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A B S T R A C T

Purpose: Lynch syndrome-related colorectal cancer (CRC) risk substantially varies by mismatch
repair (MMR) gene. We evaluated the health impact and cost-effectiveness of MMR gene-
tailored colonoscopic surveillance.
Methods: We first estimated sex- and MMR gene-specific cumulative lifetime risk of first CRC
without colonoscopic surveillance using an optimization algorithm. Next, we harnessed these
risk estimates in a microsimulation model, “Policy1-Lynch,” and compared 126 colonoscopic
surveillance strategies against no surveillance.
Results: The most cost-effective strategy was 3-yearly surveillance from age 25 to 70 years
(pathogenic variants [path_] in MLH1 [path_MLH1], path_MSH2) with delayed surveillance for
path_MSH6 (age 30-70 years) and path_PMS2 (age 35-70 years) heterozygotes (incremental cost-
effectiveness ratio = Australian dollars (A) $8,833/life-year saved). This strategy averted 60 CRC
deaths (153 colonoscopies per death averted) over the lifetime of 1000 confirmed patients with
Lynch syndrome (vs no surveillance). This also reduced colonoscopies by 5% without substantial
change in health outcomes (vs nontailored 3-yearly surveillance from 25-70 years). Generally,
starting surveillance at age 25 (vs 20) years was more cost-effective with minimal effect on life-
years saved and starting 5 to 10 years later for path_MSH6 and path_PMS2 heterozygotes (vs
path_MLH1 and path_MSH2) further improved cost-effectiveness. Surveillance end age (70/75/
80 years) had a minor effect. Three-yearly surveillance strategies were more cost-effective (vs 1
or 2-yearly) but prevented 3 fewer CRC deaths.
Conclusion: MMR gene-specific colonoscopic surveillance would be effective and cost-
effective.
© 2022 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Lynch syndrome (LS) is a genetic disorder that impairs
functioning in any of the following 4 DNA mismatch repair
(MMR) genes: MLH1, MSH2, MSH6, and PMS2.1 The
lifetime risk of colorectal cancer (CRC) in heterozygotes of
pathogenic MMR gene variants (herein, “patients with LS”)
varies based on sex and the impaired MMR gene.1,2 Regular
colonoscopic surveillance can effectively reduce CRC
burden in patients with LS.3 However international
consensus is lacking on the most appropriate colonoscopic
surveillance strategy for confirmed patients with LS.4-8

Regular colonoscopic surveillance is generally recom-
mended starting at age 20 to 25 years (or from confirmation
of pathogenic MMR gene variants [herein, “LS confirma-
tion”]) with consideration to starting 5 to 10 years later for
heterozygotes of pathogenic variants (path_) in MSH6
(path_MSH6) and path_PMS2 than in path_MLH1 and
path_MSH2 heterozygotes.4-9 Most clinical recommenda-
tions do not specify an upper age limit.4-7 The recommended
surveillance intervals vary from 1 (eg, Germany) to 3 years
(eg, Finland).10 Less frequent surveillance can be considered
using a predefined age cut-off (eg, after age 60 years in
Australia4 or until age 40 years in Canada7). Currently, the
recommended interval does not vary between heterozygotes
of pathogenic variants in different MMR genes, because
there are no specific data to suggest that the speed of
carcinogenesis differs between path_MSH6 and path_PMS2
heterozygotes and path_MLH1 and path_MSH2 heterozy-
gotes,8 despite high CRC prevalence in the latter.

A previous evaluation showed that colonoscopies are
pivotal in determining cost-effectiveness because they ac-
count for up to 40% of total costs associated with systematic
LS testing and management (ie, universal tumor testing and
cascade testing and subsequent colonoscopic surveillance if
LS is confirmed).11 As such, identifying the most cost-
effective colonoscopic surveillance strategy is needed to
help maximize health benefits from limited health resources.
However, there have been limited empirical data that can be
used to inform cost-effectiveness modeling; data re-
quirements include sex- and MMR gene-specific lifetime
cumulative risk of first CRC in patients with LS without
colonoscopic surveillance and the level of protection (or
hazard ratios [HRs]) associated with different colonoscopic
surveillance intervals (vs no colonoscopic surveillance) on
CRC incidence. To our knowledge, only 1 directly relevant
study has been published, which estimated MMR gene-
specific cumulative lifetime CRC risk in males and females
combined and separately considered surveillance cost-
effectiveness for each MMR gene in the United States.12

In this analysis, we evaluated detailed colonoscopic sur-
veillance strategies after LS is confirmed, considering com-
pound strategies with alternative options across all MMR
genes. This complements our previous analysis on systematic
LS testing11 and harnesses emerging evidence on sex- and
MMR gene-specific risks. First, we used an optimization
algorithm to estimate the lifetime risk of first CRC in patients
with LS by sex and MMR gene without colonoscopic sur-
veillance using a range of real-world data. We then used the
aforementioned CRC risk estimates to perform an in-depth
analysis of the health impact and cost-effectiveness of colo-
noscopic surveillance strategies in confirmed patients with LS
in a microsimulation model.

Materials and Methods

Weperformed the analysis in 3 stages. In stage 1, we estimated
sex- and MMR gene-specific cumulative risk of first CRC
without colonoscopic surveillance and with colonoscopic
surveillance at varying intervals using an optimization algo-
rithm13 on the basis of the available evidence (see Appendix 1;
Supplemental Tables 1-3; Supplemental Figure 1).3,14,15

