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INTRODUCTION
In Germany, colorectal cancer (CRC) is the second most com-
monly diagnosed form of cancer for both women and men, 
with more than 69,000 cases reported in 2012 (ref. 1). Lynch 
syndrome (LS), also known as hereditary nonpolyposis colorec-
tal cancer, accounts for ~3% of all newly diagnosed CRC cases, 
which makes it the most common hereditary colon cancer syn-
drome.2 It is caused by autosomal dominant mutations in DNA 
mismatch-repair (MMR) genes (MSH2, MLH1, MSH6, and 
PMS2), which lead to an accumulation of genetic changes, fur-
thering tumor growth.3 Individuals who inherit the autosomal 
dominant mutation have an ~ 40% lifetime risk of developing 
CRC,4 as compared with ~6% in the German population.1

In Germany, patients with LS are recommended to undergo 
colonoscopy every year from age 25, along with physical exam-
inations.5,6 Colonoscopic surveillance has been shown to be 
effective at preventing progression (of polyps) to CRC as well 
as at detecting the disease at an early stage, thus reducing CRC 
incidence and mortality.7 In addition to increased colonoscopic 
surveillance, long-term aspirin intake has been proposed as an 
effective way to reduce CRC risks.8 Although aspirin prophy-
laxis is internationally discussed as a promising approach, it is 
not generally recommended by the German guidelines for the 

prevention of CRC in LS patients because data regarding appro-
priate dosage are still missing.5

Given the high CRC risk in LS carriers, it is important to 
define appropriate diagnostic procedures for the identification 
of LS patients. Traditionally, clinical criteria such as the revised 
Bethesda guidelines or Amsterdam II criteria have been used 
to guide further genetic testing in patients suspected of hav-
ing LS.5 These criteria include information about cancer cases 
among family members. However, many patients might not 
be identified by family criteria because of small family sizes, 
incomplete penetrance of the MMR mutation, or patients sim-
ply being unaware of cancer cases in their families.9 Therefore, 
alternative screening algorithms that do not include family-
history data might be desirable.10,11

International studies have shown that genetic screening among 
patients with newly diagnosed CRC to detect mutations and offer 
testing and increased prevention to relatives may be an effective 
approach, resulting in very favorable cost-effectiveness ratios 
of less than $40,000 per life-year gained (LYG)12–17 or less than 
$60,000 per quality-adjusted LYG.18,19 We would expect similar 
favorable results for Germany; however, given international dif-
ferences in medical reimbursement rates and health-care pro-
vision, this still needs to be assessed. In particular, the German 
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Purpose: Lynch syndrome (LS) screening among patients with 
newly diagnosed colorectal cancer can decrease mortality in their 
affected first-degree relatives. In Germany, it is not yet clinical 
practice and the cost-effectiveness of different testing strategies is 
unknown.
Methods: We developed a decision-analytic model to analyze 
the cost-effectiveness of LS screening from the perspective of  
the  German Statutory Health Insurance system. A total of 22  
testing strategies considering family-history assessment, analy-
sis  of tumor samples (i.e., immunohistochemistry (IHC), mic-
rosatellite instability, and BRAF mutation testing) and genetic 
sequencing were analyzed. Life-years gained in relatives by closed-
meshed colonoscopy and aspirin prophylaxis were estimated by 
Markov models. Uncertainty was assessed deterministically and 
probabilistically.

Results: On average, detected mutation carriers gained 0.52 life-
years (undiscounted: 1.34) by increased prevention. Most strategies 
were dominated, with three exceptions: family assessment by the 
Bethesda criteria followed by IHC and BRAF testing and genetic 
sequencing; IHC and BRAF testing and genetic sequencing; and 
direct sequencing of all index patients. Their incremental cost-effec-
tiveness was €77,268, €253,258, and €4,188,036 per life-year gained, 
respectively.

Conclusion: The results were less favorable than those of previous 
models. Chemoprevention appears to provide comparably low addi-
tional benefit and improves cost-effectiveness only slightly.
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guidelines foresee yearly colonoscopic surveillance, whereas 
existing cost-effectiveness models assume surveillance intervals 
of 2 or even 3 years.12,14–17 Also, costs of testing for LS appear to 
be higher in Germany than those reported in US models.13–16,18,19 
Both might possibly increase the costs per LYG of LS screening 
in Germany.

