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Abstract: We conducted an updated economic evaluation, from a healthcare system perspective, to
compare the relative effectiveness and efficiency of eight Lynch syndrome (LS) screening protocols
among newly diagnosed colorectal cancer (CRC) patients. We developed decision analytic models
for a hypothetical cohort of 1000 patients. Model assumptions and parameter values were based
on literature and expert opinion. All costs were in 2018 USD. For identifying LS cases, the direct
germline sequencing (DGS) protocol provided the best performance (sensitivity 99.90%, 99.57-99.93%;
specificity 99.50%, 97.28-99.85%), followed by the tumor sequencing to germline sequencing (TSGS)
protocol (sensitivity, 99.42%, 96.55-99.63%; specificity, 96.58%, 96.46-96.60%). The immunohistochem-
istry (IHC) protocol was most efficient at $20,082 per LS case identified, compared to microsatellite
instability (MSI) ($22,988), DGS ($31,365), and TSGS ($104,394) protocols. Adding double-somatic
testing to IHC and MSI protocols did not change sensitivity and specificity, increased costs by 6%
and 3.5%, respectively, but reduced unexplained cases by 70% and 50%, respectively. DGS would
be as efficient as the IHC protocol when the cost of germline sequencing declines under $368 indi-
cating DGS could be an efficient option in the near future. Until then, IHC and MSI protocols with
double-somatic testing would be the optimal choices.

Keywords: decision analysis; economic evaluation; Lynch syndrome screening; colorectal cancer

1. Introduction

Precision medicine aims to improve individual health outcomes by tailoring health-
care based on genomic and all other relevant information [1]. One example is universal
colorectal cancer (CRC) tumor screening for Lynch syndrome (LS) [2,3]. In the United
States, CRC is the second leading cause of cancer deaths and about 148,000 new cases of
CRC are expected to be diagnosed in 2020 [4]. LS is the most common form of inherited
CRC accounting for 2 to 4 percent of these cancers [3]. Universal tumor screening for LS is
an evidence-based, cost-effective strategy recommended by many professional organiza-
tions and national guidelines for all patients with CRC at diagnosis [2,5-13]. Identifying
LS variants in patients with CRC allows them to benefit from intensive cancer screening

J. Pers. Med. 2021, 11, 1284. https://doi.org/10.3390/jpm11121284

https:/ /www.mdpi.com/journal /jpm


https://www.mdpi.com/journal/jpm
https://www.mdpi.com
https://orcid.org/0000-0001-9332-3842
https://orcid.org/0000-0001-6165-8701
https://orcid.org/0000-0002-4604-3933
https://orcid.org/0000-0003-2513-9298
https://doi.org/10.3390/jpm11121284
https://doi.org/10.3390/jpm11121284
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jpm11121284
https://www.mdpi.com/journal/jpm
https://www.mdpi.com/article/10.3390/jpm11121284?type=check_update&version=2

J. Pers. Med. 2021, 11, 1284

20f 15

and surveillance, treatment options (e.g., immunotherapy [14]), and the option for more
extensive colonic surgery to decrease the risk of metachronous malignancy [15].

There are multiple LS screening strategies/protocols for LS patients with newly
diagnosed CRC. Currently, LS cases are identified through immunohistochemical (IHC)
staining or microsatellite instability (MSI) analysis conducted on pathology slides testing for
presence (IHC) or the function (MSI) of the mismatch repair (MMR) proteins (MLH1, MLH2,
MLHS6, and PMS2) [3,16,17]. If the tumor has absent IHC staining for an MMR protein
and/or is MSI-high, the tumor is considered to have defective mismatch repair (dAMMR). If
the MLH1 protein is absent or if the tumor is MSI-high, further testing for methylation of
the MLH1 promoter and/or the somatic BRAF p.V600E variant are recommended. If either
of these tests have positive results, LS is unlikely since these changes are almost always
somatic. Patients with dMMR tumors without MLH1 promoter methylation or BRAF
variant are candidates for germline testing to establish a diagnosis of LS, as confirmed by
presence of a pathogenic/likely pathogenic variant in one of the MMR genes.