In stage 2, we used the first CRC risk estimates obtained
from the optimization algorithm as inputs to a micro-
simulation model, “Policy1-Lynch”.11 Using “Policy1-
Lynch”, we investigated the effect of various colonoscopic
surveillance strategies in a single Australian cohort of
confirmed patients with LS aged 20 years in 2020 with no
history of CRC, throughout their lifetime up to age 84 years.
We assumed that an individual could develop up to 2 CRCs
during their lifetime (ie, up to 1 metachronous CRC)11 and
modeled the site of metachronous CRC depending on the
extent of previous surgery (Supplemental Table 4; see
Appendix 2 for detailed clinical management pathways;
Appendix 3; Supplemental Table 5 for overview of the
model specification). We explicitly modeled combinations
of colonoscopic surveillance start age, end age, and sur-
veillance interval (see Appendix 4), incorporating observed
adherence rates to recommended surveillance intervals (90%
initial acceptance rate and 70%-90% subsequent interval-
specific adherence rate; see Appendix 5). Health and eco-
nomic outcomes of various colonoscopic surveillance
strategies were estimated compared with that with no sur-
veillance (ie, comparator), which were then presented for
1000 confirmed patients with LS. The model and underlying
data sources have been previously described11 and a sum-
mary of parameter inputs is provided in Appendix 6.
Australian health economic conventions were used (dis-
count rate 5.0% on both costs and health outcomes,
willingness-to-pay [WTP] = Australian dollars (A) $30,000-
$50,000/life-year saved [LYS]).16,17

In stage 3, we also performed a series of one-way
sensitivity analyses to investigate the effects of key pa-
rameters on the cost-effectiveness of colonoscopic surveil-
lance strategies as well as uncertainty analysis on the effect
of colonoscopic surveillance on CRC incidence.

Stage 1: Sex- and MMR gene-specific risks of first
CRC

First CRC risks without colonoscopic surveillance
Appendix 1.1 describes detailed methods and assumptions.
For path_MLH1, path_MSH2, or path_MSH6
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heterozygotes, we used the baseline and the range of esti-
mates reported in 3 studies to estimate sex- and MMR gene-
specific risk of first CRC without colonoscopic surveillance.
These included (1) sex- and MMR gene-specific cumulative
CRC risks in patients with LS without previous cancer and
under 1- to 3-yearly colonoscopic surveillance reported by
the Prospective Lynch Syndrome Database (PLSD),14 (2)
HR associated with 3-yearly colonoscopic surveillance on
CRC incidence reduction (vs no surveillance) reported by
Järvinen et al,3 and (3) MMR gene-specific cumulative CRC
risk in path_MLH1, path_MSH2, or path_MSH6 heterozy-
gotes (males and females combined) who were censored at
the time of first colonoscopy (ie, CRC risk without colo-
noscopic surveillance) reported by Bonadona et al.15 Using
an optimization algorithm, we systematically searched for
values within the 95% CI provided by the PLSD and SE on
the HR, such that the combined MMR gene-specific cu-
mulative lifetime risk for first CRC for males and females
under no surveillance lies within the 95% CI provided by
Bonadona et al.15 The compatible estimates were then found
for sex- and MMR gene-specific cumulative CRC risk in
patients with LS and the corresponding HR (ie, fitted HR
associated with 3-yearly colonoscopic surveillance) while
satisfying a priori conditions on the basis of the current
clinical and biological understanding and the reported
literature. For example, we assumed that the cumulative
lifetime risk of first CRC up to age 25 years is 0%, that the
risk increases with age up to 80 years, there is a 5% point
increase from age 70 to 80 years, and then it remains sta-
ble.14,15,18,19 The best fitting parameter set for each MMR
gene was defined as the one with the smallest mean squared
error when compared with the lifetime risk estimates pro-
vided by Bonadona et al,15 and the compatible sex- and
MMR gene-specific risks were used as the baseline inputs.

We used sex-specific first CRC risk in path_PMS2 het-
erozygotes from a large international study as a surrogate
estimate for first CRC risk without colonoscopic surveil-
lance, which adjusted for the ascertainment bias using a
modified segregation analysis.20
First CRC risks with colonoscopic surveillance at varying
intervals
We compared the cumulative CRC risk in patients with LS
under various colonoscopic surveillance intervals21-25 and
found approximately 2% absolute reduction for every 1-year
decrement in the surveillance interval, which is equivalent to
decrease in HR by 0.05.11 Therefore, for every 1-year
decrement in the surveillance interval, we assumed that
the estimated HR for first CRC incidence in patients with LS
undergoing regular surveillance decreased by 0.05 from the
fitted HR associated with 3-yearly colonoscopic surveillance
(vs no surveillance), while also assuming the same HR
across all ages that are surveilled (see Appendix 1.2).11 We
made a simplified assumption that the relative effect of
colonoscopic surveillance on first CRC incidence in
path_PMS2 heterozygotes is the same as those in
path_MSH6 heterozygotes (ie, the same HR).
Stage 2: Effects of various colonoscopic surveillance
strategies in confirmed patients with LS

Colonoscopic surveillance strategies
Colonoscopic surveillance strategies were formulated as per
the recommendations in Australia, the United Kingdom, the
United States, and Canada (Supplemental Table 6).4-8 A
total of 126 surveillance strategies, which were based on the
combinations of surveillance start age, end age, and interval,
were compared with a no surveillance strategy. First, sur-
veillance strategies were grouped into 6 scenarios on the
basis of the combinations of start age (20 and 25 years) and
end age (70, 75, and 80 years). Second, strategies with the
same surveillance start age and end age were grouped into 3
subscenarios: (1) uniform (ie, nontailored) surveillance with
all patients with LS managed in the same way, (2) delayed
surveillance for both path_MSH6 and path_PMS2 hetero-
zygotes by 5 years, and (3) delayed surveillance for
path_MSH6 heterozygotes by 5 years and for path_PMS2
heterozygotes by 10 years. Finally, each subscenario
included 7 strategies on the basis of the combinations of
surveillance interval (1, 2, and 3 years) and whether or not
there was a switch to a longer surveillance interval before
age 40 years or after age 60 years. The details of each
strategy are shown in Supplemental Table 7.
Assumptions regarding the natural history of CRC in
patients with LS
CRC development in patients with LS was modeled as cu-
mulative CRC risk, with and without colonoscopic sur-
veillance, for first CRC (sex- and MMR gene-specific risk)
and for metachronous CRC in treated individuals (overall
risk based on years since first CRC).11 We assumed that
metachronous CRC risk does not differ by sex, MMR genes,
or individual’s age at the time of surgery11,18,19,26,27 and the
effect of colonoscopic surveillance on metachronous CRC
incidence is the same regardless of surveillance interval
(HR = 0.881) (see Appendix 1.3).21 We modeled the same
CRC stage distribution regardless of surveillance interval
because strict annual surveillance did not significantly
reduce CRC incidence or early-stage diagnosis (vs 2- or 3-
yearly).10

