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Colorectal cancer (CRC) is notoriously hard to combat for its high incidence and mortality rates. However,
with improved screening technology and better understanding of disease pathways, CRC is more likely to
be detected at early stage and thus more likely to be cured. Among the available screening methods,
colonoscopy is most commonly used in the U.S. because of its capability of visualizing the entire colon
and removing the polyps it detected. The current national guideline for colonoscopy screening recom-
mends an observation-based screening strategy. Nevertheless, there is scant research studying the
cost-effectiveness of the recommended observation-based strategy and its variants. In this paper, we
describe a partially observable Markov chain (POMC) model which allows us to assess the cost-effective-
ness of both fixed-interval and observation-based colonoscopy screening strategies. In our model, we
consider detailed adenomatous polyp states and estimate state transition probabilities based on longitu-
dinal clinical data from a specific population cohort. We conduct a comprehensive numerical study which
investigates several key factors in screening strategy design, including screening frequency, initial screen-
ing age, screening end age, and screening compliance rate. We also conduct sensitivity analyses on the
cost and quality of life parameters. Our numerical result demonstrates the usability of our model in
assessing colonoscopy screening strategies with consideration of partial observation of true health states.
This research facilitates future design of better colonoscopy screening strategies.

� 2014 Elsevier B.V. All rights reserved.
Introduction detect precancerous adenomas and remove them immediately be-
Colorectal cancer (CRC) ranks third in incidence among cancer
diseases and second in cancer-related death in the U.S. (Jemal,
Bray, & Center, 2011). Nonetheless, CRC is often cured if detected
early, e.g., the 5-year survival rate for localized CRC is 90% while
the survival rate is only 12% if the cancer has spread to distant
locations (Howlader et al., 2012). However, there are often no
symptoms when CRC is in its early stages. Fortunately, with
improved fiber optic technology, enhanced understanding of CRC
natural history, and more intelligent screening strategies, it is
increasingly possible to detect polyps including precancerous
adenomas early, predict their progression accurately, and thus re-
duce CRC incidence and mortality. Furthermore, slow precancerous
adenoma progression allows intelligent application of screening to
detect and remove adenomas before they become cancerous.

Colonoscopy is the most accurate CRC screening test as it
provides a visual diagnosis of the entire colon and rectum. It can
fore they become cancerous. This adenoma removal procedure, also
called polypectomy, can significantly reduce patients’ cancer risks.
The American College of Gastroenterology (ACG) recommendations
imply that colonoscopy is the preferred cancer screening method
(Rex et al., 2009). The ACG further suggests that other cancer detec-
tion tests are less preferred but should be offered to patients who
decline colonoscopy. In addition to colonoscopy, several CRC
screening methods are currently used in practice. These include fe-
cal testing for occult blood (i.e., g-FOBT, FIT, and i-FOBT), fecal DNA
testing, flexible sigmoidoscopy, and computed tomographic colo-
nography (virtual colonoscopy). Guidelines from the U.S. Multisoci-
ety Task Force (Levin et al., 2008) and the U.S. Preventive Services
Task Force (U.S. Preventive Services Task Force, 2008) recommend
some of the above alternative screening methods that are less inva-
sive and less expensive than colonoscopy. However, these methods
are only good at detecting preclinical cancer but not adenomas.
Hence, their value is only significant in low risk populations. There-
fore, our main objective is assessing colonoscopy screening strate-
gies using an innovative mathematical model.

We consider two classes of colonoscopy screening strategies:
fixed-interval screening strategy and observation-based screening
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strategy. With a fixed-interval screening strategy, patients are rec-
ommended to take the screening tests in a fixed time interval
regardless of their cancer risks. An observation-based screening
strategy, however, specifies the timing of the next screening based
on the previous screening result. Intuitively, a well designed obser-
vation-based screening strategy should be more desirable than a
fixed-interval screening strategy since it determines screening
intervals based on an individual’s cancer risk rather than treating
all patients the same. Thus, designing a good observation-based
screening strategy is an important research question.

We develop a discrete-time partially observable Markov chain
(POMC) model with a detailed description of precancerous ade-
noma states and a set of age-dependent transition probabilities
estimated from a large longitudinal clinical data set for a specific
population cohort. Traditionally, Markov models are used to repre-
sent the transitions among the true adenoma states. However, the
true adenoma states can rarely be observed with complete
accuracy due to limitations of the technology and insufficient
experience of the practitioner who performs the test. For example,
based on Rex et al. (1997), only about 70% of small adenomas (size
less than 5 mm) are detected by a single colonoscopy. Thus, we use
belief states to capture the likelihood of each true state being occu-
pied. We update the belief states in a Bayesian manner based on
the latest colonoscopy findings and the disease progression, i.e.,
natural history. By using a detailed description of precancerous
adenoma states, the state space of our POMC model becomes much
larger compared to the existing Markov models in the literature.
Furthermore, by incorporating incomplete adenoma detection
and removal, optimization of screening strategies with the POMC
model becomes extremely challenging computationally. Therefore,
we focus on assessing the cost-effectiveness of the screening
strategies and investigating the effects of several key factors in
the strategy design, including screening frequency, initial screen-
ing age, screening end age, and partial compliance to screening
tests.

Our work is among the first that applies POMC modeling to
assess colonoscopy screening strategies. Our main contributions
are twofold. First, we incorporate inaccurate observations of health
states and update the belief state based on the colonoscopy test
results in a Bayesian manner. Such incorporation of partial
observability has not been seen in the literature of economic
analysis for CRC screening. Second, we conduct comprehensive
cost-effectiveness assessment and compare fixed-interval and
observation-based colonoscopy screening strategies. Although
our results may lack generalization because our parameter estima-
tions are based on a specific population cohort, the modeling
framework is valuable and can be easily adapted to assess colonos-
copy screening strategies for any other cohort once its clinical data
is available.

The remainder of this paper is organized as follows. In section
‘Literature review’, we provide literature review on both well-
accepted and recent economic studies and decision models on
CRC screening strategy design. In section ‘Model development’,
we present our POMC model and describe the belief update and
outcome measures. In section ‘Parameter estimation and experi-
ment design’, we describe our data sources, parameter estimation,
and experimental design. We report numerical studies with a base-
line case study and several sensitivity analyses in section ‘Numer-
ical results’. Conclusions and future research directions are
presented in section ‘Conclusions and future work’.
Literature review