Existing economic evaluation studies have focused on comparing IHC, MSI, and direct
germline sequencing protocols [9-13]. Universal LS screening of all newly diagnosed CRC
patients, or in those diagnosed under 70 years old, has been found to be cost-effective
by most measures compared to no screening, or only screening of a sub-population (e.g.,
those with family history or younger than 50 years old) [12,13]. The studies consistently
demonstrate that the IHC protocol is the most cost-effective and efficient protocol. Adding
MLH1 methylation and BRAF further improves the cost-effectiveness and efficiency [11,13].
Economic analysis of direct germline sequencing of all CRC patients never resulted in an
acceptable cost-effectiveness threshold [9]. However, there are concerns with the traditional
IHC and MSI protocols. False negative results are a limitation: IHC sensitivity is 83% for
MLH1, MSH2, or MSH6 variants, and MSI sensitivity is 87% for MLH1 or MSH2 variants
and 77% for MSH6 variants [3,18]. In addition, the implementation of LS screening in
healthcare practice is suboptimal [19]. One of the many factors causing this is its complexity,
involving multiple steps which can confuse patients and clinicians and cause potential loss
of follow up of patients [18,20,21].

The need for revisiting the economic utility of universal LS screening protocols has
risen in recent years. First, the price for germline genetic sequencing has declined dramati-
cally. Second, new evidence of “double somatic” variants in the MMR genes resulting in
dMMR in the tumor explains approximately 68% of nonmethylated MMR cases without a
germline MMR variant [18,22-24] which accounts for 33% to 75% of patients with a dMMR
CRC with unexplained MMR deficiency. In the past, these patients were typically treated
as if they had LS without a detectable germline variant [17,25]. Third, availability and
evidence of new testing including tumor next-generation sequencing (tumor sequencing)
or tumor and germline paired analysis of MMR genes, which is simpler and showed
superior sensitivity to current multi-test approaches [18], brings the possibility of a new LS
screening approach. The new evidence may lead to replacement of currently recommended
LS screening protocols with direct germline sequencing or upfront tumor sequencing of all
newly diagnosed CRC patients.

The objective of this study was to conduct an updated economic analysis, from a
healthcare system perspective, to evaluate and compare the relative effectiveness and
efficiency of multiple LS screening protocols among newly diagnosed CRC patients that
are deemed viable based on current evidence.

2. Materials and Methods

This study is part of a larger study, the IMPULSS (implementing universal Lynch
syndrome screening) project [26].

2.1. Study Population

The study population to support modeling and simulation was a hypothetical cohort
of 1000 patients with newly diagnosed CRC.
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2.2. Model Development and Structure

We developed decision analytic models using decision trees to represent eight LS
screening protocols for identifying LS cases among newly diagnosed CRC populations
and to evaluate their relative effectiveness, costs, and efficiency from a healthcare system
perspective (Figure 1). The eight modeled protocols are deemed viable to reflect current evi-
dence and interests of healthcare systems based on input and consensus from the IMPULSS
clinical expert panel which is teamed with the clinical experts of the IMPULSS study team
from eight participating healthcare systems and the IMPULSS External Advisory Board
(Supplementary Materials Figure S1).

Direct Germline
Sequencing

IHC

MSI

MSI to Germline
Patients newly Sequencing
diagnosed with
colorectal cancer THC with Double Somatic

MSI with Double Somatic

MSI to Germline
Sequencing with Double
Somatic

Tumor Sequencing to
Germline Sequencing

Figure 1. Lynch syndrome (LS) screening protocols. Note: IHC, immunohistochemistry; MSI,
microsatellite instability. Germline sequencing refers to next generation sequencing (NGS) panel
including MMR genes in all protocols.

2.3. Parameter Estimates

Table Al (Appendix A) represents the full parameter table that presents base-case
values, ranges, probability distributions, and references for all parameters. The parameters
values were estimated based on literature, public sources including Medicare Fee Schedule,
and expert opinion from the IMPULSS clinical expert panel. The prevalence of LS in CRC
patients was based on national prevalence [3]. The probabilities of test results at each step
of the protocols were modeled and simulated. All test sensitivity and specificity values in
the models were based on the detection of LS cases. Since sensitivity and specificity values
for BRAF and MLH1 promoter hypermethylation tests reported in the literature refer to test
performance in identifying somatic changes [3] and not in terms of detection of LS cases,
we back-calculated the sensitivity and specificity values based on their positive predictive
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value (PPV) and negative predicted value (NPV) and prevalence of LS at relevant points in
the models (Appendix B for more details).

We applied fair market prices to represent the costs from a healthcare system perspec-
tive. Most costs were obtained from the Medicare 2018 Fee Schedule and a range between
0.5-1.5 times the Medicare reimbursement amount was applied and adjudicated by expert
opinion for sensitivity analysis. For cost of germline sequencing, we applied the patient
price amount from two testing companies as the lower and higher bounds to reflect the
wide range in cost of germline genetic sequencing in the current market [27,28]. All costs
were reported in 2018 US dollars.

2.4. Model Assumptions

We assumed 100% availability and success in blood and tumor tissue collection,
tests being successful and reportable, and 100% compliance with protocols (Appendix A
Table Al). We also assumed genetic testing used in all protocols for detecting LS cases is a
next-generation sequencing (NGS) panel including MMR genes, based on expert opinion
that this is the testing most commonly used in practice and prices are similar for panel
tests.

