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Comparative Effectiveness of Chemotherapy Treatment Plans for mCRC Patients

Abstract
Modern chemotherapy agents transformed standard care for metastatic colorectal cancer (mCRC)
but raised concerns about the financial burden of the disease. We studied comparative
effectiveness of treatment plans that involve up to three lines of therapies and impact of treatment
sequencing on health and cost outcomes. We employed a Markov model to represent the
dynamically changing health status of mCRC patients and used Monte-Carlo simulation to
evaluate various treatment plans consistent with existing guidelines. We calibrated our model by
a meta-analysis of published data from an extensive list of clinical trials and measured the
effectiveness of each plan in terms of cost per quality-adjusted life-year (QALY). We examined
the sensitivity of our model and results with respect to key parameters in two scenarios serving as
base- and worst-cases for patients’ overall and progression free survivals. The derived efficient
frontiers included 7 and 5 treatment plans in base- and worst-cases, respectively. The incremental
cost-effectiveness ratio (ICER) ranged between $26,260 and $152,530 when the treatment plans
on the efficient frontiers were compared against the least costly efficient plan in base-case, and
between $21,256 to $60,040 in worst-case. All efficient plans were expected to lead to fewer than
2.5 AEs and on average successive AEs were spaced more than 9 weeks apart from each other in
base-case. Based on ICER, all efficient treatment plans exhibit at least 87% chance of being
efficient. Sensitivity analyses show that the ICERs were most dependent on drug acquisition cost,
distributions of progression free and overall survivals, and health utilities. We conclude that
improvements in health outcomes may come at high incremental costs and are highly dependent
in the order treatments are administered.

1. Introduction
Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the third leading
cause of cancer-related deaths in the United States1. About 20 % of the new cases are diagnosed
after the disease metastasizes to distant organs, and metastatic CRC (mCRC) has significantly
lower survival rates than localized CRC.1,2
Chemotherapy is the most prevalent treatment option for mCRC patients. Chemotherapy is a
systemic treatment, i.e. it works throughout the whole body of the patient, capable of killing
metastasized cancer cells, and is administered either alone or combined with other forms of
treatment such as targeted therapy that block the growth and spread of cancer by interfering with
specific molecules. The main distinction between chemotherapy and targeted therapy is that
chemotherapy kills all cells that proliferate faster – incapable of distinguishing between cancer
cells and normal cells – whereas targeted therapy kills predominantly cancer cells that express a
specific target.
Development of new cytotoxic drugs and monoclonal antibodies has drastically changed the
standard care for mCRC patients in the past two decades. Prior to the approval of irinotecan and
oxaliplatin, 5-fluorouracil (5-FU) – an antimetabolite drug developed in 1950s – was the only Food
and Drug Administration (FDA) approved drug for mCRC patients.3 Median overall survival (OS)
was around a year for mCRC patients when 5-FU was used in combination with leucovorin – a
form of folic acid – forming the combination regimen LV5FU.3,4 In fact, invention of LV5FU is
shortly after followed by the discovery of more effective regimens. Large randomized clinical
trials showed that FOLFIRI (formed by the addition of irinotecan to LV5FU) and FOLFOX
(formed by the addition of oxaliplatin to LV5FU) may significantly improve OS for mCRC
patients.4,5 On the other hand, capecitabine, an oral fluoropyrimidine, was shown to be comparable
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with LV5FU in terms of OS and progression free survival (PFS) with superior response rates.6
Recent clinical trials also report that the combination of FOLFOX and FOLFIRI with targeted
therapies, such as the monoclonal antibody bevacizumab which we will refer to as “bev.” in short
hereafter, further prolongs survival for mCRC patients.7–9 These advances in mCRC treatment did
not only extend the median post-diagnosis life span for mCRC patients to roughly two years but
also implied improvements in their quality of lives.10–12 As a natural consequence of recent
advancements and discovery of wide array of regimens, the impact of drug sequencing on patient
response and efficiency of treatment plans are subjects of recent debates among the expert panels
but are studied only to a limited extent.13
Increasing costs of modern systemic therapies, often referred to as the “financial toxicity”,
along with the improvement in long-term survival of mCRC patients have also raised concerns
regarding the financial performance and the cost-effectiveness of available treatment regimens.14–
17
Chemotherapy agents and targeted therapies are listed among the most expensive medical
interventions contributing to a projection of more than $17 billion annual cost of CRC treatment
in 2020.18 Therefore, there is a growing interest in medical community to analyze the costeffectiveness of existing and emerging chemotherapy regimens for mCRC19–29 and to identify
those patients that survive with reasonable cost and higher quality of life. Majority of these
analyses focus on the cost-effectiveness of single regimen when administered at a particular line
of treatment. Recent findings empirically demonstrate that patients’ survival outcomes are
amplified when they are exposed to as many chemotherapy agents as possible rather than just a
single agent.12,13,30 Therefore, given the abundance of chemotherapies, comparative effectiveness
analysis of entire treatment plans involving multiple lines of treatments calls for further research.
The objectives of this study are twofold. First, consistent with guidelines, we study the
efficiency of treatment plans that administer mCRC patients up to three lines of treatment. From a
hypothetical central planner’s perspective, we compare the overall cost of treatment plans versus
their aggregate health outcomes rather than focusing on the performance of two particular therapies
given for a fixed line of treatment. Our second goal is to evaluate the effect of drug sequencing on
the economic value of treatment plans. In particular, we test how treatment plans are impacted
when the constituent regimens of the same treatment plans are administered in different orders, i.e.
how permutations of same regimens impact the efficiency of a treatment plan.

2. Methods
We developed a Markov model the state of which represents patient’s treatment history in
terms of prior regimens used, his/her health status in terms of disease progression, and the number
of adverse events (AEs) he/she experienced under the current regimen. We compared the cost and
health outcomes of all treatment plans consisting of FDA-approved regimens. We calibrated the
model using 2014 Medicare & Medicaid cost estimates in US dollars and the reported OS, PFS
and AE data from published clinical trials. All costs and health outcomes were discounted at a 3
% annual rate. We simulated the Markov model in MATLAB and performed statistical analyses
such as fitting distributions to the survival meta-data in R.
Markov Model
We compared the health outcomes in quality-adjusted life-year (QALY) and costs of all
treatment plans that are consistent with guidelines that involve three or fewer lines of therapy, over
a 10-year long time horizon, a period long enough to accurately capture the tail of the survival
distribution of mCRC patients, using a Markov model as depicted in Figure 1. We permanently
discontinued a regimen when it led to disease progression, or two severe AEs (i.e. Grade 3+ event,
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according to the Common Terminology Criteria for Adverse Events31). Discontinued treatments
were not reintroduced into the treatment plan. Following any AE, the regimen in use was
temporarily paused and a 2-week chemotherapy break was enforced to wash out the toxic effects
from the AE. The patient was not assumed to take optional chemotherapy breaks between
successive lines of treatments, however upon discontinuation of the third line of therapy he/she
was assumed to remain off treatment in palliative care subject to no relevant cancer therapies until
death. We also assumed the patient did not experience any AEs when he/she was off treatment,
i.e. either during the mandatory chemotherapy breaks after experiencing an AE or in palliative care
after the third line treatment.
Data Sources and Calibration
We utilized published clinical trials that report various effectiveness metrics of several
chemotherapy drugs and targeted therapies on multiple cohorts to build a comprehensive patient-,
disease-, and treatment-specific database.
Since clinical trials test a variety of treatment methods with different outcome measures,
we identified a set of filtering rules to construct the database. We list the four main criteria which
all had to be satisfied for inclusion of a report or publication into our database as follows:
1)
2)
3)
4)

Primary tumor was in either the colon or rectum; and
Cancer was staged as advanced or metastatic; and
The trial was of Phase II, III or IV; and
Chemotherapy alone or combined with targeted therapy were the only administered
treatments.

