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Alcohol consumption and the aldehyde dehydrogenase 2
(ALDH2) polymorphism are associated with the risk of
upper aerodigestive tract cancer, and a significant
gene–environment interaction between the two has been
confirmed in a Japanese population. To aid the development
of a personalized prevention strategy, we developed a risk-
prediction model and estimated absolute risks stratified by
a combination of the ALDH2 genotype and alcohol
consumption. We carried out two age-matched and sex-
matched case–control studies: one (630 cases and 1260
controls) for model derivation and the second (654 cases
and 654 controls) for external validation. On the basis of
data from the derivation study, a prediction model was
developed by fitting a conditional logistic regression model
using the following predictors: age, sex, smoking, drinking,
and the ALDH2 genotype. The risk model, including a
combination of the ALDH2 genotype and alcohol
consumption, provided high discriminatory accuracy and
good calibration in both the derivation and the validation
studies: C statistics were 0.82 (95% confidence interval
0.80–0.84) and 0.83 (95% confidence interval 0.81–0.85),
respectively, and the calibration plots of both studies
remained close to the ideal calibration line. Cumulative risks
were obtained by combining odds ratios estimated from the

risk model with the age-specific incidence rate and
population size. For heavy drinkers with a heterozygous
genotype, the cumulative risk at age 80 was above 20%. In
contrast, risk in the other groups was less than 5%. In
conclusion, modification of alcohol consumption according
to the ALDH2 genotype will have a major impact on upper
aerodigestive tract cancer prevention. These findings
represent a simple and practical model for personalized
cancer prevention. European Journal of Cancer Prevention
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Introduction
In 2012, more than one million cases of upper aero-

digestive tract cancer (UATC), comprising cancers of the

oral cavity, pharynx, larynx, and esophagus, were newly

diagnosed worldwide, and ∼ 10% of all cancer deaths

were attributed to UATC (Ferlay et al., 2013). In Japan,

UATC was the seventh most common cancer, with

45 439 new cases in 2011 (Matsuda et al., 2013). Although
the efficacy of medical and surgical treatment of cancer

has improved markedly, the 5-year relative survival rate

for UATC remains unchanged since the 1990s in the

Japanese population; the rate for oral cavity and phar-

yngeal cancer is about 53% and that for esophageal cancer

is about 32% (Matsuda et al., 2011). This background

suggests that treatment alone is unlikely to solve the

problem of UATC and that efforts should also be direc-

ted toward the establishment of personalized prevention

strategies with implementation at the population level.

The impact of alcohol drinking on the risk of UATC has

been established (Cogliano et al., 2011). In Japan, alcohol

consumption in the adult population has not changed

much in the past two decades. The average yearly con-

sumption between 2008 and 2010 in Japan was 7.2 l per

capita, which was slightly higher than the average of the

world (World Health Organization, 2014). Evidence

suggests that a plausible candidate for the carcinogenic

effect of ethanol is not ethanol itself, but acetaldehyde

(Boffetta and Hashibe, 2006), the primary metabolite of
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ethanol, which is further metabolized mainly by aldehyde

dehydrogenase 2 (ALDH2). In East Asian populations,

the ALDH2 gene shows a polymorphism (rs671,

Glu504Lys) that modulates individual differences in

acetaldehyde-oxidizing capacity (Yoshida et al., 1984;

Bosron and Li, 1986; Li et al., 2006). As the ALDH2 Lys

allele encodes a catalytically inactive subunit, individuals

with the Lys allele show a marked increase in blood

acetaldehyde after alcohol ingestion (Mizoi et al., 1994),
and as a result carry a high risk of UATC (Yokoyama et al.,
1998; Boccia et al., 2009). Moreover, the Lys allele has

been confirmed to increase susceptibility to UATC

among drinkers, particularly heavy drinkers. We pre-

viously showed for the first time a strong gene–

environment interaction between the ALDH2 genotype

and alcohol drinking on the risk of esophageal cancer

(Matsuo et al., 2001), and subsequent studies, including

our own, showed the same phenomenon in UATC

(Yokoyama et al., 2006; Asakage et al., 2007; Hiraki et al.,
2007).

Early identification of populations at high risk of UATC

is important for UATC prevention and will facilitate

intensive targeted prevention in individuals at high risk.

Although a few prediction models for esophageal cancer

have been developed for clinical settings (Yokoyama

et al., 2008; Collins and Altman, 2013; Thrift et al., 2013),
no prediction model for practical prevention settings has

been developed as yet. Our first aim was to develop a

risk-prediction model using established risk factors,

which we hoped would be useful as a personalized pre-

vention strategy. For this, we carried out two age-

matched and sex-matched case–control studies: the first

for model derivation and the second for external valida-

tion. As predictors, the model included alcohol drinking,

the ALDH2 genotype, and cigarette smoking – already

established as a preventable exposure associated with

UATC (Cogliano et al., 2011) – as these enable reliable

stratification by simple lifestyle questions and geno-

typing.

Our second aim was to estimate absolute risks stratified

by level of alcohol consumption in consideration of the

ALDH2 genotype using the estimates from the risk

model. This would enable us to present more easily

graspable information that may be effective in motivating

individuals to reduce their alcohol intake. By evaluating a

combination of the ALDH2 genotype and alcohol drink-

ing, we would be able to encourage individuals to modify

their drinking behavior, specifically on the basis of their

genotype.

