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Abstract

The discordant twin pair study design is powerful to control for familial confounding.

We employed this approach to investigate the associations of smoking with several

cancers. The NorTwinCan study combines data from the Danish, Finnish, Norwegian

and Swedish twin and cancer registries. Follow-up started when smoking status was

determined and ended at cancer diagnosis confirmed by information in the cancer

registry, death or end of follow-up. We classified the participants as never

(n = 59 093), former (n = 21 168) or current (n = 47 314) smokers. We pooled data

from twin pairs where one co-twin was diagnosed with any of the following tobacco-

related cancers: esophagus, kidney, larynx, liver, oral cavity, pancreas, pharynx or

urinary bladder, while their co-twin had none of those. Lung cancer was included in

further analysis. We used Cox regression allowing for pair-specific baseline func-

tions to estimate hazard ratios (HRs) with 95% confidence intervals (CIs). For

tobacco-related cancer sites, we recorded 7379 cases during median 27 years of

follow-up. The analyses based on individual twins showed that former (HR 1.31,

95% CI: 1.17-1.48) and current (HR 2.14 [1.95-2.34]) smokers are at increased risk

to develop one of cancers listed above, compared to never smokers. Among 109

monozygotic twin pairs discordant for cancer and smoking, the HR was 1.85 (95%

CI: 1.15-2.98) among current smokers and 1.69 (1.00-2.87) among former

smokers when compared to their never smoking co-twin. Thus, associations of

smoking with several cancers were replicated for discordant identical twin pairs.

Analyses based on genetically informative data provide evidence consistent with

smoking causing multiple cancers.
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What's new?

Unlike lung cancer, a causal association between smoking and other cancer sites that are associ-

ated with smoking remains to be established. In this Nordic Twin Study of Cancer, the authors

employed the discordant twin pair study design to study the associations of smoking with sev-

eral cancers while controlling for familial confounding. The analysis of genetically informative

twin data indicates that cigarette smoking is a risk factor for multiple cancers, independent of

familial confounding. The causative role of cigarette smoking in cancer is thus not limited to lung

cancer but appears to extend to several other cancer types.

1 | INTRODUCTION

Globally, the total deaths due to noncommunicable diseases, including

several types of cancer, continue to increase and comprised the

greatest proportion of deaths worldwide in 2017.1 Among the risk

factors ranked by risk-attributable disability-adjusted life-years, ciga-

rette smoking comes in second place after high systolic blood pres-

sure.1,2 Cigarette smoking accounts for a fifth of all global cancer deaths

and has been established as a risk factor for at least 16 types of cancer,

dominated by lung cancer.3 Many cancers are more common among

men, and this is partially attributed to higher rates of smoking among

men,4 but the basis for sex differences is not fully known.5

The Nordic Twin Study of Cancer (NorTwinCan) includes

population-based cohorts from the Danish, Finnish, Norwegian and

Swedish twin registries.6,7 Each person in the Nordic countries is

assigned a unique national registration number, which enables the

individual-level information in the twin registries to be linked to data

in the cancer and mortality registries which can further be linked to

complete follow-up information, drop-out being only due to death or

emigration. Thus, NorTwinCan8 is a unique and valuable data resource

for investigating the relative contribution of genetic and environmen-

tal factors to the risk of developing cancer. Our earlier study based on

the NorTwinCan data provided strong evidence that smoking signifi-

cantly impacts the risk for lung cancer independent of genetic liability

for smoking and lung cancer.9

For several other cancer sites, such as squamous cell esophageal

cancer, larynx cancer and bladder cancer, support for causality is

strong while some uncertainty prevails regarding cancers of colon,

kidney, liver, nasal area, oral cavity, pancreas, pharynx, rectum, stom-

ach, as well as the cervix uteri and ovary and uterine adnexa for

women only.3,10-14 To date, studies conducted within the

NorTwinCan have not investigated smoking as a risk factor for other

types of cancer and we are not aware of other twin studies that have

examined the causal role of smoking in the development of these

other tobacco-related cancers. To this end, we leverage the

NorTwinCan data with information on smoking. Specifically, we esti-

mate the relative risk of specific cancers among smokers and then

examine the pair-wise risk among smoking-discordant pairs. This

permits investigation of the causal contribution of smoking while

controlling for shared genetic and environmental factors that influ-

ence the risk of developing cancer. Specifically, if the association

with smoking is replicated among monozygotic pairs—who share

their genes and childhood environment but are discordant for both

smoking and cancer—then the association between cancer and

smoking is likely unconfounded by shared genetic and environmen-

tal influences.15

To summarize, our aim was to test if the previously reported

associations between site-specific cancers and smoking are indepen-

dent of familial confounding. The great strength of the within-pair

design is that it naturally controls for age, sex (if using same-sex pairs),

year of birth and the familial factors (both genetic and nongenetic)

that are shared within twin pairs and may affect both the exposure

and the outcome.

