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Abstract

Background: Mass screening of high-risk populations for oral cancer has proven to be effective in reducing oral cancer mortality.
However, the magnitude of the effectiveness of the various screening scenarios has rarely been addressed. Methods: We developed
a simulation algorithm for a prospective cohort under various oral cancer screening scenarios. A hypothetical cohort of 8 million
participants aged >30 years with cigaret smoking and/or betel quid chewing habits was constructed based on parameters extracted
from studies on oral cancer screening. The results of a population-based screening program in Taiwan and a randomized controlled
trial in India were used to validate the fitness; then, the effectiveness of the model was determined by changing the screening param-
eters. Results: There was a reduction in the risk of advanced oral cancer by 40% (relative risk [RR] =0.60, 95% confidence interval
[CI]:0.59-0.62) and oral cancer mortality by 29% (RR=0.71, 95% CI: 0.69-0.73) at the 6-year follow-up in a screening scenario sim-
ilar to the biennial screening in Taiwan, with a 55.1% attendance rate and 92.6% referral rate. The incremental effect in reducing
advanced oral cancer was approximately 5% with a short |-year screening frequency, and the corresponding reduction in mortality
was, on average, 6.5%. The incremental reduction in advanced oral cancer per 10% increase in the compliance rate was 3% to 4%,
while only 1% to 2% reduction was noted per 0% increase in the referral rate. The effectiveness of screening in reducing advanced
oral cancer was 5% to 6% less when both betel quid chewing and alcohol drinking habits were present. Conclusion: Our computer
simulation model demonstrated the effect of screening on the reduction in oral cancer mortality under various scenarios. The
results provide screening policymakers with the necessary guidance to implement screening programs to save lives.
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Introduction

Oral cancer (OC) is a prevailing malignancy, with 377,713 new
cases and 177,757 deaths worldwide in 2020." Early detection

of the malignancy is of paramount importance owing to the
poor survival associated with advanced OC*™ despite the
advancements in treatment modalities over the past few
decades, such as surgery, radiation, and chemotherapy.®’
Therefore, attempts to reduce advanced OC and OC mortality
via early detection of oral premalignancy (OPM) and OC
through organized screening programs are of upmost priority.

The effectiveness of OC screening with visual inspection has
been demonstrated in a randomized controlled trial® and in a
population-based service screening program’ in reducing late-
stage OCs and mortality from OC, especially in the high-risk
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group.®'! A significant reduction of mortality from OC by 24%
and of incident stage III or worse OC by 21% among tobacco or
alcohol users was reported in an Indian randomized controlled
trial.'® A similar finding was observed in the mass screening in
Taiwan, with a reduction in mortality by 26% and advanced OC
by 21%.° The trial in India provided screening every 3 years,
while the program in Taiwan targeted cigaret and/or betel
quid users with biennial screens. The differences in risky oral
habits (betel quid chewing, cigaret smoking, and alcohol con-
sumption), in addition to variations in participation rate, sensi-
tivity of screening, and compliance to referral, hinder the
screening scenario from being applied to other countries even
if the natural history of OC is similar between the said con-
tries.'? The adoption of auxiliary methods of visual inspection,
including autofluorescence, oral brush biopsy, and liquid-based
cytology, may further increase the effectiveness of the screen-
ing program.'*7

Large-scale randomized controlled trials may help clarify
how these variables affect the efficiency of OC screening, but
the costs will be enormous and long follow-up periods will be
required to achieve reasonable results. Moreover, trials are
often designed to deal with 1 parameter and cannot examine
multiple parameters simultaneously. Consequently, this
approach is not practical in the real world, especially given
the ethical concerns pertaining to those who are not screened.
Another strategy is to construct an emulated cohort and use
computer simulation to estimate the results, which is less expen-
sive and more time-saving than trials.'® With the application of
available data and statistical synthesis of evidence, the model
has been proven to be accurate in estimating parameters pertain-
ing to different scenarios.'® This strategy can help policymakers
avoid ineffective trials or adjust screening programs, as reported
in many cancer screenings, including breast,'®! cervical,***

12,242 . 26,2
colorectal,'***?* and gastric cancer.’®?’ The current study

aimed to use computer simulation to evaluate the effectiveness
of screening in reducing advanced OC and mortality from OC,
taking into account variations in oral habits, interscreening
intervals, compliance rates, and referral rates.

