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ABSTRACT

Background: Alcohol consumption is a major risk factor for cancer, and when combined with
smoking, the risk increases. Nevertheless, few studies have comprehensively evaluated the
combined effects of alcohol consumption and smoking on the risk of various cancer types.
Therefore, to assess these effects, we conducted a systematic review and meta-analysis.
Methods: We performed a systematic search of five literature databases, focusing on cohort and
case-control studies. Considering exposure levels, we quantified the combined effects of alcohol
consumption and smoking on cancer risk and assessed multiplicative interaction effects.
Results: Of 4,452 studies identified, 24 (4 cohort studies and 20 case-control studies) were
included in the meta-analysis. We detected interaction effect of light alcohol and moderate
smoking on head and neck cancer risk (relative risk [RR], 4.26; 95% confidence interval

[CI], 2.50-7.26; P = 65%). A synergistic interaction was observed in heavy alcohol and heavy
smoking group (RR, 35.24; 95% CI, 23.17-53.58; * = 69%). In more detailed cancer types, the
interaction effect of heavy alcohol and heavy smoking was noticeable on oral (RR, 36.42; 95%
CI, 24.62-53.87; P = 46%) and laryngeal (RR, 38.75; 95% CI, 19.25-78.01; P = 69%) cancer risk.
Conclusion: Our study provided a comprehensive summary of the combined effects of
alcohol consumption and smoking on cancers. As their consumption increased, the synergy
effect became more pronounced, and the synergy effect was evident especially for head and
neck cancer. These findings provide additional evidence for the combined effect of alcohol
and smoking in alcohol guidelines for cancer prevention.

Keywords: Systematic Review; Meta-Analysis; Alcohol Drinking; Smoking; Neoplasms

INTRODUCTION

As a risk factor for various diseases, particularly cancer, alcohol consumption is a public
health problem. The 2019 Global Burden of Disease Study reported that 4.3% of deaths
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and 3.7% of disability-adjusted life years (DALYs) are attributable to alcohol.! Alcohol
consumption is associated with cancer risk, as stated previously, and the International
Agency for Research on Cancer (IARC) has classified alcohol as a Group 1 carcinogen.?
According to a study on the global burden of cancer, alcohol accounted for 5.2% of all cancer
DALYs in 2019 (7.4% in males, 2.3% in females).3 Additionally, an estimated 741,300 new
cancer cases (95% confidence interval [CI], 558,500-951,200) in 2020 were attributable

to alcohol consumption.4 Alcohol consumption is a major risk factor for a wide range of
cancers, including oral, pharyngeal, laryngeal, esophageal, liver, pancreatic, colorectal, and
breast cancers.>

Smoking is also classified as a Group 1 carcinogen by the IARC and is known to be a major
risk factor for various cancer.® Studies have investigated alcohol consumption and cancer
risk, considering smoking as a major confounding factor, but alcohol consumption and
smoking may interact. Alcohol poses a greater risk to smokers, and several studies have
reported interaction effects for specific cancers. Esophageal cancer risk increased nearly
two-fold in smokers consuming alcohol,” and the risk of oral cancer was significantly
elevated by alcohol consumption and smoking (odds ratio [OR], 5.37; 95% CI, 3.54-8.14).8
In a multi-country study using the individual-level pooled data, the combined OR of alcohol
and tobacco for head and neck cancer was 5.73 (95% CI, 3.62-9.06), which was found to be
statistically significant in terms of multiplicative interaction.?

However, most studies have assessed alcohol consumption and smoking on an individual
basis, with few comprehensively evaluated both risk factors for cancer together. Accordingly,
in this study, we analyzed the risk posed by simultaneous exposure to alcohol and smoking,
focusing on alcohol-related carcinomas.10 We conducted a comprehensive meta-analysis of
recent cohort and case-control studies investigating the associations of alcohol consumption
and smoking with cancer risk. We quantitatively analyzed cancer risk according to the levels
of alcohol consumption and smoking.

