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1. Introduction and Overview

The Archimedes Model is a large-scale simulation model of physiology, diseases, and
healthcare systems that has been described in the literature (1-4). While a number of
modeling frameworks exist (e.g. Markov models), the Archimedes Model is relatively
distinct. For example, unlike Markov models in which individuals probabilistically
transition from one disease state to another at discrete time intervals (e.g. annually),
and in which there may be no “memory” of prior disease states, the Archimedes Model
is built up from the underlying anatomy, physiology, and biological variables. Diseases
and outcomes are defined in terms of these underlying variables, and can therefore
occur and progress in a continuous fashion. Interventions and treatments act on the
underlying variables to modify or prevent disease progression. The model has been
validated against studies such as the Cancer Prevention Study Il Nutrition Cohort and
the Veterans Affairs Cooperative Study Group on colorectal cancer screening (5), and a
number of model validations have appeared in the literature (6, 7).

1.1 Scope of the Archimedes Lynch syndrome model

Lynch syndrome (also known as Hereditary Nonpolyposis Colorectal Cancer (HNPCC))
is a disease caused by mutations in mismatch repair genes. The current Lynch
syndrome (LS) component of the Archimedes Model focuses on colorectal cancer
(CRC) and endometrial cancer (EC) in Lynch syndrome patients and consists of the
followings:

(A) A detailed model of colorectal cancer (CRC) in carriers of mismatch repair
(MMR) gene mutations, which describes the natural history of CRC in mutation
carriers, and (ii) the healthcare processes associated with surveillance for and
treatment of CRC in mutation carriers.

(B) A phenomenological description of endometrial cancer (EC) in mutation
carriers, which describes the incidence and mortality of EC in mutation
carriers, and (ii) the health care processes associated with surveillance for and
treatment of EC in mutation carriers.

(C) A model of prevalence of mutation carriers and their associated family history in
the U.S. population.

1.2 Sources of data
The Lynch syndrome model was built from the following types of data sources:

e Summary data of small studies: Small studies involving tens to hundreds of
individuals, which are designed to evaluate a specific aspect of Lynch syndrome,
such as location of cancer or distribution of adenoma size in mutation carriers.
These include clinical trials, autopsy studies, colonoscopy screening studies, and
retrospective studies.

e National surveys and databases: Information from national surveys and
databases was used to model various aspects of the general population. The
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Surveillance Epidemiology and End Results (SEER) database(8) was used to
construct incidence of Lynch syndrome-associated cancers in non-carriers. Data
from the National Center for Health Statistics were used to generate family
structures for the Family History Model (9, 10).

e Lynch syndrome registry: The Dutch Lynch Syndrome-HNPCC Registry(11)
(also known as the Leiden registry) was used to validate the Family History
Model.

1.3 Model features
1.3.1Risk factors
e Age
e Gender
e MMR mutation (MLH1, MSH2, MSH6, or PMS?2)

1.3.2Interventions

e CRC surveillance by colonoscopy

e Removal of colorectal adenomas by polypectomy

e Surgery for CRC: segmental colectomy with colorectal anastomosis, subtotal
colectomy with ileorectal anastomosis, sigmoidectomy with colorectal
anastomosis, proctosigmoidectomy or proctectomy with colostomy,
proctocolectomy with ileal pouch-anal anastomosis

e Pharmacological and radiation therapy for CRC

e EC surveillance by transvaginal ultrasound (TVU) and endometrial aspirate
biopsy

e Treatment and prophylaxis of EC: Total abdominal hysterectomy with bilateral
salpingo-oophorectomy (TAHBSO)

1.3.3Testing

¢ Genetic testing: four-gene testing, three-gene testing, single-gene testing,
single site (mutation-specific) testing

e Microsatellite instability (MSI) tumor testing: not used to inform genetic testing

e Immunohistochemistry (IHC) tumor testing

1.3.4. Primary health outcomes

e CRC incidence/mortality
e EC incidence/mortality

1.3.5Logistic outcomes

e Number of colonoscopies
e Number of colorectal surgeries



e Number of TAHBSOs

e Number of genetic tests

e Number of genetic tests needed to identify an additional mutation carrier
e Number of first-degree relatives tested and identified with mutations

1.3.6Cost and utility outcomes

¢ Cost of genetic screening

¢ Cost of surveillance/treatment

e Cost of cancer treatment for CRC/EC

e Total medical costs Life years

e Quality-adjusted life years (QALYs)

¢ Average cost-effectiveness ratio (ACER)

¢ Incremental cost-effectiveness ratio (ICER)

2 Sporadic colorectal and endometrial cancers

The colorectal cancer model within the Archimedes Model was developed in
collaboration with the American Cancer Society (ACS). This model provides a
comprehensive description of colorectal cancer at the clinical level. It consists of (i) a
natural history component that tracks cancer progression, including adenoma
development, tumor growth, and symptoms, as a function of non-modifiable risk factors
such as age, gender, ethnicity, family and personal history, and modifiable risk factors
such as obesity (BMI) and exercise, (ii) a screening component that allows for
detection and removal of adenomas and diagnosis of preclinical CRC, (iii) a treatment
component that predicts survival following diagnosis of CRC as a function of tumor
stage, size, and type, and (iv) a cost component that tracks the cost of diagnosis,
prevention measures, screening, complications of screening, follow-up in the event of a
positive screening, and treatment.
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Figure 1. Overview of sporadic colorectal cancer model. BMI is body mass index. IBD is inflammatory bowel
disease. FOBT is fecal occult blood test.

We model three types of pre-cancerous lesions, namely (i) benign polyps, which will
never become cancer, (ii) adenomatous polyps (i.e. adenomas), which have the
potential for malignant transformation, and (iii) IBD-associated dysplasia, which is the
precursor of cancer in patients with inflammatory bowel diseases.

The category “benign polyp” includes hyperplastic, inflammatory and other non-
neoplastic polyps and accounts for 1/3 of the total number of polyps (12). Polyps are
modeled to occur in the colon and the rectum stochastically through a non-homogenous
Poisson process.(13) The rate of polyp occurrence increases exponentially with age
and is a function of various risk factors including gender, BMI, and family history. Some
of the risk factors, such as BMI and smoking, may change over time. For instance,
weight loss can reduce the rate of polyp occurrence. Polyps can occur at eight different
anatomical sites along the colon-rectum, namely cecum, ascending colon, hepatic
flexure, transverse colon, splenic flexure, descending colon, sigmoid colon, and rectum.
The distribution of anatomical sites of polyps as function of age and gender are
extracted from the Clinical Outcomes Research Initiative (CORI) database (14).

The model allows individuals to develop multiple clinically detectable malignancies, with
morbidity and mortality risks associated with each. The propensity of an adenoma for
malignant transformation increases with age and adenoma size. The location of an
adenoma also affects the rate of malignant transformation. When the malignant
transformation probability of an adenoma reaches a pre-defined value (randomly
chosen from a uniform distribution between 0 and 1), the adenoma becomes cancerous.
We assume that the initial size of malignancy is equal to the size of the adenoma at the
time of malignant transformation. The tumor grows exponentially with growth



parameters based on an author-conducted meta-analysis of the literature (15-18). The
distribution of tumor size at diagnosis by symptoms is adapted from early SEER data
(8), when the effect of screening is minimal. If there is screening, cancer is detectable
before the symptoms surface. The survival of a patient following CRC diagnosis is
modeled based on current SEER survival data and is a function of age, gender, stage,
and tumor size. The sporadic CRC model has been validated against a number of
studies including the Cancer Prevention Study-IlI Nutrition Cohort (19) and Veterans
Affairs Cooperative Study Group (5).

The sporadic EC model t is a simple representation of the disease and was built
specifically for this study. It was built from the SEER database and consists of (i) an
incidence component, describing the risk of developing EC as function of age, (ii) a
survival component, describing the survival of EC patients following diagnosis, (iii) a
treatment component, describing the effects of TAHBSO on future incidence of EC
and (iv) a cost component that tracks costs of treatment of endometrial cancer.

3 Colorectal cancer in carriers of MMR mutation
3.1 Model structure

The Lynch syndrome CRC model consists of three major components (see Figure 2),
namely, the risk factors (which describes the input of the model), the natural history
model (which describes the natural history of colorectal cancer) and the model of
health care processes (which describes the interactions of the patients with health
care systems via screening, diagnosis, surveillance, and treatment).
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(.E‘I‘SOI‘]EI aer Treatment
History
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Figure 2. Structure of the model for CRC in mutation carriers. MSI is microsatellite instability. IHC is
immunohistochemistry
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The risk factor component describes the inputs of the model including age, gender,
and type of mutation carrier (e.g. MLH1, MSHZ2, MSH6, PMS2, and non-carrier). The
natural history component tracks progression of pre-cancerous lesions and cancers
in Lynch syndrome patients, including
e adenoma development (i.e. incidence, anatomical distribution, growth, and
malignant transformation of adenomas),
e tumor development ( i.e. growth, symptoms, recurrence) and
e patient survival following diagnosis,
The component describing health care processes consists of
e a testing module that describes sensitivity and specificity of diagnostic
tests used in Lynch syndrome
e a surveillance module that describes colonoscopic surveillance of at-risk
individuals
e a surgery model that describes effects of segmental/total colectomy
Information on family history and personal history is used to predict the risk of carrying
mutations. Development of CRC and EC in mutation carriers are assumed to occur
independently of each other.

3.2 Natural history

The model of the natural history of CRC is designed to capture the following key
characteristics of CRC in mutation carriers(20):

« CRC in mutation carriers has earlier average age of onset than sporadic CRC.

. Adenoma-carcinoma sequence in mutation carriers is accelerated.

« Proximal colon involvement (approximately 70% of CRCs in mutation carriers are

located in the proximal colon).

« There is a high risk of recurrence.

« Lynch syndrome patients have better CRC survival than sporadic CRC patients.
In the current model, colorectal carcinomas in mutation carriers arise from colorectal
adenomas. Removal of adenomas by polypectomy during colonoscopy screening will
reduce risk of developing CRC.