2 | MATERIALS AND METHODS

2.1 | Twin cohorts

The NorTwinCan data include 54 431 complete twin pairs [19 450

monozygotic (MZ) and 34 981 dizygotic (DZ)] and 18 713 incomplete

(“half”) pairs (4616 MZ and 14 097 DZ). Our analyses include twin

individuals of known zygosity with data on smoking status assessed

prior to cancer diagnosis. Cancer diagnoses were obtained from the

national cancer registries in the participating countries. Follow-up of

cancer incidence started from the time of the baseline questionnaire

study when smoking status was assessed in the respective country

cohorts. For individuals who reported smoking behavior over time in

multiple questionnaires, we used the earliest available information. In

all country cohorts, zygosity—MZ or DZ—was determined at baseline

by validated questionnaire methodology, which classifies more than

95% of twin pairs correctly.8 Twins who did not reply to the question-

naires, as well as a minority providing inconsistent responses, were

classified as unknown zygosity (UZ). We excluded individuals from

opposite-sex DZ pairs due to an insufficient amount of data collected

from these pairs.

Descriptive characteristics of the NorTwinCan data included in

the analyses by cohort, zygosity, sex, smoking status and some

follow-up details are shown in Table 1. The following birth cohorts

were included: Denmark 1870 to 1982, Finland 1880 to 1957,

Norway 1915 to 1960 and Sweden 1886 to 1958. The range of years

of data collection—starting with the first year of assessment of
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smoking when cancer incidence follow-up starts to the end of follow-

up—was 1959 to 2010 in Denmark, 1975 to 2011 in Finland, 1980 to

2009 in Norway and 1961 to 2010 in Sweden. More details are pro-

vided in an earlier article9 based on the same cohorts. For the present

analyses, we were able to access data on an additional 12 164 DZ

individuals with the same start and end of follow-up.

We classified the participants as never smokers (n = 59 093), for-

mer smokers (n = 21 168) and current smokers (n = 47 314) based on

the survey items used to assess smoking status. Former smokers had

smoked previously but had quit smoking by the baseline assessment.

Current smokers were those who reported being smokers at the time

of the assessment. Smoking data in the Danish cohort was derived

from questionnaire surveys conducted repeatedly from 1959 to 2002.

The survey items are described in earlier studies based on the Danish

cohort.16-18 In Finland, smoking data came primarily from the first

questionnaire survey conducted in 1975, but some twins who had not

replied in 1975 responded to the second survey in 1981. The survey

items are described in earlier studies based on the Finnish cohort.19-21

In Norway, smoking data was derived from three questionnaire sur-

veys conducted in 1980 to 1982, 1990 to 1992 and 1998. The survey

items are described in earlier studies based on the Norwegian

cohort.22,23 In the Swedish cohort, smoking data came from four

questionnaire surveys that were conducted in 1961, 1967, 1970 and

1973. The survey items are described in earlier studies based on the

Swedish cohort.24,25

2.2 | Tobacco-related cancers

We considered a cancer to be tobacco-related if previous studies

report a relatively strong and robust association between smoking

and cancer at that specific site.3,10-14 Based on these findings, we

conducted individual-based and pair-wise analyses for multiple cancer

sites (bone marrow/acute myeloid leukemia, colon, esophagus, kidney,

larynx, liver, lung, nasal cavity/sinus, oral cavity, pancreas, pharynx,

rectum, stomach, bladder/other urinary organs) including two cancer

sites (cervix uteri and ovary and uterine adnexa) relevant only for

women. Site classification was based on the NordCan classification,

which is The International Agency for Research on Cancer (IARC)-

generated classification (available at https://www-dep.iarc.fr/nordcan/

english/frame.asp). The “cancer dictionary” on the website provides the

NordCan categories and International Classification of Diseases (ICD)-10

codes. Analyses were conducted for outcomes of site-specific cancers

and on an index of whether the individual had received a positive diag-

nosis for any of the cancers under study.

2.3 | Pooled cancer sites

Pooling across cancer sites helps to increase statistical power, espe-

cially for the doubly discordant MZ pair analyses. Two sets of ana-

lyses, one based on prior literature and one essentially post hoc

analysis, were conducted. First, based on prior literature3,10-14 we

pooled together tobacco-related cancer sites—13 excluding and

14 including lung cancer—as listed above. Here, we did not include

the two cancers affecting women only (cervix uteri and ovary and

uterine adnexa).