Materials and methods
Study population
In the derivation case–control study, the case participants

were 630 patients with no previous history of cancer who

were histologically diagnosed with UATC (365 with head

and neck cancer and 265 with esophageal cancer)

between January 2001 and December 2005 at Aichi

Cancer Center Hospital in Nagoya, Japan. Participants in

the derivation study were recruited within the framework

of the Hospital-based Epidemiologic Research Program

at Aichi Cancer Center (HERPACC)-2. Details of the

program are provided elsewhere (Hamajima et al., 2001)
and brief descriptions of the program are provided in the

Appendix. UATC was defined according to the following

codes of the International Classification of Diseases for

Oncology, 3rd ed. (ICD-O-3): oral cavity and oropharynx

(C00.3–C00.9, C01.9, C02.0–C02.4, C03, C04,

C05.0–C05.2, C06, C09, C10), hypopharynx (C12, C13),

oral cavity–oropharynx–hypopharynx not otherwise spe-

cified (C02.8, C02.9, C05.8, C05.9, C14), larynx (C32),

and esophagus (C15). Malignant neoplasms of the sali-

vary glands (C07, C08), nasopharynx (C11), nasal (C30),

and paranasal sinuses (C31) were excluded as they have

quite distinct etiologies. The controls were 1260 first-

visit outpatients during the same period who had no

cancer and no history of neoplasia. Noncancer status was

confirmed by medical examinations, including radio-

graphic examinations. Those who were suspected of

having UATC were first examined by physical or endo-

scopic inspection and subsequently radiographically, if

indicated. Controls were selected randomly and

frequency-matched by age (± 4 years) and sex (male,

female) at a case–control ratio of 1 : 2.

Participants for the validation case–control study were

recruited from HERPACC-3; this was carried out

between November 2005 and March 2013 under

an enrollment framework equivalent to that of

HERPACC-2. A total of 654 UATC cases (309 with head

and neck cancer, 328 with esophageal cancer, and 17 with

cancer of both sites) and 654 individually age-matched

(± 2 years) and sex-matched (male, female) noncancer

controls were recruited. Inclusion criteria for controls in

the validation study were similar to those in the

derivation study.

All participants in both studies provided written informed

consent, completed a self-administered questionnaire,

and provided blood. The present studies were approved

by the Institutional Ethical Committee of Aichi Cancer

Center.

Genotyping procedure
DNA was extracted from the buffy coat fraction using

a DNA Blood mini kit (Qiagen, Tokyo, Japan).

Genotyping for rs671 (ALDH2 Glu504Lys) was based on

TaqMan Assays (Applied Biosystems, Foster City,

California, USA).

Evaluation of environmental factors
Information on cumulative smoking and alcohol con-

sumption was collected by a self-administered ques-

tionnaire. Responses were checked by trained

interviewers. Cumulative smoking was evaluated as
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pack-years, calculated by multiplying the number of

packs consumed per day by the number of years of

smoking, and then classified into three categories: never

(pack-years= 0), light-moderate (0<pack-years< 20),

and heavy (20≤ pack-years). Alcohol consumption was

classified into four categories: never, moderate, high-

moderate, and heavy. Those who seldom or never drank

were defined as never drinkers. Moderate drinking was

defined as consumption on 4 days or fewer per week;

high-moderate drinking as consumption on 5 days or

more per week of less than 46 g ethanol on each occasion;

and heavy drinking as consumption on 5 days or more per

week of more than 46 g ethanol on each occasion.

Statistical analysis
All analyses were carried out using STATA, version 13

(Stata Corporation, College Station, Texas, USA). We

considered two-sided P values of less than 0.05 as sta-

tistically significant. Discrepancies between expected

and observed genotype and allele frequencies in the

controls were assessed in accordance with the

Hardy–Weinberg equilibrium using the χ2-test.

Model construction
On the basis of data from HERPACC-2 (derivation

study), we developed three risk-prediction models, a

genetic, environmental, and inclusive model, by fitting

conditional logistic regression models. In addition to age

and sex, each model included the following factors: the

genetic model included the ALDH2 genotype; the

environmental model included cumulative smoking and

alcohol consumption; and the inclusive model included

cumulative smoking and a combination of the ALDH2
genotype and alcohol consumption. The categories of

cumulative smoking (never, light-moderate, and heavy),

alcohol consumption (never, moderate, high-moderate,

and heavy), and the ALDH2 genotype (Glu/Glu, Glu/Lys,

and Lys/Lys) were introduced as dummy variables. The

combination of the ALDH2 genotype and alcohol con-

sumption was assessed by adding interaction terms to the

risk models. Missing data were coded using dummy

variables.

Assessment of the performance of prediction models
The performance of the prediction models was assessed

in a derivation study (as ‘internal validation’) and in a

validation study (as ‘external validation’) using standard

methods to measure discriminative ability and calibra-

tion. A model’s discrimination indicates how accurately it

can distinguish between individuals with and without the

outcome. Calibration reflects the precision of how close

the predicted probabilities are to the observed

probabilities.

Discriminative ability was assessed by the value of the

area under the receiver operating characteristic (ROC)

curve (AUC), which is also known as the concordance (c)

statistic. In the ROC, the y-axis shows sensitivity and the

x-axis shows the false-positive rate. The AUC values

were compared using the method of DeLong et al.
(1988).

Model calibration was assessed by the Hosmer–

Lemeshow goodness-of-fit statistic and calibration plots.