3.2.1Adenoma incidence

Literature review

There are relatively few studies quantifying the incidence of adenomas in mutation
carriers. One of the most notable publications is Mecklin et al.(21) In this study, the
authors reviewed colonoscopy data from the Finnish Hereditary Colorectal Cancer
Registry electronic database on 420 Lynch syndrome mutation carriers without previous
colorectal tumors. Based on the colonoscopy results, the cumulative risk of adenoma
by age 60 was estimated to be 68% (95% confidence interval [Cl]: 50%-80%) in men
and 48% (95% CI: 29%-62%) in women.

Lindgren et al.(22) estimated that the relative risk for mismatch repair gene mutation
carriers to develop an adenoma was 4.5 times greater than that of the general
population.



Liliegren et al.(23) determined the prevalence of adenomatous and hyperplastic polyps
in a large cohort of mutation carriers. The frequency of an adenoma at first colonoscopy
increased from 5.0% (95% ClI, 2.8% to 8.3%) in individuals younger than 35 years old to
18.9% (95% ClI, 9.4% to 32.0%) in individuals 55 and older. They found no differences
regarding prevalence of adenomas between persons harboring mutations in MLH1,
MSH2, or MSH6 (p>0.6).

De Jong et al.(24) studied risk of developing adenomas in 249 carriers and 247
controls. They reported that the proportion of subjects free of an adenoma at the age of
60 years was 29.7% for carriers and 70.8% for controls (p < 0.05).

Burn et al.(25) used a two-by-two design to investigate the effects of aspirin and
resistant starch (Novelose) in reducing the risk of adenoma and carcinoma among
persons with Lynch syndrome. About 19% of participants developed colonic adenoma
or carcinoma over a mean follow-up of 29 months.

Modeling approach

e We assume that there is no difference in adenoma incidence between MLH1,
MSH2, MSH6, and PMS2 mutation carriers. This is supported by Liljegren et
al.(23), who did not find statistically significant differences in prevalence of
adenomas among persons harboring mutations in MLH1, MSHZ2, or MSH6
(p>0.6). Note that the risk of developing cancer does depend on type of mutation;
only the risk of developing adenomas is independent of mutation type.

e Adenoma occurrence is assumed to follow a non-homogenous Poisson
distribution, which has been found to adequately describe incidence of
adenomas the general population (13).

e Annual risk that an individual / will get a new adenoma is given by

A= exp(ﬁoA’ + QlAlagei)

where 6;"is the baseline risk and 6 describes the increase of adenoma risk as

function of age.

e A person can develop no adenomas, one adenoma, or several adenomas in his
or her lifetime.

e Adenomas can also occur and give rise to second primary cancers after CRC
has been diagnosed and treated.

e We use data from Mecklin et al.(21) to estimate values for 6;" and

6" separately for males and females (see Figure ).
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Figure 3. Fitting of adenoma incidence model to cumulative risk of first adenoma in male and female
mutation carriers reported by Mecklin et al. (2007).(21)

Validation

o We validate the adenoma incidence model against data published in Burn et
al.(25) See Table 1.

Time Outcomes Trial Simulation

At entry | Presence of neoplasia at 14.1% 13.6%
colonoscopic examination
Number of adenomas found in colonoscopic examination at study
entry among those with adenomas

1 83.8% 85.7%

2 12.4% 10.1%

3 2.9% 21%
End of No neoplasia 81.1% 79.2%
study Neoplasia (both adenomas 18.9% 20.8%

and carcinomas)

Carcinomas 3% 21%

Number of adenomas found in colonoscopic examination at study
entry among those with adenomas

1 75.8% 72.9%
2 15.6% 12.6%
3 4.7% 3.7%

Table 1. Validation against Burn et al.(25): Comparisons of predicted outcomes on adenoma incidence with
those of the trial.
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3.2.2Adenoma location

Literature review

Table 2 summarizes the anatomical distribution of adenomas in mutation carriers. Most
studies only report the proportion of adenomas in the proximal, transverse, distal colon,
and the rectum, and do not specify how adenoma location may depend on age, gender,
race/ethnicity, or type of mutation.

Reference Number Rectum | Distal Proximal
of Colon Colon
adenomas

Liliegren et al.(23) 94 25% 33% 41%

Mecklin et al.(21) 116 23% 27% 50%

Lindgren et al.(22) 42 31% 26% 43%

Rijcken et al.(26) 100 20% 30% 50%

Pino et al.(27) 42 30% 70%

de Jong et al.(24) 116 18% 30% 52%

Weighted average by 510 22.2% | 29% 48.8%

number of adenomas

Table 2. Anatomical distribution of adenomas in Lynch syndrome patients. Pino et al.(27) only reported
locations of adenomas in colon.

Modeling approach

We assume that adenoma location is independent of age, gender, race, and type
of mutation.

The model for anatomical distribution of adenomas in mutation carriers is built
based on summary data from colonoscopy studies of mutation carriers (Table 2).
For sporadic colorectal cancers, it is established that adenoma location trends
towards a more proximal site as a function of increasing age. Although
adenomas and carcinomas in MMR mutation carriers have a preponderance in
the proximal colon, an age dependency is not well established for Lynch
syndrome, and we therefore assume that adenoma location in mutation carriers
is independent of age.

Using the summary data from colonoscopy studies of mutation carriers (Table 2),

we construct the cumulative distribution P,;(/,) for the location index /, , which

indicates whether an adenoma is located in the rectum, the distal colon (splenic
flexure to rectum), or the proximal colon (cecum to the splenic flexure).

The location of a new adenoma is sampled from P, (/,).

3.2.3Adenoma growth

Literature review
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To the authors’ knowledge, there are no longitudinal studies of adenoma growth in
individuals with MMR mutations. Table 3 summarizes data on adenoma size reported in
different colonoscopy studies. Data from Burn et al.(25) are excluded here because they
represent aggregated data of adenomas and carcinomas. The most relevant data is
from Liljegren et al.,(23) reporting the distribution of adenoma size for adenomas found
during first-ever colonoscopy. Other publications (e.g. de Jong et al.(24)) reported size
of adenomas found in both first-ever and subsequent colonoscopies. Both Mecklin et
al.(21)and Pino et al.(27) reported average size of adenomas to be 7.2-7.4 mm.

Publications Number Size distribution Mean or Size
of <5mm |=25mm median range
adenomas size (mm) | (mm)
Liliegren et al.(23) 77 41.6% |58.4%
Mecklin et al.(21) 116 Not available Mean: 7.4 | 1-40
Rijcken et al.(26) 100 70% 30% Median: 0.5-34
2.0
Pino et al.(27) 42 Not available Mean: 7.2 | 2-22
de Jong et al.(24) 116 <7mm, | 27mm, 34%
66%

Table 3. Distribution, mean/median and range of adenoma sizes in mutation carriers.

Modeling approach

e We assume that growth of adenomas in mutation carriers is independent of age,
gender, and mutation type.

e We model adenoma growth using a log-linear growth model (28).

e We assume that adenomas are spherical and the initial size of any adenoma is
equal to 1 mm.

e The growth parameters for adenomas are fitted to reproduce the size distribution
reported by Liljegren et al.(23).

e The growth model is validated against average adenoma size reported by
Mecklin et al. (21) and Pino et al. (27) and against a size distribution reported by
de Jong et al. (24).

3.2.4Cancer risk/Malignant transformation

Literature review

Table 4 summarizes studies that estimate the risk of developing CRC with different
types of MMR mutation. These studies are used to construct a cumulative risk of CRC
as function of age. Quehenberger(29) reported the cumulative risk of CRC in mutation
carriers at age 70 to be 27% for males and 22% for females, rates substantially lower
than those of previous studies. It is likely that previous studies are biased toward
families with many affected members, whose risks are therefore elevated in comparison
to mutation carriers with an average number of affected family members (29, 30).
Risk of developing CRC in males is higher than in females. Based on available data,
Palomaki et al.(30) estimated penetrance by age 70 to be 45% for men and 35% for
women. In a more recent study, Barrow et al. estimated the cumulative risk of CRC at
age 70 for mutation carriers to be 54.3% for males and 45.6% for females (31).
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Several studies investigated the difference between MLH1 and MSHZ2 in terms of risk of
developing CRC and EC. The difference in CRC risk between MLH1 and MSH?2
mutation carriers is either not statistically significant or small. Therefore, we assume that
the risks of developing CRC in MLH1 and MSH2 mutation carriers are similar.

There is little information on cumulative risk of CRC in carriers of MSH6 and PMS2
gene mutations. Jenkins et al. suggested that the risk of developing CRC in PMS2 and
MSHG6 mutation carriers is 10% lower than in MLH1 and MSHZ2 mutation carriers (32).
Buttin et al. (33) and Wagner et al. (34) estimated the risk of developing CRC in MSH6
carriers to be 58% at age 70 and 32% at age 80, respectively. Senter et al. provided
estimates for CRC and EC in a sample of 99 PMS2 carrying probands (35).

