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ARTICLE INFO ABSTRACT
Keywords: Introduction: Opium and cigarette smoking have been identified as significant cancer risk factors. Recently, the
Additive interaction International Agency for Research on Cancer (IARC) classified opium as a Group 1 carcinogen in 2020.

Bladder cancer Method: Using data from a multicenter case-control study in Iran called IROPICAN, involving 717 cases of

bladder cancer and 3477 controls, we assessed the interactions on the causal additive scale between opium use
and cigarette smoking and their attributing effects to evaluate public health relevance and test for different
mechanistic interaction forms to provide new insights for developing of bladder cancer. A minimally sufficient
set of confounders was identified using a causal directed acyclic graph, and the data were analysed employing
multiple logistic regression and the inverse probability-of-treatment weighting estimator of the marginal
structural linear odds model.

Results: Our findings indicated a significant increase in the risk of bladder cancer associated with concurrent
opium use and cigarette smoking (adjusted OR = 6.34, 95 % CI 5.02-7.99; p < 0.001), demonstrating a super-
additive interaction between these exposures (Weighted RERIpgr = 2.02, 95 % CI 0.47-3.58; p = 0.005). The
presence of a super-additive interaction suggests that interventions targeting opium users who smoke cigarettes
would yield greater benefits compared to non-opium users. Furthermore, there was a mechanistic interaction
between two exposures (P-value = 0.005) if we assumed two of the exposures have positive monotonic effects, i.
e., there must be a sufficient-component cause for developing bladder cancer, which has both opium use and
cigarette smoking as components.

Conclusion: There is a causal additive interaction between opium use and cigarette smoking. We observed a
super-additive interaction, suggesting the need to focus interventions on specific subgroups. Furthermore, the
presence of mechanistic interactions offers profound insights into the mechanisms of cancer induction.

Case control

Cigarette smoking
Mechanistic interaction
Opium using

Introduction standardized incidence rate among males. This cancer is four times
more common in men than in women [1]. In Iran, the incidence of this

Bladder cancer is the 6th most common cancer in the world and 3rd cancer is increasing and it accounts for approximately 7 % of all cancers

in Easten Mediterranean Regional (EMR) with a 10.4 per 100,000 age- [2]. Bladder cancer is associated with multiple risk factors, with tobacco
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use being the predominant one, followed by Schistosoma haematobium
infection, and occupational exposures, as well as arsenic in drinking
water, while lifestyle and dietary factors also contribute to its etiology
[3,4]. Recent studies indicate that the risk of bladder cancer for those
who smoke is greater than for most other types of cancer, except the
head, neck, and respiratory system [5].

Opium is the dried extract of opium poppy, and Iran accounts for 42
% of its consumption worldwide [6]. Opium is being discussed and
investigated as one of the important cancer risk factors, and the Inter-
national Agency for Research on Cancer (IARC) categorized it as the
group I carcinogen in 2020 [7-11].

In recent years, there has been a growing focus on studying how
environmental exposures interact with each other [12]. Despite the
significance of this area of study, it has received relatively little attention
in public health and health policy due to the complexities involved in
interaction issues and their calculations [13,14]. Also, relying only on
interaction measures in a multiplicative scale is inadequate for the
assessment of the public health implications of exposure interactions on
cancer development [13,15]. On the other hand, there are some con-
cerns regarding the accuracy of case-control studies in estimating a
causal additive interaction by delta-method-based approaches to RERI
(Relative Excess Risk due to Interaction) [16-18] and test sufficient-
cause interactions through outcome regression models [19]. As a
result, the available evidence is insufficient to fully understand the
causal interaction between opium use and cigarette smoking.

We aimed to assess all measures of interactions in the causal additive
scale between opium use and cigarette smoking and their attributing
effects to evaluate public health relevance (how best to allocate in-
terventions) and test mechanistic interactions to provide new insights
into the mechanisms for the development of bladder cancer by multi-
center case-control study and an inverse probability weighting
approach.

Methods
Study design and setting

We used data from the IROPICAAN study [20], a multicenter case-
control study conducted across ten provinces in Iran and studied the

risk of opium use and the risk of four cancer sites, including lung,
bladder, colorectal and head and neck cancers. Cases were 717
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histologically confirmed bladder cancer patients (ICD-O: C67) who were
admitted between May 2017 and July 2020 in referral hospitals. All
cases were newly diagnosed within one year before the interview. The
interviews were conducted using a validated questionnaire from the
IROPICAN study [21].

The controls consisted of 3477 healthy visitors who were selected
from among the relatives or friends of patients who did not have cancer
from wards not associated with oncology. Controls were frequency-
matched based on place of residence (by province and capital city/
non-capital city), age (five-year interval) and sex. They were cancer-
free subjects and accompanied hospitalized patients in the non-
oncology unit.