We excluded all trials from consideration if they satisfied any of the criteria below:
1) Administered other forms of treatment in combination with chemotherapy (e.g.
radiotherapy),
2) Published prior to year 2000,
3) Written in a non-English language.
Searching for the keywords “colorectal cancer” OR “colon cancer” OR “rectal cancer” in the
condition field at the online ClinicalTrials.gov registry and selecting only phase II, phase III, and
phase IV trials, as of January 1, 2014, we identified 1,009 clinical studies which formed the
primary source of data for the calibration of our model. As only 80 of these trials reported their
findings in ClinicalTrials.gov, we also searched other literature to identify publications reporting
the findings of others. We used Google Scholar’s and PubMed’s search engines to find out the
publications that match with the official title, primary investigator, the assigned ClinicalTrials.gov
identifier of the trial, and the names of the regimens tested in the trial. After reviewing the resulting
pool of identified publications, we determined whether a publication indeed reported the results of
the trial it was associated with. For each trial, we considered only the most recent relevant
publication reporting its outcomes.
To further expand our database, we also searched and analyzed the publications that have
been cited by the recorded clinical trials and satisfied the aforementioned inclusion criteria. A
complete list of the publications used to construct our database can be found at 32. A descriptive
summary of the characteristics of the subject populations studied by the publications in our
database is presented in Table 1.
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Patients and Treatment Regimens
We simulated the dynamically evolving health condition of an mCRC patient according to
our Markov model where all events, i.e. disease progression, AEs, and death, were assumed to
occur at weekly spaced time points. To conduct comparative effectiveness and probabilistic
sensitivity analyses (SAs) we collected 10,000 simulated replications of the treatment process
under each treatment plan.
We utilized our database to estimate the distributions of the efficacy end-points of eight
individual FDA-approved chemotherapy regimens each of which is also clinically acceptable
according to National Comprehensive Cancer Network’s (NCCN) guidelines (Table S1).33,34 All
of the regimens we considered are combination therapies and administered with or without targeted
therapies. For each regimen included in our database, there were at least 10 clinical trials reporting
PFS, OS or AE outcomes. To estimate the necessary effectiveness parameters of each regimen, we
used the outcome metrics that were associated with the arm of the clinical trials administering that
particular regimen. Moreover, we assumed the PFS and OS under each regimen depend only on
the current line of use but did not distinguish the lines for previously-treated patients; that is, for
each regimen the PFS and OS distributions are assumed to show no variation beyond the first line
of treatment independent from the history of previously administered treatments (Table 2).
Our analyses consider only treatment plans that are consistent with the NCCN guidelines
such that if drug resistance develops on a chemotherapy agent, then our model disallows the
administration of all regimens including that particular agent in all subsequent lines. For instance,
if the patient experiences disease progression under FOLFOX, which includes oxaliplatin,
then he/she cannot utilize CAPOX as it involves oxaliplatin, too. In addition, we do not restrict
regimens to specific line of therapies, i.e. all regimens are eligible in all lines of treatment. Note
that CapeIRI is included in our analyses owing to the fact that it is approved by the European
Medicines Agency in Europe.35
Assumptions
In reality, during the course of treatment, patients endure different grades of AEs, which
indeed require alterations in the treatment plan. These modifications may include reductions in the
drug dosage, lessening the frequency of administration and/or temporary or permanent
discontinuation of treatment. We modeled chemotherapy-related toxicity by means of the
occurrence of a severe (Grade 3+) AE. We assumed that all incidences of AEs are followed by a
pre-specified length of mandatory breaks from chemotherapy to treat the symptoms of the
occurring AE, and treatments were permanently discontinued if they lead to two severe AEs. We
assumed that the impact of less severe AEs on health outcomes were captured by means of patients’
health utilities in the model but have not considered their economic impacts on the results.
In our model at the end of each treatment cycle, conditional on surviving from death, the
patient is assumed to experience either an AE, or a disease progression, or neither; that is,
simultaneous occurrences of AEs and disease progression are assumed to be negligible.
Although different chemotherapy regimens have different toxicity profiles and tolerance
limits against AEs depend on the individual patient physiology, treatment- and line-specific utility
estimates are not available in the literature. Therefore, we utilized the average health utilities under
chemotherapy before and after disease progression that are reported by Ramsey and others, 2000,
200236,37 and assumed that such utilities apply to all regimens we considered across all possible
three lines.
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Estimating OS and PFS Distributions
We used our database to dress the available median OS and median PFS data of each
regimen by a probability distribution. We considered Gamma, Weibull, and Lognormal
distributions as candidate parametric representations for PFS and OS, and chose the one with the
highest Anderson-Darling goodness-of-fit test statistic.38 We estimated the parameters of the
distributions using the maximum likelihood estimation method. Table 2 presents the OS and PFS
distributions along with their respective parameters for each regimen and for patients who need to
stay off-treatment after utilizing all possible lines of therapy.
For any regimen " we estimated the conditional probability of death during a cycle of
treatment starting with epoch #, $% # , and the conditional probability of disease progression
during a cycle of treatment when the regimen has been administered for & epochs, '% (&), using
the following expressions:
$% # = + , ≤ # + / " | , ≥ # =
'% & = + 9 ≤ & + / " | 9 ≥ & =

2 3454367 %
2 583
2 :4;4:67 %
2 ;8:

,

(1)
.

(2)

In equations (1) and (2) above, random variables , and 9 denote OS and PFS, respectively,
and / " indicates the length of a cycle for regimen ". Note that the patient’s conditional
probability of death is assumed to depend on the time since diagnosis, whereas the disease
progression is only a function of how long the current regimen is utilized.
Estimating the AE Incidences
The incidence rate of AEs differs between the first-line and subsequent-lines of treatment
(Table 2) with consistently higher rates in pre-treated patients. In line with the reports indicating
low toxic accumulation in the FDA-approved drugs for mCRC,39 we assumed that the line-specific
AE incidence rate does not change by time (i.e. time to AE follows a geometric distribution).
Therefore, for each regimen, we first calculated the line-specific occurrence rate of severe AEs as
the reciprocal of the sample mean number of severe AEs per patient per month and adjusted the
resulting incidence rates proportionally with the length of the treatment cycle of each regimen. To
calculate the unconditional occurrence probabilities of commonly reported AEs – namely diarrhea,
nausea and vomiting, neuropathy, hand-foot syndrome, neutropenia, febrile neutropenia,
hemorrhage, hypertension, and gastrointestinal perforation – per cycle, we employed Bayes’ rule
given the occurrence probability of any AE we considered and the conditional incidence rates of
each type of AE under each regimen. Based on this adjustment, for instance, under a particular
regimen " the likelihood of incurring a diarrhea event per cycle is calculated as
(Probability of incurring an AE under regimen ") x (Conditional probability that the occurring AE is
Diarrhea).
The list of particular AEs as well as probability distributions indicating the incidence rates of each
specific AE conditional on the occurrence of an AE, i.e. the second component in the expression
above, was derived based on the findings from four clinical trials (Table S2).3,40–42
Health Utilities
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We used the literature to adjust for patients’ health utilities in all states of the process based
on their status of disease progression and being in palliative care. In particular, the patient’s preprogression health-related quality of life was adjusted by a utility factor of 0.85, and postprogression quality of life was adjusted by a utility factor of 0.65 until the initiation of palliative
care.36,37 The lifetime spent in palliative care was adjusted by a health utility of 0.25.43 Besides the
utilities that vary with patient’s disease progression status and treatment history, health utilities
that adjust the patient’s quality of life during the mandatory chemotherapy breaks that wash out
the toxic effects of AEs are derived from the literature and presented in Table S2.43–46
Cost Estimates
Our analyses consider only direct medical costs associated with treatments: Drug
acquisition cost (shortly drug cost in the rest of the paper), drug administration cost (shortly
administration cost in the rest of the paper), and AE treatment cost. We used the average sales
price of each drug from the 2014 Centers for Medicare and Medicaid Services (see Table S3)47
and the dosage levels proposed by current guidelines to determine the drug costs33. We assumed
the doses for a prototype patient profile with 1.86m2 body-surface area (BSA) and 82 kg weight.19
Administration cost refers to the cost incurred due to intake of treatments in therapy
sessions and was calculated using the 2014 Medicare physician fee schedule for each regimen48
(Table S3). We obtained the administration duration of each regimen according to the
recommendations of NCCN guidelines.33
We employed the Grade 3+ AE treatment costs from existing studies particular to CRC
patients,49 except for the case of neutropenia. For neutropenia, we utilized the literature on nonsmall lung cancer assuming that treating a single incidence of neutropenia costs same for mCRC
patients and non-small cell lung cancer patients.50 All costs were assumed to be non-fluctuating
throughout the 10-year time horizon.
Sensitivity Analyses
To address how potential unilateral variations in model parameters may influence the
incremental cost-effectiveness ratios (ICERs) and to evaluate the robustness of outcomes to our
model settings, we conducted a series of univariate SAs. First, to create a worst-case setting for
OS and PFS, we re-estimated their distributions by considering the reported lower bounds of their
95 % confidence intervals in our database as input data. We varied the probabilities of experiencing
severe AEs within ±5 % of their baseline values. We also tested the sensitivity of the results by
altering the utilities associated with patient’s disease progression status by 0.1 from their baseline
and the utilities associated with each type of AE within ±20 % of their baseline values. Sensitivity
with respect to cost terms was studied by ranging the drug and administration costs by 20 % from
their baseline values in both directions and altering the cost of AEs to the end points of the ranges
reported for them in the literature (Table S2).49,50
We investigated the impact of time value of health and cost outcomes by running the model
under an undiscounted setting and with a 5 % annual discount rate. Last but not least, to measure
the sensitivity of the results with respect to toxicity tolerance set in the model, we changed the
duration of enforced chemotherapy breaks due to AEs to 1 and 3 weeks, as well as the number of
AEs causing permanent treatment discontinuation to 1 and 3. In addition to such univariate
sensitivity analyses, via Monte-Carlo simulation, we computed the efficiency likelihoods of
treatment plans that are efficient based on mean cost per QALY metric. Making use of the results
from simulation runs, we also constructed cost-effectiveness acceptability curves (CEAC) to
assess the behavior of the cost-effectiveness of efficient treatment plans with respect to varying
7
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ICER thresholds when compared to the least costly efficient treatment plan in base- and worstcase scenarios.