Modeling approach

e Risk of developing CRC in mutation carriers is estimated based on a meta-
analysis of existing data on penetrance of CRC among mutation carriers.

e Risk of developing CRC depends on mutation type, gender, and age.

e We assume that CRC risk is similar between MLH1 and MSH2 mutation carriers,
and can be estimated together.

e CRC risks for MSH6 and PMSZ2 are estimated separately.

e We use a hazard equation to model the transition from adenomas to preclinical

cancer. First, we introduce the hazard rate, hj‘ which represents the rate that an

adenoma j in an individual i becomes cancer. The probability that the transition
has occurred by time £, P, , ,.(?), is given by the following propensity function

B c(@)=1- exp(— L) h;dz'j

where the subscript A — C denotes the transition from adenomas to cancer, and
t,is the time of adenoma inception. For a mutation type, h]A depends on

adenoma size d ,, adenoma location /,(see section 3.2.5), age, and gender. For

each mutation-gender combination, h; is fitted to match the risk of developing

colorectal cancer as function of age derived from the meta-analysis and
anatomical distribution of tumors.
e The following data were excluded from the meta-analysis:
o Data from Mecklin et al.(21) were not used because mutation carriers
underwent regular colonoscopic surveillance, which potentially reduced
CRC incidence.
o Data from Goecke et al.(36) and Vasen et al.(37) were not used because
the authors reported CRC risk for males and females together.
o Data from Jenkins et al.(32) were not used because the authors reported
CRC risk for MLH1, MSH2, MSH6 and PMS2 together.
o Data from Aarnio et al.(38) were excluded because the estimated risk of
developing CRC by age 70 of 100% in male MLH1/MSH2 mutation
carriers is a substantial outlier relative to other studies.

e Figure shows an example of the model fit to a weighted average of existing data.
| References |[MLH1 |MSH2 |MSH6 |PMS2 |
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Hendriks et al.(39)
Buttin et al.(33) X
Dunlop et al.(40)
Quehenberger et al.(29)
Hampel et al.(41)
Barrow et al.(31)
Wagner et al.(42) X

Senter et al.(35) X
Stoffel et al.(43) X X

Table 4. References used to estimate cancer risk in mutation carriers.
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Figure 4. Fit to cumulative risk of developing CRC in female carriers of MLH1/MSH2 mutation. The square
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data.
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3.2.5Cancer location

Literature review
e Table 5 below summarizes the anatomical distribution of colorectal carcinomas in
mutation carriers. Colorectal carcinomas in mutation carriers are located
predominantly in the proximal colon (44).
e Proximal adenomas in mutation carriers account for roughly 50% of the total
number of adenomas, while proximal carcinomas account for approximately 70%
of all colorectal carcinomas in mutation carriers.

Modeling approach
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e We assume that cancer location is independent of age, gender, race, and
mutation type.

e To capture the distribution of malignancy location in mutation carriers, the hazard

rate h]A for malignant transformation (see section 3.2.4) is a function of adenoma

location.
e The hazard rate h;’ is fitted to reproduce the anatomical distribution of tumors

obtained from the meta-analysis of data summarized in Table 5.

Publication | Number | Distal Proximal

of

carci-

nomas

Rectum | Sigmoid | Descending | Transverse | Ascending | Cecum

Mecklin et 41 5% 20% 24% 51%
al.(21)
Lindgren et | 15 14% 30% 56%
al.(22)
Aaltonen et | 63 22% 78%
al.(45)
de Vos Tot | 21 5% 5% 5% 19% 19% 38%
Nederveen
Cappel et
al. (46)
Weighted 140 6% 18% 76%
average by
number of
carcinomas

Table 5. Anatomical distribution of cancers in Lynch syndrome patients.

3.2.6Survival

Literature review

Sankila et al.(47) reported that the overall five-year cumulative relative survival rate was

65% for Lynch syndrome patients with colorectal cancer and 44% for patients with
sporadic colorectal cancer. The relative survival rates of patients with Lynch syndrome

were better in every stratum analyzed. They concluded that MLH7-associated colorectal
cancer has a natural history different from that of sporadic colorectal cancer. According

to Sankila et al,(47) the five-year survival rates are 98% in the case of Dukes’ A, 80%
for Dukes’ B, and 60% for Dukes’ C staging classification.
Watson et al.(48) compared the survival of an unselected series of CRC patients with

Lynch syndrome and showed that LS patients had lower stage disease (p < 0.001), and

fewer had distant metastases at diagnosis (p < 0.001 in an analysis stratified by T

classification). In stage-stratified survival analysis, the LS cases had a significant overall
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survival advantage regardless of adjustment for their younger age. Watson et al.(48)
estimated the hazard ratio (of LS cases relative to the unselected series) to be 0.67 (p <
0.0012).

Aarnio et al.(49) compared 43 members of LS colorectal cancer families with a control
group including 122 sporadic CRC patients and found that cumulative five-year survival
in LS was significantly better than in sporadic colorectal cancer (86% vs. 59%, hazard
ratio 0.41, p = 0.02).

Barnetson et al.(50) showed that after adjusting for stage, the difference in cancer
survival between mutation carriers and non-carriers is not statistically significant. They
found no significant difference in survival either between patients who had no previous
cancers and those who had previous cancers. They also found no significant difference
in survival between carrier groups according to the extent of tumor spread at diagnosis:
the five year survival rate among patients with localized disease (stages | and Il) was
95% for carriers and 87% for non-carriers. For those with metastatic disease (stages IlI
and V), the five-year survival rate was 42% for both carriers and non-carriers.

Barrow et al.(31) reported a five-year survival of 56.2%, with females surviving slightly
better than males. Gryfe et al.(51) studied 607 CRC patients under age 50 (17% had
high-frequency MSI) and reported that microsatellite instability was associated with a
significant survival advantage independent of all standard prognostic factors, including
tumor stage (hazard ratio, 0.42; 95 percent confidence interval, 0.27 to 0.67; p< 0.001).

Modeling approach

e The difference in survival between mutation carriers with CRC and patients with
sporadic CRC is characterized by a hazard ratio. The hazard ratio is derived from an
author-conducted meta-analysis of publications on CRC survival in mutation carriers,
separately for males and females, and is assumed to be independent of age and
cancer stage.

e The survival rate of sporadic CRC is derived from the Surveillance Epidemiology and
End Results (SEER) database (8).

e Based on data from Gryfe et al. (51), Barnetson et al. (50), Watson et al. (48),
Sankila et al.(47), and Aarnio et al. (49), we estimate the hazard ratio to be 0.53.

3.2.7Second primary tumor

Literature review

De Vos tot Nederveen Cappel et al.(46) estimated the risk of developing a second
colon tumor after treatment of a primary CRC in Lynch syndrome to be 16% after ten
years of follow-up. Lin et al.(52) estimated the annual rates of metachronous CRC
among MLH1 and MSH2 mutation carriers to be 2.1% and 1.7% respectively. Mecklin et
al.(53) estimated the risk of a metachronous tumor after partial colectomy to vary from
15% to 30%.

Rodriguez-Bigas et al.(54) estimated the risk of rectal cancer in patients with LS after
an abdominal colectomy to be approximately 12% at 12 years. Age at first surgical
procedure and surveillance correlated with rectal cancer risk. On the other hand, de Vos
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tot Nederveen Cappel et al.(46) estimated the risk of developing rectal cancer to be
3.4% in ten years.

Modeling approach

e Second primary CRCs arise from second primary adenomas after treatment of
the initial cancer.

e Occurrence of adenomas that give rise to second primary CRCs are predicted
according to the adenoma incidence model.

e Adenomas can only appear in the sections of the colon and the rectum that have
not been removed during surgical treatment (either by segmental resection or
total colectomy) of the primary CRC.

Validation
e The risk of developing a second colon tumor after treatment of a primary CRC in
LS patients, was validated against de Vos tot Nederveen Cappel et al.(46)

3.3 Health care processes

The model of health care processes describes the interactions of unaffected and
affected MMR mutation carriers with the health care system. It consists of:

(i) a diagnosis component, in which individuals with symptoms are examined in
primary care settings and subsequently sent to testing,

(i) a testing component, in which individuals at increased risk for Lynch syndrome
are tested by either MSI, IHC, and/or genetic testing,

(iii) a surveillance component that describes surveillance by colonoscopy and its
preventive effects on CRC incidence,

(iv)a preventive surgery component that describes polypectomy to prevent CRC
in mutation carriers with low grade adenomas,

(v) a treatment component involving surgical (segmental and total colectomies) as
well as pharmacological/radiation therapy that uses the survival model
described to output the survival length and the time of CRC death, and

(vi)a cost component that tracks cost of diagnosis, prevention measures,
screening, follow-up following positive testing, and treatment.

Testing for mutations will be discussed separately in section 5. Costs are shown in
Table 12. All values are adjusted to 2009 values using the medical care component of
the Bureau of Labor Statistics Consumer Price Index (55). In this section, we discuss
colonoscopic surveillance, polypectomy and treatment of LS.

3.3.1. Colonoscopic surveillance and polypectomy

Literature review

Guidelines on Lynch syndrome recommend colonoscopy for mutation carriers every one
to two years, with a starting age of 25 years old or ten years younger than earliest
diagnosis in the family (56, 57). The National Comprehensive Cancer Network (NCCN)
and other professional organizations have similar recommendations: colonoscopic
surveillance every one to two years starting at age 20-25 and annual screening after
age 40 (58-60).
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Surveillance by colonoscopy has been shown to reduce CRC incidence and mortality.
Jarvinen et al.(61) reported that colonoscopy screening at three-year intervals in a 15-
year follow-up of Lynch syndrome patients reduces the risk of CRC by 56%, and
mortality by 65%. Mecklin et al.(21) reported a similar reduction as a result of
surveillance at an interval of two to three years. Colonoscopy at an interval of two years
or less leads to the detection of colon cancer at earlier stages, in comparison to a
surveillance frequency of greater than two years (46). De Jong et al.(62) followed 2788
members from 146 Lynch syndrome families in the Netherlands to assess mortality
caused by CRC. When comparing the subjects who did or did not have surveillance
colonoscopies, a significant difference in standardized mortality ratio was observed (6.5
vs. 23.9, respectively), suggesting a reduction of 70% in mortality.

Compliance to colonoscopy surveillance in identified mutation carriers is high and has
been shown to reach 100% in a Finnish population (63). On the other hand, based on
seven studies with a total of 168 patients, Palomaki et al.(30) estimated the proportion
of mutation carriers complying with colonoscopic surveillance recommendations to be
79-81%.

