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abstract

PURPOSE We evaluated proof of principle for resource-efficient, risk-based screening through reanalysis of the
Kerala Oral Cancer Screening Trial.

METHODS The cluster-randomized trial included three triennial rounds of visual inspection (seven clusters, n5
96,516) versus standard of care (six clusters, n 5 95,354) and up to 9 years of follow-up. We developed a Cox
regression–based risk prediction model for oral cancer incidence. Using this risk prediction model to adjust for
the oral cancer risk imbalance between arms, through intention-to-treat (ITT) analyses that accounted for cluster
randomization, we calculated the relative (hazard ratios [HRs]) and absolute (rate differences [RDs]) screening
efficacy on oral cancer mortality and compared screening efficiency across risk thresholds.

RESULTS Oral cancer mortality was reduced by 27% in the screening versus control arms (HR5 0.73; 95% CI,
0.54 to 0.98), including a 29% reduction in ever-tobacco and/or ever-alcohol users (HR5 0.71; 95%CI, 0.51 to
0.99). This relative efficacy was similar across oral cancer risk quartiles (P interaction5 .59); consequently, the
absolute efficacy increased with increasing model-predicted risk—overall trial: RD in the lowest risk quartile
(Q1)5 0.5/100,000 versus 13.4/100,000 in the highest quartile (Q4), P trend5 .059 and ever-tobacco and/or
ever-alcohol users: Q1 RD 5 1.0/100,000 versus Q4 5 22.5/100,000; P trend 5 .026. In a population akin to
the Kerala trial, screening of 100% of individuals would provide 27.1% oral cancer mortality reduction at number
needed to screen (NNS) 5 2,043. Restriction of screening to ever-tobacco and/or ever-alcohol users with no
additional risk stratification would substantially enhance efficiency (43.4% screened for 23.3% oral cancer
mortality reduction at NNS 5 1,029), whereas risk prediction model–based screening of 50% of ever-tobacco
and/or ever-alcohol users at highest risk would further enhance efficiency with little loss in program sensitivity
(21.7% screened for 19.7% oral cancer mortality reduction at NNS 5 610).

CONCLUSION In the Kerala trial, the efficacy of oral cancer screening was greatest in individuals at highest oral
cancer risk. These results provide proof of principle that risk-based oral cancer screening could substantially
enhance the efficiency of screening programs.

J Clin Oncol 39:663-674. © 2021 by American Society of Clinical Oncology

BACKGROUND

Cancers of the oral cavity cause substantial morbidity
and mortality worldwide, with approximately 300,000
incident cases and 145,000 deaths annually.1 To-
bacco smoking, chewing of betel-quid or betel-nut
with or without tobacco, and alcohol use cause the
majority of oral cancers.1,2 Oral cancer incidence is
particularly high in the Indian subcontinent and other
parts of South and East Asia, owing to the high
prevalence of betel-quid or tobacco chewing.1,2

Only one randomized trial has investigated the effect of
screening on oral cancer mortality—the Kerala Oral
Cancer Screening Trial.3 This trial found that screening
through visual inspection by trained health workers
(three triennial rounds) resulted in a 34% reduction

in oral cancer mortality among ever-tobacco and/or
ever-alcohol users in the intervention group but no
benefit in never-users of tobacco and/or alcohol.3

Such restriction of the screening benefit to ever-
tobacco and/or ever-alcohol users highlights the po-
tential for risk-based screening strategies—that is,
selective screening of high-risk individuals most likely
to experience oral cancer mortality reductions from
screening.

A risk-based oral cancer screening strategy could
have substantial logistical and resource implications,
particularly in resource-constrained settings. How-
ever, neither validated oral cancer risk prediction
models nor empirical evidence for the efficacy and
efficiency of risk-based oral cancer screening exists
in the literature.
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Here, we evaluated proof of principle for resource-efficient
risk-based oral cancer screening through reanalysis of the
Kerala trial.3