METHODS

Search strategy and eligibility criteria

This study followed the Preferred Reporting Items for Systematic Review and Meta-Analysis
guidelines. The focus questions were constructed using the Population, Intervention/
Exposure, Comparison, Outcomes (PICO) search strategy: P, general population; I, alcohol
consumption and smoking levels; C, no consumption; O, cancer.!1 Cancers of interest
included alcohol-related cancers (oral cavity and pharyngeal, laryngeal, esophageal, liver,
pancreatic, lung, stomach, colorectal, prostate, and female breast cancers).10 The Embase,
Cochrane Library, PubMed, Scopus, and Web of Science databases were systematically
searched for original articles published up to December 2021. The keywords used were
‘alcohol,” ‘alcohol drinking,” ‘smoking,” ‘tobacco,’ ‘synergy, ‘interaction,’ ‘neoplasm,’ and
‘carcinoma.’ Furthermore, we searched the reference sections of articles for additional
relevant studies.

The following exclusion criteria were applied: study designs other than cohort or case-
control; languages other than English or Korean; insufficient data for quantitative analysis;
gray literature including non-peer-reviewed publications; full text inaccessible; cancer
types other than those under investigation herein; and studies not concerned with alcohol
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consumption and smoking. We also excluded studies that only evaluated specific types of
alcoholic beverages or smoking. If the results of the same study were published in multiple
articles, only the most recent or complete article was included.

Drinking and Smoking Effects on Cancer

Study selection, data extraction, and quality assessment

Three authors (Jun S, Park H, and Kim UJ) decided if studies should be included based on
the inclusion and exclusion criteria. They evaluated the titles/abstracts and full texts of
the studies. Disagreements among the authors were resolved through discussion, and if
necessary, a final decision was made by an independent expert (Park H).

The general characteristics (author, year, country, and study design), population
characteristics (sample size, sex, and age distribution), classification criteria, covariates, and
main findings of the studies were recorded for data extraction.

The Risk of Bias for Non-randomized Studies (ROBANS) was used to assess the quality of
the studies.12 For all questions across six domains, risk of bias was classified as low, high,
or unclear. Quality was independently assessed by two authors (Jun S and Park H), and any
disagreements were resolved through discussion.

Exposure categories

Alcohol consumption was categorized as none, light (< 12.5 g/day), moderate (12.5-49.9
g/day), or heavy (= 50 g/day).13,14 The various alcohol units (g, mL, oz, number of drinks)

and time frames (daily, weekly, monthly, yearly) used in the studies were converted to g/day
based on unit conversion factors of 0.8 g/mL, 28 g/oz, and 12 g/glass.1> Smoking levels were
classified as none, light (< 10 cigarettes/day), moderate (11-19 cigarettes/day), or heavy (> 20
cigarettes/day).16,17 Groups defined by the combination of alcohol consumption and smoking
levels were named as follows: 1) non-alcohol and moderate smoking, 2) non-alcohol and
heavy smoking, 3) light alcohol and non-smoking, 4) light alcohol and moderate smoking, 5)
light alcohol and heavy smoking, 6) moderate alcohol and non-smoking, 7) moderate alcohol
and moderate smoking, 8) moderate alcohol and heavy smoking, 9) heavy alcohol and non-
smoking, 10) heavy alcohol and moderate smoking, and 11) heavy alcohol and heavy smoking.
The number of studies reporting light smoking was insufficient for meta-analysis, so the light
and moderate smokers were combined into a single group named moderate smoking.

Statistical analysis

Quantitative analysis was conducted of homogeneous studies in terms of exposure levels and
outcomes. Risk estimates were adjusted for confounding factors; crude values were used

if there were no adjustments. The relative risk (RR) of cancer for each individual study was
computed by alcohol consumption and smoking level (relative to non-drinkers and non-
smokers). As incidence of cancer is relatively uncommon, the OR, and hazard ratio were
assumed to be analogous to the RR.