2.5. Outcome Measures

We compared effectiveness, costs, and efficiency across the eight modeled LS screen-
ing protocols. The main clinical outcome is the effectiveness where we calculated the
protocol sensitivity (number of true positives for LS expected to be identified by the proto-
col/(prevalence*cohort size)) and specificity (number of true negatives for LS expected to
be identified by the protocol/(cohort size-(prevalence*cohort size)). Based on the protocol
sensitivity and specificity, we reported the number of true positive LS cases expected to be
identified by the protocol and the number of expected missed (false negatives) LS cases.
We also reported the number of unexplained dMMR cases. For costs, we reported total
protocol costs for a hypothetical cohort of 1000 and costs per CRC case screened. Efficiency
was calculated as the cost per true LS case identified.

2.6. Analyses Performed

A base-case analysis was performed using the best estimates (base-case values) for all
model parameters and inputs. One-way sensitivity analyses were performed to assess the
effects of changes in individual parameters on the estimated model outcomes demonstrated
using tornado diagrams. Probabilistic sensitivity analyses were further performed with
10,000 iterations based on assigned probability distributions for each parameter to evaluate
the plausible ranges (reported as 95% CI) for model outcomes. In addition, we conducted a
threshold analysis to estimate the threshold cost of a germline genetic sequencing panel at
which the direct germline sequencing (DGS) protocol would reach equivalent efficiency
as the IHC protocol. We also estimated the threshold cost of tumor sequencing for the
tumor sequencing to germline sequencing (TSGS) protocol to reach equivalent efficiency
as the IHC protocol. The models were developed using Microsoft Excel, with the @RISK
(Palisade Corporation, Newfield, NY, USA) add-on for conducting sensitivity and threshold
analyses.

2.7. Validation

We conducted internal validation and checks for each of the models. External valida-
tions were performed by comparing our model outputs at various model points to values
reported in the literature or values based on analysis from unpublished data. A full list of
external validations conducted is included in Supplementary Materials Table S1.
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3. Results
3.1. Base-Case and Sensitivity Analyses

The results from external validation are shown in Supplementary Materials Table S1.
Table 1 summarizes outcome results from base—case and probabilistic sensitivity analysis.
For protocol effectiveness in terms of identifying LS cases, the DGS protocol provided
the best sensitivity (99.90%, 95% CI: 99.57-99.93%) and similar specificity (99.50%, 97.28—
99.85%) compared to IHC (sensitivity 80.56%, 73.81-81.97% and specificity 99.98%, 99.89-
99.99%) and MSI (sensitivity 82.50%, 76.15-84.03% and specificity 99.99%, 99.92-100.00%)
protocols. TSGS protocol also provided better sensitivity (99.42%, 96.55-99.63%) but a
slight less specificity (96.58%, 96.46-96.60%) compared to IHC and MSI protocols. MSI to
germline sequencing improves sensitivity (85.04%, 79.40-86.82%) compared to the MSI
protocol. Adding double somatic analysis to IHC, MSI, and MSI to germline sequencing
does not change the sensitivity and specificity of the protocols in terms of identifying LS
cases.

The protocol sensitivities and specificities translated to observations that in a hypothet-
ical cohort of 1000 newly diagnosed CRC population with best estimate of 30 LS cases [18],
DGS and TSGS protocols would identify all the LS cases with 0% cases missed. MSI to
germline sequencing would identify 26 of the 30 LS patients, missing 13% of the cases. In
comparison, IHC and MSI protocols would identify 24 and 25 LS patients respectively,
missing 17-20% of the cases (Table 1). According to base-case best estimate, adding double
somatic testing reduced the number of unexplained cases by 70% from 44 to 13 for IHC,
and by 50% from 27 to 13 for MSI and 102 to 51 for MSI to germline sequencing (Table 1).

The total protocol costs for the hypothetical cohort of 1000 were $0.94M (95% CI:
$0.51M-$1.69M) for DGS protocol, compared to $0.49M ($0.38M-$0.60M) for IHC, $0.57M
($0.44M-5$0.71M) for MSI, $0.61M ($0.47M-$0.79M) for MSI to germline sequencing, and
$3.11M ($2.26M-$3.94M) for TSGS protocol. Adding double somatic testing, total protocol
costs increased to $0.52M ($0.40M-$0.64M) for IHC, $0.59M ($0.46M-$0.73M) for MSI, and
$0.68M ($0.55M—-$0.86M) for MSI to germline sequencing (Table 1).