3. Results
We compared the QALYs and costs of up to three lines of clinically acceptable treatment
plans. In total, we compared 178 treatment plans and identified efficient frontiers based on mean
cost per QALY for our base-case (Figure 2) and worst-case (Figure 3) scenarios. Recall that baseand worst-case scenarios share the same setting for all parameters but the distributions of OS and
PFS. Results and details from the efficient treatment plans will be the focal point of the discussion
in the rest of this section.
The efficient frontier for base-case analysis consisted of 7 treatment plans. It can be noticed
that, as the regimen with lowest acquisition cost per cycle, LV5FU appeared in differing lines of
all but most expensive efficient treatment plans. Among the efficient treatment plans, one
administers a single line of therapy and one prescribes two lines of therapies where all others
administer three lines of therapies. The only efficient single line treatment plan involved LV5FU
and yielded QALYs between 0.17 and 1.86 (0.23–5.54 life-years) at a total cost ranging between
$1,075 and $21,132. The only efficient treatment plan with two lines of therapies administered
LV5FU in the second line preceded by FOLFOX in the first-line and yielded 0.20–3.02 QALYs
(0.23–7.75 life-years) at a total cost between $6,925–$40,218. The remaining five treatment plans
of the efficient frontier, which all consisted of three-lines of therapies, are listed below with the
ranges of health benefit they generate and the resulting cost.
1
2
3
4
5

FOLFOX – LV5FU – FOLFIRI
FOLFOX – LV5FU – CapeIRI
FOLFOX – CapeIRI – LV5FU
CapeIRI – LV5FU – CAPOX
(FOLFOX + bev.) – (FOLFIRI + bev.) – CAPOX