Participants were grouped by decile of predicted prob-

ability. The Hosmer–Lemeshow statistic was computed

from a χ2-test comparing the observed frequencies with

the predicted frequencies in the10 groups; a non-

significant value indicates good calibration, whereas a

significant P-value indicates disagreement between the

predicted and the observed outcomes. In a calibration

plot, the mean predicted probability was plotted against

the mean observed probability for each decile. Ideally,

the predicted probability equals the observed probability;

thus, perfect predictions should be on the 45° line

(Steyerberg, 2009). In addition, we estimated the slope of

the calibration plots. With perfect calibration, a calibra-

tion slope equals 1. A slope below 1.0 reflects overfitting

of a model, which indicates the need to shrink the

regression coefficients (Steyerberg, 2009).

Cumulative risk estimation by risk strata
The two case–control studies were combined to stratify

patients into different risk groups by a combination of the

ALDH2 genotype and alcohol drinking. We constructed a

conditional logistic regression model on the basis of the

combined data of the two case–control studies in exactly

the same way as the inclusive model development

because calculation on a larger sample size improves

coefficient precision. The odds ratio (OR) and 95%

confidence interval (CI) were calculated for each risk

group compared with never drinkers with the Glu/Glu

genotype.

Accordingly, we estimated the cumulative risks using a

method already adopted in several studies (Peto et al.,
2000; Brennan et al., 2006; Bosetti et al., 2008) (see

Appendix). The ORs were combined with the pre-

valence of each subgroup in the control and the age-

specific population size of 2007, the middle year of the

study period. Combining these with the age-specific

incidence rate of UATC of 2007 produced the age-

specific absolute rates in the different subgroups. We

then calculated cumulative rates (C) for the different

subgroups by adding age-specific absolute rates and

finally estimated cumulative risk by age 80 years using

the standard formula: 100× [1− exp (–5×C/105)].
Cumulative risk can be interpreted as the probability that

an individual will develop UATC before the age of

80 years in the absence of competing causes of death.

The age-specific incidence rate of UATC and population

size in 2007 were published by the National Cancer

Center, Japan (Matsuda et al., 2013).
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Results
A total of 3198 participants were included in the analysis:

1890 (630 cases and 1260 controls) in the derivation study

and 1308 (654 cases and 654 controls) in the validation

study. Table 1 shows the distribution of cases and con-

trols by background characteristics. Distribution of

smoking status, alcohol consumption, and the ALDH2
genotype differed markedly between cases and controls

in both studies. Genotype frequencies among controls

did not deviate from the values predicted from the

Hardy–Weinberg equilibrium. The participant char-

acteristics by cancer site are presented in Supplementary

Table 1 (Supplemental digital content 1, http://links.lww.
com/EJCP/A46).

Table 2 shows the discriminative abilities of the three

risk models in the derivation study and validation study.

Fig. 1 shows ROC curves in the three risk models. The

ROC curves by cancer site are shown in Supplementary

Fig. 1 (Supplemental digital content 2, http://links.lww.
com/EJCP/A47). As shown in Table 2 and Fig. 1, the

discriminatory abilities of the three risk models in the

validation study were similar to those in the derivation

study. In both the derivation and the validation studies,

the inclusive model provided excellent discrimination of

UATC and esophageal cancer and acceptable dis-

crimination in head and neck cancer (Hosmer and

Lemeshow, 2000), with AUC values around 0.8 in

UATC, 0.7 in head and neck cancer and 0.9 in

Table 1 Participant characteristics

Derivation study [n (%)] Validation study [n (%)]

Characteristics Case (N=630) Control (N=1260) Case (N=654) Control (N=654)

Sex
Male 524 (83.2) 1048 (83.2) 537 (82.1) 537 (82.1)
Female 106 (16.8) 212 (16.8) 117 (17.9) 117 (17.9)

Age at interview (years)
<40 30 (4.8) 68 (5.4) 30 (4.6) 26 (4.0)
40–49 63 (10.0) 126 (10.0) 51 (7.8) 55 (8.4)
50–59 197 (31.3) 377 (29.9) 168 (25.7) 178 (27.2)
60–69 223 (35.4) 474 (37.6) 286 (43.7) 279 (42.7)
≥70 117 (18.6) 215 (17.1) 119 (18.2) 116 (17.7)

Mean age (SD) (years) 59.5 (10.7) 59.4 (10.5) 61.0 (10.0) 61.0 (10.0)
Range (years) 21–79 21–78 24–79 25–79
Cumulative smoking
Never 107 (17.0) 432 (34.3) 125 (19.1) 249 (38.1)
0< pack-years<20 83 (13.2) 228 (18.1) 97 (14.8) 115 (17.6)
20≤ pack-years 434 (68.9) 588 (46.7) 427 (65.3) 283 (43.3)
Unknown 6 (1.0) 12 (1.0) 5 (0.8) 7 (1.1)

Alcohol consumptiona

Never 105 (16.7) 389 (30.9) 115 (17.6) 197 (30.1)
Moderate 105 (16.7) 358 (28.4) 101 (15.4) 179 (27.4)
High-moderate 143 (22.7) 307 (24.4) 145 (22.2) 157 (24.0)
Heavy 261 (41.4) 185 (14.7) 291 (44.5) 120 (18.4)
Unknown 16 (2.5) 21 (1.7) 2 (0.3) 1 (0.2)

ALDH2 genotype
Glu/Glu 223 (35.4) 634 (50.3)b 204 (31.2) 310 (47.4)b

Glu/Lys 387 (61.4) 511 (40.6)b 423 (64.7) 292 (44.7)b

Lys/Lys 20 (3.2) 115 (9.1)b 27 (4.1) 52 (8.0)b

Cancer site
Head and neck 365 (58) 309 (47)
Esophagus 265 (42) 328 (50)
Both 17 (3)

ALDH2, aldehyde dehydrogenase 2.
aModerate drinking was defined as consumption ≤4 days/week; high-moderate drinking as <46 g ethanol and ≥5 days/week; and heavy drinking as ≥46 g ethanol and
≥5 days/week.
bGenotype distributions of ALDH2 among controls were in accordance with the Hardy–Weinberg equilibrium [P=0.41 (derivation case–control study), P=0.16
(validation case–control study)].