Based on cost per LS case identified, the IHC protocol was the most efficient protocol
at $20,082 compared to DGS protocol ($31,365), MSI protocol ($22,988), MSI to germline
sequencing protocol ($23,726) and TSGS protocol ($104,394) (Table 1).

One-way sensitivity analysis showed that for DGS protocol, the cost of germline
genetic sequencing had the greatest impact on the efficiency (Supplementary Materials
Figure S2). For TSGS protocol, the cost of tumor sequencing had the greatest impact on the
efficiency (Supplementary Materials Figure 52). Additional one-way sensitivity analyses
for other protocols are included in Supplementary Materials Figure S2.

Table 1. Base-case and probabilistic sensitivity analysis on outcome measures.

Outcomes DGS IHC MSI MSIGS

Base Case (95% CI) Base Case (95% CI) Base Case (95% CI) Base Case (95% CI)
Effectiveness
Sensitivity of . (99.57— . (73.81- ) (76.15— . (79.40-
protocol 99.90% 99.93%) 80.56% 81.97%) 82.50% 84.03%) 85.04% 86.82%)
Specificity of . (97.28— 0 (99.89— . (99.92— 0 (99.68—
protocol 99.50% 99.85%) 99.98% 99.99%) 99.99% 100.00%) 99.95% 99.98%)
Number of true LS
cases expected to be 30 23-37 24 17-30 25 18-30) 26 (19-31

P

identified *
Number of missed 0 (0-0) 6 (5-9) 5 (4-8) 4 (4-7)

LS cases
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Table 1. Cont.

Outcomes DGS IHC MSI MSIGS

Base Case (95% CI) Base Case (95% CI) Base Case (95% CI) Base Case (95% CI)
Number of
unexplained dMMR NA NA 44 (36-46) 27 (19-33) 102 (98-128)
cases
Costs

Cost per protocol for

a 1000hypothetical $0.94 (%0.51-%1.69) $0.49 ($0.38-%0.60) $0.57 ($0.44-%0.71) $0.61 ($0.47-%0.79)
cohort ($ millions)
SCC‘;ZZESQCRC case $940 ($514-$1687) $485 ($375-$598) $569 ($437-$710) $605 ($471-$788)
Efficiency
Cost per true LS ($16,618- ($14,604— ($17,006— ($17,336—
case identified $31,365 $60,814) $20,082 $29,676) $22,988 $33,986) $23,726 $35,748)
Outcomes IHCDS MSIDS MSIGSDS TSGS

Base Case (95% CI) Base Case (95% CI) Base Case (95% CI) Base Case (95% CI)
Effectiveness
Sensitivity of o (73.96— o (76.11- o, (79.30- o (96.55-
protocol 80.56% 81.93%) 82.50% 84.12%) 85.04% 86.95%) 99.42% 99.63%)
Specificity of 0 (99.88- 0 (99.93- 0 (99.68— 0 (96.46—
protocol 99.98% 99.99%) 99.99% 100.00%) 99.95% 99.98%) 96.58% 96.60%)
Number of true LS
cases expected to be 24 (17-29) 25 (18-30) 26 (19-31) 30 (22-37)
identified *
N f mi
Number of missed 6 (5-9) 5 (4-8) 4 (3-7) 0 (0-1)
Number of
unexplained dAMMR 13 (11-17) 13 (8-15) 51 (39-59) 43 (31-57)
cases
Costs
Cost per protocol for
a 1000 hypothetical $0.52 ($0.40-%0.64) $0.59 ($0.46-%0.73) $0.68 (%0.55-%0.86) $3.11 ($2.26-$3.94)
cohort ($ millions)
Cost per CRC case ($2263-
screened $517 ($405-$636) $588 ($460-$728) $679 ($547-$857) $3114 $3940)
Efficiency
Cost per true LS ($16,244— ($17,751- ($19,803- ($76,520~
case identified $21,39 $30,736) $23,771 $33,380) $26,624 $39,286) $104,394 $150,355)

Note: * The number of true LS cases expected to be identified is 30 (20—40) in the hypothetical cohort of 1000 CRC patients based on LS
prevalence of 3% (2—4%). LS, Lynch syndrome; CRC, colorectal cancer; DGS, direct germline sequencing; IHC, immunohistochemistry;
MSI, microsatellite instability; MSIGS, MSI to germline sequencing; IHCDS, IHC with double somatic; MSIDS, MSI with double somatic;
MSIGSDS, MSI to germline sequencing with double somatic; TSGS, tumor sequencing to germline sequencing.

3.2. Threshold Analysis

Threshold analysis demonstrated that the cost of the germline sequencing panel to
the healthcare system would need to be $368 for DGS protocol to be as efficient as the IHC
protocol. And the cost of tumor sequencing test would need to drop to $508 for the TSGS
protocol to reach the same efficiency as the IHC protocol.