To our knowledge there is currently only one study assessing 
the cost-effectiveness of LS screening in Germany.20 Although this 
study concludes that the most cost-effective approach involves 
testing first-degree relatives (FDRs) of newly diagnosed CRC 
cases who have been found to be mutation carriers,20 it does not 
compare different testing strategies to detect LS in CRC patients.

Therefore, this study aims to assess the expected cost-effective-
ness of different screening strategies for LS from the perspective 
of the German Statutory Health Insurance system. The Statutory 
Health Insurance system is the most important payer in the 
German health-care system, with ~85% of the German popu-
lation seeking insurance within the system.21 We also aimed to 
assess the cost-effectiveness of adding aspirin chemoprevention 
to colonoscopic surveillance in LS carriers. Existing studies do 
not account for the presumably favorable effect of aspirin chemo-
prevention in LS carriers, and thus the potential role of aspirin in 
LS remains unclear. Moreover, we aimed to identify key variables 
that could improve the cost-effectiveness of LS screening and that 
thus should be further considered by German public policy.

MATERIALs AND METHODs
Model structure
We set up a probabilistic decision-analytic model analyzing 
effects in LYG and costs financed by the Statutory Health 
Insurance. We used a cohort model consisting of two 
parts. First, the genetic testing strategies were represented 
as a decision tree. This allowed evaluation of various test-
ing strategies in terms of the number of detected muta-
tions and related costs. Second, Markov models were used 
to estimate cancer-related mortality and life expectancy in 
FDRs without LS, in undetected FDRs who inherited LS but 
who undergo normal colonoscopic surveillance only, and 
in FDRs who had LS detected and thus can benefit from 
increased surveillance and prophylactic aspirin. To illustrate 
the consequences for the Statutory Health Insurance, we 
assume a cohort size of 69,400 individuals with CRC diag-
nosed, which corresponds to the CRC incidence projected 
for Germany in 2012 (ref. 1).

Testing strategies. Once CRC is identified in an index patient, 
genetic counseling and testing for LS are offered. In those patients 
who agree to be tested, analysis of tumor material and genetic 
sequencing are performed. Genetic sequencing involves testing 
of a blood sample to identify mutations in the MMR genes by 
means of sequencing and deletion. Tumor screening involves 
microsatellite instability (MSI) and immunohistochemistry 
(IHC) analysis and testing for the BRAF V600 mutation. In 
contrast to MSI testing, IHC can predict which of the MMR 

genes may be defective, resulting in lower testing costs because 
genetic sequencing can be targeted to the relevant MMR gene. 
If the MLH1 protein is absent in the IHC analysis, BRAF testing 
can be used as a further step to exclude sporadic CRC cases: 
detection of the BRAF V600 mutation strongly argues for a 
sporadic tumor.

Figure 1 provides an overview of the screening strategies con-
sidered. In strategies 1–6, tumor tissue analysis is used as a pre-
ceding step to increase the likelihood of identifying a germ-line 
mutation in an MMR gene. Strategy 7 assumes direct sequenc-
ing of all MMR genes without prior tumor analysis. The seven 
baseline strategies may be combined with the Amsterdam II22 
(A) or revised Bethesda23 (B) criteria. Testing is then offered 
only to patients who fulfill the clinical criteria. The resulting 
testing strategies are termed A 1–7 and B 1–7. Strategies B-4 and 
B-6 are the two screening strategies currently recommended by 
the German guidelines for CRC treatment and prevention.5

If a causative mutation is detected in an index patient, 
 targeted DNA testing for this mutation can be offered to the 
person’s FDRs. FDRs who inherited the family mutation are 
offered increased prevention opportunities.

Markov model. Markov models were used to estimate cancer-
related mortality and life expectancy in FDRs. Following the 
recommendation of the German guidelines for CRC,5 LS-
positive FDRs were assumed to be offered annual colonoscopic 
surveillance starting at age 25. In addition, although not yet 
recommended by the German guidelines, they receive aspirin 
prophylaxis. Mutation-negative relatives are offered standard 
prevention consisting of colonoscopy every 10 years between 
ages 55 and 75. Standard prevention would also be offered 
to false-negative mutation carriers and those with unknown 
mutation status (e.g., relatives who decline genetic testing).