METHODS

Study Design and Subjects

The Kerala trial was a cluster-randomized study initiated in
1996 in the district of Trivandrum, India.3 The study design
has been described in prior publications.3-6 Briefly, 13
geographic clusters were randomized through restricted
block randomization to either the screening or intervention
arm (seven clusters, n 5 96,516 participants) or the
standard-of-care or control arm (six clusters, n 5 95,354
participants; Fig 1).3-6 Eligible participants (those of age
35 years or older without a prior history of oral cancer) were
identified through a household survey, which encom-
passed enumeration of households and eligible individuals
as well as collection of data on demographics, socioeco-
nomic status, risk behaviors, diet, and medical history.3-6

All participants provided written informed consent. The
study was approved by the institutional ethics review
boards of the International Agency for Research on
Cancer (IARC) and the Regional Cancer Centre (RCC),
Trivandrum. Given the conduct of the study prior to 2005,
the trial was retrospectively registered at Clinicaltrials.gov
identifier: NCT04494620.

Screening and Referral Procedures

In the intervention group, during the household visit,
trained health workers conducted oral cancer screening
under conventional lighting (daylight, aided by white
flashlight).3-6 Prior validation studies in the trial show high
validity (sensitivity 5 94.3% and specificity 5 98.3%) for
the diagnosis of precancer or cancer by health workers
versus clinicians as the gold standard.7 Screening was
conducted in three waves (1996-1998, 1999-2001, and

2002-2004), with a 3-year interval between screens for
each participant. Of 96,516 participants in the intervention
group, 9,012 were never screened and 87,504 (90.7%)
were screened at least once (34,041 screened once,
24,360 screened twice, and 29,103 screened three times)
(Fig 1).3 The control group received standard of care (no
screening). Both arms received counseling for cessation of
tobacco and alcohol use.

Individuals with precancerous lesions (eg, leukoplakia,
erythroplakia, and oral submucous fibrosis) or lesions
suspicious for cancer (eg, abnormal growths or ulcers) were
referred to a dentist or an oncologist for a detailed ex-
amination, biopsy, excision, or cancer treatment, as
appropriate.3,4,6 Screening resulted in 5,145 screen-
positive individuals, 3,218 (62.5%) of whom complied
with referral, and 2,383 were diagnosed with oral pre-
cancers or oral cancers (positive predictive value [PPV]5
74%). Biopsies were conducted on 708 lesions with
clinical suspicions of cancer, resulting in 201 dysplasias
and 131 cancers.3

Follow-Up and Outcome Ascertainment

Data on oral cancer incidence and mortality were collected
from multiple sources, including the population-based
cancer registry of Trivandrum, hospital-based cancer
registry of the RCC, local hospitals, municipal death reg-
isters, and household visits.3,4,6 Deaths occurring in indi-
viduals with a diagnosis of oral cancer and/or advanced oral
cancer (regional or distant spread) were considered as oral
cancer deaths.3,4,6

Statistical Analyses

Follow-up for oral cancer incidence began at the date of
first household interview and ended at the earliest of date
of oral cancer incidence (for incidence analyses), oral
cancer death (for mortality analyses), death, or end of the
study (December 31, 2004), as was done in the study by

CONTEXT

Key Objectives
We evaluate proof of principle for resource-efficient, risk-based oral cancer screening through a risk-based reanalysis of the

Kerala Oral Cancer Screening Trial.
Knowledge Generated
We provide the first proof of principle for the utility of risk-based oral cancer screening. Specifically, the study presents a

validated oral cancer risk prediction model for the identification of high-risk individuals for screening. Through the use of
this model, the study demonstrates that (1) in the Kerala trial, the efficacy of screening increased with increasing model-
predicted prescreening oral cancer risk and (2) even among high-risk ever-tobacco and/or ever-alcohol users, individuals
at highest oral cancer risk experienced the greatest oral cancer mortality reduction from screening.

Relevance
Oral cancer screening through visual inspection by trained health workers is efficacious in reducing oral cancer mortality.

Risk-based oral cancer screening strategies could substantially enhance the efficacy of screening programs while
maintaining high program sensitivity.
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Sankaranarayanan et al.3 Of note, the number of partici-
pants and oral cancer events differ from the report by
Sankaranarayanan et al because of data updates during
additional follow-up (Data Supplement, online only).

Analyses were intention-to-treat (ITT) without any exclusion
of nonparticipants. We used multiple imputation for missing
data on education, body mass index (BMI), chewing,
smoking, and alcohol use (Data Supplement).

