, including gastric, ovarian, small
bowel, urinary tract, pancreatic, and sebaceous gland.2 In-
creasing emphasis is directed to the identification of relatives
who also carry an LS mutation and who are at significant risk
(45% for men and 35% for women by age 70) to develop
CRC.5

The Evaluation of Genomic Applications in Practice and
Prevention (EGAPP) working group in 2009 recommended
screening of all CRC tumors for LS using either immunohisto-
chemistry (IHC) or microsatellite instability.6 This recommen-
dation was based on a systematic review of the literature that
suggested such screening could reduce morbidity and mortality
in relatives of patients with CRC with LS mutations. Mvun-
dura et al,7 followed by Ladabaum et al,8 showed that an IHC-
first approach was more cost effective than other screening
methods. In 2010, Intermountain Healthcare implemented an
IHC-first LS universal screening program for patients with CRC.

The decision to embark on LS universal screening included
thorough evaluation by multiple stakeholders of potential im-
plications within the health system, including issues such as
importance for the health of the Intermountain community;
the cost of universal screening; the implications of abnormal
screen results; and the workflow involved to implement and
carry through with the universal screening program, the results
of which were published previously.9 Although five of eight
hospitals in the Intermountain system readily implemented
universal LS screening, representatives of the remaining three
hospital pathology departments were not convinced that
screening all ages represented the best approach to such a
screening program. Questions centered around age cutoffs
above which screening seemed unnecessary because of the asso-
ciated high cost to the system of including older patients in
whom the likelihood of LS is expected to be lower. In response
to these questions, and the lack of data elsewhere that could be
assumed to represent “our system,” this study modeled different
screening options, using internal and external data to populate
the decision analysis models to provide the estimates of key
outcomes that could be used to answer the questions. The pri-
mary outcome of this study was to define the impact on sensi-
tivity and cost of applying an age cutoff to our LS screening
program. A secondary outcome was to model the impact of less
than 100% acceptance of confirmatory testing.

Patients and Methods
From our previously published modeling efforts,9 supplemental
calculations and modeling for this study, and related works by
others, we established the key data parameters shown in Table 1
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to populate the Excel-based models for this study. The LS prev-
alence value listed reflects our best estimate in a population of
unselected patients with CRC and is based on the Ohio LS
screening experience as published in Hampel et al.10,11 The
proportion of LS cases in an unselected CRC population was
taken directly from the Hampel et al10 data set, which was the
most complete data set we had access to at the time of our study.
We accepted these data as reasonable proxies for LS prevalence
and CRC (incident) distribution in our (Utah) population. The
sensitivity of the LS screening/testing algorithm is based on
screening with IHC including BRAF and methylation (of the
MLH1 promoter) rule-out testing, because this is the protocol
available to us from our reference laboratory. The costs-per-
CRC-case screened was also based on our previous modeling
study, with minor adjustments to support continuity of the
model by accounting for rates of acceptance of sequencing in
patients eligible for this testing.9

The structure of the population on which all calculations
were based was a cohort of patients with CRC treated within
the Intermountain (IH) delivery system in 2010 for whom
adequate surgical specimens were available for LS screening, as
identified in a query of our electronic medical record (EMR).
Query methods have been previously reported.9

In the preliminary modeling for this study, we assumed
100% acceptance and completion of testing throughout the
screening protocol, including confirmatory (ie, sequencing and
rearrangement analyses), as illustrated in Figure 1. Because of
known challenges in achieving 100% acceptance in confirma-
tory testing, we also modeled a 50% acceptance rate for confir-
matory testing. We acknowledge that genetic counseling is an
important service before confirmatory testing, and has a cost
that we did not include in our calculations.

Results
Table 2 presents results from our models, detailing the impact
of age cutoffs with respect to test outcomes at both 100% and

50% acceptance rates of sequencing in eligible patients. This
represents the expected impact of LS screening in a population
of patients with CRC in our system who were expected to be
treated for CRC within a 1-year period and for whom a surgical
specimen would be expected to be available (n � 325) given our
best estimates of the test performance and costs available to us at
the time of this study.

For example, in the screening population of 325 patients
with CRC with no age cutoff, 11.7 individuals with LS are
expected to be present according to the assumed prevalence.
Because the screening program does not have 100% sensitivity,
our models indicate that 10.7 individuals with LS would be
identified in this cohort when the acceptance rate of confirma-
tory testing is at 100%; at 50%, 5.4 individuals would be ex-
pected to be detected. The cost-per-case-detected (CpCD)
given a 100% acceptance rate is $10,567; a 50% rate yields a
CpCD of $18,794. In this age cohort, 1 case (approximately
8.5%) of LS is expected to be missed when 100% of confirma-
tory testing is completed. LS is missed in 6.3 patients (54%)
when the acceptance rate for confirmatory testing is 50%.