Through meta-analysis, the combined effects according to the level of exposure to alcohol
consumption and smoking were estimated and interpreted in terms of theoretical definitions
of interactions.18 Accordingly, the interaction effect of alcohol consumption and smoking on
cancer risk was investigated relative to the effects of alcohol consumption alone and smoking
alone. The interaction magnitude on a multiplicative scale was calculated as; RR;;/RR;0RR;.
If RR;i/RR0RR; > 1, the multiplicative interaction is interpreted as positive. Synergistic
interaction was assessed on an additive scale; the relative excess risk due to interaction
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(RERI), attributable proportion due to interaction (AP), and synergy index (SI). This could
be calculated by: RERI = RRy;; — RRyo =~ RRg; + 1, AP = RERI/RRy;, and SI = (RRy; — 1)/[(RRyo
—-1) + (RRo; — 1)]. RRy;, RRyy, and RRy are considered RR of both exposures together or of
each exposure alone. If RERI and AP > O, and SI > 1, it indicates that there is a synergistic
interaction. Additionally, the interaction between alcohol consumption and smoking

Drinking and Smoking Effects on Cancer

according to exposure level was evaluated by performing a meta-regression analysis based
on the natural logarithm of the RR scale. Statistical tests were also performed to compare
the combined effect of alcohol consumption and smoking on cancer risk with the effect of
alcohol consumption or smoking alone.

Heterogeneity in meta-analysis was evaluated using the P test and classified as low (< 25%),
moderate (50%), or high (> 75%).19 A fixed-effects model was used in cases when F was

lower than 50%, whereas if P was greater than 50%, the random-effects model was

used. Publication bias was examined by Egger’s test, a funnel plot, and the trim-and-fill
method.20,21 Subgroup analysis was performed to assess the effect of study design on the
results. The statistical analysis was conducted using R Studio (version 4.2.1; R Foundation for
Statistical Computing, Vienna, Austria), and a Pvalue < 0.05 was considered significant.

RESULTS

A total of 4,452 studies were identified through the literature search and review of the
reference lists. After removing duplicates, 2,804 studies remained for the title/abstract and
full-text review; 2,420 and 276 studies were excluded after reviewing the title/abstract and
full-text according to the eligibility criteria. Out of 108 studies subjected to a systematic
literature review, only 24 were included in the meta-analysis. This exclusion was either due
to the absence of suitable quantitative data or the inappropriateness of the exposure level for
this study in the remaining 84 studies (Fig. 1). Table 1 shows the main characteristics of the
24 final studies included in the meta-analysis according to cancer type. There were 4 cohort
and 20 case-control studies. Studies that investigated multiple cancer types or reported
multiple outcomes may have been counted more than once.

According to RoBANS, half of the studies evaluated had a high risk of bias concerning self-
reported exposure. However, the questions in the other five domains showed low or unclear
risk of bias (Supplementary Fig. 1).

Head and neck cancer included oral, laryngeal, and pharyngeal cancer. The results for head
and neck cancer are shown in Fig. 2. The RR of head and neck cancer for the light alcohol
and moderate smoking group was 4.26 (95% CI, 2.50-7.26). Moreover, the RR for the
heavy alcohol and heavy smoking group was 35.24 (95% CI, 23.17-53.58), which was much
higher than those of the heavy alcohol and non-smoking group and non-alcohol and heavy
smoking group, indicating a multiplicative interaction. The heavy alcohol and heavy smoking
group and the heavy alcohol and moderate smoking group showed a statistically significant
difference in risk compared to the group that only considered alcohol consumption or
smoking. Even in the moderate alcohol and heavy smoking group, the risk was statistically
different compared to the group that only considered alcohol consumption. Synergistic
interactions were observed at all levels of head and neck cancer, and it was greater in the
heavy alcohol and heavy smoking group (Table 2).
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Identification of studies via databases and registers