4. Discussion

This study developed multiple decision analytical models representing eight current
and potential near-future LS screening protocols for identifying LS cases among newly
diagnosed CRC populations. The models were developed to support further discussion
about which protocol is most appropriate for implementation in healthcare systems for
LS case identification based on new evidence. We believe one of the key issues for many
healthcare systems is whether the time has arrived to consider a DGS protocol or a TSGS
protocol which are simpler and have superior LS case-finding potential, and may represent
more realistic real-world clinical workflows. Instead of reporting traditional incremental
cost-effectiveness ratios in economic evaluation modeling which can be difficult to interpret
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by decision-makers [11], our model enabled examination of detailed outcome metrics
including effectiveness, cost, and efficiency that were deemed important and easy to
interpret for healthcare system decision-making based on our prior studies [11,29].

Our findings suggest that the DGS and TSGS protocols were most effective, i.e.,
identified the most LS cases and missed the fewest LS cases, followed by the MSI to
germline sequencing protocol, compared to traditional IHC and MSI protocols. Our
reported sensitivities and specificities of the modeled LS screening protocols in terms of
identifying LS cases were consistent or within a reasonable range when compared with the
literature [18]. We found the sensitivities and specificities of the IHC and MSI protocols
were lower and higher, respectively, in our analysis than what is reported in Hampel et.al.
(2018) where IHC plus BRAF had sensitivity of 89.7% (78.8-96.1%) and MSI plus BRAF had
sensitivity of 91.4% (81.0-97.1%), and IHC plus BRAF had specificity of 94.6% (91.9-96.6%),
and MSI plus BRAF had specificity of 94.8% (92.2-96.8%) [18]. These variances can be
explained by differences in the IHC and MSI protocols applied-in our models we included
both BRAF and promoter hypermethylation testing, whereas Hampel et.al. (2018) included
IHC/MSI plus only BRAF in the sensitivity and specificity calculations. In addition, since
the sensitivity and specificity for tumor sequencing were directly adopted from Hampel
et al. (2018), we also note that there may be differences in the test performance of germline
sequencing in conjunction with the tumor sequencing.

Even with the reduction in the market price of germline genetic sequencing in recent
years, our findings were still consistent with prior literature conclusions that the IHC
protocol was the most economically efficient [9,13,30]. In our case, the IHC protocol was
the most efficient ($20,082 per LS case identified), though can miss up to 17-20% more
LS cases compared to other modeled protocols. Prior study showed IHC plus BRAF and
methylation protocol costs $10,693 per LS case identified [11]. The difference was generated
from the fact that the costs used in prior work were based on an internal reference laboratory
of Intermountain Healthcare (as the study was specifically to inform local decision-making
at that healthcare system) rather than the Medicare fee schedule, and the reported costs are
in 2010 US dollars versus in 2018 US dollars in this study.

Threshold analysis showed that DGS protocol would be as efficient as the IHC protocol
if the cost of germline sequencing declines to $368 or less. The current market price of
DGS ranges widely from around $250 to typically over $2000 billed to healthcare system or
insurance. To some extent, DGS might already be an optimal option to certain healthcare
systems depending on the negotiated price. Given the continuing declines in costs of
most germline genetic tests, DGS could be an efficient LS screening approach in the near
future. With over 6 times the cost per LS case identified compared to the IHC protocol, the
emerging combined approach of tumor and germline sequencing is not an efficient protocol
solely for the purpose of LS case identification. The addition of double somatic testing to
IHC and MSI protocols slightly increased protocol costs (e.g., by 6% or $32 per CRC case
screened for IHC protocol), but reduced the number of unexplained cases by 70% (IHC
protocol) and 50% (MSI and MSI to germline sequencing protocols). This could decrease
inappropriate costs and risks for unnecessary surveillance for patients and inappropriate
costs for healthcare systems, but these scenarios and associated costs were not modeled.
Before DGS cost declines to the estimated threshold, IHC and MSI protocols with double
somatic testing would be the optimal choices for universal LS screening for the primary
purpose of identifying individuals with LS.

This study has several limitations. First, common to typical decision analytical model-
ing studies, the model input and assumptions were based on general literature, thus the
usefulness of the outcomes comparing the LS screening protocols in terms of supporting
decision-making at a local healthcare system may be limited [31]. To help support local
decision-making on which LS screening protocol would be most appropriate for implemen-
tation in a given healthcare system, model input and assumptions based on local data and
circumstances are needed to evaluate site-specific outcomes. Our prior work demonstrates
the feasibility of generic models to provide useful precision medicine economic evidence
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supporting local decision-making by allowing use of local-specific input values [32]. As a
next step under the IMPULSS project, we converted the conventional decision analytical
models developed in this study to a generic modeling tool to allow end-users to interact and
enter parameter values and obtain model outputs specific to local healthcare systems [33].
Ultimately, together with information gathered and analyzed from other aims of IMPULSS,
we will generate a “toolkit” for each participating healthcare system to use and guide local
implementation, maintenance, and improvement of LS screening [26].