Each Markov model consists of the five main states: well, 
CRC, metachronous CRC, well after cancer, and death 
(Figure 2). Cancer stages were classified according to the Union 
Internationale Contre le Cancer stages I–IV, and survival was 
assumed to depend on cancer stage at tumor detection. Evidence 
suggests that the stage distribution is more favorable in individu-
als with intensified screening and that colonoscopic surveillance 
is effective by detecting the disease at an early stage.6

Once CRC is diagnosed, FDR could progress to meta-
chronous cancer state. We assumed that an individual could 
develop CRC not more than twice in his or her lifetime.13,14 For 
both initial and metachronous cancer, FDRs progressed to the 
state of well after cancer if they had survived CRC for more 
than 10 years.

The model used 1-year cycle length to capture short-term and 
long-term costs and effects associated with CRC. The Markov 
process continued until the age of 120 years, assuming that vir-
tually all cohort members will have died by this age.

Analysis was performed using TreeAge Pro 2014 (TreeAge 
Software, Williamstown, MA) with a discount rate of 3%. Half-
cycle correction was applied to both costs and effects.
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Parameters
We obtained input parameters (see Supplementary Material 
S1 online for an overview) from the published literature using 
PubMed searches and reference tracking.

Family information and test uptake. Data regarding the 
number of FDRs per index patient and relatives’ sex and 
age were obtained from German studies.6,24,25 Family 
mutation  prevalence among FDRs was assumed to be 
50%, reflecting the autosomal dominant inheritance. Data 
regarding the MMR genes affected were taken from a meta-
analysis.2

The uptake of genetic testing among index patients was 
assumed to be 85%, as reported by Dutch study.26 Uptake 
of genetic testing among FDRs was estimated to be 29.5%, 
as reported by a German study.25 Based on a meta-analysis 
of international studies, adherence to regular colonoscopy 
among mutation-positive relatives was assumed to be 82%.2 
Patients who adhere to colonoscopic prevention are also 
assumed to comply with aspirin prevention.

Figure 1 Overview of screening strategies. Strategy 1 starts with IHC testing, followed by genetic sequencing if results were abnormal. Strategy 2 in addition 
involves testing for the BRAF V600E mutation as an intermediate step in case the MLH1 protein is absent. If this mutation is found in an MLH1-absent tumor, 
the cancer is most likely sporadic, and further testing is omitted. Strategy 3 involves sequential IHC and MSI analysis, which must both have a positive result to 
trigger genetic testing. In contrast to this, Strategy 4 foresees MSI testing in case of a negative IHC test result, and genetic testing is performed if indicated by 
either method. Strategy 5 starts with MSI testing, followed by both IHC testing and genetic sequencing in case of a positive MSI result. Strategy 6 comprises 
MSI testing only. Strategy 7 assumes direct sequencing of the MMR genes. All seven baseline strategies may be combined with the Amsterdam II (A) or revised 
Bethesda (B) criteria. Testing is then offered only to patients who fulfill the clinical criteria. The resulting testing strategies are termed A 1–7 and B 1–7. BRAF, 
BRAF V 600E mutation testing; DNA, genetic sequencing to identify mutations in the MMR genes; IHC, immunohistochemistry; MSI, microsatellite instability.

Figure 2 Markov model. Markov models were used to estimate CRC-
related mortality and costs of CRC treatment and prevention. The major 
clinical events were no cases of CRC (state Well), the development of an 
initial case of CRC (state Cancer), the development of a metachronous case 
of CRC (state Second cancer), survival of a first or metachronous case of 
CRC for more than 10 years (state Well after cancer) and death from CRC or 
other causes (state Dead). CRC was classified according to the UICC (Union 
Internationale Contre le Cancer) stages I–IV. CRC, colorectal cancer.
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Test quality. Sensitivity and specificity of laboratory tests were 
taken from a systematic review.2 Performance of clinical criteria 
was taken from a recent international study.27 The family 
mutation test in relatives was assumed to have 100% sensitivity 
and specificity.14