We made a simplifying assumption that CRC diagnosis
is made at the time of regular colonoscopy visit (ie, interval
cancers were not modeled). We also assumed that 96% of
first CRC will develop in the colon and 4% will develop in
the rectum and the site of metachronous CRC depends on
the extent of previous surgery (see Appendix 1.4). CRC
mortality was assumed to be that of 2015, which was the
most recent Australian data at the time of analysis, and all-
cause mortality were based on data from 2016-2018.28
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Assumptions regarding test characteristics of colonos-
copy and adherence to interval-specific colonoscopic
surveillance
We did not explicitly model colonoscopy test characteristics
because the reduction in CRC incidence associated with
regular colonoscopic surveillance already captured the
sensitivity of colonoscopy as part of the overall effective-
ness of surveillance.11 We assumed that the initial uptake of
colonoscopic surveillance (ie, acceptance rate) in confirmed
patients with LS was 90%.11,18,29 The adherence rate to
subsequent interval-specific colonoscopic surveillance was
assumed to be 70% for 1-yearly, 80% for 2-yearly, and 90%
for 3-yearly colonoscopic surveillance (see Appendix 5,
Supplemental Table 8).10
Assumptions regarding costs, utilities, and health
economic parameters
Health and economic outcomes of various colonoscopic
surveillance strategies were estimated compared with no
surveillance (ie, comparator), which were then presented
for 1000 confirmed patients with LS. We conducted the
analysis from the perspective of the Australian health care
system (Medicare—Australia’s publicly-funded universal
health insurance scheme). We only used costs for colo-
noscopic surveillance (with or without complication based
on costs weighted for complications) and stage-specific
treatment for CRC diagnosed after LS confirmation
(2020 prices in Australian dollars) because LS testing
pathways are not modeled (Supplemental Table 9). We
did not calculate quality-adjusted life-years (QALYs)
because to our best knowledge there are no data to inform
utility weights for colonoscopic surveillance in patients
with LS (eg, utility weights at varying surveillance in-
tervals and colonoscopy results). An incremental cost-
effectiveness ratio (ICER) was calculated to determine
which strategy was most cost-effective by considering all
strategies in a single calculation (ie, all variations on
surveillance start age, end age, and surveillance interval
are considered in 1 ICER calculation).
Stage 3: Sensitivity and uncertainty analyses

We performed a series of one-way sensitivity analyses to
investigate the effects of key parameters on the most cost-
effective colonoscopic surveillance strategy identified in
stage 2 analysis, providing a range for the cost-
effectiveness of this strategy. We also performed a
sensitivity analysis on the strategies on the cost-
effectiveness frontier curve by using 50 randomly
selected fitted sets (identified in stage 1) on the cumulative
risk of first CRC in path_MLH1, path_MSH2, or
path_MSH6 heterozygotes. Uncertainty analysis was per-
formed on all the strategies considered in our baseline
analysis assuming reduced effect size of colonoscopic
surveillance on CRC incidence (see Appendix 9).
Results

Stage 1: Sex- and MMR gene-specific risks of first CRC

Figure 1 and Supplemental Table 3 show the estimated sex-
and MMR gene-specific risk of first CRC in patients with
LS without colonoscopic surveillance and with colono-
scopic surveillance at varying intervals obtained from the
best fitting parameter sets, using optimization algorithms,
for MLH1, MSH2, and MSH6 and as reported by ten Broeke
et al20 for PMS2 (also see Supplemental Figure 1). The
corresponding first CRC risk without colonoscopic surveil-
lance by age 70 was 48%, 50%, 8%, and 8% in males and
43%, 34%, 15%, and 7% in females. The fitted HR asso-
ciated with 3-yearly colonoscopic surveillance on first CRC
incidence (vs no surveillance) obtained from the best fitting
parameter set was 0.587, 0.585, and 0.587 for path_MLH1,
path_MSH2, and path_MSH6 heterozygotes, respectively.

Stage 2: Effects of various colonoscopic surveillance
strategies in confirmed patients with LS

As seen in Figure 2A, the cost-effectiveness of colonoscopic
surveillance strategies largely depended on surveillance start
age and surveillance interval, with a relatively minor effect
of surveillance end age. Between 52 and 63 CRC deaths
were averted through surveillance, with an additional 9177-
19,130 colonoscopies over the lifetimes of 1000 confirmed
patients with LS (153-303 colonoscopies per CRC death
averted) against no surveillance (ie, comparator). At an
indicative WTP threshold of A$30,000 to A$50,000/LYS,
all the strategies were cost-effective compared with no
surveillance with the strategies with a start age of 20 years
and 1-yearly surveillance being the least cost-effective
(A$32,760-A$38,520/LYS). Detailed outcomes for each of
127 strategies are described in Appendix 7 (Supplemental
Figures 2-4; Supplemental Tables 10 and 11).
Incremental cost-effectiveness analysis
As seen in Figure 2B and Table 1, when all variations on
surveillance start age, end age, and surveillance interval are
considered in 1 ICER calculation, the most cost-effective
surveillance strategy was 3-yearly surveillance from age 25
to 70 years (path_MLH1 and path_MSH2) with delayed
surveillance in path_MSH6 (from age 30 to 70 years) and
path_PMS2 (from age 35 to 70 years) heterozygotes (strategy
7.3.5; ICER = A$8,833/LYS). This strategy averted 60 CRC
deaths with additional 9206 colonoscopies (ie, 153 colonos-
copies to avert 1 CRC death) over the lifetimes of 1000
confirmed patients with LS. Compared with an equivalent
nontailored approach—3-yearly surveillance from age 25 to
70 years in all patients with LS—this resulted in about 5%
reduction in colonoscopies with no substantial change in
health outcomes (Table 2, Supplemental Table 11). Accord-
ingly, the equivalent nontailored strategy was dominated and