Materials and Methods

A Markov chain Monte Carlo algorithm'® was used to simulate
a prospective cohort under various scenarios of OC screening.
The framework of the simulation model is shown in Figure 1.
A hypothetical cohort of 8 million participants aged >30
years with oral habits of cigaret smoking and/or betel quid
chewing was created and randomly assigned equally to the
intervention and control arms. The cohort size in each arm
was similar to that of the target population in Taiwan. The
control arm followed the natural history of “OPM-oral
cancer,” whereas the intervention arm was invited for OC
screening. In the intervention arm, those who did not comply
with screening (nonscreening group) had a natural history of
OC. Those who complied with the screening (screen group)
with positive results were referred to confirmatory diagnosis
by the specialists, and those with OPM did or did not receive
treatment; some eventually underwent malignant transforma-
tion to OC and died from the disease. Those with negative
results were advised to participate in the screening at the sug-
gested frequencies. OC was classified into different stages,
and patients were treated accordingly, with some patients
dying from the cancer, as per the 5-year survival data. The
model was constructed using the above framework, and we sim-
ulated the effect of OC screening using a randomized controlled
design with variable compliance rates, detection rates, referral
rates, and intervention effects. We also examined the reduction
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Figure 1. Framework of randomized controlled trial on oral cancer screening for the computer simulation model.
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in advanced OC, OC mortality, and number needed to screen
(NNS)*® under different screening policies with 1-year,
2-year, and 3-year frequencies.

Temporal Natural History of Oral Cancer
and Base-Case Parameter Acquisition

Table 1 shows the base-case parameters for model simulation
with corresponding estimates retrieved from the relevant litera-
ture. To simulate the effect of different screening scenarios, the

Table 1. Base-Case Parameters for the Simulation Model.

Estimate

Parameters (95% CI) Reference

1. Nature history (annual transition rate) Shiu?’

(1) Normal — 0.0016
Leukoplakia (0.0013-0.0020)
A(—)B(—)C(+) 0.000256
A(—=)B(+)C(—) 0.001062
A(—=)B(+)C(+) 0.004524
A(+)B(—=)C(+) 0.000194
A(+)B(+)C(—) 0.000807
A(+)B(+)C(+) 0.003438

(2) Leukoplakia — Oral 0.0979
cancer (7.59-12.0)
A(—)B(—)C(+) 0.0704
A(—=)B(+)C(—) 0.0459
A(—=)B(+)C(+) 0.0722
A(+)B(—=)C(+) 0.1350
A(+)B(+)C(—) 0.0882
A(+)B(+)C(+) 0.1389

2. Intervention efficacy 72.7% Shiu*’
for reducing malignant  (57.2%-88.3%)
transformation

3. Screening Chuang’

(1) Sensitivity 88.29%

(2) Compliance rate 55.1%

(3) Referral rate 92.6%

(4) OPM detection rate
A(—)B(—)C(+) 0.00207
A(—)B(+)C(—) 0.00614
A(—)B(+)C(+) 0.00871
A(+)B(—)C(+) 0.00299
A(+)B(+)C(—) 0.00991
A(+)B(+)C(+) 0.00929

4. Stage distribution (screen/nonscreen/control)
(1) Stage CIS 0.6/ 0.6/ 0 Chuang’,
(2) Stage 1 26.1/21.1/14.08 Sankaranarayanan®

(3) Stage II 19.8/17.9/11.97
(4) Stage III 12.5/13.3/ 24.65
(5) Stage IV 41.0/ 47.1/49.30

5. 5-year survival for oral cancer

(1) Stage CIS 76.7% Taiwan Cancer
(2) Stage I 77.4% Registry’
(3) Stage 11 68.3%

(4) Stage 111 54.7%

(5) Stage IV 33.2%

A, alcohol consumption; B, betel quid chewing; C, cigaret smoking; OPM, oral
premalignancy; CIS, carcinoma-in-situ.

transition parameters of the temporal natural history in the
absence of screening were required to represent the control
arm without contamination. The estimates for the parameters
were retrieved from the study by Shiu et al,>® namely 0.0016
for the annual transition rate of leukoplakia, 0.0979 for the
annual transition rate from leukoplakia to OC, 72.7% for the
intervention efficacy in reducing malignant transformation,
and other corresponding figures for different oral habits (A:
alcohol drinking, B: betel quid chewing, and C: cigaret
smoking).

Based on the results of the OC screening program between
2004 and 2009 in Taiwan,” the sensitivity of screening was
88.29%, the compliance rate was 55.1%, the referral rate was
92.6%, and the OPM detection rate ranged from 0.00207 to
0.00991 according to different oral habits. The stage distribu-
tions of screen/nonscreen for the intervention arm from stage
CIS (carcinoma-in-situ) to stage IV were assigned as 0.6/0.6,
26.1/21.1, 19.8/17.9, 12.5/13.3, and 41.0/47.1, respectively
based on the results of Chuang et al’ The corresponding
figures for the control arm were assigned as 0, 14.08, 11.97,
24.65, and 49.30 based on the results of Sankaranarayanan
et al® The 5-year survival rates for OC from stage CIS to
stage IV were assigned as 76.7%, 77.4%, 68.3%, 54.7%, and
33.2% based on the data from Taiwan Cancer Registry for
2008 to 2012.” The reporting in this study conformed to
STROBE guidelines.*® The Research Ethics Committee of
National Taiwan University Hospital approved this project
and granted a waiver for informed consent (202002091 W) pur-
suant to the regulations of the Institutional Review Board on
March 12, 2020.