Table 2 C statistic (95% confidence interval) of each risk model in derivation and validation studies

Upper aerodigestive tract cancer Head and neck cancer Esophageal cancer

Risk-prediction model Derivation study Validation study Derivation study Validation study Derivation study Validation study

Genetic 0.65 (0.62–0.68) 0.65 (0.62–0.68) 0.59 (0.55–0.62) 0.54 (0.49–0.58) 0.74 (0.71–0.78) 0.75 (0.71–0.79)
Environmental 0.76 (0.74–0.78) 0.77 (0.75–0.80) 0.69 (0.66–0.72) 0.71 (0.67–0.75) 0.87 (0.84–0.90) 0.84 (0.82–0.87)
Inclusive 0.82 (0.80–0.84) 0.83 (0.81–0.85) 0.72 (0.69–0.75) 0.73 (0.70–0.77) 0.94 (0.92–0.95) 0.91 (0.89–0.93)
P-value (environmental vs. inclusive) 8.2×10−13 1.1×10−12 0.0027 0.015 3.5×10−12 7.7×10−10
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esophageal cancer. In addition, AUC values of the

environmental and inclusive models in the two studies

were significantly different.

As shown in Supplementary Table 2 (Supplemental

digital content 3, http://links.lww.com/EJCP/A48) no

Hosmer–Lemeshow tests of the inclusive model were

statistically significant, except two for data sets of UATC

and esophageal cancer in the validation study (P= 0.005

and P< 0.001, respectively). The calibration plots of the

inclusive model remained close to the ideal calibration

line throughout the risk spectrum in all data sets of both

studies (Fig. 2 and Supplementary Fig. 2, Supplemental

digital content 4, http://links.lww.com/EJCP/A49), and

all of their calibration slopes were close to 1.0

(Supplementary Table 2, Supplemental digital content 3,

http://links.lww.com/EJCP/A48).

The ORs for each study are presented in Table 3. In both

studies, the highest OR was observed in heavy drinkers

with the Glu/Lys genotype and P values for interaction

were significant. Table 4 shows the OR and cumulative

risk by age 80 for a combination of the ALDH2 genotype

and alcohol consumption in combined data sets of deri-

vation and validation studies. The cumulative risk for

heavy drinkers with the Glu/Lys genotype by age 80 was

very high: risks for UATC, head and neck cancer, and

esophageal cancer were 20.2, 6.1, and 15.9%, respec-

tively, versus respective values for the other subgroups of

< 4.6, < 2.0, and < 4.1%, respectively. Figure 3 shows the

marked increase in the cumulative risk for heavy drinkers

with the Glu/Lys genotype in comparison with the other

subgroups, particularly after the age of around 50 (the

graph of cumulative risk by cancer site; Supplementary

Fig. 3, Supplemental digital content 5, http://links.lww.
com/EJCP/A50).

Discussion
In the derivation case–control study (HERPACC-2), we

developed genetic, environmental, and inclusive risk-

prediction models using the established risk predictors of

age, sex, smoking, alcohol consumption, and the ALDH2
genotype. Compared with the other models, the inclusive

model, with a combination of the ALDH2 genotype and

alcohol consumption, showed excellent discriminatory

ability and good calibration. This was confirmed by

external validation in the other participant data set

(HERPACC-3). Further, we estimated cumulative risk

by means of ORs calculated on the basis of the combined

data of the two studies. In the analysis, we found that

heavy drinkers with the ALDH2 Glu/Lys genotype had a

very high cumulative risk by the age of 80 years at 20.2%

for UATC, 6.1% for head and neck cancer, and 15.9% for

esophageal cancer. These results indicate that the

inclusive model can stratify individuals into different risk

categories accurately. We speculate that the presentation

of cumulative risk by these risk categories might be

highly persuasive in inducing a reduction in alcohol

intake.

Animal studies suggest that circulating ethanol-derived

acetaldehyde causes esophageal DNA damage and that

the extent of damage is influenced by ALDH2 gene

impairment (Yukawa et al., 2014). Mizoi et al. (1994)

reported that individuals with the Lys/Lys genotype

showed markedly higher acetaldehyde levels after etha-

nol intake than those with the Glu/Lys genotype, who in

turn showed about six times the level of those with the

Glu/Glu genotype. Interestingly, however, individuals

Fig. 1
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with the Lys/Lys genotype had a relatively low risk of

UATC because the Lys/Lys genotype is strongly asso-

ciated with nondrinking (Matsuo et al., 2006). Any con-

sideration of the carcinogenic impact of the Lys allele on

UATC prevention should take alcohol consumption into

account.

We assessed the effectiveness of the inclusive model

with respect to the interaction between ALDH2 genotype
and alcohol consumption using the AUC value, the

Hosmer–Lemeshow test, and calibration plots and slope.

The significant result of the Hosmer–Lemeshow test in

the UATC and esophageal cancer data sets in the vali-

dation study was considered to be because of specific

disadvantages of the Hosmer–Lemeshow test. As often

noted (Steyerberg, 2009; Abbasi et al., 2012; Allison,

2013), the Hosmer–Lemeshow test is strongly influenced

by sample size and number of groups and should there-

fore be interpreted with caution. For example, when we

randomly sampled 50% of participants in the UATC data

set of the validation study and ran the same test, the P-
value was not significant. Judging from its excellent dis-

criminatory abilities and good calibration on the basis of

graphical inspection, we conclude that the inclusive

model performs well in identifying individuals at very

high risk of future UATC.