Confounder identification

The confounders for both effects of opium use and cigarette smoking
on bladder cancer were adjusted to evaluate causal additive interaction
[22,23]. The browser-based tool (DAGitty) was used to draw a causal
directed acyclic graph (cDAG) for the study setting. Subsequently, a
minimally sufficient set of confounders was identified: age, sex, passive
smoking, and socio-economic status of the subjects (Fig. 1)
[24-32,64-66].

Various factors associated with socioeconomic status (SES) were
consolidated through principal component analysis by combining data
on years of education, and ownership of vacuum cleaner, dress washing
machine, dishwashing machine, freezer, microwave, split air condi-
tioner, laptop, internet access, mobile phone, personal car, owned
house, or a shop. The weighted sums of these variables, with weights
corresponding to the principal component loading, were divided into
tertiles and utilized as the SES variable in the regression models.

We estimated perceived physical activity workload (PPWL) by ana-
lysing the job histories of participants alongside a Finnish job exposure
matrix (FINJEM) [22,23]. FINJEM includes two variables for estimating
PPWL for each occupation and time period: the proportion of exposed
individuals (P) and the average level of exposure among those exposed
(L) [24]. Due to overlapping work periods in the data we collected, we
were unable to calculate the cumulative PPWL for an individual’s entire
work life. As a result, we focused on PL for the longest work period,
which we classified into three categories: sedentary, moderate, or heavy
(the highest tertile of non-sedentary observations).

Sensitivity analyses were performed by adding the matched province
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Fig. 1. A causal directed acyclic graph in which opium use and cigarette smoking are exposures and bladder cancer is the outcome; U1 is an unmeasured confounder;
SES is socio-economic status; Green boxes represent a minimally sufficient set of confounders. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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variable (with ten levels) to the set of confounders and assessment based
on the change-in-estimate criterion with a threshold of 10 % [33-35] i.
e., if the inclusion of the potential confounder changes the estimate of
RERI by 10 % or more, the variable is considered a confounder and
should be adjusted for. The analyses revealed that the RERI increased
from 2.20 to 2.29 upon the inclusion of the province variable in the
confounder set, indicating a change of less than 10 %.

Statistical analysis

The relative excess risk due to interaction (RERIRg) is the primary
measure for assessing additive interaction on the risk ratio scale. How-
ever, given the rare disease assumption, we used odds ratios instead of
risk ratios in this case-control study, i.e., RERIgpg = OR11 - OR1¢ - ORg; +
1 where OR;1, OR;jg, and ORy; are the causal odds ratios comparing
subjects with both exposures, with only opium use, and with only
cigarette smoking compared with those without any exposure, respec-
tively. If RERIop is greater than zero, the interaction is often referred to
as positive or supper- additive.

The InteractionR package of R software version 4.3.1 (2023-06-16
ucrt) was used for the full reporting of interaction analyses. To estimate
OR13, ORj, and ORy1, a logistic regression model was fitted using the
glm function in R, with bladder cancer as the response variable and
opium use, cigarette smoking, and confounders as explanatory variables.

The linearity assumption for the confounding by age was checked via
fractional polynomials, LOWESS, and restricted cubic splines using
Stata, version 16 (Stata Corp., College Station, TX, licensed to Tampere
University) [36,37,75]. The plots of fractional polynomials and LOWESS
showed a linear association between age and response variables. The P-
value for deviance difference comparing the best fractional polynomial
with two terms (df = 4) and linear model was 0.364. Also, using the
restricted cubic spline with 5 knots located at 0.05, 0.275, 0.5, 0.725,
and 0.95 percentiles [38] (37, 52, 59, 65, and 77 years old), the P-value
obtained from the likelihood ratio test for the linearity assumption was
0.330.

The concept of sufficient-cause or mechanistic interaction is appli-
cable when there exist individuals, for whom the outcome is only in the
presence of both exposures. At the same time, it does not occur with
either exposure alone. To examine different mechanistic forms of
interaction, including sufficient-cause synergism (the existence of a
mechanism whereby certain individuals would encounter the outcome
when exposed to both conditions yet would not experience the outcome
when subjected to either condition in distinct) and compositional epis-
tasis (the existence of a mechanism whereby certain individuals would
the outcome if and only if both exposures were present), RERIpg was
used.

However, the presence of super-additive interaction only indicates
mechanistic interaction under certain additional assumptions: none of
the exposures can be preventive for any individual in the population,
often referred to as a positive “monotonicity” assumption.