Disease epidemiology. Data regarding the risk of CRC 
for mutation carriers were taken from a recent French 
study.4 The cumulative risk was estimated at 42% by age 80 
years, averaged over different MMR genes. This number 
is comparable with a recent consensus estimate.2 The 
cumulative risks for the different age categories reported 
in the study were converted into 1-year probabilities via 
conversion to rate.28 Cumulative CRC risks for the general 
population were obtained from the Centre for Cancer 
Registry Data at Robert-Koch-Institute29 and were also 
transferred to 1-year risks.

Survival rates by Union Internationale Contre le Cancer 
stage and year after cancer diagnosis were taken from the 
Munich Tumor Registry. As compared with sporadic CRC, 
MSI-associated tumors are characterized by better survival. 
Following the evidence generated by Popat et al.,30 the model 
assumes a relative risk of 67% for overall survival associated 
with MSI.

Effectiveness of screening. Data regarding the distribution of 
CRC stages in the general population were obtained from the 
Munich Cancer Registry. The stage distribution for LS carriers, 
with and without increased prevention, was taken from a 
German study in LS patients.6

The study by Stupart et al.7 provides an odds ratio of colon 
cancer incidence for patients with LS who undergo regular colo-
noscopy, as compared with nonadherent mutation carriers. This 
odds ratio corresponds with a median follow-up time of 5 years 
in a population with an average age of 34 years. Based on the 
exponential distribution, this corresponds with an average fol-
low-up time of 7.21 years. To convert this odds ratio to a hazard 
rate, we applied the incidence rates of Bonadona et al.4 because 
the colon cancer incidence has not been reported by Stupart et al.

Recent data from the CAPP2 study showed that daily aspirin 
use (600 mg) for 4 years had a protective effect on CRC in LS 
patients.8 In accordance with this study, our model assumes a 
63% hazard ratio of CRC for a maximum of 11 years, which 
corresponds to the observation period of the study.

Costs. Costs are calculated in 2012 euros (€). Costs for the genetic 
testing process and colonoscopic prevention were calculated 
from the German ambulatory fee schedule, based on fixed points 
per type of service multiplied by a baseline point value. Costs for 
aspirin are based on data reported by Bayer HealthCare.

To estimate the costs of complications from colonoscopy and 
aspirin prevention, International Classification of Diseases codes 
for the main adverse events, bleeding and perforation (as a com-
plication of colonoscopy) and nontrivial gastrointestinal bleed-
ing (as complication of aspirin prevention), were identified. From 
the German Diagnosis Related Groups Report Browser (Version 
2012),31 the most common Diagnosis Related Groups for these 
International Classification of Diseases codes were extracted. 
The average case costs for these Diagnosis Related Groups were 
taken as a proxy for the costs of hospitalization and were multi-
plied with the probability of being hospitalized after an adverse 
event. Potential ambulatory costs were considered negligible.

Costs for treating CRC at different Union Internationale 
Contre le Cancer stages were taken from Mvundura et al.14 
and transferred based on purchasing power parities data pro-
vided by the Organisation for Economic Co-operation and 
Development.

Uncertainty
Probabilistic. Input parameters were assigned statistical 
distributions by fitting beta distributions for probabilities, 
gamma distributions for cost, Dirichlet distributions for 
multinomial data, and log-normal distributions for parameters 
associated with risk reductions. A probabilistic sensitivity 
analysis for the nondominated strategies with 1,000 iterations 
was conducted.

Decision uncertainty is presented by means of cost-effec-
tiveness acceptability curves. In addition, the impact of 
uncertainty associated with single parameter values on the 
cost-effectiveness was assessed by analysis of covariance meth-
ods.28 The potential value of collecting further evidence on 
uncertain parameters was quantified using expected value of 
perfect information (EVPI) analysis.