Second, for the post hoc analyses, we used the results of the

individual-based and pair-wise analyses to identify those cancer sites

where the association with smoking appeared independent of familial

influences. This was based on the size of hazard ratio (HR) point esti-

mates of pair-wise analyses being similar or higher compared to those

of individual-based analyses. In other words, if the results of the

individual-based analyses are replicated in the pair-wise analyses of

TABLE 1 Description of the NorTwinCan data included in the analyses by cohort, zygosity, sex, cancer incidence and smoking status

Country Denmark Finland Norway Sweden Total

Birth cohort 1870-1982 1880-1957 1915-1960 1886-1958

N individual twins 41 819 23 488 12 708 49 560 127 575

N (%) MZ twins 11 883 (28) 7361 (31) 5606 (44) 18 666 (38) 43 516 (34)

N (%) female twins 22 841 (55) 12 032 (51) 6863 (54) 26 767 (54) 68 503 (54)

Beginning of follow-up 1959 1975 1980 1961

End of follow-up 2010 2011 2009 2010

Median follow-up time (IQR), years 7.7 (7.6-7.7) 34.7 (26.5-34.7) 26.7 (23.5-27.3) 36.0 (25.9-36.0) 26.5 (7.7-34.7)

Median entry age (IQR), years 48.7 (36.1-58.8) 32.1 (24.4-45.5) 35.0 (28.4-47.1) 38.9 (27.5-47.4) 40.0 (28.8-52.2)

N incident cancers

Any cancer site 4612 3574 1662 9729 19 577

Tobacco-related cancer sites 1820 1342 623 3594 7379

N (%) smoking status at baseline

Current smoker 15 435 (37) 7571 (32) 5521 (43) 18 787 (38) 47 314 (37)

Former smoker 9134 (22) 3833 (16) 2630 (21) 5571 (11) 21 168 (17)

Never smoked 17 250 (41) 12 084 (51) 4557 (36) 25 202 (51) 59 093 (46)
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data from pairs discordant for smoking and for cancer, this would indi-

cate that smoking is a causal factor for cancer. In the present study,

the term “causally tobacco-related” is used for brevity only and it

means that the associations appear to be independent of shared famil-

ial influences. This interpretation follows from the co-twin control

design because it provides a way to study the relationship between

smoking and cancer and controls for familial factors that encompass

shared genes (�50% for DZ pairs and 100% for MZ pairs) and shared

environmental exposures (in MZ and DZ pairs) relevant for the

smoking-cancer association.15 Guided by the results of the first set of

pooled analyses, the second set of pooled analyses included only the

“causally tobacco-related” cancer sites.

2.4 | Concordance and discordance for cancer by
smoking status

A twin pair is considered concordant for cancer if both twins shared

the same specific cancer diagnosis or diagnostic grouping of pooled

cancer sites in question. That holds for the specific tobacco-related

cancers and the two groupings of pooled cancers, that is, all tobacco-

related cancers and causally tobacco-related cancers. Cancers that

were not tobacco-related were not considered as cases and were cen-

sored in survival analyses.

A twin pair is classified as discordant for cancer if one twin was

diagnosed with a tobacco-related cancer and their co-twin was not

diagnosed with that specific cancer. A corresponding classification

was used when analyzing the groupings of tobacco-related cancers.

Further, the pair is doubly discordant if, additionally, one twin is a cur-

rent or former smoker while their co-twin is a never smoker. Analyses

addressed two types of smoking-discordance, pairs that included for-

mer vs never smoker and pairs that were current vs never smoker.

We assumed that former smokers might also have an elevated risk for

cancer because of lifetime exposure to tobacco smoke, whereas the

cancer risk among current smokers, who were still smoking at the time

of the survey, was assumed to be even higher than among former

smokers.

2.5 | Statistical analyses

The cumulative incidence of tobacco related cancers was estimated

by smoking status using the Aalen-Johansen estimator and taking cen-

soring and competing risk of death into account.26 External validity of

results from the twin cohort is reflected by the degree to which the

cumulative incidence in the twin cohort represents that of the back-

ground population. To test the association of cancer occurrence with

tobacco exposure adjusting for background variables (age at first

interview, sex and country), the Cox proportional hazards regression

model was applied with age as the time scale. Inference from this

model was corrected for within-pair dependence. This analysis also

examined the HR of cancers in women vs men after adjusting for

smoking status and country cohort.

This approach for studying associations among the group of twins

as individuals was extended to control for (unmeasured) shared con-

founding factors by comparing twins in pairs discordant for exposure

and outcome. This was achieved by the stratified Cox regression

model in which baseline hazard functions are pair specific.27,28

Matching within MZ twin pairs controls to a certain extent for general

genetic and early environmental (eg, family environments) effects. For

DZ twins the matching is more open to interpretation given the asso-

ciation studied but matching for early environmental effects is pre-

sumable high. For this reason and that the matched design is

vulnerable to nonshared confounding, the analysis is complemented

by the univariate model described above in which the twins are

treated as singletons (and inference corrected for within pair depen-

dence). Thus, if an association between smoking and cancer is

observed in both the individual-based and pairwise analyses, but par-

ticularly in discordant MZ pairs, this would provide strong evidence

for an association between smoking and cancer.