If RERIpg is greater than 1, it signifies the presence of sufficient-cause
synergism. Moreover, a RERIpg value higher than 2 indicates the pres-
ence of two types of mechanistic interactions: sufficient-cause synergism
and compositional epistasis, without requiring a monotonicity assump-
tion. When it is assumed that two exposures have a positive monotonic
effect, a RERIggr above 0 would indicate two forms of mechanistic in-
teractions. On the other hand, when only one exposure is considered, a
RERIpR greater than one also suggests the existence of two forms of
mechanistic interactions. For the presence of super-additive interaction,
a RERIpR greater than zero, sufficient-cause synergism with a RERIpg
greater than one, and epistatic interaction with a RERIpg greater than
two were assessed. One-sided P-values were computed [39,40].

The inverse probability-of-treatment weighting (IPTW) approach
was used to estimate the RERIpr and handle the misspecification
problem of the logistic regression [41-45,69,74]. We fitted two logistic
regression models among the controls: 1) a logistic model, regressing
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opium use on the confounders, and 2) another model, regressing the
cigarette smoking on the confounders and opium use. The weights based
on each model were the inverse of the received probability of the
exposure, Wy and Wy, calculated for cases and controls, and the overall
weight was W = W7 x Wo. We used the marginal structural linear odds
model:

Odds = exp(fy) (1 + B, 0 + B,S + B508)

where O and S denote opium use and cigarette smoking. The parameter
B3 is RERIpR, estimated using a weighted least square associational
linear odds model, corresponding to the marginal structural model
mentioned above [19,41]. We used weight truncation at the optimal
level (99.5th percentile) to improve the robustness of the estimation
process by reducing the impact of outliers in the data [46]. Valid but
conservative 95 % ClIs were calculated using robust standard errors [47].
These regression models were fitted using Stata Version 18. All reported
P-values are derived from one-sided tests using the same methodology
mentioned above in the unweighted model, with the significance level
set at 0.025 [39,40,67,68].

The attributing effects of the interaction between opium use and
cigarette smoking were assessed [13,48-50]. The R function additi-
ve interactions was applied to estimate additive measures and test
different hypothesises with a logistic regression model, the glm function
in R [51,52].

Ethical approval

The study was approved by the Ethics Committee of Tehran Uni-
versity of Medical Sciences (Code: IR.TUMS.SPH.REC.1401.270). The
IROICAN study was approved by the ethics committee of the National
Institute of Medical Research Development (Code: IR.NIMAD.
REC.1394.027). All subjects provided their written consent for partici-
pation, and the data was kept confidential.

Results

Of 4194 subjects, 3024 (%72) of them are male. The mean + SD of
age was 58.42 + 11.74. Thirty-seven percent of cases and controls were
included in the study from the cities of participating provinces (Table 1).

We presented the causal interaction of opium use and cigarette
smoking on bladder cancer, as outlined in Table 2, based on updated
guidelines [22,53]. Our findings indicated that bladder cancer risk was
much higher when both opium use and cigarette smoking were used
together (adjusted OR = 6.34, 95 % CI 5.02-7.99; p < 0.001), and we

Table 1
Demographic and clinical features of bladder cancer cases and controls recruited
in IROPICAN study in Iran.

Characteristic Bladder cancer cases Controls
N =717 N = 3477
n (%) n (%)
Age (years); mean (SD) 63.61 (11.1) 57.35(11.6)
BMI (kg/m2); mean (SD) 25.66 (4.6) 26.74 (6.1)
Residency
Capital cities 267 (37.2) 1310 (37.7)
Other 450 (62.8) 2167 (62.3)
Male Sex 624 (87.0) 2400 (69.0)
Married 633 (88.3) 3147 (90.5)
SES
Low 288 (40.2) 974 (28.0)
Moderate 227 (31.7) 1174 (33.8)
High 202 (28.2) 1329 (38.2)
Family History1 (yes) 139 (19.4) 713 (20.6)
Cigarette Smoking (yes) 430 (60.0) 977 (28.1)
Opium use (yes) 330 (46.0) 596 (17.0)

! Family history for all cancers.
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Table 2
Interaction of opium use and cigarette smoking on odds of bladder cancer: a
multicenter case-control study in Iran.
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Table 3
Attributing effects to interactions between opium use and cigarette smoking on
bladder cancer a multicenter case-control study in Iran.