Some differences were observed between cancers of the

head and neck and cancers of the esophagus. Consistent

with previous studies (Oze et al., 2010; Anantharaman

et al., 2011), alcohol-associated risk was not as strong for

head and neck cancer as it was for esophageal cancer. In

fact, multicenter case–control studies in Western

populations showed that alcohol drinking in the absence

of smoking conferred a relatively small (compared with

smoking alone) or no apparent risk of head and neck

cancer (Hashibe et al., 2009; Anantharaman et al., 2011).
In contrast to studies in Western countries, where

almost all populations had the Glu/Glu genotype, stu-

dies in Asian populations can easily evaluate the com-

bined effect of the functional ALDH2 genotype and

alcohol drinking and investigate details of the alcohol-

associated risk of UATC in consideration of genetic

factors. Even though the combined effect of the ALDH2
genotype and alcohol drinking is relatively low in head

and neck cancer (Tables 2–4, Supplementary Figs 1–3,

Supplemental digital content 2, http://links.lww.com/
EJCP/A47, Supplemental digital content 4, http://links.
lww.com/EJCP/A49, Supplemental digital content 5,

http://links.lww.com/EJCP/A50), this study showed that

the risk was nevertheless highest for heavy drinkers

with the Glu/Lys genotype. In addition, among mod-

erate drinkers with the Glu/Glu genotype, ORs of less

than one were observed in both head and neck and

esophageal cancers. This inverse association should be

interpreted carefully and clarified in a larger study.

To our knowledge, the cumulative risk of UATC by

subgroup of alcohol consumption or ALDH2 genotype

Fig. 2
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has not been investigated. Given previous risk commu-

nication findings that absolute risk formats promoted

better patient understanding of probabilistic information

than relative risk formats (Zipkin et al., 2014), presenta-
tion of cumulative risk in place of relative risk informa-

tion for each risk group is more suitable in prevention

settings and will motivate individuals to reduce their

alcohol intake. In addition, our evaluation of cumulative

risk highlighted the very high risk for heavy drinkers with

the Glu/Lys genotype. Public health efforts should target

such heavy drinkers with the Glu/Lys genotype, with

prevention efforts aimed at reducing their alcohol expo-

sure. Further, frequent screening of these individuals will

considerably enable the early diagnosis of UATC.

Our study has several methodological strengths and

limitations, which are described in the Appendix.

Conclusion
Our study showed that a risk model developed using

established predictors, including a combination of the

Table 3 Odds ratios for a combination of the ALDH2 genotype and alcohol consumption

Derivation case–control study Validation case–control study

ALDH2 genotype Alcohol consumption Case Control OR (95% CI) P-value Case Control OR (95% CI) P-value

Upper aerodigestive tract cancer
Glu/Glu Never 30 65 1.00 (reference) 26 29 1.00 (reference)

Moderate 44 200 0.55 (0.30–0.99) 0.047 36 101 0.45 (0.22–0.95) 0.037
High-moderate 53 199 0.74 (0.41–1.35) 0.327 46 91 0.81 (0.38–1.73) 0.594

Heavy 89 155 1.39 (0.76–2.53) 0.281 96 89 1.18 (0.55–2.51) 0.668
Unknown 7 15 0 0

Glu/Lys Never 57 217 0.58 (0.33–1.03) 0.061 64 119 0.65 (0.32–1.30) 0.221
Moderate 59 150 0.99 (0.54–1.82) 0.986 64 76 1.15 (0.54–2.47) 0.716

High-moderate 90 108 1.93 (1.05–3.54) 0.034 99 65 2.10 (1.00–4.41) 0.049
Heavy 172 30 12.17 (6.14–24.13) <0.001 195 31 7.73 (3.50–17.08) <0.001

Unknown 9 6 1 1
Lys/Lys Never 18 107 0.51 (0.25–1.04) 0.065 25 49 0.73 (0.32–1.69) 0.463

Moderate 2 8 0.83 (0.15–4.52) 0.827 1 2 2.20 (0.15–31.26) 0.562
High-moderate 0 0 NA NA 0 1 NA NA

Heavy 0 0 NA NA 0 0 NA NA
Unknown 0 0 1 0

Pinteraction
a (1.6×10−9) Pinteraction

b (9.5×10−5)
Head and neck cancer
Glu/Glu Never 25 47 1.00 (reference) 20 15 1.00 (reference)

Moderate 34 114 0.55 (0.28–1.07) 0.080 33 50 0.48 (0.19–1.18) 0.109
High-moderate 36 106 0.70 (0.35–1.39) 0.313 31 42 0.57 (0.23–1.44) 0.234

Heavy 55 80 1.23 (0.62–2.40) 0.555 51 44 0.66 (0.25–1.77) 0.415
Unknown 6 10 0 0

Glu/Lys Never 47 124 0.68 (0.36–1.27) 0.230 50 61 0.53 (0.23–1.23) 0.141
Moderate 43 88 0.94 (0.48–1.85) 0.861 29 40 0.60 (0.22–1.60) 0.307

High-moderate 38 68 0.88 (0.43–1.78) 0.720 31 36 0.59 (0.23–1.53) 0.278
Heavy 57 19 4.43 (2.03–9.67) <0.001 59 13 2.86 (0.97–8.44) 0.058