Long duration of CRC progression at the precancerous stages
and availability of various screening methods motivate the
development of accurate CRC disease models and the analysis of
cost-effectiveness for CRC screening. Pignone et al. (2005) and
Zauber et al. (2012) summarized most existing CRC models which
can be divided into two categories: discrete-event based models
and Markov based models. Discrete-event simulation models
(Cubbage, 2004; Ness, Holmes, Klein, & Dittus, 2000; Roberts, Wang,
Klein, Ness, & Dittus, 2007; Tafazzoli, Roberts, Ness, Klein, & Dittus,
2009; Loeve, Boer, van Oortmarssen, van Ballegooijen, & Habbema,
1999; Loeve et al., 2000; Rutter, Zaslavsky, & Feuer, 2010; Wilschut
et al., 2011) simulate a population of individuals from birth to death.
Each simulated individual experiences a series of events, including
colorectal adenoma incidence, growth, and transition, CRC staging,
CRC or non-CRC induced deaths, CRC screening tests, and adenoma
removals. The cost and effectiveness outcomes can be obtained via
the simulation. Discrete-event simulation models suffer from com-
plexity that hinders transparency as well as the need of extensive
data for calibration. Markov based models (Frazier, Colditz, Fuchs,
& Kuntz, 2000; Sonnenberg, Delco, & Inadomi, 2000; Vijan, Hwang,
Hofer, & Hayward, 2001; Song, Fendrick, & Ladabaum, 2004;
Ladabaum, Song, & Fendrick, 2004; Heitman, Hilsden, Au, Dowden,
& Manns, 2010; van Rossum et al., 2011; Sobhani, Alzahouri, Ghout,
Charles, & Durand-Zaleski, 2011; Hedden et al., 2012; Lucidarme
et al., 2012), on the other hand, specify CRC-related health states
individuals may occupy during their lifetimes and use the Markovian
property to guide state transitions in a discrete fashion. The occur-
rence of CRC screening alters the state transition from natural
disease progression. These Markov chain-based models differ in
CRC-related health states definition, state transition probabil-
ity, time horizon, and outcome parameters, but all of them
assume the health states of a person are explicitly observed,
which is not necessarily valid due to the asymptomatic nature of
early-stage CRC. It is worth noting that three models have been ap-
proved by the Cancer Intervention and Surveillance Modeling Net-
work (CISNET), which represents the state of the art for the CRC
screening models (National Cancer Institute, 2012). They are MIS-
CAN-Colon model (Loeve et al., 1999; Loeve et al., 2000), Sim-CRC
model (Frazier et al., 2000), and CRC-SPIN model (Rutter & Savarino,
2010).

Through literature review, we identify two important issues
that, to the best of our knowledge, are not fully addressed in
the existing CRC screening strategy assessment literature. The
first issue is the assessment of observation-based colonoscopy
screening strategies. Even though the current guideline devel-
oped by the U.S. Preventive Work Force has recommended the
observation-based strategies for patients with different colonos-
copy screening results in terms of the number of precancerous
adenomas and the size of each of the adenomas (Levin et al.,
2008), we have not witnessed any study that assesses the cost-
effectiveness of the observation-based strategies and their vari-
ants. To achieve this, a more detailed description of the CRC natural
history model is required, which implies an expansion of the
state space in the existing Markov based models and requires
more complicated model calibration with detailed colonoscopy
observation data. In addition, adenoma removal via polypectomy
is a unique feature associated with colonoscopy, which requires
the incorporation of reverse transitions in the model. The other
issue is the partial observability of patients’ health states from
colonoscopy screening tests. Most previous Markov-based cancer
screening models assume patients’ health conditions can be fully
observed, which is not realistic. Maillart, Ivy, Ransom, and Diehl
(2008) and Ayer, Alagoz, and Stout (2012) incorporated partial
observability in the design of mammography screening strategy,
and Zhang, Denton, Balasubramanian, Shah, and Inman (2012a,
2012b) proposed partially observable Markov decision process
(POMDP) models to study prostate cancer screening decision
making. All of these models either for breast cancer or prostate
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cancer capture the precancerous stage using one aggregate state
or a few states in terms of cancer risk. However, the unique
mechanism of CRC progression motivates modelers to capture
the precancerous stage with a much larger state set based on
the number and size of precancerous adenomas, which subse-
quently makes incorporation of partial observability more
difficult. We describe the development of a POMC model to ad-
dress these two issues.
Model development

We develop a finite-horizon discrete-time partially observable
Markov chain (POMC) model to capture the incidence and
progression of precancerous adenomas and CRC (Fig. 1), and
the effect of colonoscopy screening with polypectomy (Fig. 2).
In our POMC model, patients transition through a series of pre-
cancerous adenoma, preclinical cancer, clinical cancer, and death
states. A colonoscopy test helps assess patients’ CRC-related
health states and may subsequently lead to removal of detected
adenomas, so patients’ disease states can regress and their fol-
low-up tests may differ. However, colonoscopy is not entirely
accurate in detecting adenomas and thus a patient’s disease state
is only partially observed. We use a probability distribution over
all the states to represent the belief on the true disease state and
update the belief in a Bayesian manner based on the colonos-
copy screening result at each discrete time point. We assign a
quality of life multiplier to each disease state and specify the
costs of colonoscopy screening and CRC treatment. For a given
screening strategy, we calculate the expected cumulative qual-
ity-adjusted life years (QALYs) and the expected cumulative cost
over the studied period. We next present the detailed model
formulation.
Fig. 1. State transi
Time horizon

Our model has a time horizon t ¼ f40;41;42; . . . ;100g. In the
model, a person’s disease state evolves from age 40 to 100. We as-
sume that a screening colonoscopy can only be performed at the
beginning of each year. So the time interval between state transi-
tions is 1 year. In the following exposition, we define the states
and observations at discrete age points.

States

The states in our model are associated with precancerous
adenoma and CRC incidence and progression as well as patient
mortality. As shown in Fig. 1, there are an adenoma-free state
(AF); an aggregated state set (PCA) which contains 83 distinct
precancerous adenoma states; three preclinical (asymptomatic)
cancer states, i.e., local (PL), regional (PR), and distant (PD); three
clinical (symptomatic) cancer states ðCL;CR;CDÞ, corresponding to
the three preclinical cancer states; and two states for death either
induced by CRC (D1) or due to other reasons (D2). Thus, the state
space is defined as S ¼ fAF; PCAð1Þ; PCAð2Þ; . . . ; PCAð83Þ; PL; PR; PD;
CL;CR;CD;D1;D2g.

Our state space is an expansion from those commonly used in
the recent literature. That is, instead of having only a few precan-
cerous states based on number of adenomas and size or histology
of the adenomas (Zauber et al., 2008), we model each precancerous
adenoma with an independent adenoma-carcinoma sequence and
capture the concurrent progression of the adenomas. Thus, the
incidence of an adenoma is independent of the number of adeno-
mas already presented and the progression of each adenoma is
independent of the progression of other existing adenomas. We
use a triple ðns;nm;nlÞ to denote each adenoma state, where
ns; nm, and nl denote the numbers of small (65 mm), medium
tion diagram.