Oral cancer risk prediction model development and
validation. We developed a Cox proportional hazards risk
prediction model for 7-year oral cancer incidence, with
follow-up time as the time scale and covariates chosen a
priori—age, sex, education, BMI, tobacco chewing (du-
ration, intensity, and former chewing status), smoking
(duration and intensity), alcohol use (duration and

intensity), a multiplicative interaction between chewing
duration and smoking intensity, and study group or arm
(intervention or control). The baseline hazard was stratified
by tobacco chewing status (ever or never) because of
nonproportionality. The best parameterizations for con-
tinuous covariates (across linear, log, square-root, and
squared transformations) were selected on the basis of the
Akaike Information Criterion. The oral cancer risk predic-
tion model was validated through five-fold cross-validation,
evaluated on calibration (ratio of observed/expected [O/E]
cases) and discrimination (C-index), accounting for right-
censoring.8,9

Estimation of the efficacy of screening. We estimated the
relative and absolute efficacy of screening on oral cancer
mortality. These analyses were conducted in the overall

N = 13 clusters
randomized

n = 177 oral cancers

n = 94 oral cancer 
         deaths

n = 6 clusters allocated
to control group

n = 95,354 individuals
eligible

550,151 years of
follow-up

n = 7 clusters allocated
to screening group

n = 96,516 individuals
eligible

590,074 years of
follow-up

n = 86 oral cancer
        deaths

n =198 oral cancers
(143 screen-detected)

n = 87,504 individuals
screened (34,041 1 ×,
24,360 2 ×, 29,103 3 ×)

n = 20 oral cancers

n = 9,012 individuals
never screened

FIG 1. CONSORT diagram. The figure depicts the number of clusters, individuals, years of
follow-up, screening visits (for the screening group), oral cancers diagnosed, and oral cancer
deaths in the screening and control arms of the Kerala trial. The number of screen-detected
cancers reported is the number with positive screening results. Of note, the number of par-
ticipants (n5 3) and number of oral cancer events (n5 32 oral cancers and n5 16 oral cancer
deaths) differ between our analysis and the 2005 report by Sankaranarayanan et al. These
differences arise from the exclusion of duplicate participants (n5 3) and data updates available
from additional follow-up.
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TABLE 1. Characteristics of Participants in the Kerala Oral Cancer Screening Trial

Characteristic

Control Arm Screening Arm

N % N %

Number of individuals 95,354 100 96,516 100

Number of clusters 6 — 7 —

Age at enrollment, years

Median (IQR) 45 (38-57) — 45 (37-57) —

34 to 39 29,545 31.0 31,653 32.8

40 to 49 27,483 28.8 26,523 27.5

50 to 59 17,038 17.9 16,718 17.3

60 to 69 12,343 12.9 12,583 13.0

70 to 79 6,515 6.8 6,582 6.8

80 1 2,430 2.5 2,458 2.5

Sex

Male 41,954 44.0 41,537 43.0

Female 53,400 56.0 54,979 57.0

Education

None 14,776 15.5 19,517 20.2

Primary 15,456 16.2 18,395 19.1

Middle 13,993 14.7 14,133 14.6

High school 24,590 25.8 25,648 26.6

College or professional 10,227 10.7 9,972 10.3

BMI

Median (IQR) 21.8 (19.2-24.5) — 21.2 (18.8-24.2) —

# 18.5 11,888 12.5 17,046 17.7

. 18.5 to , 25 35,456 37.2 39,010 40.4

25 to , 30 11,013 11.5 11,401 11.8

30 1 2,039 2.1 2,108 2.2

Tobacco or quid chewing status

Never 74,554 78.2 69,941 72.5

Former 1,809 1.9 2,647 2.7

Current 18,991 19.9 23,928 24.8

Chewing duration (years)

Median (IQR) 17 (6-30) — 18 (6-31) —

, 10 4,921 5.2 6,180 6.4

10 to , 20 3,425 3.6 3,736 3.9

20 to , 30 3,189 3.3 3,690 3.8

30 to , 40 2,053 2.2 2,873 3.0

40 1 1,856 1.9 3,009 3.1

Chewing intensity (times/d)

Median (IQR) 6 (4-10) — 5 (3-8) —

, 5 5,420 5.7 8,025 8.3

5 to 9 5,801 6.1 6,016 6.2

10 to 14 2,497 2.6 2,409 2.5

15 1 1,810 1.9 2,240 2.3

(continued on following page)
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trial, among ever-tobacco and/or ever-alcohol users, and
across quartiles of 7-year predicted oral cancer risk (cut
points defined on the basis of the respective risk distri-
bution in the control group).