Statistical Analysis

A battery of algorithms using the Markov chain Monte Carlo
method was run with sampling from base-case parameters to
construct the desired distribution of our hypothetical cohort.'®
Then, a computer simulation was performed using the con-
structed model to evaluate the reduction in advanced OC and
OC mortality under various screening scenarios. Relative risk,
risk difference, and NNS were reported with 95% confidence
intervals (CI) for various simulated compliance and referral
rates. The adequacy of the fitness of our model was validated
by comparing the simulated numbers to the observed
numbers using Pearson’s chi-square test. Statistical significance
was defined as a P-value <.05. All statistical analyses were per-
formed using the SAS software (version 9.4; SAS Institute).

Results

Effects of Oral Cancer Screening Under Different
Screening Frequencies

The incremental reduction in advanced OC was approximately
5%, with each reduction occurring in the interval between
screenings (45%, 40%, and 35% for l-year, 2-year, and
3-year screening frequencies, respectively). A similar trend
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was observed for OC mortality, with an average incremental
reduction of 6.5% (36%, 29%, and 23% for 1-year, 2-year,
and 3-year screening frequencies, respectively). The NNS per
OC mortality reduction also decreased with a short interval
between screenings; the NNS decreased from 1565 to 995
when the screening interval was reduced from a 3-year interval
to l-year interval, in a screening scenario similar to that in
Taiwan, with a 55.1% attendance rate and 92.6% referral rate
(Table 2).

Sensitivity Analyses of the Relative Reduction Rate

for Advanced Oral Cancer and Oral Cancer Mortality
in a Screening Scenario Similar to Taiwan at a 2-Year
Screening Frequency

The reduction in advanced OC increased from 31% to 34%
under a 40% compliance rate to 37% to 41% under a 60% com-
pliance rate, and the reduction in OC mortality increased from
19% to 22% under a 40% compliance rate to 25% to 30%
under a 60% compliance rate, given that the referral rate
shifted from 70% to 90%. The incremental reduction in the
risk of advanced OC with 10% increase in the compliance
rate was 3% to 4% whereas only a 1% to 2% incremental reduc-
tion was noted per 10% increase in the referral rate. The effec-
tiveness of screening increased with a short screening frequency
(Figure 2).

Incremental Reduction Under Various Oral Habits

Accounting for different oral habits, our simulated model
showed positive effects of screening high-risk populations,
with a reduction in advanced OC ranged between 39% and
45% (Figure 3). Similarly, the relative mortality rate of OC
ranged between 28% and 35%.

Discussion

Evaluating the effect of screening programs for diseases with a
long natural history via randomized controlled trials requires a
long follow-up period and substantial costs, especially when
using cause-specific mortality as the primary endpoint.'® For
health policy makers, evaluating the results of a study in the
early stages is challenging, given the limited information avail-
able. We constructed a computerized 3-state Markov simulation
model based on the transition parameters of OC natural history
and distribution of tumors®* to predict the effects of OC
screening programs in different screening scenarios. The
model was then applied to empirical data from an OC screening
program in Taiwan for validation (Supplement Table 1).
Further analyses were conducted using the transition parameters
of natural history with different oral habits®® to predict the
reduction in advanced OC and OC mortality under various
scenarios.

Table 2. Simulation for the Effectiveness on Reduction of Advanced
Oral Cancer and Mortality at Different Screening Intervals*

Oral cancer mortality

Relative risk Risk

Screening adv OC Relative risk  difference

interval (95% CI) (95% CI) per 100,000 NNS

1-year 0.55 0.64 100.5 995
(0.53-0.56) (0.62-0.66) (93.9-107.2)

2-year 0.60 0.71 81.2 1231
(0.59-0.62) (0.69-0.73) (74.4-88.0)

3-year 0.65 0.77 63.9 1565
(0.64-0.67) (0.75-0.79) (57.0-70.8)

*Screening scenario similar to Taiwan with 55.1% attendance rate and 92.6%
referral rate. Abbreviations: NNS, number needed to screen; adv OC, advanced
oral cancer.