Fig. 2. Illustration of precancerous state transition after colonoscopy.
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(5–10 mm), and large (P10 mm) adenomas, respectively. Although
the location of adenomas may affect the sensitivity of colonoscopy
for detecting adenomas in practice, we do not consider the location
in the adenoma state description. Because fewer than 5% of colon-
oscopy tests detect more than six adenomas (Sherer, Imperiale,
Ambedkar, Perng, & Yih, 2010), we limit the total number of adeno-
mas to six (i.e., ns þ nm þ nl 6 6). So a precancerous adenoma state
is a combination of small, medium, and large adenomas with a to-
tal number of at most six, and the total number of possible combi-
nations is 83 (see Appendix A for detailed definitions of the 83
precancerous adenoma states). In addition, the preclinical cancer
means that the cancer is neither symptomatic nor diagnosed. In
a preclinical stage, the cancer is present in the body but unknown
to the patient and her attending physician. In a clinical stage, a
cancer is either symptomatic or diagnosed. In our model, when a
patient is in a preclinical cancer state, she will transfer to the cor-
responding clinical cancer state with probability 1 when there is
cancer-related symptom onset or a scheduled colonoscopy screen-
ing is performed. The CRC staging system (i.e., local, regional, dis-
tant cancer) used in our model, which considers stage and extent
of the cancer, has been used in several CRC natural history models
(see e.g., Frazier et al., 2000; Ladabaum et al., 2004; Vijan et al.,
2001; Ness et al., 2000). An alternative staging system, consisting
of four stages, has also been used in the recent literature (see
e.g., Zauber et al., 2008; Lansdorp-Vogelaar et al., 2009).

Observations

A person’s health state cannot be observed without a colonos-
copy test unless she has progressed to a clinical cancer state or
death. Even with colonoscopy, a person’s health state cannot be
fully observed due to the technological limitations in colonoscopy.
However, a person could obtain some information on her specific
health state and could thus make further decisions based on the
observation. We use NO to denote no observation when no colon-
oscopy is performed to an asymptomatic person; AFo to denote the
observed adenoma-free state; PCAo

ðiÞ; i ¼ 1; . . . ; 83, to denote the
observed 83 precancerous adenoma states; CA to denote CRC
observed either through colonoscopy or onset of symptoms; and
D to denote death. Thus the observation space is defined as
O ¼ fNO;AFo; PCAo

ð1Þ; PCAo
ð2Þ; . . . ; PCAo

ð83Þ;CA;Dg.

Actions

The possible actions at the beginning of each time interval are
performing colonoscopy test (C) or waiting until next time (W).
We denote the action taken for a person at age t by at , thus
at 2 A ¼ fC;Wg for all ages t.

Observation probabilities

The observation at each discrete age point is dependent on the
underlying true disease state and the action taken, and it can be
probabilistically represented by the state/action pair. We use lt to
denote the observation made to a person at age t and use
qtðlt j st; atÞ to denote the probability of observing lt 2 O if the per-
son is in true state st 2 S and takes action at 2 A at age t. The obser-
vation probability can be estimated for different true states st 2 S
as follows.

� st 2 fAF; PCAð1Þ; PCAð2Þ; . . . ; PCAð83Þg. If at ¼W , we have no infor-
mation regarding the person’s health state, so we have
qtðNO j st ;WÞ ¼ 1 and qtðlt j st;WÞ ¼ 0 for lt 2 O n fNOg. If
at ¼ C, since colonoscopy is not completely accurate, the
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observation probability is estimated based on the sensitivity of
detecting adenomas. We let ptest

s ; ptest
m ; ptest

l denote the probabil-
ities with which a small, medium, and large sized adenoma is
detected and removed, respectively. Then the probability of
observing lt given true state st is
qtðlt j st ;CÞ¼
nst

s

nlt
s

� �
ð1�ptest

s Þ
nst

s �nlt
s ðptest

s Þ
nlt

s �
nst

m

nlt
m

� �

�ð1�ptest
m Þ

nst
m�nlt

m ðptest
m Þ

nlt
m �

nst
l

nlt
l

 !
ð1�ptest

l Þ
nst

l
�nlt

l

�ðptest
l Þ

nlt
l ; lt 2OnfNO;CA;Dg; ð1Þ
and qtðlt j st; CÞ ¼ 0 for lt 2 fNO;CA;Dg.
� st 2 fPL; PR; PDg. If at ¼W , since no symptoms are observed in

each preclinical cancer state, we do not schedule any
colonoscopy, i.e., qtðNO j st ;WÞ ¼ 1 and qtðlt j st ;WÞ ¼ 0 for
lt 2 O n fNOg. If at ¼ C, the colonoscopy serves as a diagnostic
tool and we assume that CRC can be identified with certainty,
i.e., qtðCA j st ;CÞ ¼ 1 and qtðlt j st ;CÞ ¼ 0 for lt 2 O n fCAg.
� st 2 fCL;CR;CDg. When a patient’s disease condition has

progressed to a clinical cancer state, it implies that the cancer
has been diagnosed and thus no colonoscopy is needed and
the observation on the state is deterministic and reflects the
true state, i.e., qtðCA j st ;WÞ ¼ 1 and qtðlt j st ;WÞ ¼ 0 for
lt 2 O n fCAg.
� st 2 fD1;D2g. If a patient is dead, no colonoscopy is needed, and

the only observation is death, i.e., qtðD j st ;WÞ ¼ 1 and
qtðlt j st ;WÞ ¼ 0 for lt 2 O n fDg.

Transition probabilities

We use ptðstþ1 j st ; atÞ to denote the state transition probability
from disease state st to stþ1 given action at at age point t. If
at ¼W , a person’s CRC-related health state evolves naturally. We
next present several specifications on the state transitions.

� Irreversible progression. We assume that neither the number of
adenomas nor the size of each adenoma decreases unless a
colonoscopy with polypectomy is performed. In addition, we
assume that a patient at a preclinical cancer state cannot
return to any precancerous adenoma state or the adenoma-
free state, and the transitions among preclinical cancer states
are irreversible as well. Finally, we assume that a patient in
a clinical cancer state can only remain in the same state or
transition to one of the two death states regardless of the
action taken.
� Symptom development. We assume that a person does not

develop any CRC-related symptoms in the adenoma-free state
or any precancerous adenoma states, so CRC treatments are
not received in those states. At a preclinical cancer state, a per-
son may develop CRC-related symptoms, and we assume that
she immediately takes a test for the diagnostic purpose. We also
assume that such a person with CRC-related symptoms is diag-
nosed with certainty, which implies the transition from the pre-
clinical cancer state to the corresponding clinical cancer state
with the onset of the symptoms.

If at ¼ C, the colonoscopy test changes the course of CRC natural
disease progression in that it either regresses the disease at a pre-
cancerous adenoma state or triggers treatment at a preclinical can-
cer state.

� For st 2 fAF; PCAð1Þ; PCAð2Þ; . . . ; PCAð83Þg, we incorporate the
screening result to calculate the corresponding probability of
each possible realization of state stþ1. Fig. 2 shows an example
of precancerous adenoma state transition after a colonoscopy.
Suppose a patient is at state PCAð35Þ at time t, which means
she has one large, one medium, and one small adenoma. Due
to the limitation of the test, it is possible that only a portion
of the adenomas will be detected through colonoscopy. As the
figure shows, there is only 19% of chance that all the adenomas
can be detected, but there is 40% of chance that the small ade-
noma is missed in the test (corresponding to the state PCAð34Þ).
Since colonoscopy can only remove the adenomas it detected,
there is only a 19% chance that the patient will be adenoma free
after adenoma removal, while there is a 40% chance that the
patient will be at state PCAð1Þ. The figure further shows, for a
patient at state PCAð35Þ, there are eight possible states with dif-
ferent probabilities after a colonoscopy is performed. These pos-
sible health states will still follow natural history progression
for 1 year and form the belief of state at time ðt þ 1Þ.
� For st 2 fPL; PR; PDg, we assume that a screening test

diagnoses CRC and identifies its state with certainty. Then a
preclinical state transitions to the corresponding clinical state
with certainty, i.e., ptðCL j PL;CÞ ¼ 1; ptðCR j PR;CÞ ¼ 1, and
ptðCD j PD; CÞ ¼ 1, and the probability of transitioning to any
other state is 0.
� For st 2 fCL; CR;CDg, we assume that any colonoscopies after

local or regional cancer are part of the standard of care and
patients in clinical cancer states transition to more advanced
cancer states or death states based on transition probabilities
estimated from Sherer et al. (2010) and Sherer, Imler, and
Imperiale (2012).
� For st 2 fD1;D2g, no colonoscopy is needed.