To address sensitivity of results, we assessed the degree of

unmeasured confounding effect needed to explain away the found associ-

ation. For this we computed E-values for the observational, individual level

associations29 using an online calculator (https://www.evalue-calculator.

com/). Analyses were carried out using the statistical software R.30

3 | RESULTS

3.1 | Specific cancer sites

3.1.1 | Results based on individuals

Table S1 shows the number of cancer cases and cumulative incidence

rates by smoking status among men and women for each specific cancer

site. With the exception of colon cancer and stomach cancer and ovarian

cancer in women, the highest incidence rates were consistently observed

for current smokers, followed by former smokers and were lowest for

never smokers. The results of the time-to-event analyses based on indi-

viduals are shown first for each specific cancer site in Table S2. Compari-

sons between former and never smokers revealed fewer significantly

elevated risks, these being for cancers of the lung (HR 4.18), nasal cav-

ity/sinus (HR 2.89) as well as urinary bladder and other urinary organs

(HR 1.79). Comparisons between current smokers and never smokers

revealed significantly elevated HRs among current smokers for almost all

cancer sites, except bone marrow/acute myeloid leukemia, colon and

ovary and uterine adnexa. The greatest HRs were observed for lung

(14.6), larynx (6.25) and nasal cavity/sinus (4.24) cancer.

3.1.2 | Results based on discordant pairs

The numbers of concordant and discordant pairs for each cancer site are

shown in Tables S3A (pairs discordant for former smoking) and S3B (pairs

discordant for current smoking). Notably, among MZ pairs there are very

few or often no concordant pairs, that is, both co-twins having cancer.
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Analysis of data from the doubly discordant pairs across the specific

cancer sites yielded significantly elevated risk estimates for several cancers

(Table S4). Comparisons between the twins who were a current smoker at

the time of smoking assessment with their never smoking co-twins

showed that smoking was most highly associated with cancer of the larynx

(HR 9.31), lung (HR 7.60), oral cavity (HR 5.19) and pharynx (HR 4.46).

Among the MZ pairs where one twin is a current smoker and the co-twin

had never smoked, high and statistically significant estimates were found

for lung (HR 13.8) and cervix uteri (HR 5.14). Furthermore, the risks for

these two cancers were also elevated among the former smoking co-twins

compared to the

never-smoking co-twins. As shown in Table S4, for other specific cancer

sites, the MZ risk estimates did not reach statistical significance. Further,

when comparing the risk estimates for current smokers between MZ and

DZ pairs, the HR estimates are similar in magnitude for lung, esophagus,

liver, pancreas and urinary bladder cancer.

3.2 | Pooled cancer sites

3.2.1 | Results based on individuals

Table 2 shows the number of cancer cases and cumulative incidence

rates by smoking status for men and women for the tobacco-related

and causally tobacco-related cancers pooled together. The results

from the individual-based survival analysis showing the HR and their

respective confidence intervals between the smoking groups are

reported in Table 3 for the tobacco-related cancers pooled together,

and for the causally tobacco-related cancers. When we restricted the

TABLE 2 Cases of first cancer diagnosis and cumulative incidence rate/1000 by pooled cancer sites, smoking status and sex

Pooled cancer sites

Never smoker N = 59 093 Former smokerN = 21 168 Current smokerN = 47 314

Total number
of cases

Number of

cases

Cumulative
incidence rate/

1000a
Number of

cases

Cumulative
incidence rate/

1000a
Number of

cases

Cumulative

incidence rate/1000a

Men Women Men Women Men Women Men Women Men Women Men Women

All tobacco-relatedb

(including lung)

849 1677 70.4 55.4 912 316 98.3 67.4 2524 1101 142.5 107.1 7379

All tobacco-relatedc

(excluding lung)

820 1578 68.0 52.0 782 259 83.6 54.4 1800 712 98.2 68.1 5951

Causally tobacco-

relatedd

(including lung)

352 658 28.9 20.7 501 146 55.6 33.5 1716 728 99.1 72.6 4101

Causally tobacco-

relatede

(excluding lung)

323 559 26.5 17.2 371 89 40.9 20.4 992 339 54.7 33.6 2673

aMen: Time0 = 63.7 and Time1 = 77.2; Women: Time0 = 64.7 and Time1 = 80.
bLeukemia, colon, esophagus, kidney, larynx, liver, lung, nasal cavity/sinus, oral cavity, pancreas, pharynx, rectum, stomach, urinary bladder.
cLeukemia, colon, esophagus, kidney, larynx, liver, nasal cavity/sinus, oral cavity, pancreas, pharynx, rectum, stomach, urinary bladder.
dEsophagus, kidney, larynx, liver, lung, oral cavity, pancreas, pharynx, urinary bladder.
eEsophagus, kidney, larynx, liver, oral cavity, pancreas, pharynx, urinary bladder.