Unknown 5 2 1 0
Lys/Lys Never 17 67 0.57 (0.27–1.21) 0.142 20 25 0.66 (0.24–1.82) 0.416

Moderate 2 5 1.18 (0.19–7.27) 0.860 0 0 NA NA
High-moderate 0 0 NA NA 0 0 NA NA

Heavy 0 0 NA NA 0 0 NA NA
Unknown 0 0 1 0

Pinteraction
a (8.9×10−3) Pinteraction

b (5.9×10−3)
Esophageal cancer
Glu/Glu Never 5 18 1.00 (reference) 7 14 1.00 (reference)

Moderate 10 86 0.49 (0.12–2.03) 0.326 3 52 0.13 (0.02–0.82) 0.030
High-moderate 17 93 0.98 (0.25–3.74) 0.973 15 53 1.87 (0.41–8.63) 0.421

Heavy 34 75 2.31 (0.56–9.55) 0.249 46 47 3.06 (0.70–13.43) 0.139
Unknown 1 5 0 0

Glu/Lys Never 10 93 0.39 (0.10–1.52) 0.173 14 60 0.69 (0.15–3.17) 0.632
Moderate 16 62 1.30 (0.30–5.60) 0.722 36 40 3.03 (0.68–13.42) 0.145

High-moderate 52 40 8.30 (2.03–33.99) 0.003 71 30 11.19 (2.55–49.03) 0.001
Heavy 115 11 73.46 (14.59–369.89) <0.001 147 20 28.21 (6.23–127.63) <0.001

Unknown 4 4 0 1
Lys/Lys Never 1 40 0.15 (0.01–1.75) 0.131 5 25 0.42 (0.07–2.58) 0.348

Moderate 0 3 NA NA 1 2 8.04 (0.38–169.81) 0.180
High-moderate 0 0 NA NA 0 1 NA NA

Heavy 0 0 NA NA 0 0 NA NA
Unknown 0 0 0 0

Pinteraction
a (3.0×10−5) Pinteraction

b (1.6×10−2)

ORs estimated from conditional logistic regression with adjustment for cumulative smoking.
ALDH2, aldehyde dehydrogenase 2; CI, confidence interval; NA, not available; OR, odds ratio.
a16 cases and 21 controls were excluded from analysis because of unknown drinking information.
bTwo cases and one control were excluded from analysis because of unknown drinking information. Moderate drinking was defined as consumption ≤4 days/week; high-
moderate drinking as <46 g ethanol and ≥5 days/week; and heavy drinking as ≥46 g ethanol and ≥5 days/week.
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ALDH2 genotype and alcohol drinking, had high dis-

criminatory accuracy and good calibration. This model

might be a promising way of stratifying individuals into

different risk groups. On the basis of their surprisingly

high cumulative risk, heavy drinkers with the ALDH2
Glu/Lys genotype should be targeted for prevention

efforts aimed at reducing alcohol consumption.

Acknowledgements
The authors thank Dr Carlo La Vecchia for his con-

structive comments on this manuscript.

This study was supported by a National Cancer Center

Research and Development Fund (25-A-14 and 27-A-

XX), a grant-in-aid for Scientific Research (grant number:

26253041) from the Ministry of Education, Culture,

Sports, Science and Technology, JST (from Dr Ito), and a

grant-in-aid for the Third-Term Comprehensive Ten-

Year Strategy for Cancer Control from the Ministry of

Health, Labor and Welfare of Japan.

Conflicts of interest
There are no conflicts of interest.Ta

bl
e
4

O
dd

s
ra
tio

s
an

d
cu

m
ul
at
iv
e
ris

ks
by

th
e
ag

e
of

80
ye

ar
s
fo
r
a
co

m
bi
na

tio
n
of

A
LD

H
2
ge

no
ty
pe

an
d
al
co

ho
lc

on
su

m
pt
io
n
by

co
m
bi
ne

d
da

ta
se

ts
of

de
riv

at
io
n
an

d
va

lid
at
io
n
st
ud

ie
s

U
pp

er
ae

ro
di
ge

st
iv
e
tr
ac

t
ca

nc
er

H
ea

d
an

d
ne

ck
ca

nc
er

Es
op

ha
ge

al
ca

nc
er

A
LD

H
2

ge
no

ty
pe

A
lc
oh

ol
co

ns
um

pt
io
n

C
as
e

C
on

tr
ol

O
R
(9
5%

C
I)a

P
-v
al
ue

C
um

ul
at
iv
e

ris
k
(%

)
C
as
e

C
on

tr
ol

O
R
(9
5%

C
I)a

P
-v
al
ue

C
um

ul
at
iv
e

ris
k
(%

)
C
as
e

C
on

tr
ol

O
R
(9
5%

C
I)a

P
-v
al
ue

C
um

ul
at
iv
e

ris
k
(%

)

G
lu
/G

lu
N
ev
er

56
9
4

1.
00

(r
ef
er
en

ce
)

2.
27

45
62

1.
00

(r
ef
er
en

ce
)

1.
6
4

12
32

1.
00

(r
ef
er
en

ce
)

0.
45

M
od

er
at
e

80
30

1
0.
51

(0
.3
2–

0.
80

)
0.
00

4
1.
16

67
16

4
0.
54

(0
.3
2–

0.
91

)
0.
02

0
0.
8
8

13
13

8
0.
33

(0
.1
2–

0.
9
4)

0.
03

7
0.
15

H
ig
h-
m
od

er
at
e

99
29

0
0.
77

(0
.4
8–

1.
23

)
0.
27

8
1.
76

67
14

8
0.
66

(0
.3
8–

1.
13

)
0.
13

1
1.
0
8

32
14

6
1.
26

(0
.4
7–

3.
3
6)