0%

10%

20%

30%

40%

50%

60%

0 10 20 30 40 50 60 70 80

)
%(

ksir
evitalu

m uC

Age

Cumula ve risk of first CRC (MLH1 males)

0%

10%

20%

30%

40%

50%

60%

0 10 20 30 40 50 60 70 80

)
%(

ksir
evitalu

muC

Age

Cumula ve risk of first CRC (MLH1 females)

0%

10%

20%

30%

40%

50%

60%

0 10 20 30 40 50 60 70 80

)
%(

ksir
evitalu

muC

Age

Cumula ve risk of first CRC (MSH2 males)

0%

10%

20%

30%

40%

50%

0 10 20 30 40 50 60 70 80

)
%(

ksir
evitalu

muC

Age

Cumula ve risk of first CRC (MSH2 females)

0%

10%

20%

30%

40%

50%

60%

0 10 20 30 40 50 60 70 80

)
%(

ksir
evitalu

muC

Age

Cumula ve risk of first CRC (MSH6 males)

0%

10%

20%

30%

40%

50%

60%

0 10 20 30 40 50 60 70 80

)
%(

ksir
ev italu

muC

Age

Cumula ve risk of first CRC (MSH6 females)

0%

10%

20%

30%

40%

50%

60%

0 10 20 30 40 50 60 70 80

)
%(

ksir
evitalu

muC

Age

Cumula ve risk of first CRC (PMS2 males)

0%

10%

20%

30%

40%

50%

60%

0 10 20 30 40 50 60 70 80

)
%(

ksir
evitalu

muC

Age

Cumula ve risk of first CRC (PMS2 females)

No interven on (Fi ed) 3-yearly colonoscopy only 2-yearly colonoscopy only Annual colonoscopy only

Figure 1 Estimated sex- and MMR gene-specific risk of first CRC in patients with LS considering the effect of colonoscopic
surveillance at varying intervals. CRC, colorectal cancer; LS, Lynch syndrome; MMR, mismatch repair.
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not on the cost-effectiveness frontier curve. More intensive
surveillance strategies (eg, shorter surveillance interval and/or
wider age range surveilled) would avert up to 3 more CRC
deaths but cost substantially more (ICERs fromA$186,822 to
A$56,090,129/LYS). Generally, strategies on the cost-
effectiveness frontier curve were either MMR gene-tailored
or nontailored but adopted reduced surveillance interval af-
ter age 60 years.
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Figure 2 Discounted costs and life years associated with various colonoscopic surveillance strategies in confirmed patients with LS
aged 20 years in 2020 in Australia. A. By surveillance interval and surveillance start and end age compared with no surveillance. B. ICER
of strategies on the cost-effectiveness frontier curve. Note: In Figure 2A, strategies in solid circles represent colonoscopic surveillance starting
at age 20 years and strategies in dotted circles represent colonoscopic surveillance starting at age 25 years. Three distinct points with the same
color in each circle represent an option of delaying 5 to 10 years for path_MSH6 and path_PMS2 heterozygotes (vs path_MLH1 and
path_MSH2 heterozygotes; see Supplemental Figure 3 for details). In Figure 2B, strategies not on blue solid line are dominated; ie, they have
either higher costs or a higher cost per LYS than a more effective strategy. ICER, incremental cost-effectiveness ratio; LS, Lynch syndrome;
LYS, life-year saved.
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Surveillance age ranges
Strategies starting surveillance at age 25 years averted a
similar number of CRC deaths (52-63 deaths per 1000 pa-
tients with LS) with 11% fewer colonoscopies than those
starting at age 20 years (153-270 vs 175-303 colonoscopies
per CRC death averted). Strategies ending surveillance at
age 70 years averted a similar number of CRC deaths (52-63
deaths per 1000 patients with LS) compared with those
ending at age 75 or 80 years, requiring up to 6%
less colonoscopies for every 5-year increment (153-288 vs
162-296 vs 170-303 colonoscopies per CRC death averted)
(Table 2, Supplemental Figure 2).



Table 1 Health economic, health, and resource outcomes associated with the colonoscopic surveillance strategies on the cost-effectiveness frontier curve for confirmed patients with LS
aged 20 years in Australia in 2020, compared with no surveillance

Surveillance Strategies Health Economic Outcomesa Health and Resources Outcomes (per 1000 Confirmed Patients With LS)a

Strategy

Description (Surveillance
Start Age-End Age, y;
Surveillance Interval)

Discounted
Costs

Discounted
LYS CERb ICERc

Cancer
Cases

Cancer
Deaths

No. of
Colonoscopies

Cancer Deaths
Averted vs No
Surveillance

No. of
Colonoscopies
to Avert 1

CRC Death vs No
Surveillance

1 No surveillance (comparator) $6970 19.1762 – – 406 110 – – –

7.3.5 MLH1 and MSH2 (age 25-70),
MSH6 (age 30-70), PMS2
(age 35-70); age 25-70
(3-yearly)

$9800 19.4966 $8833/LYS $8833/LYS 323 49 9206 60 153

7.3.4 MLH1 and MSH2 (age 25-70),
MSH6 (age 30-70), PMS2
(age 35-70); age 25-60
(2-yearly); age
61-70 (3-yearly)

$11,011 19.5031 $12,363/LYS $186,822/LYS 313 48 10,881 62 177

7.2.4 MLH1 and MSH2 (age 25-70),
MSH6 (age 30-70), PMS2
(age 30-70); age 25-60
(2-yearly); age
61-70 (3-yearly)

$11,273 19.5039 $13,131/LYS $324,065/LYS 313 48 11,101 62 180

7.2.2 MLH1 and MSH2 (age 25-70),
MSH6 (age 30-70), PMS2
(age 30-70); age 25-60
(1-yearly); age
61-70 (2-yearly)

$14,451 19.5106 $22,371/LYS $474,992/LYS 303 46 15,070 63 239

5.2.2 MLH1 and MSH2 (age 25-80),
MSH6 (age 25-80), PMS2
(age 25-80); age 25-60
(1-yearly); age
61-80 (2-yearly)

$14,548 19.5106 $22,658/LYS $1,380,214/LYS 301 46 15,757 63 250
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Table 1 Continued