TABLE 3 Associations of smoking status with pooled sites of first cancer diagnosis: Individual-based survival analyses adjusted for sex and country-
specific cohort

Former smokers vs never smokers

(HR = 1.00)

Current smokers vs never smokers

(HR = 1.00)

Pooled cancer sites HR 95% CI HR 95% CI E-valuea

Tobacco-relatedb (including lung) 1.33 1.23-1.43 2.18 2.06-2.30 3.78

Tobacco-relatedc (excluding lung) 1.17 1.09-1.27 1.56 1.46-1.65 2.49

Causally tobacco-relatedd (including lung) 1.69 1.52-1.87 3.63 3.36-3.93 6.72

Causally tobacco-relatede (excluding lung) 1.31 1.17-1.48 2.14 1.95-2.34 3.70

aTo assess the minimum degree of unmeasured confounding effect needed to explain away the found association, we computed E-values for the

observational, individual level associations using an online calculator (https://www.evalue-calculator.com/).
bLeukemia, colon, esophagus, kidney, larynx, liver, lung, nasal cavity/sinus, oral cavity, pancreas, pharynx, rectum, stomach, urinary bladder.
cLeukemia, colon, esophagus, kidney, larynx, liver, nasal cavity/sinus, oral cavity, pancreas, pharynx, rectum, stomach, urinary bladder.
dEsophagus, kidney, larynx, liver, lung, oral cavity, pancreas, pharynx, urinary bladder.
eEsophagus, kidney, larynx, liver, oral cavity, pancreas, pharynx, urinary bladder.
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individual-based analysis to the eight causally related pooled cancer

sites (excluding lung cancer), the risk was elevated for both current

smokers (HR 2.14; 95% confidence interval [CI]: 1.95-2.34) and for-

mer smokers (HR 1.31; 95% CI: 1.17-1.48). To assess the degree of

unmeasured confounding, we computed E-values for the observa-

tional, individual-level associations.29 These E-values range from 2.49

upward, which implies that an unknown confounder would have to

have at least 2.5-fold associations with both the exposure and out-

come to account for the observed association (Table 3).

The hazard for tobacco-related cancers, adjusted for smoking sta-

tus, was significantly lower among women (HR 0.50; 95% CI:

0.46-0.55) than men. The HR for women vs men for each cancer site,

plus for pooled sites, was calculated adjusting for smoking status and

country cohort. The HRs for women are shown in Figure 1 and in the

Supportive table for Figure S1. All risk estimates were consistently

lower in women than men, and significantly lower for esophagus, kid-

ney, larynx, liver, pharynx, rectum, stomach, urinary bladder and for

the eight cancer sites pooled together.

3.2.2 | Results based on discordant pairs

Table 4 shows the number of cancer-discordant and cancer-concordant

pairs with one twin being a never and the other a former smoker (ie,

smoking-discordant pairs) for the pooled cancer sites (ie, all tobacco-

related cancers with and without lung cancer, plus causally tobacco-

related cancers with and without lung cancer). Cancer-discordant pairs

are further stratified by whether the former smoker or the never smoker

had an incident cancer among the pooled ones. Table 5 shows the same

information as Table 4, but with the smoking discordance reflecting pairs

where one twin is a never and the other twin is a current smoker.

The results of the pooled analyses conducted for twin pairs dis-

cordant for smoking and cancer are shown in Table 6. The HRs reflect

the association of one twin being a current or former smoker com-

pared to their co-twin being a never smoker. Here, we focused on MZ

twin pairs where one twin had none of the tobacco-related cancers,

but their co-twin was diagnosed with any of the tobacco-related can-

cers (ie, 14 cancer sites including lung cancer and 13 sites excluding

lung cancer). As a post hoc analysis, we also provide pair-wise results
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are ordered by HR from smallest to largest. *Cancer sites pooled
together. **Bone marrow/acute myeloid leukemia

TABLE 4 The numbers of pairs discordant and concordant for cancer at the end of follow-up for the smoking discordant pairs (one twin
never smoker/the other former smoker) by pooled cancer sites and zygosity

Monozygotic Dizygotic

Pooled cancer sites

Number of pairs discordant for

cancer
Number of cancer
concordant pairs

Number of pairs discordant for

cancer
Number of cancer
concordant pairsCancer in the

former-smoker
twin

Cancer in the

never-smoker
twin

Cancer in
both twins

Cancer in the

former-
smoker twin

Cancer in the

never-smoker
twin

Cancer in
both twins

All tobacco-relateda

(including lung)