We calculated the relative efficacy of screening on oral
cancer mortality through 9 years of follow-up using Cox
regression models, with follow-up time as the time scale
and study group (intervention or control) and (log) 7-year
predicted risk of oral cancer incidence as covariates.

Multiplicative statistical interactions between study group
and risk of oral cancer incidence (continuous or quartiles)
were evaluated through product terms. Taylor series line-
arization was used to calculate 95% CIs around the hazard
ratios (HRs).

The absolute efficacy of screening on oral cancer mortality
through 9 years of follow-up was estimated through mor-
tality rate differences (RDs). Briefly, model-based mortality
RDs were estimated through adjusted population-attributable

TABLE 1. Characteristics of Participants in the Kerala Oral Cancer Screening Trial (continued)

Characteristic

Control Arm Screening Arm

N % N %

Smoking status

Never 72,416 75.9 69,396 71.9

Former 2,815 3.0 3,621 3.8

Current 20,123 21.1 23,499 24.3

Smoking duration (years)

Median (IQR) 21 (15-30) — 23 (15-33) —

, 10 1,895 2.0 2,583 2.7

10 to , 20 4,397 4.6 5,465 5.7

20 to , 30 5,340 5.6 6,694 6.9

30 to , 40 3,019 3.2 4,119 4.3

40 1 2,138 2.2 3,430 3.6

Smoking intensity (times/d)

Median (IQR) 12 (18-20) — 15 (8-20) —

, 10 4,663 4.9 6,101 6.3

10 to , 20 6,999 7.3 8,229 8.5

20 to , 30 3,662 3.8 4,985 5.2

30 1 1,453 1.5 3,012 3.1

Alcohol use

Never 80,259 84.2 78,813 81.7

Former 1,797 1.9 2,509 2.6

Current 13,298 13.9 15,194 15.7

Alcohol use duration (years)

Median (IQR) 18 (12-26) — 20 (11-28) —

, 10 971 1.0 1,543 1.6

10 to , 20 2,272 2.4 2,670 2.8

20 to , 30 1,823 1.9 2,385 2.5

30 1 1,209 1.3 1,854 1.9

Alcohol use intensity (d/wk)

Median (IQR) 6 (3-7) — 5 (3-7) —

1 to 3 1,952 2.0 2,658 2.8

4 to 6 1,294 1.4 1,837 1.9

7 3,000 3.1 4,017 4.2

NOTE. Due to the size of the trial, all tests for characteristic differences between arm (ie, Wilcoxon rank sum for continuous variables and chi-
square test for categorical variables) were statistically significant at P , .001 for each comparison.

Abbreviations: BMI, body mass index; IQR, Interquartile range.
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fractions (PAF, adjusted for the 7-year predicted oral cancer
risk) using the methods described by Flegal et al10 (Data
Supplement). Jackknife variances were used to compute
95% CIs around RDs.11 Trend tests for RDs across quartiles
of oral cancer incidence risk were evaluated using inverse-
variance–weighted linear regression.

Estimated efficiency across different scenarios for the se-
lection of individuals for screening. For each individual in
the trial (screening plus control arms combined), using the
Cox regression model (coefficients for arm and 7-year
predicted risk of oral cancer incidence), we calculated
the counterfactual hazard of oral cancer mortality in the
absence of screening and the presence of screening
(mortality deficit commensurate with the overall HR for
screening v control arms). We then compared the esti-
mated screening efficiency across two hypothetical strat-
egies for the selection of individuals for oral cancer
screening: (1) a risk-based strategy (incremental selection,

highest to lowest model-predicted 7-year risk of oral can-
cer); and (2) an age-based strategy (incremental selection,
oldest to youngest).