Surveillance Strategies Health Economic Outcomesa Health and Resources Outcomes (per 1000 Confirmed Patients With LS)a

Strategy

Description (Surveillance
Start Age-End Age, y;
Surveillance Interval)

Discounted
Costs

Discounted
LYS CERb ICERc

Cancer
Cases

Cancer
Deaths

No. of
Colonoscopies

Cancer Deaths
Averted vs No
Surveillance

No. of
Colonoscopies
to Avert 1

CRC Death vs No
Surveillance

6.1.2 MLH1 and MSH2 (age 25-75),
MSH6 (age 25-75), PMS2
(age 25-75); age 25-60
(1-yearly); age
61-75 (2-yearly)

$15,463 19.5110 $25,363/LYS $2,305,407/LYS 302 46 16,048 63 254

5.1.1 MLH1 and MSH2 (age 25-80),
MSH6 (age 25-80), PMS2
(age 25-80); Age 25-80
(1-yearly)

$15,632 19.5111 $25,864/LYS $3,334,411/LYS 301 46 17,032 63 270

3.1.2 MLH1 and MSH2 (age 20-75),
MSH6 (age 20-75), PMS2
(age 20-75); age 20-60
(1-yearly); age
61-75 (2-yearly)

$19,703 19.5111 $38,012/LYS $56,090,129/LYS 302 46 18,147 63 287

Note: Strategy 1. No surveillance (comparator) was italicized and in bold values as the other strategies are in reference to Strategy 1.
CER, cost-effectiveness ratio; CRC, colorectal cancer; ICER, incremental cost-effectiveness ratio; LS, Lynch syndrome; LYS, life-year saved.
aMean outcomes obtained from 20 simulations; costs and life-years are each discounted by 5%.
bDifference in mean costs divided by difference in mean LYS for surveillance strategy vs no surveillance.
cRelative to the next most cost-effective strategy.
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Table 2 Summary results on the ranges of health economic, health, and resource outcomes associated with various colonoscopic surveillance strategies for confirmed patients with LS aged
20 years in Australia in 2020, compared with no surveillance (per 1000 confirmed patients with LS)

Surveillance Strategies Range of Health Economic Outcomes Range of Health and Resource Outcomes per 1000 Confirmed Patients With LSa

Category Subcategory
Discounted
Costsb

Discounted
LYSb

CRC Cases
(% Change

vs No
Surveillance)c

CRC Deaths
(% Change

vs No
Surveillance)c

No. of
Colonoscopies

CRC Deaths
Averted

(% Change
vs Ref Within
Category)d

No. of Colonoscopies
to Avert 1 CRC Death
(% Change vs Ref
Within Category)d

Comparator No colonoscopic
surveillance

$6970 19.1762 406 110 – – –

Overall All intervention
strategies

$9800-$19,870 19.4638-19.5111 301-383
(–26%, –6%)

46-57
(–58%, –48%)

9177-19,130 52-63
(–58%, –48%)

153-303
(–58%, –48%)

Surveillance
start
age, y

20 $12,074-$19,870 19.4645-19.5111 301-383
(–26%, –6%)

46-57
(–58%, –48%)

10,343-19,130 52-63 (Ref) 175-303 (Ref)

25 $9800-$15,632 19.4638-19.5111 301-383
(–26%, –6%)

46-57
(–58%, –48%)

9177-17,032 52-63 (0%, 0%) 153-270
(–11%, –11%)

Surveillance
end
age, y

70 $9800-$19,729 19.4638-19.5110 302-383
(–26%, –6%)

46-57
(–58%, –48%)

9177-18,141 52-63 (Ref) 153-288 (Ref)

75 $9886-$19,812 19.4639-19.5111 302-382
(–26%, –6%)

46-57
(–58%, –48%)

9749-18,670 52-63 (0%, 0%) 162-296
(3%, 6%)

80 $9950-$19,870 19.4639-19.5111 301-382
(–26%, –6%)

46-57
(–58%, –48%)

10,246-19,130 52-63 (0%, 0%) 170-303
(5%, 12%)

Surveillance
interval

1-yearly $14,163-$19,870 19.5096-19.5111 301-303
(–26%, –25%)

46-47
(–58%, –57%)

15,121-19,130 63-63 (Ref) 240-303 (Ref)

2-yearly $11,070-$15,156 19.5030-19.5044 311-314
(–23%, –23%)

48-48
(–56%, –56%)

11,144-14,449 62-62 (3%, 3%) 181-234
(–26%, –24%)

3-yearly $9800-$13,258 19.4965-19.4980 321-323
(–21%, –20%)

49-49
(–55%, –55%)

9206-12,434 60-60 (6%, 6%) 153-206
(–39%, –35%)

Staggered
start
(MLH1/MSH2
starting at
age 20 y)

MSH6
(age 20 y)/
PMS2
(age 20 y)

$10,547-$15,632 19.4648-19.5111 301-382
(–26%, –6%)

46-57
(–58%, –48%)

11,090-19,130 52-63 (Ref) 184-303 (Ref)

MSH6
(age 25 y)/
PMS2
(age 25 y)

$10,025-$14,679 19.4644-19.5106 301-382
(–26%, –6%)

46-57
(–58%, –48%)

10,706-18,521 52-63 (0%, 0%) 177-294
(–3%, –3%)

MSH6
(age 25 y)/
PMS2
(age 30 y)

$9800-$14,303 19.4638-19.5097 301-383
(–26%, –6%)

46-57
(–58%, –48%)

10,343-18,208 52-63 (0%, 0%) 175-289
(–7%, –5%)
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Table 2 Continued

Surveillance Strategies Range of Health Economic Outcomes Range of Health and Resource Outcomes per 1000 Confirmed Patients With LSa