Scenario analysis. We performed a deterministic one-way 
sensitivity analysis to assess the impact of systematically varying 
one single input parameter at a time across wider intervals. 
Furthermore, we performed extensive scenario analysis 
assessing the impact of different assumptions on testing uptake, 

Table 1 Discounted costs and effects of prevention in mutation carriers

Costs 
of CRC

Costs of 
colonoscopic 
prevention

Costs of 
aspirin 

prevention
Total 
costs

Discounted 
LYs men

Discounted 
LYs women

Discounted 
LYs average

Standard prevention 5,023 245 0 5,268 20.26 21.77 20.90

Annual colonoscopy and aspirin prevention 1,561 4,300 596 6,460 20.75 22.35 21.42

Increment to standard prevention −3,462 4,055 596 1,192 0.49 0.58 0.52

CRC, colorectal cancer; LY, life-year.
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performance of revised Bethesda criteria, aspirin prophylaxis, 
screening intervals, decreasing testing costs, and discount rates.

REsULTs
Costs per mutation detected
Assuming an LS prevalence of 3%, 2,082 of 69,400 newly diag-
nosed CRC cases are affected with LS. In the base case analysis, 
the number of detected mutations among CRC cases ranges 
from 383 in strategies A-5 and A-6 to 1,646 in strategy 7.

Overall testing costs in index patients range between 
€11,308,328 in strategy B-2 and €257,044,078 in the direct 
sequencing strategy (strategy 7). Strategy B-2 has the lowest 
cost per index mutation detected, resulting in a cost of €17,935 
per mutation detected.

Effects of Ls screening
The expected undiscounted number of LYG through prevention 
in LS carriers is 1.61 years for men and 1.98 years for women 
when prevention is started at age 25 years, and decreases with 
the patient’s age at the time prevention is started. Women gain 
more life-years through prevention than men because of their 
overall higher life expectancy. The average gain by increased 

prevention is 1.34 LYG (1.20 for men and 1.52 for women; LYG 
discounted at 3% are 0.49 and 0.58, respectively).

Mean costs and effects of prevention for a relative with LS are 
shown in Table 1. Total costs of care with increased prevention 
for relatives aged 25 years and older outweigh the cost asso-
ciated with standard prevention in undetected LS carriers by 
€1,192 per person. The major part of the costs of increased pre-
vention is due to colonoscopic surveillance (€4,300 of €4,896).

Cost-effectiveness of Ls screening
All screening strategies reduce cancer incidence and death 
and yield more life-years than the no-screening strategy. The 
vast majority of screening strategies are dominated (mean-
ing that they are more costly and less effective than alterna-
tive strategies considered) or subject to extended dominance 
(meaning that they are dominated by a combination of two 
or more alternative strategies considered). Table 2 displays 
the costs, effects, and incremental cost-effectiveness ratios 
(ICERs) as compared with the next most cost-effective strat-
egy of the remaining screening strategies. The ICERs range 
from €77,268 per LYG in strategy B-2 to €4,188,036 per LYG 
in strategy 7.

Table 2 Cost-effectiveness without dominated screening alternatives (as compared with the next most cost-effective 
strategy)

strategy Total costs Total LYs
Incremental 

costs
Incremental 

LYs

Incremental 
costs per LY 

gained

0 No screening 218,581,280 5,703,154 — — —

B-2 Counseling including Bethesda, IHC, BRAF, sequencing 242,028,209 5,703,458 23,446,929 303 77,268

2 Counseling, IHC, BRAF, sequencing 252,442,654 5,703,499 10,414,444 41 253,258

7 Counseling, direct sequencing 476,882,146 5,703,552 224,439,493 54 4,188,036

BRAF, BRAF V600E mutation testing; IHC, immunohistochemistry; LY, life-year.

Figure 3 Cost-effectiveness acceptability curves.
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Probabilistic sensitivity analysis
Figure 3 displays the cost-effectiveness acceptability curve 
for the nondominated screening strategies. At a threshold of 
€50,000 per LYG used for illustration, the no-screening strategy 
has a probability of 87% of being considered cost-effective. At 
the same threshold, strategy B-2 is the optimal strategy in 13% 
of iterations.