Life-years
0.23–6.08
0.23–8.17
0.23–8.32
0.21–8.17
0.23–8.30

QALYs
0.20–2.50
0.19–2.90
0.20–3.18
0.18–3.44
0.20–3.69

Total Cost ($K)
8.2–46.9
6.8–69.2
7.2–77.3
13.1–209.8
23.9–371.9

In our worst-case analysis, the efficient frontier consisted of 5 treatment plans as shown in
Figure 3. The efficient frontier under the worst-case scenario showed substantial differences
compared to that of the base-case. First, in the worst-case, the expected QALYs gained was less
than a year under all efficient treatment plans. In addition, the total expected cost for each of the
efficient treatment plans was below $55,000. More interestingly, FOLFOX was not only efficient
as a single line of treatment itself, but also appeared as the first line of therapy in almost all
multiple-line treatment plans except the least costly one. While the worst-case scenario has fewer
treatment plans with three lines of therapies than the base-case, a commonality between the results
of base- and worst-case scenarios is that only the most expensive efficient treatment plan
administered bev., and in both cases, it generated low incremental survival outcome when
compared to its adjacent treatment plan of the corresponding efficient frontier (0.19 and 0.11,
respectively). However, such extensions came at an incremental cost of $87,000 and $35,000 in
the base- and worst-cases, respectively, when compared to the same adjacent treatment plans on
their respective frontiers.
Our derivation of efficient frontiers involves treatment plans that are not subject to
extended dominance (often referred to as weak dominance), i.e. those that are not ruled out even
they are compared to appropriate combinations of other treatment plans. Besides the frontiers
based on extended dominance criterion, we also derived efficient treatment plans based on the
8
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notion of strong dominance with respect to QALYs and cost. Such treatment plans are often
referred to as weakly-dominated since they are not ruled out as inefficient based on a head-to-head
comparison with any other single treatment plan but are ruled out by appropriate combinations of
two or more appropriate treatment plans. We figured that there were 8 and 12 weakly-dominated
treatment plans in the base- and worst-case scenarios, respectively. The health outcomes and costs
associated with the weakly-dominated treatment plans in our analyses are available in the
supplementary material.
In Table 3 we present the ICERs in base-case. Since LV5FU is the least costly efficient
treatment plan in base-case, we also explored the sensitivity of the ICER values when LV5FU was
compared against all other efficient treatment plans. Results show majority of the efficient
treatment plans are cost-effective under a $100,000 willingness to pay threshold except the
treatment plan (FOLFOX+bev.)–(FOLFIRI+bev.)–CAPOX which had an ICER above $100,000.
When we considered a willingness to pay threshold of $50,000, then 4 treatment plans were costeffective against LV5FU. Table 3 also displays the ICERs between all successive pairs of efficient
treatment plans when they are sorted in ascending order of cost/QALY ratios in base-case. Only
two treatment plans appeared to be cost-effective under both of the widely acknowledged
willingness to pay thresholds in such comparisons. The remaining four comparisons turn out to be
cost ineffective with ICERs above $100,000. More specifically, for the treatment plans that were
cost effective against their predecessors on the efficient frontier, FOLFOX – LV5FU had an ICER
of $26,260 against LV5FU, and FOLFOX – LV5FU – FOLFIRI had an ICER of $43,435 when
compared to FOLFOX – LV5FU.
To assess the influential cost components of the model, we computed the breakdown of the
total cost with respect to individual lines of therapy and with respect to different cost elements. In
order to gauge the added benefits of subsequent lines of treatments to patients, we also calculated
the percent utilization rates of each line of therapy as the proportion of patients that survived until
the initiation of that particular line. As illustrated in Table 3, drug and administration costs
accounted for most of the total cost, whereas the share of AE treatment cost was insignificant.
Expectedly, combinations of chemotherapy regimens with targeted therapy (i.e. bev.) accounted
for the largest share of drug cost of their respective treatment plans. In terms of average durations,
intuitively, in all efficient treatment plans except CapeIRI - LV5FU – CAPOX, the average first
line treatment duration was substantially longer than the second and third lines of treatments, Due
to substantial variation in costs of treatments, it is hard to generalize a correlation or pattern
between the duration of a line of treatment and the costs accrued during that particular line of
treatment. In addition to the average duration of each line of treatment, we examined the proportion
of patients utilizing each particular line of therapy in each one of the efficient treatment plans. In
the base-case, all efficient treatment plans demonstrated high utilization rates, with 90% of the
patients exposed to all lines of treatment. In the worst-case, under the efficient treatment plans that
are expected to survive the patients longest, the second- and third-line treatment utilization rates
dropped significantly to 85% and 67%, respectively (see Table S4).
Table 3 also illustrates the effect of drug sequencing on the effectiveness and cost of
treatment plans. When we compared the treatment plan consisting of FOLFOX-CapeIRI-LV5FU
against FOLFOX-LV5FU-CapeIRI, the ICER was more than $175.000 per QALY gained. In a
more-detailed setting, as demonstrated in Table 4, we examined the performance of treatment plans
consisting of three lines of therapies with respect to the order of administration of their respective
regimens. Although not always the case, administering the same regimens in a different order
significantly altered the effectiveness of a treatment plan. Our results indicate that the differences
could be as much as 0.8 QALYs in health outcomes and more than $60,000 in the aggregate cost
9
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of treatment plan when the regimens are used in different orders as in cases of FOLFOX–
(FOLFIRI+bev.)–LV5FU and (FOLFOX+bev.)–FOLFIRI–LV5FU, respectively.
To characterize the toxicity profiles of each one of the treatment plans that we considered,
we also recorded the time of each AE as well as the total count of AEs. In cases where a patient
died prior to experiencing an AE, we considered the recorded time of death as the time of the first
AE. In our experiments, the average expected number of AEs induced by the efficient treatment
plans was less than 2.5. Furthermore, the average time between two consecutively experienced
AEs was no less than 9 weeks in any of the efficient treatment plans.
The results from our SAs comparing the ICER between LV5FU (the least costly efficient
treatment plan in base case) and the treatment plan consisting of (FOLFOX+bev.)–
(FOLFIRI+bev.)–CAPOX (the most expensive efficient treatment plan in base case) are presented
in the tornado diagram of Figure 4. The base-case ICER value between these two treatment plans
was $152,529 and appeared to be most sensitive to the changes in the cost of chemotherapy drugs,
PFS distributions, health utility in post-progression stage, OS distributions and the number of AEs
allowed per regimen, in descending order of impact. Finally, disutilities and treatment costs of AEs
had the least impact on the ICER. The tornado diagram in Figure 4 also depicts the impact of using
the worst-case OS and PFS distributions. Among all tested factors, in terms of the range in ICER
caused by the variability of the factor, the shift in OS and PFS distributions to their worst-cases
ranked second and fourth, respectively. The SAs conducted on the ICER between LV5FU (the
least costly efficient treatment plan in base-case) and FOLFOX-LV5FU (the efficient treatment
plan adjacent to LV5FU on the base-case efficient frontier) is available in the Appendix (Figure
S1). Our SAs showed that changes in a single parameter do not substantially impact the ICER in
that comparison, which consistently sailed below the $50K. More explicitly, the ICER was most
sensitive to changes in drug costs, post-progression health utility and the OS distribution. Mainly
due to negligible number of AEs experienced by the patients in relatively shorter life-spans, similar
to the analyses when LV5FU compared to the most expensive treatment plan on the efficient
frontier, changes in AE treatment costs could only affect the ICER only to a very limited extent.
Our derivations of efficient frontiers were based on mean incremental cost/incremental
QALY ratios. To assess variability of the efficient frontiers themselves, via the sample simulation
runs we collected, we also computed the efficiency likelihoods of all treatment plans again with
respect to cost and QALYs in both base- and worst-cases. In particular, 97.75 % (i.e. all but 4 out
of 178) of all treatment plans were more likely to be efficient than being inefficient (i.e. had a
chance of appearing on the frontier with at least 50 % chance). When the non-dominance chance
is raised to a more aggressive threshold of 75 %, a substantial percentage, 85.96 %, of all treatment
plans still appeared to be efficient. At more extreme non-dominance chance thresholds, less than
half of the treatment plans appeared to be efficient. For instance, when the treatment plans are
sought to be efficient with at least 90 % chance, 43.82 % of them were filtered out to form the
frontier which shrank to include only 20.79 % of the treatment plans when the threshold efficiency
likelihood was raised to 95 %.
In Figure 5, we display the CEACs for all treatment plans of the efficient frontier under the
base- and worst-case scenarios when they are compared against the least costly treatment plan of
the corresponding frontier (LV5FU and LV5FU – CAPOX – CapeIRI, respectively). For instance,
from Figure 6, when the willingness to pay threshold per QALY gained was $50K, the two-line
treatment plan FOLFOX – LV5FU was cost-effective over LV5FU with 92 % chance. Under the
$50K threshold of willingness to pay per QALY gained, four of the efficient treatment plans were
found more likely to be cost-effective than LV5FU. When the willingness to pay threshold was
raised to $100K and $150K all efficient treatment plans excluding the three-line treatment plan
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(FOLFOX + bev.) – (FOLFIRI + bev.) – CAPOX, were more likely to be cost-effective than
LV5FU. Interestingly, the only two CEACs crossing each other were corresponding to the
treatment plans FOLFOX – LV5FU and FOLFOX – LV5FU – FOLFIRI with the latter being more
likely to be cost-effective when the willingness to pay threshold was between $37K - $58K.