Category Subcategory
Discounted
Costsb

Discounted
LYSb

CRC Cases
(% Change

vs No
Surveillance)c

CRC Deaths
(% Change

vs No
Surveillance)c

No. of
Colonoscopies

CRC Deaths
Averted

(% Change
vs Ref Within
Category)d

No. of Colonoscopies
to Avert 1 CRC Death
(% Change vs Ref
Within Category)d

Staggered start
(MLH1/MSH2
starts at age
25 y)

MSH6
(age 25 y)/
PMS2
(age 25 y)

$13,073-$19,870 19.4649-19.5111 301-382
(–26%, –6%)

46-57
(–58%, –48%)

9653-17,032 52-63 (Ref) 160-270 (Ref)

MSH6
(age 30 y)/
PMS2
(age 30 y)

$12,339-$18,642 19.4648-19.5111 301-382
(–26%, –6%)

46-57
(–58%, –48%)

9177-16,424 52-63 (0%, 0%) 156-261
(–5%, –4%)

MSH6
(age 30 y)/
PMS2
(age 35 y)

$12,074-$18,152 19.4645-19.5106 302-383
(–26%, –6%)

47-57
(–58%, –48%)

9206-16,108 52-63 (0%, 0%) 153-256
(–5%, –5%)

Switching
interval
(at age 60 y)

1-yearly
(constant)

$14,163-$19,870 19.5096-19.5111 301-303
(–26%, –25%)

46-47
(–58%, –57%)

15,121-19,130 63-63 (Ref) 240-303 (Ref)

1-yearly
till age
60 y then
2-yearly

$14,075-$19,742 19.5097-19.5111 301-303
(–26%, –25%)

46-47
(–58%, –57%)

14,756-18,465 63-63 (0%, 0%) 234-293
(–3%, –2%)

Switching
interval
(at age 60 y)

2-yearly
(constant)

$11,070-$15,156 19.5030-19.5044 311-314
(–23%, –23%)

48-48
(–56%, –56%)

11,144-14,449 62-62 (Ref) 181-234 (Ref)

2-yearly
till age
60 y then
3-yearly

$11,011-$15,067 19.5031-19.5044 311-313
(–23%, –23%)

48-48
(–56%, –56%)

10,881-13,979 62-62 (0%, 0%) 177-227
(–3%, –2%)

(continued)
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Table 2 Continued

Surveillance Strategies Range of Health Economic Outcomes Range of Health and Resource Outcomes per 1000 Confirmed Patients With LSa

Category Subcategory
Discounted
Costsb

Discounted
LYSb

CRC Cases
(% Change

vs No
Surveillance)c

CRC Deaths
(% Change

vs No
Surveillance)c

No. of
Colonoscopies

CRC Deaths
Averted

(% Change
vs Ref Within
Category)d

No. of Colonoscopies
to Avert 1 CRC Death
(% Change vs Ref
Within Category)d

Switching
interval
(at age 40 y)

1-yearly
(constant)

$14,163-$19,870 19.5096-19.5111 301-303
(–26%, –25%)

46-47
(–58%, –57%)

15,121-19,130 63-63 (Ref) 240-303 (Ref)

2-yearly
till age
40 y then
1-yearly

$11,027-$15,507 19.4658-19.4671 379-381
(–7%, –6%)

57-57
(–48%, –48%)

9639-14,097 53-53
(22%, 23%)

184-268
(–36%, –26%)

Switching
interval
(at age 40 y)

2-yearly
(constant)

$11,070-$15,156 19.5030-19.5044 311-314
(–23%, –23%)

48-48
(–56%, –56%)

11,144-14,449 62-62 (Ref) 181-234 (Ref)

3-yearly
till age
40 y then
2-yearly

$10,484-$13,882 19.4638-19.4650 381-383
(–6%, –6%)

57-57
(–48%, –48%)

9177-12,575 52-52
(19%, 19%)

175-240
(–18%, –13%)

Note: See Supplemental Tables 9 and 10 for detailed results for all strategies evaluated in the analysis. Incremental cost-effectiveness ratios comparing strategies within the same category were not calculated
owing to no noticeable differences in life-years saved with substantially higher cost differences.

CRC, colorectal cancer; LS, Lynch syndrome; LYS, life-year saved; Ref, reference group.
aMean outcomes obtained from 20 simulations were summarized as ranges across comparable surveillance strategies considered on the basis of surveillance start age, end age, surveillance interval, and

combinations of these attributes and were presented per 1000 confirmed patients with LS.
bCosts and life-years are each discounted by 5%.
cNegative values represent a decrease compared with no surveillance.
dNegative values represent a decrease compared with the reference group within the category.
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Surveillance interval
Although 3-yearly colonoscopic surveillance strategies
averted 2 to 3 fewer CRC deaths than 2-yearly or 1-yearly
surveillance strategies (~60 vs ~62 vs ~63 deaths per 1000
patients with LS), they appeared to be more cost-effective
owing to substantially lower colonoscopy demand
(153-206 vs 181-234 vs 240-303 colonoscopies per CRC
death averted; Table 2).

Tailored surveillance
Delaying surveillance for path_MSH6 and path_PMS2
heterozygotes averted a similar number of CRC deaths
(52-63 deaths per 1000 patients with LS) compared with
those with uniform surveillance (ie, the equivalent strategy
but with the same interval and age range for all patients with
LS). For example, compared with uniform surveillance
starting at age 25 years, 5% reduction in colonoscopies were
predicted when delaying surveillance by 5 years for
path_MSH6 and 10 years for path_PMS2 heterozygotes
(160-270 vs 153-256 colonoscopies per CRC death averted)
(Table 2, Supplemental Figure 3).