45 44 10 142 116 17

All tobacco-relatedb

(excluding lung)

42 43 10 125 111 14

Causally tobacco-

relatedc (including

lung)

21 17 2 84 43 3

Causally tobacco-

relatedd (excluding

lung)

18 16 2 65 36 2

aLeukemia, colon, esophagus, kidney, larynx, liver, lung, nasal cavity/sinus, oral cavity, pancreas, pharynx, rectum, stomach, urinary bladder.
bLeukemia, colon, esophagus, kidney, larynx, liver, nasal cavity/sinus, oral cavity, pancreas, pharynx, rectum, stomach, urinary bladder.
cEsophagus, kidney, larynx, liver, lung, oral cavity, pancreas, pharynx, urinary bladder.
dEsophagus, kidney, larynx, liver, oral cavity, pancreas, pharynx, urinary bladder.
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for the occurrence of cancer at the nine (including lung) and eight

(excluding lung) causally tobacco-related cancer sites, for which we

found evidence consistent with a causal effect, that is, independent of

familial factors. When we restricted the analysis to those eight cancer

sites (excluding lung cancer) pooled together, the MZ discordant pair

data provided evidence for an increased cancer risk among the twins

with a smoking history compared to their never-smoking co-twins.

The values were HR 1.85 (95% CI: 1.15-2.98) for the current smokers

and HR 1.69 (95% CI: 1.00-2.87) for the former smokers. Results

based on data from the DZ pairs were slightly higher in magnitude for

current smokers (HR 2.29; 95% CI: 1.72-3.04), and slightly lower for

former smokers (HR 1.57; 95% CI: 1.12-2.14), but not significantly dif-

ferent from the respective estimates for MZ pairs, as indicated by the

overlapping confidence intervals.

4 | DISCUSSION

This large twin study investigated the associations of smoking with

tobacco-related cancers while controlling for genetic and shared

TABLE 5 The numbers of pairs discordant and concordant for cancer at the end of follow-up for the smoking discordant pairs (one twin
never smoker/the other twin current smoker) by pooled cancer sites and zygosity

Monozygotic Dizygotic

Pooled cancer sites

Number of pairs discordant for cancer
Number of cancer
concordant pairs

Number of pairs discordant for
cancer

Number of cancer
concordant pairsCancer in the

current-
smoker twin

Cancer in the
never-smoker twin

Cancer in
both twins

Cancer in the
current-smoker
twin

Cancer in the
never-
smoker twin

Cancer in
both twins

All tobacco-relateda

(including lung)

130 90 15 401 243 29

All tobacco-relatedb

(excluding lung)

105 91 12 292 231 23

Causally tobacco-

relatedc (including

lung)

69 33 5 252 96 4

Causally tobacco-

relatedd (excluding

lung)

42 33 3 139 80 2

aLeukemia, colon, esophagus, kidney, larynx, liver, lung, nasal cavity/sinus, oral cavity, pancreas, pharynx, rectum, stomach, urinary bladder.
bLeukemia, colon, esophagus, kidney, larynx, liver, nasal cavity/sinus, oral cavity, pancreas, pharynx, rectum, stomach, urinary bladder.
cEsophagus, kidney, larynx, liver, lung, oral cavity, pancreas, pharynx, urinary bladder.
dEsophagus, kidney, larynx, liver, oral cavity, pancreas, pharynx, urinary bladder.

TABLE 6 Associations of smoking status with pooled sites of first cancer diagnosis: Discordant pair analyses of all pairs, DZ pairs and MZ
pairs

Pooled cancer sites

All pairs DZ pairs MZ pairs

Former smokers
vs never smokers

Current smokers
vs never smokers

Former smokers
vs never smokers

Current smokers
vs never smokers

Former smokers
vs never smokers

Current smokers vs
never smokers

HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI

All tobacco-relateda

(including lung)

1.27 1.09-1.48 1.71 1.50-1.96 1.22 1.01-1.46 1.75 1.50-2.05 1.39 1.03-1.86 1.61 1.25-2.09

All tobacco-relatedb

(excluding lung)

1.20 1.02-1.41 1.35 1.17-1.56 1.15 0.94-1.40 1.36 1.15-1.62 1.32 0.97-1.80 1.33 1.02-1.75

Causally tobacco-

relatedc (including

lung)

1.79 1.42-2.26 3.09 2.50-3.82 1.72 1.31-2.25 3.23 2.54-4.13 1.96 1.22-3.16 2.71 1.76-4.18

Causally tobacco-

relatedd

(excluding lung)