Modeling approach

e Colonoscopy surveillance reduces CRC incidence by removing adenomas that
might become carcinomas.

e Sensitivity and specificity of colonoscopy for adenomas in Lynch syndrome
patients are assumed to be similar to those for adenomas in patients with
sporadic CRC.

e Compliance to colonoscopic surveillance is based on estimates provided by
Palomaki et al.(30) because these estimates, unlike those of Pylvanainen et
al.(63) which are for a Finnish population only, are homogeneous and span
several populations including U.S. populations.

e Based on author estimates of current U.S. practice patterns, 20% of known
asymptomatic carriers diagnosed with advanced adenoma during annual
colonoscopy screening have total colectomy. The remaining 80% with advanced
adenomas have them removed endoscopically. One hundred percent of
adenomas graded lower than advanced are removed endoscopically.

e Sensitivity and specificity of colonoscopy as a function of size and location of
adenoma are based on a meta-analysis by Rex et al.(64) and Loeve et al.(65,
66).

¢ We neglect morbidity associated with colonoscopy and only include surgery-
related mortality.

e Surgical mortality rate is based on Palomaki et al.(30).

3.3.2. Treatment of CRC

Literature review

Lynch syndrome patients who develop CRC are at high risk for recurrent CRC. The
American Society of Colon and Rectal Surgeons recommends the following for
individuals with Lynch syndrome who develop CRC or one or more advanced
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adenomas, and optionally for unaffected mutation carriers who are unwilling or unable
to undergo regular colonoscopy(59, 67, 68):
e Subtotal colectomy with ileorectal anastomosis and annual rectal surveillance, or
e Hemicolectomy with annual colonoscopy

It should be noted that although favored, subtotal colectomy with ileorectal anastomosis
has not been proven to be superior to segmental resection with annual colonoscopic
surveillance (30).

With respect to chemotherapy, although a few studies found that MSI-H tumors in Lynch
syndrome patients are resistant to 5-FU based chemotherapy and are more sensitive to
CPT11 (irinotecan), the evidence is not strong enough to support changes in
chemotherapy recommendations (30).

Guillem et al.*® estimated the 30-day mortality rate of subtotal colectomy with ileorectal
anastomosis to be 0.9%. This agrees well with the mortality rate used by Syngal et
al.(69) in an earlier cost-effectiveness analysis of prophylactic surgery in mutation
carriers.

Modeling approach

e Survival of LS patients diagnosed with CRC is captured by the survival model
described in section 3.2.6.

e The effects of colectomy are captured by not allowing future adenomas to appear
in sections of the colon that have been removed by surgery.

¢ Following total proctocolectomy, we assign 50% of patients to continue annual
surveillance in the form of examination up to the anal verge.

e The type of segmental resection for sporadic CRC following a diagnosis as a
function of cancer location is given in Table 6 below.

Malignancy location [Type of surgery

Proximal colon Right hemicolectomy with ileo-
(cecum to splenic descending anastomosis
flexure)

Descending colon Left hemicolectomy with

transverse-sigmoid anastomosis

Sigmoid colon Sigmoidectomy with colorectal
anastomosis

Rectum Proctosigmoidectomy (70% ) with
ileal pouch anal anastomosis or
proctectomy with colostomy (30%)

Table 6. Type of segmental resection as function of CRC location.

20



4. Endometrial cancer in carriers of MMR mutations
4.1 Model structure

The Lynch syndrome EC model consists of three major components namely, the risk
factors (which describes the input of the model), the natural history model (which
describes the natural history of endometrial cancer) and the model of health care
processes (which describes the interactions of the patients with health care systems
via screening, diagnosis, surveillance and treatments) (See Figure 5).

The risk factor component describes the inputs of the model including age, and type of
mutation carrier (e.g. MLH1, MSH2, MSH6, PMS2, and non-carrier).

The natural history component tracks incidence and mortality of endometrial cancer
in Lynch syndrome patients.

The component describing health care processes consists of medical interventions,
such as TAHBSO, which can alter the incidence and mortality of endometrial cancer.

Risk Natural History

Factors 3

Age Cancer Canoer

Mutaticn Incldence Survival

, | 'Haalth Care |Pracassaa

Family

History Scrvaanlng Preventive Treatment
| Survelllance | Surgery | | |
7w ][ aweso | [ mameso |
[Endometial Sicpey ]

Figure 5. Structure of the EC model. TVU is transvaginal ultrasound. TAHBSO is total abdominal
hysterectomy and bilateral salpingo-oophorectomy.

4.2 Natural history

4.2.1. Incidence

Literature review

Approximately 3-5% of endometrial cancer may be attributed to Lynch syndrome (70).
Table 7 summarizes studies quantifying the risk of developing EC in mutation carriers.
Schmeler et al.(71) performed a retrospective cohort analysis of women with germline
mutations. While none of 61 the women who underwent hysterectomy developed
endometrial cancer, about 70% of the 210 women who did not undergo hysterectomy
developed endometrial cancer.
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Study Year | Population | Mutation
Buttin et al. (33) 2004 | 59 MSH6
Jenkins et al.(32) 2006 | 17 MLH1, MSH2
Schmeler et al. 2006 | 210 MLH1, MSH2
Hendricks et al.(39) 2004 | 87 MSH6

Vasen et al.(72) 2001 | 309 MLH1, MSH2
Aarnio et al. 1999 | 183 MLH1, MSH2
Hampel et al. 2005 | 183 MLH1, MSH2
Dunlop et al. 1997 | 35 MLH1, MSH2
Quehenberger et al.(29) | 2005 | 152 MLH1, MSH2
Stoffel et al.(43) 2009 | 300 MLH1, MSH2
Senter et al.(35) 2008 | 99 PMS2

Table 7. Studies of incidence of endometrial cancer in mutation carriers.
Modeling approach

¢ Incidence of endometrial cancer is modeled as a function of age and mutation
type, based on a meta-analysis of data provided in the Table 7.

e We assume that EC risk is similar between MLH1 and MSH2 mutation carriers,
and can be estimated together.

e EC risks for carriers of MSH6 and PMS2 mutations are estimated separately.

4.2.2. Survival

Literature review
There are relatively few studies reporting the survival rates of EC in LS patients. Boks et
al.(73) showed that the survival rate of individuals with Lynch syndrome-associated EC

appears to be not statistically different from that of patients with sporadic EC.
Modeling approach

o Referencing Boks et al. (73), we assume that the survival of mutation carriers
with endometrial cancer is not significantly different from the survival of women
with endometrial cancer in the general population. The survival rate is built from
SEER data (8).

Survival is a function of age and time since cancer diagnosis.

e We used the SEERstat software package (8) to construct Kaplan-Meier survival
estimates as a function of time since diagnosis, binned by age in five-year
increments.

4.3 Health care processes

4.3.1. Surveillance

Literature review
The value of endometrial surveillance for women with MMR mutations is not well-
established. Lindor et al.(60) performed a review of care recommendations for
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individuals with Lynch syndrome. With regard to endometrial surveillance, they
recommend (i) annual endometrial biopsy starting at age 30-35 or (ii) annual
transvaginal ultrasound (TVU) starting at age 30-35. Lindor et al.(60) noted, however,
that there exists “insufficient evidence to recommend for or against” each strategy.
Vasen et al.(56) conducted a detailed review of literature regarding clinical management
of Lynch syndrome, and summarized a panel of experts’ clinical recommendations.
They stated that “Surveillance by gynecological examination, TVU, and aspiration
biopsy starting from age 30-35 years may lead to the detection of premalignant lesions
and early cancers.” Like Lindor et al.,(60) they noted that “the value of surveillance for
endometrial cancer is unknown.”

Renkonen et al.(74) performed an analysis of the effect of surveillance on endometrial
cancer survival in women with Lynch syndrome. While they found higher survival rates
in women who underwent surveillance, the surveillance group had only 14 members,
and the effects of surveillance on cancer survival are not statistically significant.

Based on existing literature, Kwon et al.(75) estimated a minor improvement of stage
distribution of EC at the time of diagnosis due to surveillance. The proportions of stages
[, I, 1ll, and 1V in the no-prevention no-screening strategy are 78%, 8%, 13% and 1%
respectively, while the proportions of stages I, lll, and IV in the screening strategy are
79%, 10%, 10% and 1% respectively. The small changes in stage distribution do not
affect the overall survival significantly.

Existing evidence indicates that screening for endometrial cancer in Lynch syndrome
patients has a high false-positive rate and lacks efficacy. Rijcken et al.(76) screened 41
women (35 premenopausal and 6 postmenopausal) diagnosed with Lynch syndrome via
gene mutation or by fulfilling Amsterdam criteria with annual TVU and serum CA-125
analysis for a median follow-up of five years (76) In 0.9% of ultrasounds, further
evaluation via endometrial sampling was suggested. From this, only three premalignant
lesions were discovered. One endometrial cancer was detected through symptoms.
Similarly, Dove-Edwin et al.(77) performed a study of TVU screening in 269 women who
either had Lynch syndrome or came from Lynch syndrome-like families. For a total of
825.7 person-years of risk, only two cases of endometrial cancer were reported; both
were detected by symptoms, not by ultrasound screening.

Stoffel et al.(78) reported only three of 12 (25%) women who had family history of LS
underwent appropriate endometrial surveillance with either yearly ultrasound or yearly
endometrial biopsy. On the other hand, Wagner et al. and Collins et al. reported higher
compliance to endometrial cancer screening: 69% and 53%, respectively (79, 80).

Modeling approach
e Based on Dijkhuizen et al. (81), we assume the sensitivity and specificity of
endometrial aspirate biopsy to be 91% and 98%, respectively.

e We assume that detection of precancerous endometrial lesions during
asymptomatic surveillance by TVU is negligible (Dove-Edwin et al.(77)).

e Surveillance does not have any effect on endometrial cancer incidence or
survival according to literature review.
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e Although surveillance for EC is assumed to have no effects on incidence and
mortality of EC, a model of annual screening by TVU and endometrial biopsy
enables accurate estimation of costs due to EC surveillance.

e Women who are positive for MMR mutation but are asymptomatic undergo TVU
and endometrial aspirate biopsy surveillance with a compliance of 57% based on
a meta-analysis of data from Stoffel et al. (78), Wagner et al.(79) and Collins et
al.(80).

e Women with known Lynch syndrome manifesting with EC undergo TAHBSO with
100% compliance, as recommended by guidelines.

e Women with known Lynch syndrome manifesting with CRC have the option for
elective prophylactic TAHBSO (i.e. no EC is present yet) at an age-dependent
compliance rate (see next section). Those individuals not electing a TAHBSO
have annual TVU and endometrial biopsy, with compliance of 57%, based on the
author-conducted meta-analysis described above.