Belief update

In our POMC model, we update the belief on the CRC-related
disease states at each age point in a Bayesian manner. We denote
a belief state to be pt ¼ ðptðAFÞ;ptðPCAð1ÞÞ;ptðPCAð2ÞÞ; . . . ;pt

ðPCAð83ÞÞ;ptðPLÞ;ptðPRÞ;ptðPDÞ;ptðD1Þ;ptðD2Þ;ptðCLÞ;ptðCRÞ;ptðCDÞÞ,
where ptðiÞ for i2S is the probability with which a person is in state
i at age t. We let P be the set containing all possible belief states,
i.e., pt2P�fpt2R92 j

P
i2SptðiÞ¼1;ptðiÞP0;i2Sg.

We next describe how to update the belief state from one age
point to the next. At any age point, if at ¼W , we update the belief
state pt following the CRC natural history, i.e.,

ptþ1ðstþ1Þ ¼
X
st2S

ptðstÞptðstþ1 j st ;WÞ: ð2Þ

If at ¼ C, we update the belief state pt based on the observation lt . If
lt 2 fPCAo

ð1Þ; PCAo
ð2Þ; . . . ; PCAo

ð83Þg, colonoscopy may not accurately
identify each adenoma and thus may not remove all the adenomas.
In this case, we use the following three steps to update the belief
state.

1. Bayesian update. We first apply Bayes’ theorem to update the
belief state based on the screening test result. Recall
qtðlt j st ;CÞ is the probability of observing state lt with colonos-
copy, given the true state st . We let p0tð�Þ be the updated belief
after step 1. Then for the true state st , we have
p0tðstÞ ¼
qtðlt j st ;CÞptðstÞP
st2Sqtðlt j st ;CÞptðstÞ

: ð3Þ
2. Adenoma removal. We then consider the dynamics caused by
adenoma removals. We assume that all adenomas can be
removed as long as they are detected. For a person in state st ,
i.e., ðnst

s ;n
st
m;n

st
l Þ, if the observation is lt , i.e., ðnlt

s ;n
lt
m;n

lt
l Þ, the state

after adenoma removal is ðnst
s � nlt

s ;n
st
m � nlt

m;n
st
l � nlt

l Þ (or st � lt
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with shorthand notation). We let p00t ð�Þ be the updated belief
after step 2, and s0t ¼ st � lt , then we have
p00t ðs0tÞ ¼ p0tðstÞ: ð4Þ

3. Natural history progression. After the above two steps, the effects

of interventions on the belief update have been addressed. We
finally update the belief state based on the CRC natural history
to obtain
ptþ1ðstþ1Þ ¼
X
s0t2S

p00t ðs0tÞptðstþ1 j s0t ;WÞ: ð5Þ
If lt ¼ AFo, i.e., no adenomas are found, the belief update only in-
volves steps 1 and 3 described above. If lt ¼ CA, no belief needs to
be updated since the true disease state is observable. Hence, the
person transitions to the corresponding clinical cancer state with
certainty.

Outcome measures

We use cumulative quality-adjusted life years (QALYs) and
cumulative CRC-related cost as the outcome measures. QALY is
an effectiveness measurement which quantifies the yearly-
specific health utilities of a person given a certain disease state.
Let utðstÞ be the yearly utility value (between 0 and 1) for a per-
son of age t in state st . Then cumulative QALYs are calculated asP

t¼t0
e�kEðt�t0ÞutðstÞ, where t0 is the starting age of screening strat-

egy evaluation (i.e., in our numerical studies, it is 40), and kE is a
discount factor between 0 and 1. The cumulative CRC-related
cost consists of both colonoscopy screening cost and cancer treat-
ment cost. In addition, it may include the cost incurred by poly-
pectomy if any adenomas are detected during the screening test.
We let ccol denote the cost for performing a colonoscopy test and
cpol denote the cost for performing a colonoscopy test and subse-
quent polypectomy. Depending on the stage of cancer treatment,
the treatment cost can be further divided into initial treatment
cost, denoted by cini, yearly variable cost, denoted by cvar , and
terminal cost, denoted by cter . Hence, the cost for each individual
at age t, denoted by ccumðst ; atÞ, is calculated as ccolccolðst ; atÞ
þ cpolcpolðst ; atÞ þ ciniciniðst ; atÞ þ cvarcvarðst ; atÞ þ ctercterðst; atÞ, where
ccolðst ; atÞ; cpolðst ; atÞ; ciniðst ; atÞ; cvarðst ; atÞ; cterðst ; atÞ are 0–1
variables indicating whether the cost incurred at age t is
contributed by each of the five respective actions with ðst ; atÞ.
Then the cumulative CRC-related cost is calculated asP

t¼t0
e�kC ðt�t0Þccumðst; atÞ, where kC is a discount factor between 0

and 1.
In some numerical studies, we also calculate the incremental

cost-effectiveness ratio (ICER). ICER is a more comprehensive in-
dex to evaluate the tradeoff between effectiveness and cost. We
use ‘‘no screening’’ as the baseline policy with which a person
would not receive any colonoscopy screening through her life-
time. Then, ICER is interpreted as the cost required to gain one
QALY with a given screening strategy relative to no screening.
Let C0; E0; C, and E denote the cumulative CRC-related cost and
QALYs under no screening and tested screening strategies,
respectively. Then ICER for the tested screening strategy is calcu-
lated as ðC � C0Þ=ðE� E0Þ. For two strategies both with non-
negative ICER values, the strategy with lower ICER is considered
to be more cost-effective.
Parameter estimation and experiment design

Parameter estimation

Estimation of the state transition matrix is a large obstacle to
applying a POMC model, especially for our detailed CRC natural
history model with 92 states. To the best of our knowledge,
there is no national clinical study which collects adenoma data
from colonoscopy tests. Fortunately, we had access to the clini-
cal data of about 4000 patients who received colonoscopy
screening tests at the Roudebush Veterans Affairs Medical Cen-
ter in Indiana, USA, from 2003–2009 (Sherer et al., 2012). This
large longitudinal data set and the corresponding natural history
model developed in Sherer et al. (2010) are sufficient to esti-
mate the transition matrix in our POMC model and demonstrate
the usability of the model. In particular, Sherer et al. (2010) pro-
vides us with age-dependent adenoma transition rates (i.e., the
rates at which small adenomas appear and grow to larger ade-
nomas with patient age) and adenoma–carcinoma transition
rates (i.e., the rates at which adenomas with different sizes tran-
sition to carcinoma with respect to patient age). The researchers
in Sherer et al. (2010) and Sherer et al. (2012) helped us validate
our model with regard to the specific population cohort from
which the clinical data was collected. It is worth noting that
our cohort of patients has much higher risk of developing CRC
than the general population nationwide. We demonstrated the
cohort bias by comparing the age-dependent CRC incidence
rates and cause-specific mortality rates obtained from the
National Cancer Institute’s Surveillance Epidemiology and End
Results (SEER) Program (Howlader et al., 2012) and the simula-
tion results from our natural history model. The comparison is
shown in Appendix B.