Drinking and Smoking Effects on Cancer

= Records identification

= Review of reference lists of through databases searching

& systematic review papers  |—> (PubMed/Medline/Embase/ —>| Duplicate records removed (n =1,648) |
= (n=79) SCOPUS/Web of Science)

=) (n=4,373)

l

Unique records identified
after duplicated removed —>
(n=2,804)

l

Full-text articles assessed for eligibility Full-text articles excluded (n = 276)
(n=384) because:

- other study design

- language other than English

- insufficient data

- gray literature

- full-text inaccessible

- cancer types other than those under study

- studies conducted separately on
alcohol consumption and smoking

- exposure levels that are different from
the investigation

Records excluded
after title/abstract review (n = 2,420)

Screening

A

Studies included in the systematic review Studies results were not appropriate
(n=108) for the meta-analysis (n = 84)

1

Studies included in the meta-analysis
(n=24)

o]
]
e)
=]
3]
=

Fig. 1. Flowchart of the selection of studies for inclusion in the meta-analysis.

Table 3 shows the results of the meta-analysis of the risk of different cancer types (oral,
pharyngeal, laryngeal, esophageal, and pancreatic cancers) according to alcohol consumption
and smoking levels. There were not enough studies reporting light alcohol consumption to
conduct a meta-analysis by cancer type, so it was combined with moderate consumption.

The risk of cancer types of interest increased when alcohol consumption and smoking
co-occurred compared to either alone. Multiplicative interaction effects of heavy alcohol
consumption and heavy smoking on oral and laryngeal cancer risk were seen (RR, 36.42;

95% CI, 24.62-53.87 and RR, 38.75; 95% CI, 19.25-78.01, respectively); these RRs were much
higher than those of heavy alcohol consumption and heavy smoking alone, respectively.

A subgroup analysis by study design was performed for risk of all alcohol-related cancers
(Supplementary Table 1). Although the results of cohort and case-control studies differed
markedly, a multiplicative interaction effect of heavy alcohol consumption and heavy
smoking on cancer risk was observed in both cohort and case-control studies.

Statistical heterogeneity was observed within the studies. Some studies assessed only light
consumption, and not all studies reported the number of abstainers. Additionally, the CIs
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Fig. 2. Relative risks of head and neck cancer associated with the combined effects of alcohol consumption and
smoking. Head and neck cancer included cancers of the oral, pharyngeal, and laryngeal. Alcohol consumption
was classified as none, light (< 12.5 g/day), moderate (12.5-49.9 g/day), or heavy (> 50.0 g/day). Smoking was
classified as none, moderate (< 20 cig/day), or heavy (> 20 cig/day).

2When comparing the pooled relative risk of the combination of alcohol consumption and smoking group and the
corresponding alcohol consumption group alone, the P value was smaller than 0.05.

®When comparing the pooled relative risk of the combination of alcohol consumption and smoking group and the
corresponding smoking group alone, the P value was smaller than 0.05.

Table 2. Alcohol and smoking multiplicative interaction and synergistic interaction for head and neck cancer

Alcohol Smoking RRo1 RRyo RR1: Multiplicative interaction RERI AP Sl

Heavy Heavy 2.13 4.73 35.24 3.50 29.38 0.83 7.05
Moderate Heavy 1.56 4.73 14.30 1.94 9.01 0.63 3.10
Light Heavy 1.25 4.73 6.80 1.15 1.82 0.27 1.46
Heavy Moderate 2.13 2.25 16.10 3.36 12.72 0.79 6.34
Moderate Moderate 1.56 2.25 5.81 1.66 3.00 0.52 2.66
Light Moderate 1.25 2.25 4.26 1.51 1.76 0.41 2.17

RERI = relative excess risk due to interaction, AP = attributable proportion due to interaction, SI = synergy index.
RRo1, RRyo, and RR;, are the exposure level of alcohol consumption, the exposure level of smoking, and the
exposure level of both factors.