4.3.2. Preventive and interventional surgery

Literature review

According to Vasen et al.(56) and Palomaki et al.(30), risk reduction by TAHBSO after
the completion of childbearing should be presented as an elective option for mutation
carriers. It is expected that a cancer-free woman who has learned of a positive mutation
carrier status but who has not completed child bearing might elect to defer a purely
prophylactic TAHBSO until completion of child bearing.

Schmeler et al.(71) performed a retrospective cohort analysis of women with germline
mutations, a portion of whom had TAHBSO. They noted that none of 61 the women who
underwent TAHBSO developed endometrial cancer, whereas about 70% of the 210
women who did not undergo hysterectomy developed endometrial cancer. It should be
noted that a decrease in the incidence of endometrial cancer alone might not improve
survival, because five-year survival rates are greater than 90% for both early-stage
sporadic and Lynch syndrome-associated endometrial cancers (82).

Mortality associated with TAHBSO is estimated to range from 0 to 0.04% (Palomaki et
al.(30)). Chen et al.(83) reported surgical hysterectomy mortality as a function of age as
drawn from the SEER database. The rate of surgical mortality increases with age and
reaches 2% for 80 years old and older.

Modeling approach

¢ We assume that a woman diagnosed with endometrial cancer will have
TAHBSO.

¢ Following hysterectomy, the hazard rate for developing endometrial cancer is set
to zero. Therefore, recurrence of endometrial cancer is not possible in the model.

e We account for mortality risk due to TAHBSO, but neglect morbidity. We also
neglect the costs and morbidities—if any—of women initiating and taking estrogen
therapy following TAHBSO.

e TAHBSO is assumed to have a mortality risk of 0.02%, which is a weighted-
average of mortality rates reported in nine studies summarized in Table 11 of
Palomaki et al.(30)
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e Compliance to purely elective TAHBSO when a woman has learned that she is a
mutation carrier is modeled as a sigmoidal function of age (Table 8). These
figures are not reported in the literature and are therefore estimated by the
authors C.R.B., RW.B., S.B.G, and S.S. who have clinical expertise in LS.

Parameter Value

Compliance to < 30 year old: 0%
TAHBSO surgery in 40 years old: 40%
asymptomatic mutation |50 years old: 60%

carriers 80 years old: 75%
Compliance to < 30 year old: 5%
TAHBSO surgery in 40 years old: 60%
mutation carriers 50 years old: 80%

diagnosed with CRC, |80 years old: 90%
but not yet with EC

Table 8. Modeled compliance to TAHBSO surgery as function of age.

5. Testing for mutations

5.1. Microsatellite instability (MSI) and immunohistochemical (IHC) analyses

Literature review
Based on their review of several prospective studies of sensitivity of MSI and IHC
analyses, Vasen et al. (56) concluded that:
e The sensitivity of MSI analysis is slightly higher than that of IHC analysis.
e In families with a high probability of having a mutation, IHC is the best first step
because it may direct mutation analysis.

Shia et al.(84) conducted a comprehensive review of existing literature on sensitivity of
IHC and MSI testing. They estimated that the sensitivity for predicting all MLH1, MSH?2,
MSHG6, and PMS2 mutations is 94% for IHC and 83% for MSI (84).

In a recent publication, Palomaki et al.(30) conducted a similar review of sensitivity and
specificity of MSI and IHC analyses. Palomaki et al.(30) estimated the sensitivity of MSI
for MLH1/MSH2 to be 91% and for MSH6/PMS?2 to be 77% and the sensitivity of IHC to
be 83%. Specificity for MS| was estimated to be 90.2%, while specificity for IHC was
estimated to be 88.8%.(30)

Modeling approach
e Since results of MSI do not specifically inform genetic testing, for the purpose of
capturing appropriate testing costs, MSI testing is bundled with IHC testing in the
current practice patterns arm of the study.
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e Analytic sensitivity and analytic specificity for IHC testing are set to 83% and
88.8%.(30)

5.2. Genetic sequence testing

Literature review

There exist uncertainties in estimating the analytic specificity and sensitivity for genetic
testing. Based on subjective opinion, Palomaki et al.(30) estimated the
sequencing/MLPA sensitivity and specificity to be 99.5% and 99.97% respectively. On
the other hand, Bonis et al.(85) estimated the sensitivity and specificity of genetic
testing to be 95% and 99.5%, respectively. Furthermore, these sensitivities may not
allow for variants of uncertain significance that are encountered clinically. There are
also uncertainties associated with estimating sensitivity of genetic testing for PMS2
mutations due to complex interactions between PMS2 and MSH1 genes.

Modeling approach
e Sensitivity of genetic testing for MLH1, MSH2 and MSH6 is set to a conservative
estimate of 90%, based on clinical expertise of authors C.R.B., R.W.B., S.B.G.,
and S.S.
e Sensitivity of genetic testing for PMSZ2 is based on Senter et al.(35). Specificity of
genetic testing is based on Palomaki et al.(30).
e Sensitivity and specificity of genetic testing are summarized in Table 9.

Mutation Analytic Analytic
sensitivity specificity
MLH1 90% 99.97%
MSH2 90% 99.97%
MSH6 90% 99.97%
PMS2 62% 99.97%

Table 9. Sensitivity and specificity of genetic testing.

6. Population generation

Generation of a population representative of the U.S. general population consists of the
following steps:
» Step 1: Generate natural history of CRC and EC for mutation carriers.
Step 2: Generate natural history for non-carriers.
Step 3: Generate family history for mutation carriers.
Step 4: Generate family history for non-carriers.
Step 5: Mix populations of carriers and non-carriers in appropriate proportion.

6.1. Prevalence of mutation carriers
Literature review

Chen et al.(86) used the following Bayes’ rule to estimate the frequency of mutations of
MMR genes in the general population:
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carrier prevalence among cases - cancer incidence

carrier prevalence = —— -
cancer incidence among carriers

Chen et al.(86) considered only colorectal cancers diagnosed before age 50 and
estimated the numbers in the right-hand side of the equation as follows:
e The prevalence of MLH1 and MSH2 mutation carriers among CRC cases
younger than 50 is 0.28.
e The overall cancer incidence by age 50 in the general population is 0.00215,
from the SEER database (8).
e The CRC risk among carriers of MLH1 and MSH2 (by age 50) is 0.32.
This leads to a carrier frequency of 0.0019 for MLH1 and MSH2 mutations combined, or
0.0009 and 0.0010 for the two gene mutations individually. Since less information is
available on MSH6 mutation prevalence, Chen et al.(86) assumed that it accounts for
15% of all LS mutations; that is, 0.00036. In summary, Chen et al.(86) estimated that
the frequency of mutations of MLH1 is one in 1100, MSH2 is one in 1000, and MSH6 is
one in 2800. Overall, roughly one in 440 people carry mutations in MLH1, MSHZ2 or
MSHSe6.

DelLaChappele et al.(87) used a similar approach to estimate the frequency of MMR
mutations. However, rather than using data for CRC before age 50, they used all CRCs
and estimated a carrier frequency between 1:2000 and 1:660.

Dunlop et al.(88) conducted a similar analysis based on Scottish data and estimated
carrier prevalence in the population aged 15-74 years to be 1:3139 (95% Cl = 1:1247—-
1:7626).

It should be noted that all estimates suffer from several uncertainties, including(87):

. Estimates often ignore MSH6 and PMS2 mutations,

e Neither MSI nor mutation detection is 100% sensitive, and

e The estimates are based solely on CRC.
Palomaki et al.(30) estimated the prevalence of LS CRC among newly CRC diagnosed
to be 3% (see Table 13 of Palomaki et al.(30)). This number is consistent with the figure
of 2.2% reported by Hampel et al. (41), considering that 10-20% of LS families have a
mutation of undefined type.
Palomaki et al.(30) also estimated the proportions of mutations among mutation
carriers to be 32% MLH1, 39% MSH2, 14% MSH6, and 15% PMS2.

Modeling approach
e Based on Palomaki et al. (30), the proportion of mutations among mutation
carriers are distributed as follows: 32% MLH1, 39% MSH2, 14% MSH6, and 15%
PMS2.
e To estimate the frequency of mutation carriers in the general population, we use
the following information:
¢ Incidence of CRC in the general population
e CRC penetrance among mutation carriers
e Prevalence of LS CRC among newly diagnosed CRC in the U.S.
population
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We use SEER data (8) to model the incidence of CRC in the general population.

e We use data from section 3.2.4 to estimate CRC penetrance among mutation
carriers.

e Based on Palomaki et al. (30), and Hampel et al. (41) we set the prevalence of
LS CRC among newly diagnosed CRC in the U.S. population to be 3%.

e We then run the simulation and adjust the frequency of mutation to reproduce the
3% prevalence of LS CRC among all diagnosed CRC. Using this method, we
estimate the prevalence of MMR mutation in the general U.S. population to be
one in 255.

6.2. Family history in non-carriers

Literature review

Ramsey et al.(89) analyzed data from the 2000 National Health Interview Survey
(NHIS), a national cross-sectional interview survey of approximately 36,000 U.S.
households. They showed the prevalence of family history for CRC increases with age.
The prevalence of people with positive family history of CRC reaches the “steady state”
value of 10% around age 60-69. In addition, the proportion with two or more first-degree
relatives with history of CRC is roughly 7% of those reporting at least one relative with
colorectal cancer.

Modeling approach
e Family history of colorectal cancer and endometrial and other LS cancers in non-
carriers is generated from the Family History Model, as described in section 6.3.
e The Family History Model is validated against data on family history of CRC in
the U.S. population reported by Ramsey et al.(89) (see section 6.3).