In addition, we acquired age-specific mortality risk for the
general population, denoted by ptðDÞ, from the Centers for
Disease Control and Prevention (CDC) (Arias, 2010). Then we
calculated the age-specific mortality risk due to other causes,
denoted by ptðD2Þ, by subtracting the CRC-induced mortality risk
from the overall mortality risk, i.e., ptðD2Þ ¼ ptðDÞ�P

st2fPL;PR;PD;CL;CR;CDg ptðD1 j stÞ. Note that CRC-induced mortality
can only occur when the patient is either at a preclinical state
or a clinical state. With ptðD2Þ, we adjusted all transition
probabilities by conditioning the transitions on survival from
other death causes. Finally, we acquired the sensitivity of
colonoscopy for detecting adenomas of different sizes from Rex
et al. (1997), and acquired CRC-related utility coefficients
and CRC screening and treatment cost coefficients from
Tafazzoli et al. (2009). We summarize these model coefficients
in Table 1.

Experiment design

There are two objectives in our numerical studies. One is to
investigate the effects of several important factors related to CRC
screening strategy design, including the age to initiate screening,
the age to stop screening, and the screening compliance rate. The
other is to investigate the sensitivity of our baseline conclusions
to changes in the modeled cost and quality of life parameters. Once
the values of aforementioned factors and model parameters were
fixed, we constructed an experiment.

For each experiment, we assessed several observation-based
colonoscopy screening strategies including the strategy currently
recommended by the screening guideline. The current guideline
recommends that people at average risk receive the initial colon-
oscopy test at age 50 and receive subsequent tests based on the
results of prior tests (Levin et al., 2008). In general, colonoscopy
results are clinically classified into four distinct groups in terms
of precancerous adenoma prevalence: (1) no adenomas; (2) 1–2
small or medium (non-advanced) adenomas; (3) three or more
small or medium adenomas; and (4) one or more large (ad-
vanced) adenomas. The current guideline suggests that the obser-
vation-based colonoscopy screening interval be 10 years if the
test result is in group 1; 5–10 years if in group 2; and 3 years



Table 1
Model parameters, specific values and data sources.

Model parameter Baseline value (min–max) Data source

Transition among precancerous adenoma states and preclinical cancer states Age specific Sherer et al. (2010) and Sherer et al. (2012)
Mortality risk of the general population Age specific Arias (2010)

Sensitivity of colonoscopy (%) Rex et al. (1997)
Small adenoma (65 mm) 73
Medium adenoma (5–10 mm) 87
Large adenoma (P10 mm) 94

CRC-related quality of life multipliers Tafazzoli et al. (2009)
Adenoma-free 1
Precancerous adenoma states 0.955 (0.91–1)
Local cancer 0.61 (0.5–0.74)
Regional cancer 0.605 (0.5–0.7)
Distant cancer 0.25
Death 0

Cost of screening and treatment ($) Tafazzoli et al. (2009)
Screening colonoscopy 614 (491–982)
Colonoscopy with polypectomy 745 (596–1192)
Initial treatment for local 20,323 (16,258–32,517)
Initial treatment for regional 23,368 (18,694–37,389)
Initial treatment for distant 26,708 (21,366–42,733)
Yearly treatment for local 539 (431–862)
Yearly treatment for regional 2461 (1969–3938)
Yearly treatment for distant 26,855 (21,484–42,968)
Terminal 21,172 (16,938–33,375)
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for groups 3 and 4 (Levin et al., 2008). Since the recommended
guideline only gives a range on the screening interval if the cur-
rent test result falls into group 2, we assessed both strategies
with the interval at either lower or upper bound for this group.
We term the strategy with the lower and upper bounds the 1st
current and 2nd current strategies, respectively. We also assessed
two alternative strategies that differ from the current guidelines
in the screening interval length for certain observation group. We
term the two alternatives the conservative and aggressive strate-
gies, respectively. With the conservative strategy, a person is rec-
ommended to schedule her next test within 10 years if her
current test result falls into group 3. With the aggressive strat-
egy, a person is recommended to schedule her next test within
3 years if her current test result falls into group 2. As references,
we also assessed the strategy that only allows one colonoscopy
test throughout the lifetime, termed as the one-time strategy,
and the strategies that fixed screening intervals at 10 years and
20 years regardless of the current test result, termed as the
routine 10 and routine 20 strategies. Note that the one-time
strategy has been investigated in Ness et al. (2000), which
suggested such investigation is critical as determining the age
of initial screening is key to screening strategy design. Also note
that the fixed-interval screening strategies were also investigated
by the CRC research community in recent years (see e.g., Sonnenberg
et al., 2000; Tafazzoli et al., 2009).

We next investigated the effects of several parameters related
to CRC screening strategy design, including the age to initiate
screening, the age to stop screening, and the screening compliance
rate. We conducted the following experiments: (1) varying the ini-
tial screening age to be 45, 50, and 55; (2) varying the screening
end age to be 75, 80, and 85; and (3) varying the compliance rate
to be 45%, 80%, and 100%. Finally, we conducted sensitivity analy-
ses on the cost and quality of life coefficients.

Using the natural history model in Sherer et al. (2010), the same
model embedded in our POMC model, we estimated the CRC-
related risk distribution at age 40 and used it as the initial belief
in our model. Note that the natural history model was developed
for the entire lifetime and so it was run from the birth to age 40
for the estimation. Our estimate shows that without screening
prior to age 40, any representative person from the average-risk
population is believed to have 38% of chance being adenoma-free;
45% of chance having 1–2 small or medium adenomas; 8% of
chance having 3 or more small or medium adenomas but no large
adenomas; 7% of chance having at least one large adenomas; and
2% of chance having developed CRC. Note that with our model,
one can vary the initial belief based on any real or hypothetical co-
hort. Given the main purpose of this paper being the presentation
of our POMC model, we will analyze the effect of the initial belief in
future research.