A summary of the analysis of covariance results for strategy 
B-2 applied separately to LYG and incremental costs is pre-
sented in Supplementary Material S2 online. This analysis 
suggests that stage distribution of CRC in LS carriers who do 
not adhere to colonoscopic surveillance and the prevalence of 
LS are the most important factors in explaining variation in the 
overall effects. In Germany, the ambulatory care fee schedule 
includes a floating evaluation factor. Uncertainty about the 
parameter distribution of this value has the largest impact on 
the overall distribution of costs.

The EVPI is plotted in Supplementary Material S3 online for 
willingness to pay thresholds between €0 and €500,000 per LYG 
and a time horizon of 5 years. The EVPI indicates that further 
research to inform decisions could be worthwhile. At a thresh-
old of €50,000 and a time horizon of 5 years, the EVPI amounts 
to €3,360,954. Extending the analysis to an infinite time hori-
zon increases the EVPI to €23,750,152.

scenario analyses
To identify important drivers of cost-effectiveness of LS screen-
ing, a number of scenarios were explored that are fully reported 
in Supplementary Material S4 online. Variables concerning 
uptake of testing appear to be critical drivers of cost-effective-
ness. Increasing the uptake rate among FDRs to 52% (ref. 32) 
changes the ICER of strategy B-2 to €45,169 per LYG as com-
pared with no screening. Assuming an ideal uptake of 100% in 
index patients and FDRs results in an ICER of €24,979 per LYG.

Omitting aspirin chemoprevention from the model is associ-
ated with only a small reduction in health benefits. As compared 
with the baseline analysis, average remaining life expectancy of 
LS carriers decreases by only 0.01 years. Moreover, aspirin pro-
phylaxis has only a small influence on the cost-effectiveness of 
LS screening. If aspirin is omitted from the model, the ICERs 
increase slightly, with, for example, strategy B-2 resulting in 
€79,812 per LYG.

Supplementary Material S5 online also reports the results of 
a deterministic one-way sensitivity analysis systematically vary-
ing all input parameters across wider intervals. The number of 
relatives per index patient has the highest impact on model 
results. Strategies become more cost-effective as more relatives 
are tested. The prevalence of LS is another influential variable. 
As the prevalence decreases, calculated cost per LYG increases.

DIsCUssION
In this study, we evaluated the effectiveness and cost-effec-
tiveness of LS screening as a potential strategy for individual-
ized CRC prevention. The cost-effectiveness of the included 

strategies ranges between €77,268 per LYG in strategy B-2 and 
€4,188,036 per LYG in strategy 7.

Implication of this study
LS screening recommendations in Germany foresee that 
patients who seek genetic counseling will be assessed by the 
revised Bethesda criteria followed by either an MSI analysis 
(strategy B-6) or a sequential IHC and MSI analysis (strategy 
B-4).5 In our analysis, both strategies were dominated. This 
means that other strategies considered in this analysis are both 
less expensive and more effective in detecting LS carriers. To 
improve the health benefits derived from the available budget, a 
revised version of the German recommendations for LS screen-
ing might take these results into account and promote the 
increased use of more cost-effective strategies involving IHC 
and BRAF testing in newly diagnosed CRC patients.

To our knowledge this is the first cost-effectiveness analy-
sis that accounts for the presumably favorable effect of aspirin 
chemoprevention as an “add-on” to colonoscopic surveillance 
in LS carriers. According to our results, aspirin chemopreven-
tion makes only a small contribution to CRC risk reduction. In 
mutation carriers who adhere to recommended colonoscopic 
screening, aspirin use provides relatively low additional health 
effects. Despite the additional costs associated with aspirin use 
and the treatments of aspirin-related complications, aspirin 
chemoprevention slightly improves the cost-effectiveness of LS 
screening. However, we analyzed the role of aspirin only when it 
is used as an add-on and not its impacts when it is used instead 
of colonoscopic surveillance. Because colonoscopic surveil-
lance is unpleasant in preparation, time-consuming, and not 
without risk, some LS carriers might prefer solely aspirin pre-
vention despite the uncertainty surrounding its effects. Further 
studies that assess the effectiveness and cost-effectiveness of LS 
screening in a population solely adhering to aspirin chemopre-
vention would thus be desirable. Given that the effectiveness of 
aspirin in reducing CRC is uncertain and given that it is associ-
ated with additional adverse effects, CRC prophylaxis should 
take individual patient preferences into account.