6.3 Family history in mutation carriers

Literature review

The PREMM+26 model (90) , which is an update of the PREMM, model (91), requires
information on cancer history of first- and second-degree relatives. Therefore, to
generate this information, we first constructed a family pedigree structure representative
of U.S. families (9, 10), and then distributed mutations and cancers among these family
pedigrees at prevalence and incidence rates previously described.

To address the sparsity of appropriate family history data for unaffected mutation
carriers without prevalence bias from LS registries, we use Monte-Carlo simulation of
families with Lynch syndrome, adapting techniques described elsewhere (92-94). The
familial data produced by the simulation is used to create surrogate parameters which
represent family history data of interest, and which provide input into the PREMM 26
model for risk-assessment.

Modeling approach
e All births are considered singleton (i.e. we neglect twins, triplets, etc.).
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For the generation of offspring, parental pairings are modeled as monogamous.
We neglect the homozygous dominant MMR mutation case.

The details of family structure can be captured by two parameters: the
distribution of mother’s age at birth as a function of birth number (Figure 6), and
the distribution of the number of children per nuclear family (Figure 7). Mother’'s
age at birth provides the inter-birth interval, and number of children provides the
size of each generation.

In addition to EC and CRC, we have also constructed models of incidence for
other LS-associated cancers in first- and second-degree relatives. Information on
these cancers is required for risk assessment using PREMM126. The additional
cancers include biliary cancer, brain cancer, gastric cancer, ovarian cancer,
pancreatic cancer, sebaceous carcinoma, small bowel cancer, and urologic
cancer. Table 10 summarizes the cancer model’s data sources.

Figure 8 describes the steps involved in generating first-degree and second-
degree relatives for a proband. Each relative’s birth, cancer incidence, and death
are tracked relative to the proband’s age.

The model accounts for misattributed paternity and spontaneous mutation by not
assigning mutation carrier status to 3% of parents of probands, based on an
estimate from Le Roux (95).
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Figure 6: Distributions of mother's age at birth for each birth interval (Mathews et al.(9)).
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Figure 7: Distribution of number of children per nuclear family (Chandra et al.(10)).

Cancers

Population

Data Source

» Biliary Cancer

e Brain Cancer

» Gastric Cancer

e Ovarian Cancer

« Small Bowel Cancer
« Urologic Cancer

Mutation carriers

Watson et al.(96)

Non-carriers

SEER(8)

« Pancreatic Cancer

Mutation Carriers

Kastrinos et al.(97)

Non-carriers

SEER(8)

» Sebaceous Carcinoma

Mutation Carriers

Ponti et al.(98)

Non-carriers

Doris et al.(99)

Table 10: Family History Model’s cancer data sources.
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Figure 8: Generation of a proband's family out to second-degree relatives.
Validation
Validation of family history of CRC in general population
We validated the Family History Model against the data provided by Ramsey et al.(89).
This study contains data on the prevalence of first-degree CRC family history as a
function of proband age, as well as the distribution of the number of first-degree
relatives affected among families with CRC history in the general population. We
produced a set of general-population families via the Family History Model for
comparison (see Figure and Figure 10).
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Figure 9: Prevalence of first-degree family history of CRC as a function of proband age. The figure compares

predicted prevalence of first-degree family history of CRC in the general population (green line) against data

reported by Ramsey et al.(89) The dashed lines with triangle symbols represent the 95% confidence interval
of the data.
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Figure 10: The distribution of the number of first-degree relatives affected among families with CRC history
(Ramsey et al.(89)).

Validation of family history of CRC in carriers of MMR mutations

We used the the Dutch Lynch Syndrome-HNPCC Registry (i.e. the Leiden registry)(11)
to validate the output of the Family History Model for carriers of MMR mutations. The
registry was selected for its large sample size, rich family structure, and cancer
incidence data. The purpose of the validation is to determine whether the Family History
Model reproduces the outcomes of the Leiden registry, when the Family History Model's
pedigree structure is set to match Leiden’s. Specifically, we ensure that the family
structure and cancer history of the Family History Model and Leiden registry match
(Figures 12-16), and then compare the family history of CRC-related outcomes detailed
above. Missing values from the registry were imputed using an algorithm adapted from
van Asperen et al. (100), which has been previously used with the registry data.
Validations of the Archimedes model of family history were ascertained by comparing to
Leiden registry data on mother’s age at the birth of each child, the number of children
per nuclear family, cumulative incidence of CRC and EC, prevalence of first-degree
family history of CRC, and proportion of probands as a function of the number of
relatives with CRC, as shown in Figures 11-18.
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Figure 11: Calibration of the Archimedes Family History Model to the Leiden dataset for the distributions of
mother's age at first birth.
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Figure 12: Calibration Archimedes Family History Model to Leiden data for the distributions of mother's age
at second birth. (Comparisons of subsequent births omitted for brevity.)
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Figure 13: Calibration of and the Archimedes Family History Model to Leiden data for the distributions of
number of children per nuclear family.
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Figure 14: Comparison of Kaplan-Meier estimate of Leiden CRC cumulative incidence in confirmed MLH1/
MSH2 carrier males with Archimedes CRC model for male MLH1 / MSH2 mutation carriers.
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Figure 15: Comparison of Kaplan-Meier estimate of Leiden CRC cumulative incidence in confirmed MLH1 /
MSH2 carrier females with Archimedes CRC model for female MLH1 / MSH2 mutation carriers.

Cumulative Incidence of EC in MLH1MSH2 Females

04 I I I I I T T T

—Leiden EC Kaplan-Meier +

|
nasH ~* “Leiden EC 95% CIl Upper Bound e
|
—* ~Leiden EC 95% CI| Lower Bound T**
a3H — Archimedes EC Model T*A 4

nesr

Proporticn

Figure 16: Comparison of Kaplan-Meier estimate of Leiden EC cumulative incidence in confirmed MLH1 /
MSH2 carrier females with Archimedes EC model for female MLH1 / MSH2 mutation carriers.
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Figure 17: Leiden Validation: Proportion of probands with some family history of CRC as a function of
proband age.
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some family history of CRC.
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7. Study Design

We conducted a virtual clinical trial in which 100,000 simulated individuals,
representative of the general U.S. population, were tracked from the age of 20, and
were exposed to each of twenty primary screening strategies (Screening Strategy
Arms). These strategies (Table 11), involved risk-assessment at different ages (20, 25,
30, 35, or 40) using PREMM1g, followed by four-gene mutation testing of those
individuals whose risks for carrying a mutation exceeded a given threshold (0%, 2.5%,
5.0%, or 10%). A threshold of 0% was considered equivalent to universal screening in
which all individuals received genetic testing without preceding risk assessments. The
PREMM126 model was chosen for risk assessment because it is well-validated and
usable for individuals who have not necessarily developed malignancies.

Cloned cohorts were given current care (Current Practice Arm) in which testing was
performed in individuals with appropriate clinical risk factors after a malignancy was
detected (101).

In the Screening Strategy Arms, individuals with negative genetic test results were
presumed not to carry a mutation, and received future screening for sporadic colorectal
cancer according to NCCN Practice Guidelines (101). Individuals with positive genetic
test results were thereafter screened annually with colonoscopy, and with endometrial
biopsy and transvaginal ultrasound, or were given prophylactic TAHBSO.

In the Current Practice Arm, individuals with colorectal or endometrial cancer meeting
certain clinical criteria (colorectal or endometrial cancer at age < 50, or 22 Lynch
syndrome-associated cancers in the same proband, or a proband with =2 first or
second-degree relatives with Lynch syndrome-associated cancers) were offered either
testing by immunohistochemistry followed (when positive) by single-gene testing, or
direct genetic testing for MLH1, MSH2, and MSH6, followed optionally by PMS2, at
utilization rates reflective of current practice (Figure 19 and Grover et al.(102)). The
effect of testing individuals at 100% physician adherence to current recommendations
was studied through sensitivity analysis (see Figure 2 of manuscript).

In both the Screening Strategy Arms and the Current Practice Arm, individuals testing
positive at the time of a malignancy were offered appropriate surgical and/or medical
intervention and ongoing surveillance. In addition, single-site (mutation-specific) testing
was performed on first-degree relatives of known mutation carriers at reported
compliances (Table 12). As simulated individuals aged, their family histories of Lynch
syndrome-associated cancers evolved naturally. In the simulation, people became
aware of updates in cancer diagnoses among relatives at rates described in the
literature, and sought physician reassessment of their own updated risks as appropriate
(103, 104).
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S G o B
above which
e
(%)

#1 20 0.0

#2 25 0.0

#3 30 0.0

#4 35 0.0

#5 40 0.0

#6 20 2.5

H7 25 2.5

#8 30 2.5

#9 35 2.5

#10 40 2.5

H#11 20 5.0

#12 25 5.0

#13 30 5.0

#14 35 5.0

#15 40 5.0

#16 20 10.0

H#17 25 10.0

#18 30 10.0

#19 35 10.0

#20 40 10.0

Table 11: Experimental screening strategies.

7.1. Genetic Screening Arms

Individuals who fall above the risk threshold for genetic testing (See Figure)
Individuals whose PREMM s-calculated risk is above the risk threshold for genetic
testing for a given screening strategy receive genetic testing for four MMR mutations,
generating either a positive or negative result.
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Those receiving a negative result (true negative + false negative) from four-gene
panel testing are presumed not to carry a mutation, and receive future screening
according to NCCN Practice Guidelines(105) for sporadic colorectal cancer,
consisting of colonoscopy starting at the age of 50 (age 40 for those with a first
degree relative with a history of CRC), and recurring as follows:

= Once every ten years for normal colonoscopy results (every five years for
those with a first-degree relative with CRC)

= Once every five years for low-risk adenoma findings

= Once every three years for advanced or multiple adenoma findings
(neglecting polyposis syndromes)

These individuals continue to undergo screening for sporadic CRC. If or when a
sporadic polyp or tumor is detected, these individuals receive treatment for CRC.
Similarly, if or when a sporadic endometrial cancer is detected based on an
individual becoming symptomatic (rather than screening), an aggregated treatment
is modeled. Survival rates following these treatments are based on section 3.2.6 for
CRC, section 4.2.2 for EC, and costs of treatment are given in Table 12.