and Pstatistics varied widely. Publication bias was revealed by the funnel plot and Egger’s
test. The trim-and-fill method was used to determine the unbiased effect on the results and
adjust for publication bias (Supplementary Table 2). The combined effects according to the
level of exposure to alcohol consumption and smoking were found to decrease in all groups
except the heavy alcohol and non-smoking group, but most results were meaningful. Large
effect sizes were seen for small studies, and publication bias was likely due to their small
study effects.
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Table 3. Pooled relative risks estimated by cancer types associated with the combined effects of alcohol

consumption® and smoking®

Smoking® Alcohol consumption?
None Moderate Heavy
Oral (8 studies)
None 1.00 1.77 (1.06-2.97) 92.78 (1.10-7.03)
Moderate 1.92 (1.41-2.61) 4.71(2.37-9.38) 18.18 (12.32-26.84)
Heavy 4.41 (2.64-7.37) 8.08 (4.32-15.09) 36.42 (24.62-53.87)
Pharynx (4 studies)
None 1.00 1.22 (0.91-1.63) 1.54 (0.29-8.19)
Moderate 2.03 (1.48-2.80) 5.70 (2.79-11.64) 13.74 (8.79-21.50)
Heavy NA 11.69 (3.74-36.54) 26.73 (12.73-56.11)
Larynx (7 studies)
None 1.00 1.66 (1.40-1.97) 9.45 (1.21-4.98)
Moderate 5.80 (3.89-8.66) 5.54 (2.55-12.04) 14.70 (4.50-48.08)
Heavy 12.59 (8.22-19.27) 19.23 (11.59-31.90) 38.75 (19.25-78.01)
Esophagus (4 studies)
None 1.00 1.10 (0.83-1.46) 1.75 (0.90-3.39)
Moderate 1.81 (1.09-2.99) 2.89 (2.19-3.82) 4.59 (1.87-11.26)
Heavy 2.62 (1.46-4.72) 6.46 (4.28-9.75) 8.11 (6.00-10.97)
Pancreas (2 studies)
None 1.00 1.28 (0.93-1.75) 1.63 (0.60-4.44)
Moderate NA 1.98 (1.45-2.72) 2.88 (1.83-4.55)
Heavy NA 2.50 (1.63-3.85) 2.80 (1.35-5.82)

Only one study included lung, liver, stomach, and colorectal cancers, so meta-analysis of these cancer types was
not performed.

NA = not available.

2Alcohol consumption was classified as none, moderate (< 49.9 g/day), or heavy (> 50.0 g/day).

®Smoking was classified as none, moderate (< 20 cig/day), or heavy (> 20 cig/day).

DISCUSSION

This study found that there was an increased cancer risk with combined alcohol consumption
and smoking compared to alcohol consumption alone. Individuals in the light alcohol and
moderate smoking group had a 4.3 times higher risk of head and neck cancer, and there was
multiplicative interaction effect. In addition, an interaction was observed at above moderate
alcohol consumption with smoking, and the interaction was even stronger with heavy alcohol
consumption for head and neck cancer, as well as in detailed cancer types such as oral and
laryngeal cancer.

Many studies have discussed the interaction between alcohol consumption and smoking,
and previous studies have mainly focused on cancers of the upper aerodigestive

tract.9,45,46 Some studies have investigated the interaction between light drinking and

light smoking, but evidence supporting it has not been found, which is consistent with our
findings.22,24,29,39 Studies have shown an interaction effect between drinking and smoking
on upper aerodigestive tract cancers, including oral, pharyngeal, laryngeal, and esophageal
cancers.”9,22,24,29,31,39,47-48 [n a meta-analysis,8 the synergistic consumption of both alcohol
and tobacco was associated with an increased probability of developing oral squamous cell
carcinoma (OR, 5.37; 95% CI, 3.54-8.14). Another meta-analysis indicated that the risk of
cancer increases with greater alcohol and cigarette consumption; the risk of laryngeal cancer
increases approximately 35-fold with high levels of alcohol and smoking.45 Similarly, we
observed a multiplicative interaction effect of heavy alcohol and heavy smoking group on
head and neck, oral and laryngeal cancer.
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The interaction between drinking and smoking has been discussed in biological terms.