For each tested strategy, we computed the cumulative QALYs
and CRC-related cost for an average-risk person from age 40 to
her death. We considered a 3% discounting factor in our numeri-
cal studies, which is commonly used in cost-effectiveness analy-
ses in health and medicine (Gold et al., 1996). We took a
scenario tree enumeration approach to compute the expected
QALYs and cost. The scenarios represent distinct CRC-related
paths for the patient during her remaining lifetime. In other
words, each scenario differs from others along the tree at some
point based on the combination of CRC natural history dynamics
and observation-based screening schedule. The occurrence proba-
bility of each scenario was computed by a sequence of probability
multiplications along the scenario path. Once a scenario was
realized, i.e., a leaf node of the scenario tree was reached, we
computed its cumulative QALYs and cost as well as specified
the occurrence probability of the scenario. Hence, we could
compute the expectation by exhaustively enumerating all the
scenarios. With a finite number of discrete age points, such com-
putation could be done in finitely many steps. However, to reduce
the computational burden, we used a probability threshold to
control the number of scenarios to be enumerated. We ignored
any scenarios with occurrence probability below the threshold.
It is worth noting that there is no scenario that would lead to a
substantially larger cost or quality of life than others. So a small
occurrence probability would lead to a small contribution
from the scenario to the expectation. Our objective was to yield
reliable results within reasonable time. After some preliminary
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tests, we gained experience on how the threshold affected the
computational time and evaluation accuracy. For example, the
number of enumerated scenarios would increase if the initial
screening is performed at an earlier age or the screening interval
is smaller. We eventually set the threshold to be 10�7. When the
initial screening age is 50, this threshold resulted in the numbers
of enumerated scenarios to be 1:4� 103; 1:8� 105; 1:9� 104;

5:6� 105; 2:6� 105; 2:0� 105, and 7:8� 105 for the one-time,
routine 10, routine 20, 1st current, 2nd current, conservative,
and aggressive strategies, respectively. All the evaluations were
completed within one day.
Numerical results

Baseline analysis

In this section, we examine the cost-effectiveness of all the
tested strategies using the baseline costs and quality of life
parameters presented in Table 1 under baseline scenario. The
baseline scenario is defined as a screening strategy with initial
screening age 50, screening end age 80, and 100% compliance
rate. We present the cumulative QALYs, cumulative costs, and
ICERs versus no screening for all the tested screening strategies
in Table 2.

Table 2 shows that under the baseline scenario, all the tested
strategies are effective and cost-effective as opposed to no
screening. A tested screening strategy is labeled ‘‘effective’’ if it
yields more cumulative QALYs than the baseline strategy; and
‘‘cost-effective’’ if it yields an ICER smaller than the $50 K/QALY
threshold for societal-willingness to pay (Hirth, Chernew, Miller,
Fendrick, & Weissert, 2000). These findings are consistent with
the current literature. In terms of effectiveness, the strategies are
ranked in ascending order as one-time, routine 20, routine 10, con-
servative, 2nd current, 1st current, and aggressive. These results
indicate that more intensive tests can derive more benefits. The
cumulative cost values follow the same order. None of the strate-
gies is dominated. In Table 3, we present the pairwise ICERs for
all of the screening strategies evaluated. For example, the value
2597 in the left-hand corner means that it requires $2597 to gain
Table 3
Baseline incremental cost-effectiveness ratios (reported value compares policy reported in

Policy ICERs ($/QALY)

Routine 20 Routine 10 Conserva

One-time 2597 1696 3866
Routine 20 – 3288 9714
Routine 10 – – 5069
Conservative – – –
2Nd current – – –
1St current – – –
Aggressive – – –

Table 2
Baseline result.

Policy Cumulative
QALYs

Cumulative
costs

ICER vs. no
screening

No screening 19.8642 1626 –
One-time 20.1983 1696 210
Routine 20 20.2570 1803 450
Routine 10 20.3329 2033 868
Conservative 20.3367 2071 941
2Nd current 20.3374 2085 970
1St current 20.3613 2302 1360
Aggressive 20.3700 2440 1610
one more QALY with the routine 20 strategy relative to the one-
time strategy.

Investigation of initial screening age, screening end age, and partial
compliance

In this section, we test the impact of three important model
parameters on the cost and effectiveness among the tested
screening strategies. It should be noted that among the three
parameters, the screening end age is least investigated in the liter-
ature. Figs. 3–5 compile the investigation results.

Fig. 3 shows that the effect of different initial screening ages
(45, 50, and 55) on the tested strategies in terms of cumulative
QALYs, cumulative costs, and ICERs versus no screening. Fig. 3a
shows that for any initial screening age between 45 and 55 all
the strategies result in more QALYs than no screening. In addi-
tion, for all the tested strategies, the cumulative QALYs decrease
monotonically as we delay the initial screening. This decrease
can be explained by the fact that the earlier the initial screening
is performed, the more likely advanced adenomas are detected
at early stages and thus the following polypectomy can reduce
the CRC risk. Finally, comparing the four observation-based
strategies (strategies 4–7 in the figure) demonstrates the effect
on cumulative QALYs when varying the screening frequency
for observation groups 2 and 3. Our results suggest that a strat-
egy with more frequent colonoscopy testing for observation
group 2 is more effective, which is reasonable as most people
at approximately age 50 are found to have 1–2 small adenomas.
On the other hand, the columns associated with the 2nd current
and conservative strategies are nearly identical, which suggests
that cumulative QALYs are insensitive to screening frequency
changes for observation group 3. Fig. 3b shows that higher
screening frequency results in an increase in the screening cost
but a reduction in the treatment cost due to reduced CRC risk.
Overall, the total cost will increase as the screening frequency
increases. When comparing the four observation-based screen-
ing strategies, the results indicate that increased screening
frequency for observation group 2 incurs a significant increase
to the total cost, while varying screening interval for observa-
tion group 3 does not have much effect on the total cost.
Fig. 3c shows that varying initial screening age does not change
the ordering of the tested strategies in terms of the cost-
effectiveness.

Fig. 4 presents the effect of different screening end ages (75, 80,
and 85) on the tested strategies in terms of cumulative QALYs,
cumulative costs, and ICERs versus no screening. For these analy-
ses, we fixed the initial screening age to be 50. As Fig. 4 shows,
varying screening end age does not have as significant an influence
on the three measures as varying initial screening age does. Gener-
ally, as the termination of the screening is delayed, the QALYs tend
to increase but the costs increase at the same time. The results do
not change the ordering of the tested strategies in terms of the
cost-effectiveness.
the column with the policy reported in the row).

tive 2Nd current 1St current Aggressive

2843 2782 4352
9200 8750 10,639
3667 3571 5716
9826 9875 13,875
– 11,000 10,871
– – 10,875
– – –



Fig. 3. Effect of different initial screening ages on the QALY, cost, and ICER vs. no screening.

Y. Li et al. / European Journal of Operational Research 238 (2014) 313–326 321
Fig. 5 presents the effect of different compliance rates on the
tested strategies. Both cumulative QALYs and cumulative costs
would decrease as the compliance rate decreases, which is due to
the extended screening intervals caused by partial compliance. In
addition, for any tested screening strategy, the difference in each
of the three measures would diminish as the compliance rate de-
creases, which implies that the effect of varying screening intervals
is less significant with the decrease of the compliance rate.

Sensitivity analysis

To verify the robustness of our results, we performed both one-
way and probabilistic sensitivity analyses on the cost and quality
of life parameters. We acquired the ranges of plausible values for
the analyzed parameters from Tafazzoli et al. (2009), as listed in
Table 1.