Deterministic sensitivity analysis demonstrated that vari-
ables concerning uptake of testing appear to be critical drivers 
of cost-effectiveness. If all index patients and their FDRs were 
tested for LS, the calculated ICER could be decreased to €24,979 
per LYG. Although this is an unrealistic scenario, it illustrates 
a key determinant of cost-effectiveness. Because costs of testing 
index patients occur regardless of how many FDRs are tested 
subsequently, low uptake by index cases is relatively less impor-
tant than that by FDRs. This indicates that further research 
into factors that could enhance FDRs’ willingness to undergo 
testing would be desirable. If tested index cases are reluctant 
to share relevant genetic information with their family mem-
bers, relatives cannot benefit from screening and intervention. 
The cost-effectiveness of screening could be increased if physi-
cians routinely report genetic information to family members 
at increased risk. However, for such a strategy, legal and ethical 
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restrictions regarding the protection of confidential patient 
information need to be considered carefully.

Comparison with other studies
The results from this study differ substantially from the favor-
able results of previous cost-effectiveness models used to evalu-
ate LS screening in patients with newly diagnosed CRC.12–19 
Based on current screening recommendations in Germany, we 
assume that mutation-positive patients undergo colonoscopy 
once per year, whereas previous studies assumed screening 
intervals of 2 or even 3 years.12,14–17 The sensitivity analysis pre-
sented in Supplementary Material S4 online shows, however, 
that the closed-meshed surveillance foreseen by the German 
guidelines does not explain the differences in the model results. 
Rather, this might be explained by the following factors.

First, we assume that only a small proportion of relatives are 
tested for LS. This is due to the low probability of relatives being 
interested in the screening program. Other studies assume 
higher uptake ranging between 52 and 100% for FDRs.13,14,17,18 
In Germany, however, experience has shown that the number 
of relatives who are tested for LS and thus can benefit from 
screening is likely to be smaller, which tends to increase the 
costs per LYG.

Second, other studies also assume more FDRs per index 
patient, with the studies by Ladabaum et al.13 and Wang et 
al.18assuming up to eight FDRs per index patient, all of whom 
are 25 years of age when prevention starts. In this study, we 
assume less than four FDRs per index patient based on German 
evidence.25 This is because family size in Germany tends to be 
smaller than in the United States. Results from deterministic 
and probabilistic sensitivity analysis have shown that the num-
ber of relatives tested is a critical driver of cost-effectiveness. 
Also, assumptions made by Ladabaum et al.13 and Wang et al.18 
relating to relatives’ age are likely to improve cost-effectiveness 
as health gains decrease with the patient’s age at the time pre-
vention is started.

The differences in life expectancy between LS carriers that 
adhere to increased prevention and those that do not adhere 
to increased prevention were slightly higher in previous stud-
ies.13,14,18 This can be explained by different assumptions relat-
ing to cancer stage distributions and cancer risks in LS patients. 
Mvundura et al.14 assumed ultimately less favorable stage dis-
tributions and cancer stage-related survival for LS patients as 
compared with this study. This might have overestimated the 
degree of benefit derived from increased prevention. Also, the 
study by Mvundura et al.14 assumed better cancer stage–related 
survival for those LS patients adhering to colonoscopic preven-
tion as compared with those who do not adhere to prevention. 
The studies by Ladabaum et al.13 and Wang et al.18 assumed ulti-
mate high CRC risk based on earlier studies assessing risks in 
mutation carriers. However, there is evidence from more recent 
studies that CRC risks are lower than previously reported.2,4 
Again, this is likely to underestimate the costs per LYG of CRC 
prevention.

Limitations
Our study has several limitations. First, we did not model the 
risk of other forms of cancer. In particular, women face an 
increased risk for gynecological cancers (e.g., endometrial or 
ovarian cancer). Although the German guidelines foresee gyne-
cological surveillance, the efficiency of such examinations is 
still uncertain.33 To our knowledge, the studies by Ladabaum 
et al.13 and Dinh et al.19 are the only cost-effectiveness studies 
addressing the critical issue of screening for gynecological can-
cers. Due to the uncertain benefit derived from such screening, 
the studies assume that gynecological surveillance results in 
additional costs without comprising any benefits.