Switching surveillance interval
Compared with those maintaining the same interval, stra-
tegies with reduced colonoscopic surveillance after age 60
years reduced colonoscopy demand without substantial
change in health outcomes and strategies with reduced
surveillance until age 40 years reduced colonoscopy de-
mand but averted up to 10 fewer CRC deaths. For example,
if surveillance interval was reduced to 2-yearly after age 60
years (vs maintaining 1-yearly), similar CRC deaths (~63
deaths per 1000 patients with LS) were averted with
approximately 3% less colonoscopies (234-293 vs 240-303
colonoscopies per CRC death averted). If surveillance in-
terval was reduced to 2-yearly until age 40 years (vs
maintaining 1-yearly), CRC deaths averted (per 1000 pa-
tients with LS) decreased from approximately 63 to
approximately 53 with approximately 36% less colonos-
copies (184-268 vs 240-303 colonoscopies per CRC death
averted) (Table 2, Supplemental Figure 4).
Stage 3: Sensitivity and uncertainty analyses

One-way sensitivity analysis on the most cost-effective
colonoscopic surveillance strategy showed that cost of
colonoscopy had the greatest influence on cost-
effectiveness (Supplemental Figure 5). Neither changing
the discount rate (5% vs 3%) nor the cumulative risk of
first CRC in path_MLH1, path_MSH2, or path_MSH6
heterozygotes (best fitted set vs randomly selected fitted
sets) affected the order of the strategies on the cost-
effectiveness frontier curve (Supplemental Figures 6 and
7). The findings from the uncertainty analysis agreed very
well with the baseline analysis (Supplemental Tables 12
and 13; Supplemental Figures 8 and 9). Most surveil-
lance strategies on the cost-effectiveness frontier curve
from the baseline analysis were retained in the uncertainty
analysis without the order being changed (Supplemental
Table 14). Compared with the baseline analysis, overall,
uncertainty analysis assuming the reduced effect size of
colonoscopic surveillance showed increased CRC inci-
dence (327-401 vs 301-383 per 1000 patients with LS) and
death (48-58 vs 46-57 per 1000 patients with LS) and
prevented up to 1 less CRC death (52-62 vs 52-63 CRC
death per 1000 patients with LS) requiring the similar
colonoscopy demand (154-304 vs 153-303 colonoscopies
per CRC death averted; Supplemental Tables 15 and 16).
Discussion

The estimation of cancer risks in patients with LS has been
challenging, largely owing to ascertainment bias, and re-
ported cancer risks substantially vary among studies.
Although it is well-established that regular colonoscopic
surveillance can effectively reduce CRC burden in patients
with LS,3 the magnitude of the protective effect of surveil-
lance has been difficult to estimate from the available
data.14,15,30 To address this problem, for the first time we
used the available data and estimated the sex- and MMR
gene-specific cumulative lifetime risk of first CRC both
without colonoscopic surveillance and with colonoscopic
surveillance at varying intervals using an optimization al-
gorithm approach. We estimated that cumulative first CRC
risk by age 70 years in path_MLH1, path_MSH2,
path_MSH6, and path_PMS2 heterozygotes without colo-
noscopic surveillance was 48%, 50%, 8%, and 8%,
respectively, in males and 43%, 34%, 15%, and 7%,
respectively, in females. These estimates are broadly com-
parable with calibrated CRC risks independently estimated
by Kastrinos et al12 with their respective estimate of 57%,
47%, 15%, and 9% in males and females combined.

We found that surveillance start age and interval were the 2
main determinants on the cost-effectiveness of colonoscopic
surveillance strategies (vs no surveillance). Strategies starting
surveillance at age 25 (vs age 20) years were equally effective
while requiring 11% fewer colonoscopies, indicating they are
substantially more cost-effective. A staggered start across
different MMR genes further improved cost-effectiveness
compared with the equivalent nontailored strategy.
Conversely, surveillance end age had a relatively minor ef-
fect. Overall, the estimated optimal colonoscopic surveillance
age range was 25 to 70 years, averting 52 to 63 CRC deaths
with an additional 9177 to 16,043 colonoscopies per 1000
confirmed patients with LS (153-254 colonoscopies per CRC
death averted). This related to our assumption that the
cumulative lifetime risk of first CRC up to age 25 years is
0%.14,15 As seen in Supplemental Table 1, Bonadona et al15

reported minimum increase in CRC risk from age 20 (0%)
to 30 years (0%-2%) and the PLSD reported CRC risk from
age 25 years (0% [95% CI = 0%-0%]). The only value
satisfying the fitting criteria of the optimization algorithmwas
0%, hence this assumption was made, pointing to a need for
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future research. Currently, there is a lack of international
consensus on the most appropriate colonoscopic surveillance
interval in confirmed patients with LS. In our study, 3-yearly
colonoscopic surveillance strategies were less effective at
averting CRC deaths but required almost 40% less colonos-
copies (vs 1- or 2-yearly), indicating they are substantially
more cost-effective.

Accordingly, the most cost-effective surveillance strategy
was 3-yearly surveillance at age 25 to 70 years (path_MLH1
and path_MSH2) with delayed surveillance for path_MSH6
(age 30 to 70 years) and path_PMS2 (age 35 to 70 years)
heterozygotes (ICER: A$8,833/LYS), which could avert 60
CRC deaths over the lifetime of 1000 confirmed patients
with LS. Up to 3 more CRC deaths (per 1000 confirmed
patients with LS) could be averted by targeting a wider age
range or by shortening surveillance intervals, but this
improved effectiveness came at an additional A$186,000 to
A$56 million cost for 1 additional LYS.

Our findings for overall cost-effectiveness were somewhat
different from a recent analysis by Kastrinos et al12 who
separately considered strategies for each MMR gene but did
not consider the whole-of-population with LS framing. In
their analysis, the optimal strategy was 1-yearly surveillance
at age 25 to 75 years for path_MLH1, 2-yearly surveillance at
age 25 to 75 years for path_MSH2, 3-yearly surveillance at
age 35 to 75 years for path_MSH6, and 3-yearly surveillance
at age 40 to 75 years for path_PMS2 heterozygotes (using a
WTP threshold of US dollars $100,000/QALY).12 Our results
cannot be directly compared with this, because we considered
compound strategies across all heterozygotes of pathogenic
variants inMMRgenes and the previous studywas performed
in the United States context with a consequently high WTP
threshold, and the results are unlikely to apply in many other
countries.