For women whose genetic testing results indicate an MMR mutation, elective
TAHBSO is modeled to occur according to age-dependent compliance rates
previously described.

All unaffected, MMR positive individuals (men and women) undergo pre-disease
surveillance at described compliance rates, consisting of annual colonoscopy, as
per NCCN Practice Guidelines for HNPCC. Furthermore, women who have not
had a hysterectomy undergo annual TVU and endometrial aspirate biopsy at
compliance rates listed in Table 12 starting at age 30,.

A positive result following genetic testing for MLH1, MSH2, MSH6 and PMS2
mutations, as shown in Figure 19, triggers testing of one or more first-degree
family members of the mutation-carrying proband. Testing of each first-degree
relative is based on a random draw relative to each individual’s probability of
complying (see Section 5 of Table 12.).

Based on Ramsey et al.(106) and author expertise, compliance to genetic testing
of first-degree relatives of MMR mutation-positive probands is set to 60% for
siblings, 70% for children, and 60% for parents. Only one parent of a proband is
tested. If positive, then only family members on that parent’s side are eligible for
testing (in the case of sensitivity analyses conducted involving testing of second-
degree relatives). If negative, then the other parent is an obligate carrier (and is
not tested), and only family members on that parent’s side are eligible for testing.
If a randomly selected first-degree relative is less than 18 years of age, she or he
is given a genetic test at 18 years old, in accordance with generally accepted
genetic testing practice for adult-onset genetic diseases.

20% of known asymptomatic carriers diagnosed with advanced adenoma during
annual colonoscopy screening receive total colectomy. The remaining 80% of
individuals with advanced adenomas have them removed endoscopically. One
hundred percent of adenomas graded lower than advanced are removed
endoscopically.

If endometrial cancer is detected in a known MMR positive individual, then
TAHBSO is implemented for endometrial tumors.
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e Among individuals who have had a total proctocolectomy, 50% continue
surveillance up to the anal verge, and 50% no longer participate in annual CRC
surveillance.

e Compliance to surveillance of colorectal cancer and endometrial cancer is based
on estimates provided in Table 12.

e Surveillance of colorectal cancer and endometrial cancer continue until a person
dies.

Individuals who fall below the risk threshold for genetic testing (See Figure )
Individuals in the current practice strategy who do not meet the PREMM;6-calculated
risk threshold for genetic testing are subjected to CRC screening later in life according
to NCCN guidelines for sporadic CRC. Any such patient who develops a CRC or EC
tumor is considered an affected patient (as opposed to an unaffected patient for
screening). Therefore, such patients who develop a tumor and who meet clinical criteria
(See Figure , and Section 7.3 below for definition), AND who have not had a prior
genetic test, will be subjected to the testing sequence (IHC/MSI and/or single
gene/multi-gene test).

As simulated individuals age, they accumulate family and personal history of diseases.
To capture the rates at which real people are re-evaluated by their physicians for
personal and family history, we assume that a person will report changes in his or her
personal and family histories for re-evaluation of PREMM12¢ score, with a delay of one
year and a compliance of 70%.

7.2. Current Practice Arm

Health care processes for the Current Practice Arm are designed to represent current
U.S. practice patterns for LS (see Figure 19).

e Although the Amsterdam Il and the Revised Bethesda criteria, as well as a
number of risk engines, are described in the literature for screening purposes,
clinical application of these tools is limited. Instead, common clinical practice
when a person presents with a tumor is to suspect Lynch syndrome and consider
testing when the proband presents with colorectal or endometrial cancer at age <
50, or the proband has =2 Lynch syndrome-associated cancers, or a proband
has 22 first or second-degree relatives with Lynch syndrome-associated cancers.

e A person with a tumor who meets these clinical criteria is subjected to a testing
sequence as diagrammed in Figure . Briefly, it is recognized that to capture
current practice patterns, some percentage of patients (83%) see physicians who
do not consider LS (Grover et al.(102)). These patients have their CRC treated,
but are presumed to have sporadic CRC. Furthermore, some percentage of
patients seen by the 17% of physicians who do consider LS (70%) are seen in
non-institutional settings where it is more common to do genetic testing than IHC.
Finally, because PMS2 mutation testing is not widely adopted, 20% of patients
with negative MLH1, MSH2, and MSH6 test results receive a PMS2 test. (These
parameters were informed by C.R.B, R.W.B., S.B.G, and S.S., authors with
clinical expertise in LS).
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e Although BRAF testing for methylation in IHC negative individuals is an emerging
test that might mitigate the need for MLH1 sequence testing in individuals whose
CRC tumor is sporadic in nature, its place in standard clinical practice has not yet
been well established (30), and it is not modeled as standard of care in the
Current Practice Arm.

¢ Individuals with positive results from IHC (true positive and false positive)
subsequently have single-gene sequence testing. Patients undergoing IHC
testing in the current practice group, by definition, have a tumor. Therefore,
those with positive MMR mutation by genetic test, are given the diagnosis of
Lynch syndrome (i.e. tumor plus confirmation by testing), and receive treatment
as previously described. A woman with only a CRC tumor is offered an elective
TAHBSO at the same time as colectomy with an age-dependent compliance to
TAHBSO as previously described.

e Post surgery, patients have ongoing annual surveillance for Lynch syndrome
consisting of annual colonoscopy (or proctoscopy if they have had total
colectomy),(30) and TVU with endometrial aspirate (if they still have a uterus).

e Finally, patients entering the Current Practice Arm with a first tumor but who do
not meet the clinical criteria that cause suspicion for Lynch syndrome are
presumed to have sporadic CRC or EC. Some of these patients are true
negatives for Lynch and some are false negatives for Lynch, yet all of them
receive aggregated treatment for sporadic CRC consisting of surgery,
chemotherapy, and radiation as is currently represented in the Archimedes
Model. The true negatives have morbidity and mortality rates consistent with
sporadic CRC, while the false negatives likely have recurrence of a tumor due to
the nature of Lynch syndrome. Therefore, any recurrence of a tumor causes a
patient to meet one of the clinical criteria of two or more tumors, and this prompts
for genetic testing.

7.3. Cost-Effectiveness

Utility parameters for calculating quality-adjusted life-years (QALY's) are shown in Table
12. A societal perspective was used, with costs, benefits, and life-years discounted 3%,
and with adherence to other recommendations of the Panel on Cost-Effectiveness in
Health and Medicine (107). We defined the average cost-effectiveness ratio as cost per
QALY saved of a given screening strategy relative to current practice, and calculated
incremental cost-effectiveness ratio as cost per QALY saved of a given strategy relative
to the nearest strategy on the efficient frontier (manuscript Figure 1a). We considered a
strategy to be “cost-effective” if the cost per QALY was below the often-quoted
benchmark of $50,000/QALY (108), although others have argued for higher thresholds
(109).
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Figure 19A. Current Practice Arm - Screening
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Figure 19. Flow chart of health care processes and sequences in Current Practice Arm (control group). Abbreviations: NCCN — National
Comprehensive Cancer Network, ACOG — American College of Obstetricians and Gynecologists, CRC - colorectal cancer, EC — endometrial cancer,
IHC — immunohistochemistry, MSI — microsatellite instability, MMR — mismatch repair, TAHBSO - total abdominal hysterectomy and bilateral salpingo-
oophorectomy.

42



Figure 19B. Current Practice Arm (continued) — Diagnostic Testing
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Figure 19. Flow chart of health care processes and sequences in Current Practice Arm (control group).
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Figure 19C. Current Practice Arm (continued) - Diagnosis. Treatment. Surveillance
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Figure 19. Flow chart of health care processes and sequences in Current Practice Arm (control group).
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Figure 19D. Screening Strategy Arm — Screening and Diagnostic Testing
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Figure 19. Flow chart of health care processes and sequences in the Screening Strategy Arm (experimental group).
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Figure 19E. Screening Strategy Arm (continued) — Diagnosis, Treatment, Surveillance
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Figure 19. Flow chart of health care processes and sequences in the Screening Strategy Arm (experimental group).
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8. Model Parameter Summary

Table 12. Key parameters, assumptions, modeling approaches, and sources.
Model Parameter Assumptions and Approaches List of Sources

Adenoma incidence, -Adenoma development was Liljegren et al.

location, and growth assumed to follow a non- (23) Mecklin et
homogenous Poisson distribution. al. (21) Lindgren
-Adenoma growth was described by et al. (22)
a log-linear growth equation. Rijcken et
-Anatomical distribution of al.((26) de Jong
adenomas in mutation carriers were et al.,(24) Pino et
derived from an author-conducted al.(27)
meta-analysis.

Cancer risk/malignant -Cancer risk as a function of age and Hendriks et

transformation gender in mutation carriers was al.(39), Buttin et
derived from an author-conducted al.,(33), Dunlop
meta-analysis. et al.,(40),
-The malignant transformation rate of Quehenberger et
adenomas was a function of age, al.(29), Hampel
gender, and adenoma location. et al.(41),

Wagner et

al.(42), Senter et
al.(35), Barrow
et al.(31) , Stoffel

et al.(43)
Cancer location -Cancer location was based on an Mecklin et
author-conducted meta-analysis. al.,(21) Lindgren
et al.,(22)
Aaltonen et

al.,(45) de Vos
Tot Nederveen
Cappel et al.(46)

Survival -Difference in colorectal cancer SEER (8), Gryfe
survival between non-carriers and et al.,(51),
carriers was characterized by a Barnetson et
hazard ratio derived from an author-  al.,(50), Watson
conducted meta-analysis. et al.,(48),

Sankila et

al.,(47), Aarnio et
al.,(49), Barrow
et al.(31)
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Cancer recurrence -Second primary colorectal cancers  Lin et al.(110),

occurred as they arose from new Mecklin and

adenomas after treatment of primary  Jarvinen (53),

cancer. Rodriguez-Bigas
et al.(54)

Endometrial cancer -Risk of developing endometrial Hampel et
incidence cancer in mutation carriers was al.(111), Senter
based on an author-conducted meta- et al.(35)
analysis. Buttin et al.(33),
Hendriks et
al.(39),

Stoffel et al.(43),
Dunlop et al.(40),
Quehenberger et

al.(29),

Aarnio et al. (38),
Jenkins et al.
(32)

Schmeler et al.
(112)

Survival -Survival was assumed to be the SEER (8), Boks
same for sporadic and Lynch- et al.(73)
associated endometrial cancer and
was derived from the SEER
database.