We did not assume different CRC risks and prevention inter-
vals based on the MMR gene involved. MSH6 carriers have 
been found to be at lower risk for CRC with a higher age of 
tumor onset as compared with MLH1 and MSH2 carriers.4 This 
probably means that no general prevention protocol is suitable 
for all MMR mutation carriers. Also, we did not model CRC 
risk associated with the EPCAM gene, another gene that has 
recently been found to impact LS.34

We did assume that mutation carriers adhering to regular 
colonoscopy also adhere to aspirin prevention. This might 
have biased our results for or against screening. However, 
reported adherence rates in clinical trials evaluating aspirin 
for the prevention of colorectal adenomas are high and range 
between 76 and 92%.35 In mutation carriers, aspirin compli-
ance might even be higher because these patients might be 
aware of their predisposition. Also, like other studies,12–16,18 
ours did not model ongoing adherence rates for CRC pre-
vention. If relatives decide to stop prevention, this would 
reduce LYG and calculated ICERs might be underestimated. 
However, studies have found that lifetime compliance is 
high14 and that 95% of mutation-positive relatives would con-
sider lifetime surveillance.36

Furthermore, risks for complications of increased pre-
vention in mutation carriers might be underestimated. Our 
estimates concerning the risk of complications derived from 
colonoscopy are based on data from the German screening 
program.37 This program is, however, aimed at the general 
population aged 55 years and older. It might be that estimates 
are too optimistic and that, in reality, risks of complications 
are higher in the LS group. Risk of bleeding after aspirin 
intake was taken from a recent meta-analysis assessing the 
effect of aspirin on vascular outcomes.38 However, patients 
analyzed in this study in general received a lower aspirin dose 
than assumed in the current study. Patients taking high-dose 
aspirin might have higher risks for adverse events. Because 
reported risks are low, we assume a zero risk of death from 
colonoscopy and aspirin prevention. Between 2003 and 2008, 
only five fatalities from colonoscopy were reported, with 1 
million colonoscopies performed in Germany. Death from 
gastrointestinal bleeding is also rare. A review of aspirin pre-
vention for CRC reported only one death associated with gas-
trointestinal bleeding.39 We also did not model increased risk 
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for hemorrhagic stroke in patients taking aspirin. However, 
any increase in risk for hemorrhagic stroke might be com-
pensated by a risk reduction for ischemic stroke.40

We did not calculate outcomes in terms of quality-adjusted 
life-years. We would expect that by including quality-adjusted 
life-year weights, the cost-effectiveness of LS screening would 
become less favorable. Mvundura et al.14 showed that including 
quality-adjusted life-years raises the costs per health outcome, 
reflecting the fact that most people are not in perfect health. 
This result is confirmed by the study of Wang et al.,18 which 
incorporated preference data from their own quality-of-life 
study.

Conclusion
In this study we evaluated the cost-effectiveness of LS screen-
ing. Results have shown that LS screening provides clinical ben-
efit but at a high cost. The most cost-effective strategy involves 
family-history assessment with the revised Bethesda criteria, 
followed by IHC testing, BRAF testing, and genetic sequenc-
ing, with an ICER of €77.268 per LYG. A revised version of the 
German recommendations for CRC might wish to take these 
results into account and promote IHC and subsequent BRAF 
testing instead of MSI testing. To improve the cost-effectiveness 
of LS screening, further research should address factors that 
could enhance FDRs’ willingness to undergo testing.

To our knowledge, this is the first economic evaluation that 
also considers aspirin prophylaxis as an “add-on” to intensified 
colonoscopic screening for CRC prevention in LS patients. In 
our analysis, aspirin chemoprevention provides comparatively 
low additional health effects and improves the cost-effective-
ness of screening only slightly. Given uncertainty surround-
ing its long-term effects and side effects, the economic case for 
recommending chemoprevention as an adjunct to colonoscopy 
is rather weak. Physicians thus might wish to consider other 
factors such as individual patient preferences when prescribing 
chemoprevention.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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