In the first one-way sensitivity analysis, we grouped the cost of
performing a diagnostic colonoscopy and the cost of performing a
diagnostic colonoscopy followed by polypectomy for adenoma re-
moval, since these two costs are highly positively correlated. We
conducted a one-way sensitivity analysis by setting the two
screening costs to their respective minimum and maximum values.
In the second one-way sensitivity analysis, we grouped the costs
for initial treatment of local CRC, regional CRC, and distant (metas-
tasized) CRC, the yearly costs for continuing treatment of local CRC,
regional CRC, and distant CRC, and the cost for terminal treatment



Fig. 4. Effect of different screening end ages on the QALY, cost, and ICER vs. no screening.
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of CRC. We conducted the one-way sensitivity analysis for treat-
ment costs in the same manner as for the screening costs. In
Table 4, we report two ranges at each intersection of the upper
triangle portion of the table. The first and second ranges in each
intersection report the ranges of the ICERs for the one-way
sensitivity analysis on the screening cost and treatment cost
groups, respectively. For example, the two ranges (1.1–3.8) and
(0.8–2.1) in the left-hand corner means that it requires
$1100–$3800 to gain one more QALY with the routine 20 strategy
relative to the one-time strategy if we vary screening costs; and it
requires $800–$2100 to gain one more QALY for the same compar-
ison if we vary treatment costs. From the table, we concluded that
the comparative results among the tested screening strategies
would be more sensitive to the screening costs as opposed to the
treatment costs.

Similarly, we conducted three additional sensitivity analyses
on the quality of life multipliers. We set the quality of life mul-
tipliers for adenoma states, local cancer, and regional cancer, to
be their respective minimum and maximum values. We do not
vary the value of the quality of life multiplier for distant cancer
since such a range is not available in the literature. We report
the analysis results in Table 5. From the table, we concluded that



Fig. 5. Effect of different compliance rates on the QALY, cost, and ICER vs. no screening.
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the comparative results among the tested screening strategies
would be more sensitive to the quality of life multiplier for ade-
noma states than for other states. The fact that the comparative
results are insensitive to the quality of life multipliers for various
cancer states implies that the cancer location information may
not need to be incorporated when assessing the screening strat-
egies. In several cases, as the quality of life multiplier for ade-
noma states decreases to a certain level, some strategy would
become dominated. For example, comparing the routine 10 and
2nd current strategies, when the quality of life multiplier for
adenoma states decreases to 0.91, the routine 10 strategy would
become dominated as fewer QALYs are derived and more costs
are incurred from it than the 2nd current strategy. As we men-
tioned in section ‘Baseline analysis’, when applying the $50 K/
QALY threshold for societal-willingness to pay (Hirth et al.,
2000), a strategy is not cost-effective if it yields an ICER greater
than $50 K/QALY with regard to the strategy it is comparing with.
Thus, we observed from the right-hand bottom part of Table 5
that the 1st current and aggressive strategies may no longer be
cost-effective compared to the routine 10, conservative, and



Table 4
Incremental cost-effectiveness ratio for the one-way sensitivity analysis on the cost parameters.

Policy ICERs (�103 $/QALY)

Routine 20 Routine 10 Conservative 2Nd current 1St current Aggressive

One-time (1.1–3.8) (0.8–2.1) (2.1–5.6) (2.2–3.3) (2.3–5.9) (2.4–3.5) (2.4–6.0) (2.5–3.5) (2.9–7.1) (3.3–4.2) (3.4–8.0) (3.8–4.8)
Routine 20 – (2.9–6.8) (3.2–4.1) (3.1–7.3) (3.5–4.4) (3.2–7.5) (3.6–4.5) (3.9–8.9) (4.5–5.4) (4.5–10.1) (5.3–6.1)
Routine 10 – – (9.2–19.3) (11.2–11.9) (10.2–21.3) (12.5–13.1) (7.9–16.6) (9.6–10.3) (9.2–19.2) (11.3–11.9)
Conservative – – – (14.6–30.1) (17.9–18.7) (7.7–16.2) (9.3–10.0) (9.2–19.2) (11.3–11.9)
2Nd current – – – – (7.4–15.7) (9.0–9.7) (9.1–18.9) (11.1–11.7)
1St current – – – – – (13.2–26.8) (16.3–16.7)
Aggressive – – – – – –

Table 5
Incremental cost-effectiveness ratio for the one-way sensitivity analysis on the quality of life parameters.

Policy ICERs (�103 $/QALY)

Routine
20

Routine
10

Conservative 2nd current 1st current Aggressive

One-time (1.6–2.2) (2.4–4.1) (2.5–4.4) (2.6–4.5) (3.0–6.1) (3.3–7.4)
(1.8–1.9) (2.9–3.1) (3.1–3.3) (3.2–3.4) (3.9–4.1) (4.4–4.7)
(1.8–1.9) (3.0–3.1) (3.2–3.3) (3.2–3.3) (3.9–4.0) (4.5–4.6)

Routine 20 – (2.9–5.7) (3.1–6.3) (3.1–6.6) (3.6–9.3) (4.0–11.8)
(3.8–4.0) (4.0–4.3) (4.1–4.4) (5.1–5.3) (5.8–6.1)
(3.8–3.9) (4.1–4.2) (4.2–4.3) (5.1–5.2) (5.9–6.0)

Routine 10 – – (6.0–363.9) (11.7–12.1)
(11.7–11.7)

(6.3-Dominated) (13.0–13.3)
(13.0–13.0)

(5.4–79.7) (9.8–10.3)
(10.0–10.1)

(5.9–448.8) (11.5–12.0)
(11.7–11.8)

Conservative – – – (7.2-Dominated) (18.5–18.5)
(18.5–18.5)

(5.3–69.6) (9.6–10.0) (9.7–
9.9)

(5.9–460.9) (11.5–12.0)
(11.6–11.7)

2nd current – – – – (5.2–56.8) (9.3–9.7) (9.4–
9.5)

(5.9–281.6) (11.3–11.8)
(11.5–11.6)

1st current – – – – – (7.3-Dominated) (16.6–17.0)
(16.6–16.6)

Aggressive – – – – – –

Fig. 6. Results for 200 replications of screening policies presented on the cost-
effectiveness plane.
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2nd current strategies. This implies that from a cost-effectiveness
viewpoint, less aggressive and less frequent screening is more
desirable.

The above one-way sensitivity analyses could not fully explore
the effects of uncertainty. Hence, we further conducted a proba-
bilistic sensitivity analysis on all the aforementioned model
parameters. In our probabilistic sensitivity analysis, we applied
the NORTA method to generate the model parameters (Cario &
Nelson, 1998), which were treated as correlated random vari-
ables. Each random variable was generated by taking samples
from a Beta distribution, which was generated based on the min-
imum and maximum values of the model parameter. In addition,
we assumed that the standard deviation of the Beta distribution
is one sixth of the plausible range of the model parameter. We
further assumed that the model parameters within each group
are of perfect positive correlation but the model parameters from
different groups are of no correlation. In each replication of the
probabilistic sensitivity analysis, we randomly sampled from
the distributions, and evaluated each tested screening strategy
based on the sampled model parameter values. We performed
200 replications for each tested strategy. We report the results
in Fig. 6. Tafazzoli et al. (2009) conducted a similar probabilistic
sensitivity analysis to compare a different set of CRC screening
strategies.