For each selection strategy, measures of screening effi-
ciency for three triennial screens and up to 9 years of follow-
up were as follows: percentage of the population screened,
sensitivity for oral cancer mortality in the absence of
screening (ie, percentage of all oral cancer deaths in the
population covered), effective reduction in oral cancer
mortality from screening (sensitivity multiplied by the HR for
screening), PPV, complement of the negative predictive
value (cNPV5 12 NPV), oral cancer deaths per million in
the absence or presence of screening, oral cancer deaths
averted per million screened, and the number needed to
screen (NNS) to prevent one oral cancer death.

All analyses accounted for the cluster-sampling design and
multiple imputation.9,11 Two-sided P values , 0.05 were
considered statistically significant.

TABLE 2. Risk Prediction Model for 7-Year Oral Cancer Incidence

Characteristic Coding
Oral Cancer Incidence

HR (95% CI) P

Sex Categorical

Male 1.00 —

Female 0.74 (0.55 to 0.99) .041

Age, years Natural log 3.41 (2.04 to 5.67) , .001

Education Ordinal or trend 0.90 (0.82 to 1.00) .045

BMI Categorical

# 18.5 1.16 (0.93 to 1.45) .44

. 18.5 to , 25.0 1.00 —

25.0 1 0.88 (0.64 to 1.22) .19

Tobacco chewinga

Duration, years Natural log 1.64 (1.40 to 1.92) , .001

Intensity, times/d Natural log 1.52 (1.26 to 1.84) , .001

Past user Categorical 3.31 (2.49 to 4.39) , .001

Tobacco smoking

Duration, years Squared 0.9999 (0.9997 to 1.0000) .13

Intensity, times/d Square-root 1.20 (1.09 to 1.31) , .001

Chewing-smoking interactiona

Chewing duration 3 smoking intensityb 0.94 (0.91 to 0.97) , .001

Alcohol use

Duration, years Square-root 1.04 (0.97 to 1.11) .30

Intensity, drinks/wk Square-root 1.01 (1.00 to 1.02) .052

Study arm Categorical

Control 1.00 —

Screening 0.99 (0.81 to 1.21) .91

NOTE. Baseline hazard is stratified by chewing status (ever or never).
Abbreviations: BMI, body mass index; HR, hazard ratio.
aFor never chewing status, variables are set to the reference category (if categorical) or zero (if continuous).
bNatural log years of chewing duration and square-root times/day of smoking intensity.
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RESULTS

Table 1 shows the characteristics of participants in the
control arm (n 5 95,354 participants) and the screening
arm (n 5 96,516 participants). Both arms were balanced
on demographic, socioeconomic, and anthropometric
characteristics. However, screening arm participants were
more likely to be ever chewers, be users of pan with to-
bacco, have greater duration and intensity of chewing, be
current smokers, and have greater duration and intensity of
smoking (P , .001 for all comparisons).

In the control arm (Fig 1), more than 550,151 person-years
of follow-up (median 5 7.0 years; interquartile range
[IQR] 5 3.2 to 8.0), 177 incident oral cancers and 94 oral
cancer deaths occurred. In the screening arm (Fig 1), more
than 590,074 person-years of follow-up (median 5 7.2
years; IQR 5 3.7 to 8.2), 218 incident oral cancers and 86
oral cancer deaths occurred.

Risk Prediction Model for Oral Cancer Incidence

Predictors of increased 7-year risk of oral cancer were
older age, male gender, lower education, former chewer
status, increased duration and frequency of chewing,
increased duration of smoking, and increased frequency
of alcohol consumption (Table 2). There was a significant
negative correlation between chewing duration and
smoking frequency, which manifested as a multiplicative
interaction.

Screening arm participants had higher predicted 7-year
risk of oral cancer incidence when compared with control
arm participants (median risk 5 0.085% v 0.074%; P ,
.001). Importantly, after adjustment for this imbalance, oral
cancer incidence was similar in the screening and control
arms (HR 5 0.99; 95% CI, 0.81 to 1.21; Table 2).