0.
6
46

0.
57

H
ea

vy
18

5
24

4
1.
30

(0
.8
1–

2.
08

)
0.
27

5
2.
9
4

10
6

12
4

0.
99

(0
.5
7–

1.
73

)
0.
9
86

1.
63

80
12

2
2.
4
8
(0
.9
2–

6.
6
9)

0.
07

4
1.
12

U
nk
no

w
n

7
15

6
10

1
5

G
lu
/L
ys

N
ev
er

12
1

33
6

0.
61

(0
.4
0–

0.
95

)
0.
02

9
1.
4
0

97
18

5
0.
63

(0
.3
8–

1.
03

)
0.
0
68

1.
03

24
15

3
0.
55

(0
.2
1–

1.
45

)
0.
22

6
0.
25

M
od

er
at
e

12
3

22
6

1.
06

(0
.6
6–

1.
70

)
0.
80

7
2.
41

72
12

8
0.
82

(0
.4
7–

1.
42

)
0.
4
81

1.
3
4

52
10

2
1.
9
8
(0
.7
3–

5.
3
9)

0.
18

3
0.
89

H
ig
h-
m
od

er
at
e

18
9

17
3

2.
01

(1
.2
6–

3.
20

)
0.
00

4
4.
51

69
10

4
0.
76

(0
.4
3–

1.
33

)
0.
33

9
1.
25

12
3

70
9.
17

(3
.4
0–

24
.7
3)

<
0.
00

1
4.
07

H
ea

vy
36

7
61

9.
81

(5
.8
7–

16
.4
0)

<
0.
00

1
20

.2
0

11
6

32
3.
81

(2
.0
3–

7.
14

)
<
0.
00

1
6.
0
9

26
2

31
38

.2
3
(1
3.
4
6–

10
8.
6
4)

<
0.
00

1
15

.9
3

U
nk
no

w
n

10
7

6
2

4
5

Ly
s/
Ly
s

N
ev
er

43
15

6
0.
60

(0
.3
5–

1.
03

)
0.
06

3
1.
3
8

37
92

0.
61

(0
.3
4–

1.
11

)
0.
10

3
1.
00

6
65

0.
3
6
(0
.1
0–

1.
3
4)

0.
12

6
0.
16

M
od

er
at
e

3
10

1.
09

(0
.2
6–

4.
51

)
0.
90

4
2.
4
8

2
5

1.
18

(0
.2
0–

7.
15

)
0.
85

3
1.
9
4

1
5

1.
92

(0
.1
7–

22
.1
2)

0.
6
03

0.
87

H
ig
h-
m
od

er
at
e

0
1

N
A

N
A

N
A

0
0

N
A

N
A

N
A

0
1

N
A

N
A

N
A

H
ea

vy
0

0
N
A

N
A

N
A

0
0

N
A

N
A

N
A

0
0

N
A

N
A

N
A

U
nk
no

w
n

1
0

1
0

0
0

P
in
te
ra
ct
io
nb

6.
9
×
10

−
1
4

P
in
te
ra
ct
io
n
b

4.
4
×
10

−
5

P
in
te
ra
ct
io
nb

6.
6
×
10

−
6

A
LD

H
2,

al
de

hy
de

de
hy
dr
og

en
as
e
2;

C
I,
co

nf
id
en

ce
in
te
rv
al
;
N
A
,n

ot
av
ai
la
bl
e;

O
R
,o

dd
s
ra
tio

.
a E
st
im
at
ed

fro
m

co
nd

iti
on

al
lo
gi
st
ic

re
gr
es
si
on

w
ith

ad
ju
st
m
en

t
fo
r
cu

m
ul
at
iv
e
sm

ok
in
g.

b
18

ca
se
s
an

d
22

co
nt
ro
ls
w
er
e
ex
cl
ud

ed
fro

m
an

al
ys
is
be

ca
us
e
of

un
kn
ow

n
dr
in
ki
ng

in
fo
rm

at
io
n.

M
od

er
at
e
dr
in
ki
ng

w
as

de
fin
ed

as
co

ns
um

pt
io
n
≤
4
da

ys
/w

ee
k;
hi
gh

-m
od

er
at
e
dr
in
ki
ng

as
<
46

g
et
ha

no
la
nd

≥
5
da

ys
/w

ee
k;
an

d
he

av
y
dr
in
ki
ng

as
≥
46

g
et
ha

no
la

nd
≥
5
da

ys
/w

ee
k.

Fig. 3

20−24

25−29

30−34

35−39

40−44

45−49

50−54

55−59

60−64

65−69

70−74

75−79
0

5

10

15

20

25

C
um

ul
at

iv
e 

ris
k 

( %
)

Age (years)

GluLys/heavy
GluLys/high-moderate
GluGlu/heavy
LysLys/moderate
GluLys/moderate
GluGlu/never
GluGlu/high-moderate
GluLys/never
LysLys/never
GluGlu/moderate

Cumulative risk (%) for upper aerodigestive tract cancer for each risk
group (ALDH2 genotype/alcohol consumption) at various ages up to
the age of 80 years, estimated using the age-specific incidence rate and
population size in 2007. ALDH2, aldehyde dehydrogenase 2.