4. Discussion
We developed a Markov model to assess the tradeoffs between health benefits and costs of
a plethora of treatment plans for mCRC patients consistent with recent guidelines. We focused on
the cost-effectiveness of treatment plans and the effect of drug sequence on the efficacy of
treatment and quality of life. Our results empirically verify the benefit of exposing the patient to
all active chemotherapy agents in that when combined with targeted therapies better-designed
sequences of chemotherapy regimens may double the mCRC patients’ quality-adjusted survival
compared to LV5FU, the former standard care for mCRC patients prior to recent advancements.
However, improvements in survival apparently come with significant costs. The unit costs
of newly developed chemotherapy drugs and emerging targeted therapies are significantly higher
than the costs of existing drugs.15 Thus, adding more lines of therapy to the treatment plan
substantially increases the total cost of treatment. In general, compared to a single treatment with
LV5FU, treatment plans administering two lines of chemotherapy given in combination with
targeted therapy (i.e. bev.) appear to be cost-ineffective even with respect to the willingness-topay threshold of $100,000. Considering the prohibitive cost often associated with modern drugs
along with the evolving field of personalized medicine dictate cautious examination of the
potential benefit and costs associated with new interventions to well defined sub-populations.
Hence, findings from studies like ours can provide a reference point to initiate and guide such
decisions in the near future.
Intuitively, our results verify the expectation that mCRC patients benefit from adding more
lines of therapy. In particular, no treatment plan with fewer than three lines of therapies can extend
the patient’s quality-adjusted survival beyond 2 years. Despite the added benefit of the third line
on survival, due to mortality before reaching to the third line of treatment, the average third line
treatment durations and the average third line treatment utilizations were shorter than the prior
lines in majority of the treatment plans.
One of the side findings of our research is that proper sequences of drugs impact the
economic value of treatment plans. Although optimizing the sequence and durations of therapies
appear to be the subject of recent heated discussions among clinicians and unorthodox compared
to the practice of treat-to-progression that relies on clinical trials which test the efficacy of the
drugs only in particular lines with no question posed on the influence of sequencing on the efficacy
of the drugs, an imminent extension of our research may attempt to investigate how the available
treatments can be better utilized.11–13,51
Although the main research goal of our study was to explore the comparative effectiveness
of treatment plans that do not necessarily consist of single line of treatment, the implications of
our findings are indirectly aligned with the findings of existing studies that evaluate specific
regimens in head-to-head settings. For instance, consistent with published studies revealing that
FOLFOX yields superior health outcomes compared to FOLFIRI at an acceptable added cost,52–54
majority of multi-line efficient treatment plans in our base-case and worst-case scenarios
administer FOLFOX as the first-line therapy whereas no treatment plan administers FOLFIRI in
their first-line settings. Moreover, as only one of the treatment plans administering bev. in the first
or second line is found to be efficient in base-case whereas none of those treatment plans appeared
to be efficient in the worst-case, our analyses partly provides supporting evidence to the studies
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which claimed that bev. is unlikely to be cost-effective when administered in early lines of
therapy.19,21,26,55
When we compare our findings with the study of Wong et al., 2009, which also compared
the effectiveness and cost-effectiveness of treatment plans for mCRC patients, we have
significantly lower ICER values.29 However, this can be explained by the differences in drug costs,
given that Wongs’ study used 2008 cost estimates. Our analysis disagrees with existing studies
evaluating the effectiveness of capecitabine against 5-FU.23,56 When we compared the costeffectiveness of FOLFOX versus CAPOX we found that despite their comparable health benefit,
FOLFOX is less costly than CAPOX. Note that this is attributable to the high relative cost of
capecitabine compared to oxaliplatin which has been significantly reduced in recent years.
The high sensitivity of our findings to the OS and PFS distributions can motivate the
development of prognostic tests such as biomarker panels which could predict the efficacy-based
appropriateness of particular treatment plans to individual patients. For instance, it is widely
known that patients with specific mutations (i.e. mutated KRAS) do not respond to drugs targeting
the epidermal growth factor receptor.44–46 Therefore, studying mCRC patients in appropriately
segregated sub-populations sharing demographic and genomic similarities may unmask and boost
the economic value of treatment plans.
Our SAs consistently ranked health utilities in pre- and post-progression stages among the
parameters that heavily affect the ICERs between the treatment plans considered. Despite the rich
and still growing literature, surprisingly, at the time this study was conducted pre- and postprogression utility estimates that represent patients’ quality of life distinctly for each chemotherapy
regimen were not available. Availability of such estimates would improve the accuracy of the
analyses in this study.
Last but certainly not the least, majority of the differences between the results of base- and
worst-case scenarios can be attributed to the fact that patients survive much shorter in the worstcase setting and this renders the utilization of subsequent lines of treatments unlikely beyond the
first line.
Limitations
Our study has some limitations primarily arising from data availability. First and foremost,
our calibration rests on a wide meta-analysis of published clinical trials and lacks raw patient-level
data. In the absence of such desired data, the distributions marking the three main events of the
process are all estimated from the reported medians in the literature. More explicitly, taking
advantage of the variation in the median outcomes across the reports and publications in our
database, we first fit distributions to the collected medians of those end-points, and substitute them
with the distributions of the end-points themselves. Since patients enrolled to clinical trials are
typically in better health condition than the overall population, the outcomes reported from clinical
trials may not well represent the health of the subject cancer population in reality. Therefore, our
results should be cautiously generalized to comment on the broader mCRC population.
Another layer of limitation, again related to the estimation of the distribution of end-points
is that clinically the survival, disease progression and toxicity do all depend on the exact order the
regimens are administered in a treatment plan. Due to limited data, we were able to distinguish the
end-point distributions only with respect to patients’ pre-treatment status, i.e. first line or
subsequent lines, rather than a more-desired line-specific and history-dependent approach. On the
other hand, we note that our analyses do not consider the drug monitoring costs which may involve
costs due to nursing and outpatient physician visits, costs due to palliative care, the costs that are
incurred during the patients’ travel to the medical sites, and opportunity costs associated with loss
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of productivity which in turn may underestimate the total cost of cancer care for all treatment plans
considered. The implications of ignoring such costs may translate into varying magnifications for
different plans based on the extent they survive the patient. In addition, the set of regimens we
considered does not span all FDA-approved chemotherapy and targeted therapies, however, as
more data pertinent to emerging therapies become available our model can easily be extended to
address how the use of such drugs within the first three lines of treatment may impact their
economic value as well as the economic value of the whole treatment plans.
In addition, in the absence of indirect treatment comparisons or network meta-analyses,
our estimates based only on single arms of the studies may miss the potential differences between
the demographics and physiology of the patients enrolled in different clinical trials. Therefore,
lack of direct pairwise comparisons between the treatments may fail to observe the variability in
different trial settings and lead to confounding consequences on our estimates.
Our analyses utilized cost estimates from 2014. Although all of the constituent drugs of the
regimens considered in this study except bev. have generic equivalents, our analyses are based on
branded-prices. In the aftermath of bev. losing patent protection and/or drugs losing their
exclusivity marketing rights, the findings of our study may lose their validity if they are attempted
to be reproduced with generic prices. A different modeling approach may incorporate the
probabilistic changes in cost due to expiring patent-protections and the possibility of entrance of
new drugs to the market over the life-time of a cancer patient, however the accuracy of such an
extension would, more or less, rely on hard-to-obtain future survival and price forecasts from
private industries. Our study rather takes a snapshot of the present and is concerned with the
simpler question of how treatment plans compare to each other in that snapshot.
Last but not least, data availability held our modeling of drugs’ toxic effects to binary
outcomes by means of the occurrence of a diverse array of AEs, but in reality, the toxicity is
directly associated with longevity of the administration of the drug. Despite this fact, in practice,
most trials do not monitor the cumulative toxicity build-ups in patients and report only the number
of observed AEs. Likewise, trials typically track the change in tumor size rather than precisely
measuring the magnitude of the change. Therefore, we lack any relevant data from the gathered
reports that may allow a more rigorous and accurate modeling of tumor growth over time. Our
analyses assumed that a treatment would be permanently discontinued if it led to 2 Grade 3+ AEs.
In practice, there is no widely accepted number of AEs permitted per treatment. Hence, our
analyses underestimate the total cost of mCRC treatment along with the utilization of each line of
therapy administered which may yield better health benefits.

5. Conclusion
Although recent advancements in cancer treatment improve health outcomes for mCRC
patients, these may come at a high incremental cost and are highly dependent on sequencing of
treatments. Our results indicate that treatment plans involving multiple targeted therapies are
unlikely to be cost-effective when compared to a single-line treatment with LV5FU. Our findings
also underline the importance of better drug sequencing on the economic value of the treatment
plans.
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Tables

Trial-Related
Statistics (Number
of trials)

Table 1. Descriptive summary statistics of the database constructed from the clinical trials and
publications reporting their outcomes

Trial’s Recruitment Status

Trial’s Allocation Methodology

Patients’ Status

Population-Related Statistics (Number of patients)

Reason for Discontinuation (% of
patients started treatment)
Age
Gender

Ethnicity

Number of Metastatic Organs
Primary Site
Prior Chemotherapy
KRAS Status

Total Number Maximum
Number
236
Completed
Terminated
34
Ongoing
87
Unknown
208
Randomized
244
Non97
Randomized
Unknown
224
Enrolled
165,218
Started
151,396
Completed
29,176
Death
5,937 (3.9)
Adverse Event
3,331 (2.2)
Disease
13,987
Progression
(9.2)
Other
9,667 (6.4)
18 – 64
29,963
> 65
18,367
Male
79,610
Female
55,442
White
41,438
Black
2,677
Hispanic
333
Asian
2,403
Other
2,251
≤1
18,956
>1
24,714
Colon
56,634
Rectum
24,339
Colon &
2,783
Rectum
Yes
28,298
No
32,854
Wild-type
14,097
Mutated
6,421