The risk- prediction model had good calibration and good
discrimination in the overall trial population (O/E 5 1.08;
95% CI, 0.81 to 1.44; C-index 5 0.84; 95% CI, 0.77 to
0.90) as well as in ever-tobacco and/or ever-alcohol users
(O/E 5 1.07; 95% CI, 0.77 to 1.43; C-index 5 0.75; 95%
CI, 0.67 to 0.83), including within each risk quartile (Data
Supplement).

Relative and Absolute Efficacy of Screening

With up to three rounds of triennial screening with visual
inspection (average of 1.76 screens received by screening
arm participants) and up to 9 years of total follow-up, after
adjustment for model-predicted 7-year risk of oral cancer
incidence, there was a 27% reduction in oral cancer
mortality in the screening arm versus control arm (HR 5
0.73; 95% CI, 0.54 to 0.98; P 5 .035). The effect of
screening was stronger in ever-tobacco and/or ever-alcohol
users (HR 5 0.71; 95% CI, 0.506 to 0.995, P 5 .047)
versus nonusers (HR 5 0.89; 95% CI, 0.38 to 2.09; P 5
.79), although this difference was not statistically significant
(P heterogeneity 5 .64).
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FIG 2. Oral cancer mortality RD (screening v control arms) across oral cancer risk in the Kerala Oral
Cancer Screening Trial. Shown are adjusted oral cancer mortality RDs between the screening and control
arm participants in the overall trial participants (A) and among ever-tobacco and/or ever-alcohol users (B).
Estimates (circles and squares) and 95% jackknife CIs (error bars) are shown across oral cancer risk
prediction model–based quartiles (defined on the basis of the control population). P values shown are for
trend across quartiles. See statistical methods for additional details. RD, rate difference.
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The relative efficacy of screening did not differ by predicted
7-year risk of oral cancer incidence (P interaction of arm3

risk quartile5 0.59). Consequently, the absolute efficacy of
screening (ie, adjusted oral cancer mortality RDs) in-
creased significantly with increasing oral cancer risk and
was greatest in individuals with the highest risk of oral
cancer incidence (Figs 2A and 2B). For example, in the
overall trial population (Fig 2A), the adjusted oral cancer
mortality RD between screening versus control arms in-
creased from 0.5 per 100,000 for individuals in the lowest

quartile (Q1) of oral cancer risk to 13.4 per 100,000 in the
highest quartile (Q4) of oral cancer risk (P trend 5 .059).
Likewise, among ever-tobacco and/or ever-alcohol users
(Fig 2B), the oral cancer mortality RD between the
screening versus control arms increased from 1.0 per
100,000 for individuals in Q1 of oral cancer risk to 22.5 per
100,000 in Q4 (P trend 5 .026).

The observed oral cancer mortality reduction from screening
was consistent with diagnosis of oral cancers at early stages
(I/II) versus late stages (III/IV) in the screening arm versus
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control arm, both in the overall trial population and ever-
tobacco and/or ever-alcohol users (Figs 3A-3D, Data
Supplement).

Efficiency Across Selection Strategies for Screening

We evaluated the efficiency of two counterfactual screening
strategies in the Kerala trial population (screening plus
control arms combined)—risk-based and age-based.
These analyses provide two broad observations (Fig 4).
First, risk-based selection of individuals for screening would
outperform age-based selection and provide greater sen-
sitivity for oral cancer mortality (ie, percentage of all oral
cancer deaths in the population covered by a specific
selection strategy). Thus, for a fixed size of the population
selected for screening, a risk-based strategy would avert a
higher number of oral cancer deaths than age-based se-
lection (Fig 4). Second, the similarity in performance of risk-
based selection in the overall trial population and in ever-
tobacco and/or ever-alcohol users indicates that almost all
individuals at highest risk in the trial were tobacco and/or
alcohol users (Fig 4).

As shown in Table 3, screening of 100% of individuals in
the Kerala trial would provide a 27.1% effective reduction in
oral cancer mortality over 9 years (490 averted oral cancer
deaths per one million screened at NNS to prevent one oral
cancer death of 2,043). Restriction of screening to all ever-
tobacco and/or ever-alcohol users (43.4% of the pop-
ulation) without any additional oral cancer risk assessment
would provide 23.3% effective reduction in oral cancer
mortality (974 averted oral cancer deaths per one million

tobacco and/or alcohol users screened at NNS of 1,029).
Restriction of risk assessment to ever-tobacco and/or ever-
alcohol users and selection of 50% of ever-tobacco and/or
ever-alcohol users at highest risk (21.7% of the population)
would provide approximately 20% effective reduction in
oral cancer mortality at substantially better efficiency
(1,644 averted oral cancer deaths per one million high-risk
tobacco and/or alcohol users screened at NNS of 610).