We recognize that in real-world practice, varying permutations of the IHC protocols
may be implemented due to logistical and system abilities. In this study, we chose to
model IHC including reflex testing to both MLH1 promoter methylation and BRAF V600E
testing as it is the approach best aligned with NCCN guidelines and existing evidence
from literature [7,11,13]. It is beyond this study’s scope or intention to model all protocol
permutations that could exist in the real-world of US healthcare systems.

Since this study is from a healthcare system perspective, one could argue that the cost
of germline sequencing would be zero where healthcare systems do not pay for germline
testing or get reimbursed for testing. This may be the case in many fee-for-service systems,
however, in other models, such as integrated systems, this cost does exist for the healthcare
system and may be an important factor in LS screening program implementation.

In addition, for simplicity in comparison of multiple LS screening approaches, we as-
sumed 100% compliance with the LS screening protocols, which is unrealistic in real-world
implementation. There are reports of loss to follow-up and thus failure in effectiveness
of LS case identification in traditional multi-step IHC protocols. However, the reported
compliance rate varies widely [20,21]. The consent rate for genetic sequencing in the DGS
protocol is also not well studied in the US and the compliance rate could vary widely based
on individual patient, clinician, and healthcare system factors.

The main goal of this study was to provide an updated general insight of the compar-
ative outcomes of LS screening protocols; real-world implementation issues are beyond the
scope of this study. However, our generic modeling tool as a next step will allow flexibility
to consider and account for site-specific situations including varying permutations of the
IHC protocols, costs, and compliance rates in real-world as mentioned above.

In the TSGS protocol, the test performance of the combination of tumor sequencing
and germline sequencing was based on a published study [18] of a test that is not yet
clinically available, and may not reflect the performance of the tests currently available
in market due to lack of such information for these tests. Nonetheless, it was thought
important to model this potential approach, given the likelihood that it could emerge into
clinical practice. There are some caveats to the interpretation of the results of this model.
The cost of tumor sequencing in this protocol may be overestimated as tumor sequencing is
already utilized for all stage IV and many stage III CRC patients, thus there would be only
incremental costs of adding MMR genes for these patients. However, while in theory the
two sequencing tests (tumor and germline) may be ordered together for a one-time price, in
clinical reality, additional tests may still be necessary, given the optimal tumor sequencing
test proposed in the TSGS protocol with both MMR and prognostic biomarkers (KRAS,
NRAS, and BRAF) is not yet clinically available. And information on incremental cost is
also not available to model at this point; meaning that the model is heavily dependent on
assumptions. However, there is extensive information available on the costs of testing that
provides a reasonable extrapolated cost estimate for panels of 5-15 genes that would likely
include a proposed panel to support TSGS testing.

Further limitation of the study is that we only focused on identification of probands
with LS and does not include cascade testing among family members. Finally, our model
only focused on comparing outcomes of multiple protocols in terms of LS case identification
and did not model and compare the benefit of treatment guidance to targeted therapy. One
could argue that even if DGS is adopted for LS case identification purpose, tumor analysis
for evidence such as microsatellite instability may still be needed to guide treatment as a
separate objective. To date, there is no consensus or standard of approach that addresses
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both objectives. Traditional multi-step IHC and MSI approaches are concerned with
issues of missing LS cases and loss of follow up [18-21] and not particularly for treatment
guidance. The TSGS protocol explored by Hampel et.al. [18] which did not “win out” in
our model due to the high costs of the test, may yield better comparative outcomes when
adding considerations of treatment guidance as it comprehensively addresses, in one or
two steps, the dual objectives. However, upfront tumor sequencing still misses more LS
cases compared to germline sequencing and requires sequential germline sequencing to
confirm LS cases. In addition, expensive and comprehensive tumor sequencing is only
relevant for patients with stage III and IV tumors for treatment guidance purposes, thus,
its universal use is not expected to be an efficient approach. A better approach might be
upfront germline sequencing followed by tumor examination. In sum, models comparing
different protocols addressing both objectives of LS case identification and treatment
guidance to provide evidence supporting more comprehensive clinical decision-making
are warranted as an important and novel next step once clinical protocols begin to emerge
into practice.