Lynch syndrome -Based on a conservative estimate Hampel et al.(41)

prevalence among all of 2.2% from Hampel et al.,(41) and  Palomaki et

colorectal cancer on author estimates of rates of al.(30)
diagnoses (used to Lynch syndrome in families with no

estimate mutation defined mutation, this value was set

prevalence) to 3.0%, in concordance with Table
13 in Palomaki.(30)

Mutation type - The distribution of different Palomaki et

mutation types was taken to be: 32% al.(30)
MLH1, 39% MSH2, 14% MSH6 and

15% PMS?2.
Genetic test analytic MLH1:90% Palomaki et
sensitivity** MSH2: 90% al.(30) Senter et
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MSH6: 90% al.(35)
PMS2: 62%
Genetic test analytic MLH1:99.97% Palomaki et
specificity MSH2: 99.97% al.(30)
MSH6: 99.97%
PMS2: 99.97%
Immunohistochemistry 83%, 88.8% Palomaki et
analytic sensitivity, al.(30)
specificity
Colonoscopy: sensitivity, = Adenoma size Rex et al.(113)

specificity of adenoma
detection

0-5mm: sensitivity — 75%, specificity
- 95%

5-10mm: sensitivity — 85%,
specificity — 95%

>10mm: sensitivity — 95%, specificity
- 95%

Loeve et al.(66)

Colonoscopy: segments
screened

95% reach ascending colon, 70%
reach cecum

Rex et al.(113)
Loeve et al.(66)

Endometrial cancer
surveillance

Endometrial aspirate biopsy:
sensitivity — 91%, specificity — 98%
Transvaginal ultrasound: limited
detection in asymptomatic patients

Dijkhuizen et
al.(114)

Dove-Edwin et
al.(77)

Compliance to annual 81% Palomaki et
colonoscopy screening al.(30)
for known unaffected
mutation carriers

Compliance to annual 57% Stoffel et al.(78)

endometrial biopsy for
known unaffected
mutation carriers

Wagner et
al.(79)
Collins et al.(80)

Compliance to genetic 60% for siblings Ramsey et
testing of first-degree 70% for children al.(106)
relatives of mutation- 60% for parents (Only one parent of
positive probands a proband was tested. If negative,

then the other parent was
considered an obligate carrier.)

Percent of patients with 17% Grover et
malignancy who are seen al.(102)

by a physician who
considers Lynch
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syndrome and the
clinical criteria for testing
for Lynch syndrome

Compliance to CRC 57% Behavioral Risk
screening in the general Factor
population and in Surveillance
unidentified unaffected System(115)
mutation carriers

Minimum age for genetic 18 years old Consensus
testing of FDRs of C.R.B, RW.B,
probands who have S.B.G,, S.S.
tested positive for
mutation

Compliance to < 30 year old: 0% Consensus
prophylactic TAHBSO in 40 years old: 40% C.R.B, RW.B,
unaffected mutation 50 years old: 60% S.B.G,, S.S.
carriers 80 years old: 75%

Compliance to < 30 year old: 5% Consensus
prophylactic TAHBSO in 40 years old: 60% C.R.B, RW.B,
mutation carriers 50 years old: 80% S.B.G,, S.S.
diagnosed with CRC, but 80 years old: 90%
not yet with EC

Compliance to TAHBSO if 100% Consensus
diagnosed with EC C.R.B, RW.B,

S.B.G., S.S.

Percent of patients who 70% Consensus
were evaluated based on C.R.B, RW.B,
clinical criteria for LS S.B.G,, S.S.
risk that do not begin the
testing process with IHC,
but instead directly
receive multi-gene
testing

Percent of patients 20% Consensus
following positive IHC C.R.B, RW.B,
and a negative result for S.B.G,, S.S.
MLH1, MSH2, and MSH6,
who subsequently get
PMS2 testing

Percent of known 20% Consensus
unaffected carriers (Remaining 80% of advanced C.R.B, RW.B,
diagnosed with advanced adenomas are removed S.B.G., S.S.

adenoma during annual
colonoscopy screening
who choose to have total
colectomy

endoscopically. One hundred

percent of adenomas graded lower

than advanced are removed
endoscopically.)
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Current practice patterns:  90% total colectomy, 10% segmental Consensus
surgery following resection C.R.B, RW.B,
diagnosis of CRC in S.B.G,, S.S.
known carriers

Current practice patterns:  10% total colectomy, 90% segmental Consensus
surgery following resection C.R.B., RW.B,
diagnosis of CRC in S.B.G,, S.S.
which mutation status is
not known (or not
considered) at the time of
surgery

Type of segmental Consensus
resection surgery C.R.B.,RW.B,
following a diagnosis of S.B.G,, S.S.
CRC as function of
cancer location: Right hemicolectomy with ileo-

Proximal colon (cecum, descending anastomosis

ascending, and

transverse)

Left hemicolectomy with transverse-

Descending colon sigmoid anastomosis

Sigmoidectomy with colorectal
Sigmoid colon anastomosis
Proctosigmoidectomy (70%) or

Rectum proctectomy with colostomy (30%)

Compliance to annual 50% for total proctocolectomy Consensus
colorectal surveillance (rectal/anal surveillance), and 95% C.R.B.,RW.B,
by colonoscopy for other types of surgeries S.B.G,, S.S.

following surgery for
sporadic CRC

Standard gynecological
visit for healthy women
of unknown mutation
carrier status

Age 20-30: annual exam with a
compliance of 18.3%

Age 30-65: gynecological visit every
three years with a compliance of
83.3%

Above age 65: no gynecological visit

Mehrotra et al.
(116)

American
College of
Obstetricians
and
Gynecologists
Guideline (117)

Gynecological visit for
known mutation carriers

Annually, with a compliance of 81%

Consensus
opinion, based
on compliance to
annual
colonoscopy
among known
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mutation carriers

Probability of proband’s
awareness of family
cancer history

First-degree relative: 84%
Second-degree relative: 44%

Murff, et al.
(118), Mitchell et
al.(104)

Delay and compliance for
reevaluation of the pre-
test probability following
updates in personal and
family histo

1 year and 70%

Consensus
C.R.B, R.W.B,
S.B.G,, S.S.

Mortality associated with 0.008% Palomaki et
colonoscopy (occurring al.(30)
within 30 days after the
procedure)

Mortality associated with 0.9% Palomaki et
total colectomy with al.(30)
ileorectal anastomosis
(occurring within 30 days
after the procedure)

Mortality associated with 0.02% Palomaki et
TAHBSO (occurring al.(30)
within 30 days after the
procedure

Multiple gene testing for $3,495 Calculated from
MLH1, MSH2, MSH6, and a 2009 author
PMS2 survey of U.S.

commercial
genetic test
providers. A
similar approach
was used by
Mvundura et al.
(119).

Multiple gene testing for $2,618
MLH1, MSH2, MSH6 Averaged from a

Single gene testing for $860 2009 author

MLH1 survey of U.S.

Single gene testing for $771 commercial

MSH2 genetic test

Single gene testing for $933 providers
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MSH6
Single gene testing for $884
PMS2
Single-site testing $298
Immunohistochemistry $281 2009 Medicare
reimbursement
rates
Microsatellite instability $457 Palomaki et
al.(30)
Biopsy/polypectomy $160 2007 CMS
reimbursement
projected to
2009
Colonoscopy $532 2007 CMS
reimbursement
projected to
2009
Total colectomy for $22,800 2009 Medicare
mutation carriers with reimbursement
advanced adenomas rate
(costs for colorectal
surgery for those with
carcinoma are accounted
for in the cost of
colorectal cancer
treatment)
Transvaginal ultrasound $110 Kwon et al.(75)
Endometrial biopsy $201 Kwon et al.(75)
Gynecology visit $154 Kwon et al.(75)
Prophylactic TAHBSO $20,445 Kwon et al.(75)
Treatment of endometrial $24,291 Kwon et al.(75)
cancer
Treatment of colorectal 1998-2003
cancer by stages and Medicare
phases reimbursement
Stage |, $27,221/$2,166/$48,791 rate(120)
Initial/Continuing/Terminal
Stage I, $37,563/$2,024/$48,662
Initial/Continuing/Terminal
Stage I, $45,804/$2,883/$51,276
Initial/Continuing/Terminal
Stage IV, $59,812/$8,945/$68,809

InitiaI/Continuini/TerminaI
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Colorectal cancer Stage | 0.74 Ness et al.(121)
Colorectal cancer Stage ll  0.67 Ness et al.(121)
Colorectal cancer Stage lll 0.50 Ness et al.(121)
Colorectal cancer Stage IV 0.25 Ness et al.(121)
Endometrial cancer 0.83 Kwon et al.(75)
MMR mutation detected in 1.0 (Based on two studies of Beran et al.(122)
an unaffected (tumor- quality of life in women following Smith et al.(123)

naive) individual

genetic testing for BRAC1/2. Both
studies concluded that perceived
quality of life after a positive genetic
test result for BRCA1/2 returned to
normal within 6-12 months.)

Total colectomy with
ileorectal anastomosis or
proctocolectomy and
ileal pouch-anal
anastomosis for patients
with advanced adenoma
(Surgical disutility for
those with colorectal
cancer is accounted for
in disutility due to
colorectal cancer
diagnosis)

0.84

van Duijvendijk
et al.(124)

TAHBSO

0.86

Kwon et al.(75)

Proctocolectomy

0.83

Fazio et al.(125)

Colostomy

0.85

Boyd et al.(126)
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