DISCUSSION

In our risk-based reanalysis of the Kerala Oral Cancer
Screening Trial, we present four key results. First, we
provide a risk prediction model for oral cancer incidence to
enable the identification of high-risk individuals. Second, in
an ITT analysis, we show that screening with visual in-
spection by trained health workers resulted in a significant
27% relative reduction in oral cancer mortality. Third, we
show that the absolute benefit of screening (as measured
by the oral cancer mortality RD in the screening v control
arms) increased significantly with increasing model-
predicted risk of oral cancer, both overall and in high-
risk ever-tobacco and/or ever-alcohol users. Fourth, oral
cancer incidence was similar between the screening and
control arms, underscoring no cancer overdiagnosis from
screening. Collectively, these results provide proof of
principle for risk-based oral cancer screening.

The key 2005 report from the Kerala trial by Sankaranar-
ayanan and colleagues showed a nonsignificant 21% re-
duction (screening v control arms) in oral cancer mortality
in the overall trial population and a significant 34% re-
duction among ever-tobacco and/or ever-alcohol users.3

Despite such efficacy, citing methodologic limitations, most
guidelines committees have failed to adopt or recommend
oral cancer screening with visual inspection.12-16 These
methodologic criticisms include the small number of
clusters and the resultant risk imbalance between study
arms, lack of analytic accounting for the cluster-sampling
design in a few interim reports,4,6 the post hoc subgroup
nature of the observation of significant screening efficacy in
ever-tobacco and/or ever-alcohol users, and moderate
compliance with screening and referral procedures.12-16

We quantitatively addressed the prior criticisms of the
Kerala trial to provide empirical evidence that screening
with visual inspection was efficacious in reducing oral
cancer mortality. We conducted an ITT analysis to con-
servatively address low compliance, used survey analysis
methods to account for the cluster-sampling design, and
implemented multiple imputation and risk prediction
model–based adjustment to address the risk imbalance
between study arms. Even after such accounting for the
prior criticisms in the literature, we demonstrate a 27%
statistically significant reduction in oral cancer mortality in
the screening arm participants, including a 29% statisti-
cally significant reduction among ever-tobacco and/or ever-
alcohol users.
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FIG 4. Performance of risk-based and age-based strategies for
selection of individuals for oral cancer screening in the Kerala Oral
Cancer Screening Trial. The figure depicts the percentage of all
oral cancer deaths in the Kerala trial population targeted at
varying levels of risk-based and age-based thresholds for the
counterfactual selection of individuals for oral cancer screening.
Results are shown for each of the selection strategies in the overall
trial population and in ever-tobacco and/or ever-alcohol users.
See statistical methods for additional details.
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Our study also extends the Kerala trial results3 to show
that the relative efficacy of screening was homogeneous
across risk subgroups. Consequently, as a result of the
expected increase in baseline risk across risk prediction
model quartiles, the 27% relative efficacy translated to
greater absolute efficacy in high-risk individuals. Thus,
the 25% of individuals at greatest model-predicted oral
cancer risk experienced 76% of the mortality reduction
from screening.

The efficacy and efficiency results presented herein need to
be interpreted within the context of some key limitations.
First, our estimates are conservative, given the moderate
compliance with screening (three screens planned by
design v 1.76 screens received) and with referral proce-
dures (67% compliance with referral to experts).3 Thus, our
estimated efficacy and efficiency likely reflect real-life ef-
fectiveness of oral cancer screening in India. Second, the
generalizability of the Kerala trial results to other parts of
the world has previously been questioned.12 We submit that
the trial setting as well as the results are broadly general-
izable to the Indian Subcontinent, in view of the similar
exposure experience, particularly chewing tobacco. Third,
the similar exposure experience notwithstanding, the
transportability of our risk prediction model to other
geographic regions in India and neighboring countries

needs to be determined. Last, there was no formal eval-
uation in the trial of the potential harms of screening, such
as overdiagnosis of oral precancer, patient anxiety, and
unnecessary biopsies and treatments.