5. Conclusions

Based on this modeling study, while tumor screening with IHC remains the most
efficient approach to identify patients with LS, the decreasing cost of sequencing coupled
with increased sensitivity is approaching a point where transitioning to a DGS approach
should be seriously considered.
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Appendix A
Table Al. Model Parameters.
Base Range Range e Protocols
Parameter Case Minimum Maximum Distribution Affected Reference
Prevalence
Prevalence of Lynch
Syndrome in CRC 3% 2% 4% Beta All Palomaki 2009 [3]
patients
Compliance to
Protocol
Genetic counseling and 30, 100% 100% - All Assumption
consenting
Collection of blood
specimen for 100% 100% 100% - All Assumption
sequencing
Successfuland 100% 100% 100% - All Assumption
reportable sequencing
Appropriate tumor
tissue available and 100% 100% 100% - AILTHC, All Assumption
MSI, TSGS
collected
THC test successfuland 0, 100% 100% - All THC Assumption
reportable
BRAF test successful o o o ANl THC, MSI, .
and reportable 100% 100% 100% - MSIDS Assumption
Methylation test
successful and 100% 100% 100% - AIlTHC, MSI, Assumption
MSIDS
reportable
Double somatic test
o Y o THCDS, MSIDS, .
successful and 100% 100% 100% - MSIGSDS Assumption
reportable
MST test successfuland 50, 100% 100% ; All MSI Assumption
reportable
Probabilities
Hampel 2008 [25],
Probability of IHC Expert opinion based
o\ Y 14.70% 14.20% 14.70% Beta ANl THC on Hampel 2018
positive result
(supplementary table)
(18]
Hampel 2008 [25],
Probability of MLH1 Expert opinion based
absence result (of IHC 70.00% 67.61% 73.60% Beta ANl THC on Hampel 2018
positive result) (supplementary table)
[18], Palomaki 2009 [3]
Probability of LS Hampel 2008 [25],
genetic test positive Expert opinion based
result (of IHC positive 60.00% 54.20% 68.30% Beta ANl THC on Hampel 2018
without MLH1 (supplementary table)
absence) [18]




J. Pers. Med. 2021, 11, 1284

11 of 15

Table A1. Cont.

Base Range Range PR Protocols
Parameter Case Minimam Maximum Distribution Affected Reference
Probability of double
somatic test positive
result (of IHC positive, o o o Pearlman 2019 [34],
MLH1 absent, LS 95.00% 89.00% 96.00% Beta IHCDS Haraldsdottir 2014 [22]
genetic testing
negative)
Probability of double
somatic test positive
result (of IHC positive o o o Pearlman 2019 [34],
without MLHI absence, 57.00% 42.00% 64.00% Beta THCDS Haraldsdottir 2014 [22]
LS genetic testing
negative)
Hampel 2008 [25],
Probability of MSI high 12.80% 12.58% 18.14% Pert ALl MSI Expert opinion based
result on Hampel 2018
(supplementary table)
Probability of double
somatic test positive MSIDS Pearlman 2019 [34],
result (of MSI-high, LS~ 50.00% 50.00% 80.00% Pert MSI GSD’S Geurts-Giele 2014 [35],
genetic testing Haraldsdottir 2014 [22]
negative)
Probability of double
somatic positive result 3.30% 3.30% 3.30% Pert TSGS Hampel 2018 [18]
at tumor sequencing
Test Performance
Sensitivity of Next Expert panel opinion, *
Generation Sequencing  99.90% 99.50% 100.00% Beta All Pritchard 2012 [36],
(NGS) panel Gallego 2015 [37]
Specificity of Next Expert panel opinion, *
Generation Sequencing  99.50% 95.00% 100.00% Pert All Pritchard 2012 [36] /
(NGS) panel
Sensitivity of IHC test 83.00% 75.00% 89.00% Beta AllTHC Palomaki 2009 [3]
Specificity of IHC test 88.80% 67.60% 94.80% Beta ANl THC Palomaki 2009 [3]
Sensitivity of MSI test 85% 77% 89% Beta All MSI Palomaki 2009 [3]
Specificity of MSI test ~ 90.20% 85% 94% Beta All MSI ﬁiﬁi‘gﬁi 53%91 (53[]1' 3l
Sensitivity of tumor 9950%  93.80% 100% Pert TSGS Hampel 2018 [18]
sequencing test
Specificity of tumor 9530%  92.60% 97.20% Pert TSGS Hampel 2018 [18]
sequencing test
PPV BRAF test o . o ) S
(following THC) 99.00% 99.00% 99.00% ANl THC Expert panel opinion
Expert opinion based
NPV BRAF test o o o ) on Hampel 2018
(following THC) 21.67% 21.67% 21.67% AN THC (supplementary table)
(18]
PPV Methylation test 99.00% 99.00% 99.00% - ANl THC Expert panel opinion *