In Fig. 6, each label represents one replication of a screening
strategy. We observed that the routine 10, 2nd current, and conser-
vative strategies largely overlap and thus do not present much dif-
ference in terms of the cost-effectiveness. Similarly, we observed
that the 1st current and aggressive strategies do not differ much
in terms of the cost-effectiveness. These probabilistic sensitivity
analysis results are consistent with the results obtained from those
one-way sensitivity analyses.
Conclusions and future work

In this paper, we develop a POMC model with detailed
precancerous adenoma state description and demonstrate its
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applicability in evaluating the cost-effectiveness of various colon-
oscopy screening strategies. Our natural history model is cali-
brated and validated using a large longitudinal clinical data set
from a specific population cohort. The intelligent design of the be-
lief state update procedure enables our model to accommodate
partial observation of patients’ health states and inaccuracy of
colonoscopy screening and adenoma removal, which differenti-
ates our model from most traditional Markov models. Through
a comprehensive literature review of CRC screening models, we
clearly identify our main contributions to the current literature.
Methodologically, our model is the first POMC model analyzing
cost-effectiveness of CRC screening strategies; and practically,
we evaluate several observation-based colonoscopy screening
strategies, which provides the possibility of improving the current
colonoscopy screening guideline when general population data is
available.

Our numerical studies show that the current screening guide-
line and its variations are cost-effective compared to the no screen-
ing strategy for our studied population cohort. In addition, we
observe that varying the screening interval is influential on the
cost-effectiveness, especially when varying the interval for obser-
vation group 2 (1–2 non-advanced adenomas). Our experimental
results also suggest that using a larger interval for group 2 (e.g.,
10 years) is likely to be more cost-effective than the current recom-
mendation. Finally, our study indicates that special attention
should be given to the estimation of the screening compliance rate
and screening cost when assessing the cost-effectiveness of colon-
oscopy screening strategies.

There are three limitations in this paper. First, our numerical
results and recommendations are not generalizable because we
estimated our parameters based on a specific population cohort.
However, the qualitative conclusions drawn from our model are
consistent with those from other models. Second, our model does
not incorporate other CRC risk factors such as gender, race, and
CRC family history, which are likely to affect the CRC disease
dynamics. Finally, we cannot efficiently optimize the strategy de-
sign, which requires the application of stochastic optimization,
e.g., approximate dynamic programming. Our objective in this pa-
per is to provide a POMC-based framework for more detailed
modeling of colonoscopy screening interventions and thus open
up many possibilities to the research community in applying
POMC models to assess colonoscopy screening strategies with or
without combination of other screening methods. A minor limita-
tion is that it is impossible to determine the correlation coeffi-
cients within each group of model parameters and between
different groups in the probabilistic sensitivity analysis. This lim-
itation may decrease the value of the probabilistic sensitivity
analysis.

In the future, we plan to address the above limitations by cali-
brating our POMC model with clinical data from additional and lar-
ger cohorts and incorporating additional CRC risk factors into our
model. In addition, we plan to evaluate the cost-effectiveness of
CRC screening methods other than colonoscopy. We also plan to
develop a stochastic optimization method to efficiently select
promising CRC screening strategies. Finally, since correlations are
unknown, one should judiciously apply the conclusions drawn
from our probabilistic sensitivity analysis.
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Appendix A

Definitions of precancerous adenoma states.
PCA
No.
ns
 nm
 nl
 PCA
No.
ns
 nm
 nl
 PCA
No.
ns
 nm
 nl
1
 1
 0
 0
 29
 1
 0
 1
 57
 3
 1
 2

2
 2
 0
 0
 30
 2
 0
 1
 58
 0
 2
 2

3
 3
 0
 0
 31
 3
 0
 1
 59
 1
 2
 2

4
 4
 0
 0
 32
 4
 0
 1
 60
 2
 2
 2

5
 5
 0
 0
 33
 5
 0
 1
 61
 0
 3
 2

6
 6
 0
 0
 34
 0
 1
 1
 62
 1
 3
 2

7
 0
 1
 0
 35
 1
 1
 1
 63
 0
 4
 2

8
 1
 1
 0
 36
 2
 1
 1
 64
 0
 0
 3

9
 2
 1
 0
 37
 3
 1
 1
 65
 1
 0
 3
10
 3
 1
 0
 38
 4
 1
 1
 66
 2
 0
 3

11
 4
 1
 0
 39
 0
 2
 1
 67
 3
 0
 3

12
 5
 1
 0
 40
 1
 2
 1
 68
 0
 1
 3

13
 0
 2
 0
 41
 2
 2
 1
 69
 1
 1
 3

14
 1
 2
 0
 42
 3
 2
 1
 70
 2
 1
 3

15
 2
 2
 0
 43
 0
 3
 1
 71
 0
 2
 3

16
 3
 2
 0
 44
 1
 3
 1
 72
 1
 2
 3

17
 4
 0
 0
 45
 2
 3
 1
 73
 0
 3
 3

18
 0
 3
 0
 46
 0
 4
 1
 74
 0
 0
 4

19
 1
 3
 0
 47
 1
 4
 1
 75
 1
 0
 4

20
 2
 3
 0
 48
 0
 5
 1
 76
 2
 0
 4

21
 3
 3
 0
 49
 0
 0
 2
 77
 0
 1
 4

22
 0
 4
 0
 50
 1
 0
 2
 78
 1
 1
 4

23
 1
 4
 0
 51
 2
 0
 2
 79
 0
 2
 4

24
 2
 4
 0
 52
 3
 0
 2
 80
 0
 0
 5

25
 0
 5
 0
 53
 4
 0
 2
 81
 1
 0
 5

26
 1
 5
 0
 54
 0
 1
 2
 82
 0
 1
 5

27
 0
 6
 0
 55
 1
 1
 2
 83
 0
 0
 6

28
 0
 0
 1
 56
 2
 1
 2
PCA no.: precancerous adenoma state number; ns: number of small adenomas; nm:
number of medium adenomas; and nl: number of large adenomas.
Appendix B

CRC incidence rate and cause specific mortality rate for general
population and studied cohort population.
Age C
RC incidence rate (per
100,000 individuals)

C
r

RC cause specific mortality
ate (per 100,000

individuals)
G
eneral
population
Cohort
population

G
p

eneral
opulation
Cohort
population
40
 16
 1777
 4
 811

45
 29
 2414
 8
 2059

50
 55
 3144
 13
 2764

55
 76
 3978
 22
 3543

60 1
08
 4929
 34
 4433

65 1
65
 5995
 51
 5438

70 2
17
 7147
 74
 6545

75 2
72
 8306 1
02
 7700

80 3
27
 9330 1
44
 8790

85 3
58
 10,068 2
17
 9671
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