Drinking and Smoking Effects on Cancer

Alcohol enhances the cellular penetration of carcinogens associated with smoking

and potentially acts as a solvent.50,51 Additionally, alcohol affects the hepatic enzymes
responsible for metabolizing smoking-related carcinogens.52 Our study showed interaction
effects, especially in oral and laryngeal cancer. Alcohol and smoking are both class 1
carcinogens and independent risk factors for oral and laryngeal cancer.? The interaction may
occur in oral and laryngeal cancer as follows: alcohol is believed to increase the solubility of
tobacco carcinogens and, in turn, promote their penetration into the oral mucosa, potentially
exacerbating the impact of smoking.53 In vitro experiments have demonstrated that ethanol
can boost the penetration of nitrosonornicotine, a carcinogen associated with tobacco,
through porcine oral mucosa.>4

Regarding the guidance on alcohol use, the Australian Cancer Society Alcohol Working
Group reported that alcohol consumption and smoking had a synergistic effect on some
cancer risks, considering scientific evidence.55 Since then, guidelines for cancer prevention
have been introduced in Europe and the United States, considering the risk of concurrent
alcohol consumption and smoking.56,57 Our findings support these guidelines. However,
cancer prevention guidelines in many countries including Korea do not address the risk

of concurrent alcohol consumption and smoking.58 According to data from Korea, the
proportion of adult men who were current smokers and high-risk drinkers in 2015 was
7.8%.59 Alcohol consumption and smoking are linked, and people who drink have cravings to
smoke and are more likely to do so than non-drinkers.60,61 Given these findings, addressing
the combined effects of drinking and smoking may be a key strategy for preventing cancer.

Our study had some limitations. It focused on alcohol-related cancers and may have excluded
some smoking-related cancers. Moreover, the duration and type of exposure, which could
have affected the effect sizes, were not considered, and the definition of exposure varied
among studies. The study selection process may have resulted in potential selection bias

due to inaccessibility to full-texts or language restrictions. Among the studies that evaluated
the interaction effect of alcohol consumption and smoking on cancer risk, 71 were excluded
due to a failure to report exposure levels or because the exposure level did not meet the
inclusion criteria. There was high heterogeneity among the studies, and a random-effects
model was thus used.®2 Heterogeneity in study design was also observed. We interpreted the
interactions based on theoretical definitions. No statistical significance of the interaction was
observed in the meta-regression analysis (data not shown). This may be due to insufficient
number of studies, differences in the amount of information between combination

groups®3 and methodological weaknesses in meta-regression analysis of aggregate data.64
Additionally, despite including the latest available data, evidence from previous studies was
insufficient to evaluate various cancer. Lastly, evidence is limited since there are relatively
few prospective studies that have been evaluated to be more reliable regarding exposures
investigation than retrospective studies. To draw more reliable and accurate conclusions in
the future, evidence through sufficient research based on prospective studies is needed.

This study also had several strengths. As stated above, we included the latest data. While
previous meta-analyses focused on alcohol consumption and smoking as risk factors for
specific cancer types, we included a more comprehensive range of cancers, and we also

considered a wider range of consumption amounts, including light consumption. Lastly,
our study highlights that individual who smoke while consuming alcohol, including light
level, elevate the risk of head and neck cancer. It also shows that as alcohol consumption

https://jkms.org https://doi.org/10.3346/jkms.2024.39.e185 11/15
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and smoking increase, the effect on cancer risk becomes greater. The results of this study
provide additional evidence for the combined effects of smoking in alcohol guidelines. Our
findings can serve as evidence supporting efforts to prevent cancers associated with alcohol
consumption and smoking, underscoring the importance of public health interventions.

Drinking and Smoking Effects on Cancer
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