20

Average
Number
-

-

3,998 292.42
1,617 267.96
1,338 51.64
467 10.51
179
5.90
750 24.76
345 17.11
1,315 53.03
597 32.51
973 140.90
673 98.13
1,193 73.34
127
4.74
25
0.59
228
4.25
102
3.98
620 33.55
909 43.74
1,247 100.24
482 43.08
172
4.93
1,255
1,045
954
374

50.08
58.15
24.95
11.36
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Table 2. OS, PFS, and Time to AE Distributions (in months) for base- and worst-case scenarios.
Abbreviations: Ln(µ,s2) = Lognormal distribution with location parameter µ and scale parameter
s, W(l,k) = Weibull distribution with scale parameter l and shape parameter k, Γ(a,b)= Gamma
distribution with shape parameter a and scale parameter b, Geo(p) = Geometric distribution with
incidence rate p.
OS

Worst-case

Base-case

Regimen

1st-Line

PFS
All SubsequentLines

1st-Line

All Subsequent
Lines

Time to AE
All
Subsequent
1st-Line
Lines

CapeIRI

Ln (2.943, 0.212)

Γ(15.281, 0.789)

Ln (2.079, 0.204)

W (4.633, 8.639)

Geo (0.050)

Geo (0.160)

CAPOX

Ln (2.904, 0.396)

Ln (2.506, 0.269)

Ln (2.008, 0.181)

Γ(18.56, 2.474)

Geo (0.015)

Geo (0.257)

CAPOX + bev.

Ln (3.116, 0.116)

W (6.229, 24.231)

W (7.588, 10.495)

Ln (2.29, 0.245)

Geo (0.044)

Geo (0.110)

FOLFIRI

Ln (2.937, 0.233)

W (4.494, 16.609)

W (5.123, 8.452)

Ln (1.774, 0.371)

Geo (0.018)

Geo (0.057)

FOLFIRI + bev.

Ln (3.182, 0.194)

Ln (2.871, 0.380)

W (5.681, 10.958)

Ln (2.057, 0.393)

Geo (0.042)

Geo (0.286)

FOLFOX

Ln (2.971, 0.305)

W (3.85, 14.965)

Ln (2.12, 0.246)

Γ(8.279, 1.543)

Geo (0.016)

Geo (0.018)

FOLFOX + bev.

Γ(35.946, 1.552)

Ln (2.685, 0.332)

Ln (2.391, 0.197)

Ln (1.976, 0.396)

Geo (0.016)

Geo (0.040)

LV5FU

Ln (2.791, 0.475)

Ln (2.848, 0.515)

Ln (1.882, 0.422)

Ln (1.902, 0.413)

Geo (0.009)

Geo (0.019)

No treatment

Ln (2.194, 0.580)

Ln (2.194, 0.580)

Ln (0.980, 0.829)

Ln (0.980, 0.829)

Geo (0)

Geo (0)

CapeIRI

W(3.42, 14.52)

W(3.032,5.351)

W(2.367, 6.632)

W(2.314, 6.301)

Geo (0.050)

Geo (0.160)

CAPOX

W(4.349, 4.931)

W(2.187,11.592)

Γ(18.898, 3.39)

Ln(1.705,0.315)

Geo (0.015)

Geo (0.257)

CAPOX + bev.

W(7.796,19.716)

W(7.796,19.716)

W(7.431, 8.767)

W(6.708, 8.65)

Geo (0.044)

Geo (0.110)

FOLFIRI

W(2.137,14.802)

Ln(2.412,0.363)

W(3.822, 7.06)

Ln(1.587,0.409)

Geo (0.018)

Geo (0.057)

FOLFIRI + bev.

W(4.679,22.096)

W(1.96, 15.482)

W(6.665, 9.31)

W(3.331, 5.422)

Geo (0.042)

Geo (0.286)

FOLFOX

Ln(2.739,0.36)

W(2.321, 12.018)

Γ(7.821, 1.093)

Ln(1.316,0.478)

Geo (0.016)

Geo (0.018)

FOLFOX + bev.

W(4.398, 20.437)

W(1.73, 13.114)

W(7.794, 9.368)

W(3.641, 5.24)

Geo (0.016)

Geo (0.040)

LV5FU

Γ(1.375, 0.134)

W(1.296, 13.984)

Ln(1.936,0.458)

Ln(1.936,0.458)

Geo (0.009)

Geo (0.019)

No treatment

W(1.982, 10.92)

W(1.982, 10.92)

Ln(0.853,0.749)

Ln(0.853,0.749)

Geo (0)

Geo (0)
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Table 3. Mean cost and health outcomes for efficient treatment plans in base-case. Abbreviations: ICER: incremental cost-effectiveness
ratio, QALY: quality adjusted life-year. The cells with an ICER less than $50K are light-shaded, and those with an ICER between $50K
and $100K are dark-shaded.
Patients’
Treatment
Utilization
Rates (%)

Treatment
Plan

1st
line

LV5FU
FOLFOX
– LV5FU

2nd
line

3rd
line

Expected Treatment
Duration (in weeks)

Drug

Administration

AE
treatment

QALYs

Cost
($K)

ICER
relative to
the
preceding
treatment
plan on the
efficient
frontier
($K/QALY)

NA†

1.3

3.9

*

NA†

NA†

NA†

NA†

NA†

5.9

11.5

*

0.47

12.3

26.3

26.3

15.1

*

0.58

17.3

43.4

29.7

12.4

0.1

0.69

31.4

128.7

45.3

12.4

0.1

0.70

33.4

179.7

47.5

8.2

0.4

0.96

89.0

218.0

92.8

21.0

1.0

1.15

175.5

450.2

152.5

Expected
Treatment Cost
($K)

1st
line

2nd
line

3rd
line

1st
line

2nd
line

3rd
line

100

NA† NA† 28.90

NA†

NA†

1.3

NA†

100

98

NA† 36.06

29.36

NA†

4.6

1.3

Breakdown of Total
Expected Cost ($K)

FOLFOX
– LV5FU – 100
98
90 36.03 29.38 16.60
4.6
1.3
1.3
7.2
FOLFIRI
FOLFOX
– LV5FU – 100
98
90 36.03 29.36 18.44
4.6
1.3
18.1
24.0
CapeIRI
FOLFOX
– CapeIRI
100
98
96 36.03 20.18 28.59
4.6 20.1
1.3
26.0
– LV5FU
CapeIRI –
LV5FU –
100
99
91 35.85 29.71 45.20 36.4
1.3
47.9
85.6
CAPOX
(FOLFOX
+ bev.) –
(FOLFIRI
100
99
89 46.95 30.93 44.48 69.2 42.8
46.7 158.7
+ bev.) –
CAPOX
* Cost < $100,† NA: Not applicable, Least costly efficient treatment plan: LV5FU.
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Outcome
Differentials per
patient relative
to LV5FU

ICER relative
to the least
costly
efficient
treatment
plan
($K/QALY)
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Table 4. Range in expected cost and health outcomes, i.e. the difference between the maximums and minimums,
when the lines of treatment plans consisting of three different regimens are administered in different orders.
Treatment Plan

QALY

Cost ($K)

Treatment Plan

QALY

Cost ($K)