1.60 1.23-2.10 2.16 1.69-2.76 1.57 1.12-2.14 2.29 1.72-3.04 1.69 1.00-2.87 1.85 1.15-2.98

aLeukemia, colon, esophagus, kidney, larynx, liver, lung, nasal cavity/sinus, oral cavity, pancreas, pharynx, rectum, stomach, urinary bladder.
bLeukemia, colon, esophagus, kidney, larynx, liver, nasal cavity/sinus, oral cavity, pancreas, pharynx, rectum, stomach, urinary bladder.
cEsophagus, kidney, larynx, liver, lung, oral cavity, pancreas, pharynx, urinary bladder.
dEsophagus, kidney, larynx, liver, oral cavity, pancreas, pharynx, urinary bladder.
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environmental confounding. Our findings support a causal association

between smoking and cancer at several sites. Many epidemiological

studies have insufficient numbers of cancer cases to examine each

cancer site separately. Thus, combining cases across cancer sites for

which a causal association with smoking has been shown is a useful

strategy to boost statistical power in order to detect significant asso-

ciations. We excluded lung cancer from some of the analyses because

its causal association with smoking has been established14 and

recently reported in studies from NorTwinCan,9 Nordic population

data31 and Finnish population-based cohort data.32 Therefore, we

extended the causality analyses to the study of other cancer sites that

are associated with smoking, but for which causality between smoking

and cancer has not been deeply investigated with genetically informa-

tive twin data.

Since twin data allows for controlling for genetic and environmen-

tal influences shared by smoking and cancer, we consider the co-twin

control design, especially the doubly discordant identical (MZ) twin

design, to be among the most powerful approaches for testing causal-

ity of the association between smoking and cancer.15 However, in

some cases, we still did not have enough statistical power for discor-

dant twin pair analysis because of the small number of cancer cases.

A strength of our analysis was the use of E-values to supplement the

observed HRs. Indeed, the E-values in the analyses of individuals were

high, indicating that an unmeasured confounder would have to have a

very strong association with both smoking and the cancer. It is

unlikely that such confounders would not be known, and we could

not identify such strong confounders from prior research. While our

twin design excludes familial confounding, by itself it remains prone

to uncontrolled nonfamilial confounding. In combination with our

E-value analyses, we believe nonfamilial confounding is less likely to

account for our results and the most parsimonious explanation is for a

causal role of smoking.

In recent years, several additional designs have arisen to test

hypotheses of causality and to triangulate the evidence for or against

causality. The Mendelian randomization (MR) design can provide

robust evidence when a strong genetic instrument is available. Typi-

cally, such an instrument is a risk score based on multiple variants

known to be associated with smoking in large meta-analyses based on

genome-wide association studies (GWAS). A recent large MR study of

lung cancer showed that smoking was by far the strongest risk factor

for lung cancer among multiple factors that were examined.33 The

investigators used only one genetic variant as the genetic instrument

for smoking and thus did not make use of the currently available mul-

tiple variants known to be associated with smoking behavior.34

Gormley et al35 used MR to show a causal effect of smoking on

oral/oropharyngeal cancer. These findings are consistent with our

observations for oral cavity and pharynx cancers in the within-pair

analyses for all pairs and DZ pairs. The number of discordant MZ pairs

was too small for these two sites. A large MR study of colorectal can-

cer36 found associations of amount smoked with colorectal cancer,

but no effect of smoking status (having ever smoked regularly), consis-

tent with our findings for colon cancer and rectal cancer. When Lar-

sson et al37 used data from large cancer GWAS consortia and the UK

Biobank with 367 643 adults to conduct MR analyses for smoking

with multiple sites, they found evidence for causal associations for

cancers of the lung, esophagus and cervix. Statistically nonsignificant

associations of a similar magnitude were seen for head and neck can-

cer as well as for stomach cancer. Thus, twin and MR study designs

provide convergent evidence for a causal role of smoking in multiple

cancers.

Molecular genetic studies have identified genes known to be

associated with smoking that are also associated with cancer. One

early study of smoking and lung cancer showed that variation in a

region of 15q25.1 containing nicotinic acetylcholine receptor genes

contributed to lung cancer risk.38 Since these genes were also associ-

ated with smoking, two possible explanations for the association

arose. These could be genes that independently influence smoking

behavior and lung development, that is, pleiotropic genes effects.

Alternatively, as discussed by Hjelmborg et al,9 smoking can act as a

mediator when the identified genes increase smoking quantity, which

in turn increases cancer risk. Since these genes do not increase lung

cancer risk in nonsmokers,39 the mediation mechanism is more likely.