If only patients with CRC less than 70 years of age are
screened (the proposed cutoff by some of our pathologists), the
models estimate 10.1 individuals with LS will be present among
those screened. At 100% acceptance of confirmatory testing,
9.2 individuals would be expected to be identified; at 50%
acceptance, 4.6 individuals would be expected to be detected.
The CpCD given a 100% acceptance rate would be $7,865; a
50% rate yields a CpCD of $13,989. Moreover, 2.5 (approxi-
mately 21%) and 7.1 (approximately 60%) patients with LS
would be expected to be missed when the acceptance rate is
100% and 50%, respectively.

If the cutoff was applied at age 50, the models suggest there
will be 5.9 patients with LS present among the screened sub-
population, or 50% of all patients with LS present in the entire
unselected CRC cohort. At 100% acceptance of confirmatory
testing, 5.4 (46%) and 2.7 (23%) individuals with LS would be

Table 1. Model Variables

Variable Best Estimate Source

Prevalence of LS in unselected CRC patients 3.6% Data from IH’s first 18 months of LS screening, and Hampel et al (2008)11

Test costs Provided by our reference laboratory

Immunohistochemistry $230

BRAF V600E $305

Methylation of MLH1 promoter $295

Proportion of total LS cases by age cohorts Hampel et al (2005) data set10

� 50 years 50.0%

� 60 years 77.3%

� 70 years 86.4%

� 80 years 95.5%

Sensitivity of the screening/testing protocol 91.5% Gudgeon et al (2011)9

Cost per CRC case screened Unpublished internal modeling data

At 100% acceptance for sequencing $348

At 50% acceptance for sequencing $310

Abbreviations: CRC, colorectal cancer; IH, Intermountain Healthcare; LS, Lynch syndrome.
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expected to be identified by our protocol at 100% and 50%
acceptance rates, respectively. The CpCD given a 100% accep-
tance rate would be $3,316; a 50% rate results in a CpCD of
$5,899. Finally, 6.3 (approximately 54%) and 9.0 (approxi-
mately 77%) patients with LS would be expected to be missed
when the acceptance rate is 100% and 50%, respectively. Cal-
culations applied to the other two age cutoffs yield intermediate
results (Table 2)

Discussion
In our system, a group of pathologists maintained reservations
about screening all patients with CRC despite a central decision
to implement screening for patients of all ages. Reasons in-
cluded beliefs about the low prevalence of LS in older patients;
systematic exclusion of such patients from screening would sub-
stantially reduce total costs and improve efficiency of screening,
with “negligible” loss of LS case detection. In addition, some

believed there might be minimal implications for the proband.
Pathologists also commented on suspected potential for lower
penetrance in family members of probands diagnosed at older
age of onset of first CRC.

Our models suggest that applying age cutoffs to a LS screen-
ing program would reduce the costs of an LS screening and
testing program and increase its efficiency as measured by
CpCD, at the expense of decreased sensitivity of case detection,
which approaches 50% as the cutoff is lowered to age 50. In
addition, decreased case detection would have a cascade effect.
For each nonscreened individual with an LS mutation, there are
potentially multiple at-risk relatives, as 50% of first-degree and
25% of second-degree relatives are expected to carry the muta-
tion. Thus, the failure to begin risk-reducing interventions in
these individuals represents a missed opportunity to decrease
morbidity and mortality from LS-associated cancers. Similarly,
relatives who are aware of increased risk for CRC in the family
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Figure 1. Intermountain Healthcare Lynch syndrome screening/testing protocol. CRC, colorectal cancer; IHC, immunohistochemistry; MMR, mis-
match repair; Neg., negative; Pos., positive. (*) Genetic counselor contacts patient for counseling and consent.
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but who do not pursue confirmatory testing may undergo early
and frequent colonoscopy when, in fact, they do not carry the
LS mutation. These individuals will be exposed to the small but
real risks associated with colonoscopy performed more fre-
quently than recommended for the normal-risk population
without meaningful benefit while incurring substantial and un-
necessary costs.

Benefits for individuals identified at younger ages might also
translate to older populations, such as recognition of significant
risk for a second primary CRC and other LS-associated cancers.
Some older LS probands detected by a universal LS screening
program may have had other LS-associated cancers that were
not recognized as such. Furthermore, there is emerging evi-
dence that the abnormalities of mismatch repair proteins de-
tectable by IHC in the tumor are a positive prognostic factor
and may predict response to fluorouracil and other chemother-
apeutic agents.12,13 This has relevance to patients of all ages, but
could be of particular importance to older patients who are
more susceptible to adverse effects from treatment.

As experience has grown with universal screening for LS, a
confounding challenge to evaluating effectiveness involves the
rate of acceptance for confirmatory testing. Confirmatory diag-
nostic testing consists of molecular sequencing and/or duplica-
tion-deletion testing of genes known to be associated with LS.
Whereas screening is performed on tumor resection specimens,
confirmatory testing is performed on a blood or buccal speci-
men collected later in the clinical process and involves genetic
counseling and informed consent before proceeding with germ-
line testing.