Implication for the Oral Cancer Screening

Our prediction of the proportion of advanced cancer cases,
cumulative incidence of advanced OC, and OC mortality in
the intervention arm were consistent with the results reported
for the OC screening program in Taiwan.’ This finding verified
the external validity of our decision model. A randomized con-
trolled trial in India®'%'" and a service screening program in
Taiwan® demonstrated that visual inspection screening could
reduce the incidence of advanced OC and OC mortality. As
few countries have conducted OC screening due to cost-
effectiveness considerations, our computer simulation model
could predict the effect of screening under different screening
scenarios, and the predicted results could provide useful infor-
mation for designing and implementing OC screening
programs.

Methodological Consideration and Application

The unique feature of the current study is the application of a
3-state Markov model based on the transition parameters of
natural history in conjunction with the survival rate for OC.
The advantage of this model is the incorporation of the
effects of the 3 risky oral habits on the annual incidence rate
of leukoplakia and annual malignant transformation rate to esti-
mate the effect of different screening scenarios to save the cost
and time required for randomized control trials. For example,
by retrieving reference data from the literature (oral habits of
patients with OC: 14.5% with cigaret smoking alone, and
58.8% with both cigaret smoking and alcohol drinking®') and
application of our constructed simulation model, a 34% reduc-
tion (relative risk [RR]=0.66, 95% CI:0.58-0.74) in OC mor-
tality for smokers but nondrinkers and a 35% reduction (RR
=0.65, 95% CI:0.54-0.79) for smokers and drinkers could be
anticipated after a 6-year follow-up period in a screening sce-
nario similar to Taiwan’s screening program. Considering that
there are more than 377 thousand new OC cases and 177 thou-
sand deaths annually,' if more than half of the smokers
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Figure 2. Sensitivity analyses of relative reduction rate for (A) advanced oral cancer and (B) oral cancer mortality.

worldwide attend OC screening, at least 45,000 OC deaths
annually could be prevented at the 6-year follow-up.

In Taiwan, indigenous people over 18 years of age have a
higher rate of risky oral habits and are more frequently
affected by OCs than the nonindigenous population.
However, only 32% of this group attended the biennial OC
screening program with a much lower referral rate of
77%.°** Among those with risky oral habits, the proportions
of betel quid chewing and cigaret smoking, betel quid
chewing alone, and cigaret smoking alone accounted for

58%, 30%, and 12%, respectively. With the application of
our OC screening simulation model, a 29% reduction in
advanced OC (RR=0.71, 95% CI=0.63-0.80) and a 17%
reduction in OC mortality (RR=0.83, 95% CI=0.72-0.96)
at the 6-year follow-up was predicted, given that all indige-
nous Taiwanese participated in the screening program.
These 2 examples demonstrate that our constructed simulation
model can predict the effect of OC screening; researchers, pol-
icymakers, and authorities interested in this issue can use these
data.
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In recent years, studies have shown that a novel tool, fluores-
cence visualization, could improve the detection of potentially
malignant oral disorders in population-based screening.'*~'®
The sensitivity (94.4% vs 83.3%) and specificity (96.2% vs
95.1%) of this method were also higher than those of conven-
tional oral visual examination.'*> With the application of our
constructed model, we can extract parameters from the
studies and simulate the RR of advanced OC and OC mortality
at the 6-year follow-up. The simulation shows that the relative
rate of advanced OC is quite similar for either cigaret smokers
and betel quid chewers (fluorescence visualization/conven-
tional oral examination: 0.60/0.61) or cigaret smokers and
alcohol drinkers (0.56/0.56), while the corresponding figures
for OC mortality were 0.71/0.72 and 0.65/0.66, respectively
(Supplemental Table 2). These results suggest that fluorescence
visualization has better performance in detecting oral prema-
lignancy than conventional methods, yet the difference with
respect to reducing advanced OC and OC mortality may not

be as significant even in high-risk populations. These simulated
data provide valuable information for health policymakers and
researchers interested in designing and conducting large-scale
trials to evaluate novel tools for OC screening.

Limitations

The current study has several limitations. First, the transition
parameters of natural history were retrieved from hospital-
based studies rather than community-based studies. Since
there was no comparable literature, we used these surrogate
sources of data instead. Second, the differences in risky oral
habits in India (tobacco and/or alcohol) and Taiwan (cigaret
and/or betel quid) may lead to discrepancies in understanding
the carcinogenesis of OC, thus reducing the accuracy of the esti-
mates of our model. This difference could account for the
higher reduction in mortality with the screening of low-risk
group (cigaret smoking alone, 34%) than with the screening
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high-risk group (alcohol drinking and betel quid chewing, 28%)
based on Taiwan’s scenario, despite the proper validation of our
simulated model.

Conclusion

Our computer simulation model demonstrated that the effective-
ness of OC screening varied under various screening parameter
scenarios. The predicted results provide health policymakers
with evidence-based guidelines to emulate studies and launch
screening programs to save lives.
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