FOLFOX – FOLFIRI –
LV5FU

0.63

11.6

(FOLFOX + bev.) –
FOLFIRI – LV5FU

0.55

68.7

CAPOX – FOLFIRI –
LV5FU

0.48

43.6

(CAPOX + bev.) – FOLFIRI
– LV5FU

0.41

63.7

FOLFOX – CapeIRI –
LV5FU

0.64

38.1

FOLFOX – (FOLFIRI +
bev.) – LV5FU

0.80

56.6

CAPOX – CapeIRI –
LV5FU

0.37

36.8

CAPOX – (FOLFIRI + bev.)
– LV5FU

0.18

23.4

(FOLFOX + bev.) –
CapeIRI – LV5FU

0.32

33.0

(FOLFOX + bev.) –
(FOLFIRI + bev.) – LV5FU

0.36

41.1

(CAPOX + bev.) –
CapeIRI – LV5FU

0.45

36.8

(CAPOX + bev.) –
(FOLFIRI + bev.) – LV5FU

0.57

58.3
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Figures

Figure 1. Markov Model and Evolution of the Treatment Process. Abbreviations: AE: Grade 3+ adverse event;
mCRC: metastatic colorectal cancer.
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Figure 2. Efficient frontier of treatment plans based on mean incremental cost per incremental QALY gained per
patient compared to LV5FU, and their efficiency likelihoods in base-case. The treatment plans denoted by crosses
are subject to weak (extended) dominance of two or more treatment plans but are not dominated by any other
single treatment plan.
Abbreviations: QALY: quality-adjusted life year; LV5FU: 5-fluorouracil and leucovorin; FOLFIRI: 5fluorouracil, leucovorin, and irinotecan; FOLFOX: 5-fluorouracil, leucovorin, and oxaliplatin; CapeIRI:
capecitabine and irinotecan; CAPOX: capecitabine and oxaliplatin; bev.: bevacizumab
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Figure 3. Efficient frontier of treatment plans based on incremental cost per incremental QALY gained per patient
compared to LV5FU – CAPOX - CapeIRI and their efficiency likelihoods in worst-case.
The treatment plans denoted by crosses are subject to weak (extended) dominance of two or more treatment plans
but are not dominated by any other single treatment plan. The two bottom figures display a magnified view of the
areas (A) and (B) which are marked with shaded circles in the top figure.
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Figure 4. Tornado diagram summarizing the sensitivity of the base-case ICER with respect to key parameters of
the model when LV5FU (the least costly efficient treatment plan in base-case) is compared to (FOLFOX + bev.)
– (FOLFIRI + bev.) – CAPOX (the most expensive efficient treatment in base-case). Base-case ICER:
$154.4K/QALY. Abbreviations: ICER: incremental cost-effectiveness ratio; QALYs: quality-adjusted life years;
LV5FU: 5-fluorouracil and leucovorin; FOLFIRI: 5-fluorouracil, leucovorin, and irinotecan; FOLFOX: 5fluorouracil, leucovorin, and oxaliplatin; CAPOX: capecitabine and oxaliplatin; bev.: bevacizumab.
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(A)
FOLFOX - LV5FU vs. LV5FU
FOLFOX - LV5FU - CapeIRI vs. LV5FU
(FOLFOX + bev.) - (FOLFIRI + bev.) - CAPOX vs. LV5FU

CapeIRI - LV5FU - CAPOX vs. LV5FU
FOLFOX - CapeIRI - LV5FU vs. LV5FU
FOLFOX - LV5FU - FOLFIRI vs. LV5FU

Cost-effectiveness likelihood

1

0.8

0.6

$27.2K

$93.9K

$46.7K
$30.2K

$153.9K

$47.9K

0.4

0.2

0
$0K

$50K

$100K

$150K

$200K

ICER threshold

(B)
1

Cost-effectiveness likelihood

0.8

FOLFOX vs. LV5FU - CAPOX CapeIRI

0.6
$20.6K

FOLFOX - LV5FU vs. LV5FU CAPOX - CapeIRI

$21.6K
$64.8K

$20.8K

0.4

FOLFOX - FOLFIRI - (CAPOX +
bev.) vs. LV5FU - CAPOX CapeIRI
FOLFOX - FOLFIRI - LV5FU vs.
LV5FU - CAPOX - CapeIRI

0.2

0
$0K

$50K

$100K

$150K

$200K

ICER threshold

Figure 5. Cost-effectiveness acceptability curves for the efficient treatment plans when compared to the least
costly efficient treatment plan (A) in base-case and (B) in worst-case
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Supplementary Materials
Table S1. Description of chemotherapy and targeted therapies
Generic Drug
Name

Type

Classification

Patent Protected Anticipated
Patent
Expiration Year

Regimens
Administering
Drug

5-Fluorouracil

Cytotoxic

Antimetabolite

No

NA

LV5FU;
FOLFOX;
FOLFIRI

Oxaliplatin

Cytotoxic

Alkylating
agent

No

NA

FOLFOX;
CAPOX

Irinotecan

Cytotoxic

Plant alkaloid;
topoisomerase I
inhibitor

No

NA

FOLFIRI;
CapeIRI

Leucovorin

Vitamin
(Folinic acid)

Enhance
No
chemotherapy;
chemoprotectant

NA

LV5FU;
FOLFOX;
FOLFIRI

Capecitabine

Cytotoxic

Antimetabolite

No

NA

CAPOX;
CapeIRI

Bevacizumab
(bev.)

Targeted
therapy

Monoclonal
antibody; antiangiogenesis

Yes

2019

All regimens
that include
bev.
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Table S2. Conditional occurrence rates of Grade 3+ AEs (in %) under each regimen and costs of treating a single
incidence of each AE. The last column of the table represents the disutility of living with the toxic effects of AEs
during the mandatory chemotherapy breaks following the occurrence of AEs.

Minimum

Average

Maximum

14.4

11.4

36.7

0.0

1,676

3,404

6,807

0.42*

26.1

22.6

12.8

22.4

15.3

13.8

10.9

26.7

0.0

3,302

6,605

13,208

0.39*

7.6

5.7

3.2

0.0

0.0

0.0

0.0

0.0

0.0

965

1,931

3,912

0.39*

Neutropenia

24.4

13.2

7.4

55.1

37.5

50.0

39.7

36.7

0.0

3,389

3,756

4,158

0.45§

Febrile
Neutropenia

5.4

0.0

0.0

4.7

3.2

0.0

0.0

0.0

0.0

10,668

21,341

43,688

0.43*

Neuropathy

0.0

30.2

17.0

0.0

0.0

21.8

17.4

0.0

0.0

3,354

6,555

17,124

0.44*

Hemorrhage

0.0

0.0

8.5

0.0

31.9

0.0

3.2

0.0

0.0

9,652

19,308

39,116

0.45‡

Hypertension

0.0

0.0

8.9

0.0

16.6

0.0

6.4

0.0

0.0

914

1,829

3,658

0.83/0.63†

Gastrointestinal
perforation

0.0

0.0

7.8

0.0

8.7

0.0

4.1

0.0

0.0

15,240

30,487

61,468

0.46¶

Nausea/
Vomiting
Hand-foot
syndrome

*

No
treatment

12.1

LV5FU

17.8

FOLFOX
+ bev.

16.0

FOLFOX

28.3

Diarrhea

FOLFIRI
+ bev.

36.4

Type of AE

FOLFIRI

CAPOX

Cost of treating a single
incidence of AE (in $)49,50

CapeIRI

CAPOX +
bev.