We used estimated sex- and MMR gene-specific first
CRC risk and overall metachronous CRC risk to model
initial CRC and up to 1 metachronous CRC in a single
cohort of confirmed patients with LS with no history of
CRC at age 20 years throughout their lifetime up to age 84
years. In our analysis, MMR gene-specific colonoscopic
surveillance strategies were considered in the context of
cumulative CRC risk (MLH1 and MSH2 vs MSH6 vs
PMS2). There was no compelling evidence to invalidate the
assumption of the same velocity of tumor growth and the
available guidelines currently do not recommend varying
intervals between heterozygotes of pathogenic variants in
different MMR genes.4-8 Should new evidence emerge
suggesting variable velocity, tailored surveillance interval
will need to be considered. We considered the entirety of the
population with LS and the results were aggregated on the
basis of the relative proportion of each MMR gene,31 as
opposed to a compartmentalized single MMR gene
perspective, incorporating observed adherence rate to
interval-specific colonoscopic surveillance.10,32-35 There is
potential evidence that the relative distribution of each
MMR gene in LS changes over time because of the com-
plete mix of screening and detection overlay. However, if
path_MSH6 and path_PMS2 heterozygotes were more
prevalent than previously thought, that will only make our
optimal strategy more cost-effective.

Kastrinos et al12 simulated MMR gene-specific surveil-
lance strategies in a single cohort of CRC-free patients with
LS from age 25 to 75 years using MMR gene-specific CRC
risk (males and females combined). Surveillance ended
either at age 75 years, CRC diagnosis, or death, whichever
occurred first, and surveillance after first CRC treatment and
metachronous CRC development were not modeled. Sur-
veillance strategies were tested separately for each of 4
MMR genes assuming 100% adherence to colonoscopy and
the results were reported separately for each MMR gene.
The model incorporated health state utilities associated with
colonoscopy and stage-specific CRC and assumed 1- to 2-
yearly surveillance resulted in slightly decreased stage III/
IV diagnosis compared with 3-yearly surveillance (82% vs
89%). This resulted in larger effect on QALYs compared
with life years associated with 3-yearly surveillance given
utility values decreases with more advanced stage disease.

Despite the differences in the predicted optimal surveil-
lance for each MMR gene, both analyses support less
intensive surveillance in confirmed patients with LS with the
relatively lower risk. We found that starting surveillance 5 to
10 years later for path_MSH6 and path_PMS2 heterozy-
gotes than for path_MLH1 and path_MSH2 heterozygotes
did not substantially change the effectiveness (vs uniform
surveillance) neither did switching to less frequent surveil-
lance after age 60 years (vs constant surveillance interval).
However, switching to less frequent surveillance before age
40 years resulted in 10 additional CRC deaths per 1000
confirmed patients with LS. Therefore, consideration could
be given to starting surveillance 5 to 10 years later for
path_MSH6 and path_PMS2 heterozygotes than for
path_MLH1 and path_MSH2 heterozygotes, and/or offering
less intensive surveillance after age 60 years. Both analyses
did not consider the additive effect of aspirin chemopre-
vention on CRC incidence reduction as reported in the latest
Cancer Prevention Programme study findings.36

Our findings show a need for further studies to develop and
validate tailored and risk-stratified colonoscopic surveillance
strategies to provide critical information required for cost-
effectiveness analysis of prevention and/or early detection of
CRC in patients with LS. This information includes (1) sex-
and MMR gene-specific cumulative risk of first CRC without
colonoscopic surveillance and with surveillance by time since
last colonoscopy and the recommended surveillance interval
and (2) HR associatedwith different colonoscopic surveillance
intervals (vs no surveillance) on CRC incidence in patients
with LS. The predicted health impact and cost-effectiveness of
colonoscopic surveillance strategies considering different risk
profiles of each MMR gene could be re-evaluated once such
empirical data become available to support cost-effectiveness
modeling of risk-stratified testing and surveillance strategies
and our microsimulation model “Policy1-Lynch” is able to
adapt to the new emerging evidence and different cost
assumptions.



1844 Y.-J. Kang et al.
Conclusion

We performed a comprehensive evaluation of the health im-
pacts and cost-effectiveness of colonoscopic surveillance
strategies for confirmed patients with LS that could potentially
inform clinical practice guidelines and health services plan-
ning.We found that a tailored approachwould be effective and
cost-effective. At an indicativeWTP threshold of A$30,000 to
A$50,000/LYS, there were multiple cost-effective colono-
scopic surveillance strategies for confirmed patients with LS.
We found that cost-effectiveness was improved by starting
surveillance 5 to 10years later for path_MSH6 andpath_PMS2
heterozygotes than for path_MLH1 and path_MSH2 hetero-
zygotes and/or offering less intensive surveillance after age 60
years. As the surveillance interval increases, colonoscopic
surveillance becomes more cost-effective, largely because of
substantial reduction in colonoscopies, but it becomes less
effective and prevents fewer CRC deaths. Ongoing emerging
data on sex- andMMRgene-specificCRC risks in patientswith
LS with or without surveillance will reduce the uncertainty of
lifetime risk estimates and inform ongoing discussions around
optimal surveillance.
Data Availability

Data supporting the findings of this study are available
within the article and the Supplemental methods and results
(Appendix 1-9).
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10. Engel C, Vasen HF, Seppälä T, et al. No difference in colorectal cancer
incidence or stage at detection by colonoscopy among 3 countries with
different Lynch syndrome surveillance policies. Gastroenterology.
2018;155(5):1400–1409.e2. http://doi.org/10.1053/j.gastro.2018.07.030.

11. Kang YJ, Killen J, Caruana M, et al. The predicted impact and cost-
effectiveness of systematic testing of people with incident colorectal
cancer for Lynch syndrome.Med J Aust. 2020;212(2):72–81. http://doi.
org/10.5694/mja2.50356.

12. Kastrinos F, Ingram MA, Silver ER, et al. Gene-specific variation in
colorectal cancer surveillance strategies for Lynch syndrome. Gastro-
enterology. 2021;161(2):453–462.e15. http://doi.org/10.1053/j.gastro.
2021.04.010.

13. Price KV, Storn RM, Lampinen JA. Differential Evolution: A Practical
Approach to Global Optimization. Springer; 2005.
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