(following IHC)
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Base Range Range PR Protocols
Parameter Case Minimam Maximum Distribution Affected Reference
Expert opinion based
NPV Methylation test o o o ) on Hampel 2018
(following THC) 38.24% 38.24% 38.24% AllTHC (supplementary table)
[18]
PPV BRAF test . . . ] o
(following MSI) 99.00% 99.00% 99.00% MSI, MSIDS Expert panel opinion
Expert opinion based
NPV BRAF test o o o . on Hampel 2018
(following MSI) 36.36% 36.36% 36.36% MSI, MSIDS (supplementary table)
[18]
PPV Methylation test o o o ) L
(following MSI) 99.00% 99.00% 99.00% MSI, MSIDS Expert panel opinion
Expert opinion based
NPV Methylation test o Y o ) on Hampel 2018
(following MSI) 48.00% 48.00% 48.00% MSI, MSIDS (supplementary table)
[18]
Costs
Cost of genetic Medicare Fee Schedule
counseling time per $220.00 $110.00 $330.00 Gamma All 2018 [38], Expert panel
patient opinion *
Medicare Fee Schedule
. 2018 [39], Expert panel
Cost of genetic $72000  $250.00 $2600.00 Gamma All opinion, * market
sequencing panel . .
patient price amounts
[27,28]
Medicare Fee Schedule
Cost of IHC screen $395.00 $197.50 $592.50 Gamma ANITHC 2018 [38], Expert panel
opinion *
Medicare Fee Schedule
Cost of BRAF test $175.00 $87.50 $262.50 Gamma AH;/II;%)EASL 2018 [39], Expert panel
opinion *
. Medicare Fee Schedule
Cost of methylation of All THC, MSI,
MLH promoter test $190.00 $95.00 $285.00 Gamma MSIDS 201.8.[39]*, Expert panel
opinion
. Medicare Fee Schedule
Cost of double somatic IHCDS, MSIDS,
test $725.00 $362.50 $1087.50 Gamma MSIGSDS 2018 [38,?9.], E):pert
panel opinion
Medicare Fee Schedule
Cost of MSI test $485.00 $242.50 $727.50 Gamma All MSI 2018 [38,39], Expert
panel opinion *
Cost of tumor Medicare Fee Schedule
ost of tumo $3045.00  $1522.26 $4566.78 Gamma TSGS 2018 [38,39], Expert

sequencing test

panel opinion *

* Based on the IMPULSS clinical expert panel which is teamed with clinical experts of the IMPULSS study team from eight participating
healthcare systems and the IMPULSS External Advisory Board. LS, Lynch syndrome; CRC, colorectal cancer; DGS, direct germline
sequencing; IHC, immunohistochemistry; MSI, microsatellite instability; MSIGS, MSI to germline sequencing; IHCDS, IHC with double
somatic; MSIDS, MSI with double somatic; MSIGSDS, MSI to germline sequencing with double somatic; TSGS, tumor sequencing to

germline sequencing.

Appendix B

Calculation of Sensitivity and Specificity to Support Modeling

All test sensitivity and specificity values in the models were based on the detection of
LS cases. Since sensitivity and specificity values for BRAF and MLH1 promoter hyperme-
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thylation tests reported in the literature refer to test performance in identifying somatic
changes [3] and not in terms of detection of LS cases, we back-calculated the sensitivity and
specificity values based on their positive predictive value (PPV) and negative predicted
value (NPV) and prevalence of LS at relevant points in the models. For modeling purposes,
we defined PPV as true negative LS/BRAF (methylation) test positive, and NPV as true
positive LS/BRAF (methylation) test negative. The PPV and NPV values in these terms
were based on expert opinion from Ms. Heather Hampel based on data analysis from
the Hampel 2018 (supplementary table) for BRAF and methylation testing following IHC
(MLH1 absence) and following MSI (high) [18]. The values and ranges of the PPV and NPV
were further informed by clinical expert opinion based on evidence in the literature that LS
is highly unlikely to be detected in those with positive BRAF V600E variant testing and
methylation testing in the MLH1 region among CRC cases with MLH1 protein absence or
MSI (high) [3,8,17,18,40-42].

In probabilistic sensitivity analysis, we applied correlation coefficients of —0.8 and
—0.9 for sensitivity and specificity pairs generated for IHC and MSI tests respectively,
based on receiver operating characteristic curves found in de Freitas et al. [43]. We did
not include correlation between sensitivity and specificity for germline sequencing tests
due to insufficient data and in line with expert opinion to apply a wider range with lower
specificity values and maintain a higher, more narrow range for sensitivity.
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