Regimen-Specific Conditional AE Incidence (in %)
Rates3,40–42

Utility during
chemotherapy
break43,57–59

The utilities of diarrhea, nausea/vomiting, hand-foot syndrome, febrile neutropenia, and neuropathy were adopted from Shiroiwa et
al., 2009.43
†
The disutility of living with hypertension was reported as 2% in Stein et al., 200258 Therefore, given the utilities during pre- and
post-progression stages, assuming additive disutilities due to mCRC, disease progression and hypertension, the utilities under
hypertension before and after disease progression were calculated as 0.85-0.02 = 0.83 and 0.65-0.02=0.63, respectively.
‡
The utility of hemorrhage was obtained from Schremser et al., 2015.57
¶
The utility of gastrointestinal perforation was obtained from Latimer et al., 2015.59
§
The utility of neutropenia was adjusted from the utility of febrile neutropenia assuming the patient experiences an added 2%
disutility due to fever in case of neutropenia by expert opinion.
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Table S3. Recommended dosages of drugs, and their acquisition and administration costs based on current procedural terminology
codes Dosage units are expressed either in per body-surface area as mg/m2 or per body-weight as mg/kg.
Drug
Constituent
Recommended
Cost Administration
33
Regimen Drugs
Dosage
($)44
Cost ($)
Current Procedural Terminology codes
2
Capecitabine
1000 mg/m
CapeIRI
3,082
161
96413 96415
Irinotecan
250 mg/m2
Capecitabine
1000 mg/m2
CAPOX
3,260
161
96413 96415
Oxaliplatin
130 mg/m2
Capecitabine
1000 mg/m2
CAPOX
Oxaliplatin
130 mg/m2
7,359
223
96413 96415 96417
+ bev.
Bevacizumab
7.5 mg/kg
5-Fluorouracil
2800 mg/m2
FOLFIRI Leucovorin
400 mg/m2
149
430
96368 96409 96413 96415 96416
Irinotecan
180 mg/m2
5-Fluorouracil
2800 mg/m2
FOLFIRI Leucovorin
400 mg/m2
2,882
491
96368 96409 96413 96415 96416 96417
+ bev.
Irinotecan
180 mg/m2
Bevacizumab
5 mg/kg
5-Fluorouracil
2800 mg/m2
FOLFOX Leucovorin
400 mg/m2
259
430
96368 96409 96413 96415 96416
2
Oxaliplatin
85 mg/m
5-Fluorouracil
2800 mg/m2
FOLFOX Leucovorin
400 mg/m2
2,992
491
96368 96409 96413 96415 96416 96417
+ bev.
Oxaliplatin
85 mg/m2
Bevacizumab
5 mg/kg
5-Fluorouracil
2800 mg/m2
LV5FU
91
268
96368 96409 96416
Leucovorin
500 mg/m2
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Table S4. Mean cost and health outcomes for efficient treatment plans in worst-case. Abbreviations: ICER: incremental costeffectiveness ratio, QALY: quality adjusted life-year. The cells with an ICER less than $50K are light-shaded and those with an ICER
between $50K and $100K are dark-shaded.
Patients’
Treatment
Utilization
Rates (%)

Expected Treatment
Duration (in weeks)

Outcome
Differentials per
patient relative
to LV5FUCAPOXCapeIRI

Drug

Administration

AE
treatment

QALYs

Cost
($K)

ICER relative
to the
preceding
treatment
plan on the
efficient
frontier
($K/QALY)

*

0.2

0.5

*

NA†

NA†

NA†

NA†

NA†

NA†

4.2

7.0

0.3

0.51

10.8

21.3

21.3

0.3

NA†

4.5

7.9

0.3

0.56

12.0

22.6

21.4

0.9

0.76

17.2

26.4

22.7

1.6

0.87

52.1

31.5

60.0

Expected
Treatment Cost
($K)

Breakdown of Total
Expected Cost ($K)

Treatment
Plan
LV5FU –
CAPOX –
CapeIRI

1st
line

2nd
line

3rd
line

1st
line

2nd
line

3rd
line

1st
line

2nd
line

3rd
line

100

<1

<1

2.07

0.0

0.0

*

*

FOLFOX

100

NA† NA† 33.02

NA†

NA†

4.2

FOLFOX –
LV5FU

100

85

NA† 33.02

5.01

NA†

4.2

FOLFOX –
FOLFIRI –
100
85
67 33.02 16.82
3.98
4.2
1.2
0.2
5.7
11.3
LV5FU
FOLFOX –
FOLFIRI –
100
85
67 33.02 16.82 12.99
4.2
1.2
34.1
39.6
11.6
(CAPOX +
bev.)
* Cost < $100, †NA: Not Applicable, Least costly efficient treatment plan: LV5FU-CAPOX-CapeIRI
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the least
costly
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treatment
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Table S5. Mean cost and health outcomes for weakly-dominated treatment plans in base-case. Abbreviations: ICER: incremental costeffectiveness ratio, QALY: quality adjusted life-year. The cells with an ICER less than $50K are light-shaded and those with an ICER
between $50K and $100K are dark-shaded.
Patients’
Treatment
Utilization
Rates (%)

Treatment
Plan
LV5FU –
FOLFIRI
FOLFIRI –
LV5FU
FOLFIRI –
LV5FU FOLFOX
FOLFOX –
LV5FU –
(FOLFIRI +
bev.)
FOLFOX –
CapeIRI –
CAPOX
FOLFOX –
(FOLFIRI +
bev.) –
CAPOX
(FOLFOX +
bev.) –
LV5FU –
(FOLFIRI +
bev.)
(FOLFOX +
bev.) –
CapeIRI –
CAPOX

1st
line

2nd
line

100

Expected
Treatment Cost
($K)

Outcome Differentials
relative to least costly
efficient treatment
plan

Drug

Administration

AE
treatment

QALYs

Total Cost
($K)

ICER relative
to the least
costly
efficient
treatment
plan
($K/QALY)

NA†

2.6

7.7

*

0.12

5.3

44.4

1.3

NA†

2.9

8.3

*

0.23

6.1

26.4

1.5

1.3

2.1

4.9

11.8

*

0.29

11.6

39.3

27.77

4.6

1.3

38.1

44.0

18.0

0.5

0.81

57.3

71.0

20.17

48.13

4.6

20.1

51.2

75.9

11.2

0.5

0.89

82.5

93.2

36.04

30.73

43.72

4.6

42.9

46.2

93.7

17.2

0.9

0.97

106.7

110.4

91

46.94

29.61

28.16

69.2

1.3

38.4

108.8

21.7

0.6

0.99

126.0

127.2

97

46.94

20.39

48.93

69.2

20.2

51.7

141.1

15.0

0.5

1.07

151.4

141.6

Expected Treatment
Duration (in weeks)

3rd
line

1st
line

2nd
line

3rd
line

1st
line

2nd
line

3rd
line

92

NA† 28.91

17.07

NA†

1.3

1.3

100

99

NA† 20.74

29.70

NA†

1.5

100

99

91

20.75

29.69

14.70

100

98

90

36.03

29.37

100

98

96

36.05

100

98

88

100

99

100

99
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Table S6. Mean cost and health outcomes for weakly-dominated treatment plans in worst-case. Abbreviations: ICER: incremental
cost-effectiveness ratio, QALY: quality adjusted life-year. Note that the cells with an ICER less than $50K are light shaded and those
with an ICER in between $50K and $100K are dark shaded.

Patients’
Treatment
Utilization
Rates (%)
1st
line
100

Expected Treatment
Duration (in weeks)

Breakdown of Total
Expected Cost ($K)

QALYs
0.12

Total
Cost
($K)
2.6

ICER relative
to the least
costly efficient
treatment
plan
($K/QALY)
21.6

*

0.12

2.6

21.6

2.4

*

0.12

2.6

21.7

0.9

2.4

*

0.12

2.6

21.8

*

0.9

2.4

*

0.12

2.6

21.8

0.5

NA†

1.4

2.4

*

0.12

3.1

25.8

0.8

0.5

*

1.4

2.4

*

0.12

3.1

25.8

NA†

10.7

NA†

NA†

10.7

0.6

0.1

0.14

10.6

74.6

5.01

0.0

4.2

0.3

*

4.6

7.9

0.3

0.56

12.0

21.4

33.02

5.01

0.01

4.2

0.3

*

4.5

7.9

0.3

0.56

12.1

21.4

NA†

9.31

0.06

NA†

4.2

1.2

NA†

5.5

2.4

*
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Figure S1. Tornado diagram representation of the sensitivity of ICER when LV5FU (the least costly efficient
treatment plan in base-case) is compared with FOLFOX-LV5FU (the second least costly efficient treatment plan
in base-case). Base-case ICER: $26.3K/QALY. Abbreviations: ICER: incremental cost-effectiveness ratio;
QALYs : quality-adjusted life years; LV5FU : 5-fluorouracil and leucovorin; FOLFIRI : 5-fluorouracil,
leucovorin, and irinotecan; FOLFOX : 5-fluorouracil, leucovorin, and oxaliplatin; CAPOX : capecitabine and
oxaliplatin; bev. : bevacizumab.
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