The ability to account for the acceptance rate of confirma-
tory testing is important to assess screening cost and efficiency
in the real world, regardless of age cutoff. Modeling previously
reported by our group assumed a 100% acceptance rate.9 The
current models offer a look at the downstream effect of two
widely divergent acceptance rates, for the purpose of illustrating
the impact. As can be seen in Table 2, even when no age cutoff
is applied, the impact of a 50% acceptance rate is dramatic and
costly. The EGAPP report suggested that acceptance rates vary
widely, from 19% to 75%.6

Barriers exist in clinical care to an individual’s follow
through with confirmatory testing. Although not formally stud-
ied, they are thought to include the current stage in cancer
treatment in the screened individual, insurance coverage of mo-
lecular testing, genetic discrimination concerns, and so on. The
lack of a confirmed diagnosis of LS in the proband may lead to
reduced recognition of the increased risk for a second primary
CRC and other LS-associated cancers and decreased access to
recommended surveillance. Adverse effects of nonadherence are
amplified when diagnostic testing is not offered or provided to
at-risk family members. Often family members are not in-
formed of a screening result indicating LS, and if they are
informed of the screen positive status, their options for con-
firmatory testing are limited. Without a known LS-associated
mutation, confirmatory testing would require molecular analy-
sis for multiple genes at significant cost. In addition, it is un-
likely that testing would be covered by insurance for the
relatives who do not have a personal history of cancer and for
whom a known mutation in the family has not been identified.

Table 2. Impact of Age Cutoffs on LS Screen/Test Outcomes, at 100% and 50% Confirmatory Testing Acceptance Rates (N � 325
patients with CRC)

No Age Cutoff 80 Years 70 Years 60 Years 50 Years

Variable

100%

Acceptance

Rate

50%

Acceptance

Rate

100%

Acceptance

Rate

50%

Acceptance

Rate

100%

Acceptance

Rate

50%

Acceptance

Rate

100%

Acceptance

Rate

50%

Acceptance

Rate

100%

Acceptance

Rate

50%

Acceptance

Rate

Total cost to screen and test

this age cohort

$113,123 $100,711 $97,808 $87,076 $72,747 $64,765 $46,293 $41,214 $17,752 $15,804

No. of LS cases present in

entire CRC cohort

11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7 11.7

No. of LS cases expected in

screened cohort

11.7 11.7 11.2 11.2 10.1 10.1 9.0 9.0 5.9 5.9

Mean No. of LS cases

expected to be identified

in screened cohort

10.7 5.4 10.2 5.1 9.2 4.6 8.3 4.1 5.4 2.7

Cost per LS case detected

in screened cohort

$10,567 $18,794 $9567 $17,016 $7865 $3989 $5594 $9950 $3316 $5899

No. of LS cases missed if

screening cut off at this

age

1.0 6.3 1.5 6.6 2.5 7.1 3.4 7.6 6.3 9.0

No. of LS cases expected to

be missed in screened

cohort

1.0 6.3 0.9 6.1 0.9 5.5 0.8 4.9 0.5 3.2

LS cases that would be

missed with this

strategy, %

8.5 54.2 12.6 56.3 20.9 60.4 29.3 64.6 54.3 77.1

NOTE. Boldface indicates parameters the authors believe to be most important in the age cutoffs reviewed in the Discussion section.
Abbreviations: CRC, colorectal cancer; LS, Lynch syndrome.
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The cost effectiveness of LS screening as determined by the
EGAPP working group and subsequent economic studies is
predicated on the identification of at-risk relatives. It is impor-
tant to continue to evaluate barriers to the acceptance of con-
firmatory testing in the probands identified through LS
screening.

Limitations of this study include the use of an LS population
structure taken from a different population (Ohio) than ours
(Utah). However, we compared the two population structures
on the basis of age-adjusted incidence of CRC cases (unpub-
lished data analysis) and found them to be quite similar, and
both are consistent with national CRC data.14 Furthermore,
the LS population structure from Ohio was limited to the 44
patients identified at the time of this study, which yielded rela-
tively small numbers of patients in each group. Appendix Fig-
ure A1 illustrates the distribution of LS cases among an
unselected population of patients with CRC in the Ohio pop-
ulation,11 as well as distributions of CRC cases in both the
Ohio10 and Intermountain population. These data are unad-
justed (for age structure). This introduces uncertainty into our
calculations of the various metrics, which is not reflected in
Table 2. The reported metrics are sensitive to test performance
characteristics and costs, both of which are likely to be different
from other laboratories performing LS tests. Furthermore, the
charges used in calculations only reflect what our reference lab-
oratory charges our system and do not necessarily reflect the
net changes in revenue to a given hospital or system.

In conclusion, we demonstrate that modeling can provide
information that is useful in the design and implementation of
a real-world, complex clinical process. The data presented do
not define a right answer for whether or not age cutoffs should
be used for a LS screening program but do illustrate their po-

tential clinical and economic impacts. The results of these mod-
els not only shaped the age cutoff decision, but also emphasized
the importance of follow-up to measure the actual impact of the
decision. As our system moves next to LS screening in patients
with endometrial cancer, we will perform similar analyses as
decision needs arise.
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Appendix
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Figure A1. Age distribution of patients with Lynch syndrome (LS; Ohio) and colorectal cancer (CRC; Ohio and Intermountain).
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