Risk model and cumulative risk for UATC Koyanagi et al. 45



Appendix
Brief description of the Hospital-based
Epidemiologic Research Program at the Aichi
Cancer Center
Participants in the derivation study were recruited within

the framework of the Hospital-based Epidemiologic

Research Program at Aichi Cancer Center (HERPACC)-

2. Details of the program are provided elsewhere

(Hamajima et al., 2001). Briefly, 23 408 first-visit out-

patients between January 2001 and November 2005 were

asked to provide blood, in addition to information on

lifestyle factors. Among the participants, 22 727 (97.1%)

completed the questionnaire satisfactorily and were

enrolled in HERPACC. Each patient was asked about his

or her lifestyle when healthy and before his or her current

symptoms developed. We previously showed that the

general lifestyle of cancer-free outpatients was in accord

with that of a general population selected randomly from

the electoral roll of Nagoya city, confirming the feasibility

of their inclusion as controls in epidemiological studies

(Inoue et al., 1997).

Estimation of cumulative risk
Cumulative risk was calculated using methods similar to

those described elsewhere (Peto et al., 2000; Brennan et al.,
2006; Bosetti et al., 2008). The following steps summarize

the main measures used to obtain the cumulative risk.

ri is relative risk for the ith subgroup of the ALDH2
genotype stratified by alcohol consumption (step 1),

where the subgroups are 1=Glu/Glu and never drinker;

2=Glu/Glu and moderate drinker; 3=Glu/Glu and high-

moderate drinker; 4=Glu/Glu and heavy drinker; 5=Glu/

Lys and never drinker; 6=Glu/Lys and moderate drinker;

7=Glu/Lys and high-moderate drinker; 8=Glu/Lys and

heavy drinker; 9=Lys/Lys and never drinker; 10=Lys/

Lys and moderate drinker; 11=Lys/Lys and high-

moderate drinker; and 12=Lys/Lys and heavy drinker.

pi is the risk group prevalence of controls in the ith
subgroup.

pj is the proportion of population size in the jth age group.

pij¼pi�pj ; (step 2)

where age categories are as follows: 20–24, 25–29, 30–34,

35–39, 40–44, 45–49, 50–54, 55–59, 60–64, 65–69, 70–74,

and 75–79 years.

Sj ¼ r1p1jþ . . . þripij : (step 3)

hj is the age-specific incidence rate (step 4).

fj ¼ hj = S1 þ . . . þ Sj
� �

: (step 5)

aij is the absolute rate in the (i,j)th cell, and aij= (fj× ri)
(step 6).

Ci is the cumulative rate, and Ci=ΣjRjaij (step 7).

where Rj is the width of the jth age category in years.

Cumulative risk %ð Þ ¼ 100� 1�exp �Cið Þ½ �: (step 8)

Briefly, to estimate the cumulative risk, we first need to

calculate the relative risks in the subgroups of a combi-

nation of the ALDH2 genotype and alcohol consumption

(step 1). In our study, relative risks of upper aerodigestive

tract cancer were estimated by means of the odds ratios

using conditional logistic regression, with the Glu/Glu

genotype and never drinkers forming the reference

subgroup.

The next step was to calculate the proportion of controls

in each subgroup and for each age group (step 2) by

multiplying the risk group prevalence of controls and the

age-specific population size of 2007 under the assump-

tion that drinking distribution stratified by ALDH2 geno-

type of the population was represented by that observed

among study controls.

The third step was to estimate common factors combin-

ing the relative risk (step 1) for the different subgroups

with the age-specific prevalence of the subgroups among

study controls (step 2), thus obtaining the quantities

denoted (step 3).

By combining the age-specific cancer incidence rates

(step 4) with the common factors (step 3), we obtained

the proportions given (step 5). Multiplying these pro-

portions by the relative risks for the different subgroups

produced the age-specific absolute risks in the different

subgroups (step 6).

Next, we calculated the cumulative rates (step 7) for the

different subgroups by adding age-specific absolute rates,

and then finally estimated the cumulative risks by the

age of 80 years using the standard formula (step 8).

Cumulative risk may be interpreted as the probability

that an individual will develop upper aerodigestive tract

cancer before the age of 80 years in the absence of

competing causes of death.

Strength and limitations of the present study
Our study has several methodological strengths. First, it

was carried out within the framework of the HERPACC

study, which has enrolled a very large number of patients

with 95% response rates to the completion of ques-

tionnaires. Second, potential confounding by age and sex

was considered by matching. Third, given that our allele

frequencies were comparable with those reported pre-

viously in public databases, such as HapMap JPT (http://
www.ncbi.nlm.nih.gov/snp), bias in the distribution of the

selected polymorphism was likely negligible. Fourth, our

study was consistent with a previous study carried out in

Japanese men by Yokoyama et al. (2008). They used a

similar approach to develop a risk model for esophageal

cancer at screening in a clinical setting, on the basis of

alcohol drinking, ALDH2 genotype, smoking, and intake
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of vegetables and fruit. The AUC value of their model

was 0.86, whereas the AUC value of our model on the

basis of age, sex, alcohol drinking, smoking, and ALDH2
genotype was 0.9.

Several potential limitations also warrant mention. First,

values collected with a self-administered questionnaire

and considered potential confounding factors might have

been inaccurate. Second, the cumulative risks do not

reflect age-specific alcohol consumption. As the present

study was an age-matched case–control study, age-

specific alcohol consumption in the controls could not

be taken into account. Third, the sample size in the

present study was modest, particularly when stratified by

risk. This explains why we did not increase the number

of risk groups by adding cumulative smoking categories.

More personalized evaluation that includes other pre-

dictors would require a larger sample size. Fourth,

external validation was performed using a data set col-

lected within the same framework as the derivation

study. External validation by other investigators or multi-

site testing would provide more convincing validity of

the model.
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