Hence, reducing smoking leads to less cancer risk. Needless to say,

using the most powerful and robust designs to test causality, the ran-

domized controlled trial (RCT) design would not be ethical in investi-

gating the causal association of smoking with cancer. Examination of

simultaneous trends in smoking and cancer incidence provide addi-

tional evidence as well. The increase and subsequent decline in

smoking in the United States and many other countries has been mir-

rored in a similar development of lung cancer with a delay of a few

decades, further supporting a causal association. This observed link-

age of temporal trends occurs because smoking is by far the main risk

factor for lung cancer. When the relative risk is smaller, temporal

trends may be obscured by changes in other risk factors of the cancer

in question.

Due to low numbers of cancer cases for most individual cancer sites

in our data, we pooled eight cancer sites together to enable a more pow-

erful statistical analysis using the discordant twin pair design. In designing

the pooled analyses, we first identified the set of total tobacco-related

cancers based on prior observational studies. These cancers can be

viewed as a mix of causally related and noncausally related cancers, the

latter being due to known and unknown confounders. We then did a

post hoc analysis by narrowing down the set of cancers to those eight

sites where the within-pair risk estimates were elevated and consistent

with the between pair estimates. Since this was performed post hoc, ide-

ally our results would need to be replicated in other data sets. However,

currently, we are not aware of any twin cohort of sufficient size with

data on smoking and cancer incidence.

We also estimated cancer risk for women compared to men while

adjusting for smoking status and country cohort effect. Our results

are consistent with the well-established findings showing that women

have a lower risk of cancer across many cancer sites,5 which may

suggest sex interactions with environmental exposure or other sex-

specific modifiers or mediators such as hormones or anthropomet-

rics.40 Our finding that sex differences exist across cancer sites even

after adjusting for smoking is congruent with earlier evidence.5,41,42
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However, we acknowledge that only adjusting for smoking status may

not be enough, as cumulative exposure to smoking, such as “pack
years,” may explain more of the difference between men and women.

Unfortunately, we did not have such detailed smoking data available

for all country cohorts in this large multicountry dataset.

Strengths of our study include its large sample size and prospective,

population-based and multicountry design with virtually complete long-

term follow-up with smoking data collected before cancer diagnosis.

There is evidence that the cancer incidence among twins in NorTwinCan

reflects that in the background population,43 which greatly supports the

generalizability of our findings beyond twin populations. Even if there

were minor differences between twins and singletons in the incidence of

cancer and in the prevalence of risk factors such as smoking, the strength

of the association between risk factors and outcome in twins and single-

tons is unlikely to be consequential.

Among the study limitations, we acknowledge that smoking status

was self-reported and did not systematically provide data on the amount

and duration of smoking (eg, pack-years) for current and former smokers.

While this most likely did not affect our main conclusions, more detailed

data would have permitted analyses to test dose-response relationships

between smoking and cancer. Another weakness is a potential mis-

classification of smoking status because we used the status on first

assessment, and it was not repeatedly updated. Thus, if individuals chan-

ged their smoking status during the follow-up this was not captured in

our data. However, nearly all surveys were conducted on adults and

most initiation of smoking takes place during adolescence. Given these

secular trends in smoking, it is probably more likely that some current

smokers had quit rather than never smokers initiating smoking or former

smokers relapsing back to smoking during follow-up. Hence, some indi-

viduals classified as current smokers might indeed have become former

smokers which would lead to underestimation of the differences in risk

between these two categories. Further, although response rates have

been high in these cohorts, it is well recognized that in general smokers

are less likely to participate in health-related surveys compared to non-

smokers. Additionally, surveys on smoking habits were conducted at dif-

ferent times in the different cohorts.

Information on the histology of cancers was not available, there-

fore, we could not consider histological subtypes of any cancer diag-

nosis. Thus, we could not specify the histology of, for example,

esophageal squamous cell cancers, which are known to be causally

tobacco-related, while adenocarcinoma is less associated with

smoking.44 Another limitation is that the dataset did not allow for mul-

tivariable analyses adjusted for potential confounders such as alcohol

use and other lifestyle factors or sociodemographic factors. Finally,

these cohorts recorded the onset of cancer over a long time-period,

but we do not have clinical information, including changes in diagnos-

tic tools or treatment in the dataset.

5 | CONCLUSIONS

Findings from the individual-based analyses showing significant asso-

ciations between current smoking and several types of cancer were

replicated through the doubly discordant genetically identical twin

pairs. By pooling the specific cancer sites together, we optimized the

power for detecting causal associations. In other words, smoking

seems to affect the risk of multiple cancers independent of shared

familial influences. Given that tobacco contains known carcinogens,

the twin analyses and E-value analyses provide very strong conver-

gent evidence to support a causal role of smoking in the cancers we

have studied here. Thus, the causative role of cigarette smoking in

cancer is not limited to lung cancer but appears to extend to several

other cancer types. Regarding clinical implications, there should be

even more emphasis on recording and acting on smoking status in

screening activities. Naturally, smoking cessation should be strongly

encouraged in the prevention of all types of cancer.
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