Our results have public health relevance for oral cancer
screening in resource-limited developing countries, such
as India, which are also the global hot spots for oral cancer
burden.1,2 Indeed, oral cancer is the most common cancer
in Indian men and third most common in Indian women.
Given this, the Government of India has recently formulated
guidelines for oral cancer screening as part of a larger
screening effort for five chronic diseases (diabetes; hy-
pertension; and oral, cervical, and breast cancers).17,18

These guidelines recommend oral cancer screening with
visual inspection by trained health workers (akin to the
Kerala trial) once every five years in all adults of age 30 1
years, an endeavor with substantial human and economic
resource implications.

Our study underscores the potential for a resource-efficient,
risk-based oral cancer screening program in India. As-
suming generalizability of the Kerala trial results to the
Indian population, on the basis of the Global Adult Tobacco
Survey (GATS) data,19 the current guidelines to screen all
adults of age 30 years or older would target approximately

TABLE 3. Projected Outcomes for Risk-Based Screening Within the Kerala Trial

Screening
Strategy

7-Year Oral
Cancer
Risk, %

Population
Screened, %a

Sensitivity for
Oral Cancer
Deaths, %b

Effective
Reduction in
Oral Cancer
Deaths, %c

Oral Cancer Deaths
Per One Million

Without Screeningd

Oral Cancer Deaths
Per One Million
With Screeninge

Oral Cancer
Deaths Averted
Per One Million

Screenedf

NNS Per Oral
Cancer Death

Avertedg

Full population

All — 100 100 27.1 1,809 1,319 490 2,043

Top 75%
in risk

0.044 75.0 96.1 26.0 2,316 1,688 628 1,596

Top 50%
in risk

0.079 50.0 89.7 24.3 3,243 2,364 879 1,140

Top 25%
in risk

0.20 25.0 75.9 20.6 5,495 4,006 1,489 673

Ever-tobacco and/or ever-alcohol users

All — 43.4 86.1 23.3 3,593 2,619 974 1,029

Top 75%
in risk

0.14 32.5 81.5 22.1 4,531 3,303 1,228 816

Top 50%
in risk

0.24 21.7 72.7 19.7 6,066 4,422 1,644 610

Top 25%
in risk

0.53 10.8 55.4 15.0 9,239 6,735 2,504 401

Abbreviation: NNS, number needed to screen.
aThe screening strategy selects this percentage of the trial (screening plus control) population.
bThe screening strategy selects this percentage of the individuals who would otherwise die of oral cancer in the next 9 years without screening.
cThe screening strategy reduces the number of oral cancer deaths in the next 9 years by this percentage.
dThe number of oral cancer deaths that would occur in the next 9 years per one million eligible individuals without screening.
eThe number of oral cancer deaths that would occur in the next 9 years per one million eligible individuals with screening.
fThe number of oral cancer deaths averted in the next 9 years per one million eligible individuals screened.
gThe NNS per oral cancer deaths averted in the next 9 years.
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584.2 million individuals for 100% program sensitivity (ie,
target all oral cancer deaths in the population). Instead,
mere restriction of screening to ever-tobacco users
without any additional risk stratification would target 234.6
million individuals to achieve 86.1% program sensitivity.
Further gains in screening program efficiency could be
achieved through the use of a risk prediction model—
screening of 50% of ever-tobacco users at highest
model-predicted risk would target only 117.3 million in-
dividuals (20.1% of the eligible population), yet maintain
high program sensitivity (72.7%).

The global burden of oral cancers is estimated to increase
by 62%by the year 2035, particularly in Asia.1 In addition to
primary prevention of tobacco and/or alcohol use,
screening and early detection could lead to significant
reductions in oral cancer mortality.1,2 To enable such early
detection, we provide empirical evidence of the efficacy of
screening with visual inspection, a validated oral cancer
risk prediction model for the identification of high-risk in-
dividuals, and proof of principle that risk-based screening
of high-risk individuals could provide substantial gains in
the efficiency of oral cancer screening programs.
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