Cigarette smoking Index Value' 95 % CI P-value
No Yes ORs (95 %CI) for Synergy; (OR11-1) / ((OR19-1) + (ORg1-1)) 1.70 1.18 to 0.004
smoking within strata 2.44
of opium use Attributable Proportion”; (RERIog) / (OR11) 0.34 0.16 to <0.001
0.53
0, 0,
OR (95 %CD OR (95 %CD Proportion of joint effect due to interaction; 0.41 0.20 to <0.001
Opium user (RERIoR) / (OR11-1) 0.62
No 2.40 Proportion of joint effects due to Opium use; 0.32 0.15 to <0.001
2. 1.88-3.06);
1.0 (88-306xp oo (MSETONPS (ORyo-1) / (ORy;-1) 0.49
< 0.001 . Proportion of joint effects due to cigarette 0.26 0.16 to <0.001
A 3 smoking; (ORg-1 OR;1;-1 0.36
Yes (217:1-_,73 . ?53(;1277 00y 232 (1.64-3.27% p < g; (ORo1-1) / (ORy1-1)
- '0_001' 'P - '0_001' 'P 0.001 Note: OR;1, OR;g, and ORy; are the causal odds ratios comparing subjects with
ORs (95 %CI) for 2.74 264 both exposures, with only opium use, and with only cigarette smoking compared
Opium use within ~ (1.95-3.84); p (2.07-3.37); p with those without any exposure, respectively; RERIqp is a relative excess risk
strata of smoking < 0.001 < 0.001 due to interaction.

The measure of interaction on additive scale: RERIpr (95 %CI) = 2.20
(0.78-3.62); P-values: supper-additive = 0.001, sufficient-cause synergism =
0.048, epistatic interaction = 0.390.

The measure of interaction on the additive scale: Weighted RERIpg (from Mar-
ginal Structural Linear Odds Model) (95 %CI) = 2.02 (0.47-3.58); P-values:
supper-additive = 0.005, sufficient-cause synergism = 0.099, epistatic interac-
tion = 0.489.

Measure of interaction on Multiplicative scale: Ratio of ORs (95 %CI) = 0.96
(0.63-1.46); p = 0.867.

Note: ORs are adjusted for age, sex, socio-economic status, and passive smoking;
all reported P-values are derived from one-sided tests, with the significance level
set at 0.025, without imposing monotonicity assumption.

had evidence for a causal super-additive or positive additive interaction
between them (adjusted RERIpg = 2.20, 95 %CI 0.78-3.62; p = 0.001).

The marginal structural linear odds model analysis revealed a sig-
nificant super-additive interaction (weighted RERIpr = 2.02, 95 %CI
0.47-3.58; p = 0.005). We also checked the multiplicative interaction
between opium use and cigarette smoking on odds of bladder cancer,
which did not show sufficient evidence to support the presence of an
interaction on a multiplicative scale (adjusted ORs = 0.96, 95 % CI
0.63-1.46; p = 0.867).

The multiple logistic regression model assessed different mechanistic
interaction forms of opium use and cigarette smoking. According to the
result of the model, we did not find strong evidence for a sufficient-cause
synergism (P-value = 0.048) and no compositional epistasis interaction
(P-value = 0.390) between opium use and cigarette smoking without
imposing the monotonicity assumption. When we assumed mono-
tonicity for two exposures, we found a sufficient-cause synergism (P-
value = 0.001) and compositional epistasis interaction (P-value =
0.001) between exposures. The IPTW approach also did not show evi-
dence of a mechanistic interaction, sufficient-cause synergism (P-value
= 0.099), or compositional epistasis interaction (P-value = 0.489).
However, when two exposures are considered to have a monotonic ef-
fect, the findings indicate the presence of mechanistic interactions (P-
value = 0.005).

In Table 3, attributing effects to the interaction of opium use and
cigarette smoking on bladder cancer are reported. According to the
findings, the synergy index (SI) also showed a positive additive inter-
action between two exposures (SI (95 %CI) = 1.70 (1.18-2.44); p =
0.004) that reflects the extent to which the ORs for both exposures
together exceed one. In this case, the combined effect is 1.7 times what
would be expected if the effects of opium use and cigarette smoking
were added.

We calculated other measures of additive interaction, and analyses
revealed 34 % (95 %CI = 16 % - 53 %) of the bladder cancer risk in the
doubly exposed group due to the interaction itself. Another version of
the attributable proportion showed 41 % (95 %CI = 20 % - 62 %) of joint
effects attributable to the interaction of opium use and cigarette

B Adjusted for age, sex, socio-economic status, passive smoking.
2 proportion of bladder cancer risk in the doubly-exposed group attributable
to the interaction.

smoking.
Discussion

We identified bladder cancer risk significantly increased when
opium uses and cigarette smoking happened together, showing a super-
additive and mechanistic interaction between these exposures when two
exposures have monotonic effects.

The presence of a super-additive interaction between these expo-
sures suggests that an intervention targeting cigarette smokers who use
opium would yield greater benefits compared to those who do not
[13,17]. Also, other surrogate measures of additive interactions, such as
the synergy index, confirmed our result. Some studies suggested that the
synergy index is a better option to assess the additive interaction of
exposures because of the low uniqueness problem [16], but Vander-
weele and his colleagues believe that weighted RERI handles these
problems. It is also a desirable measure for assessing mechanistic in-
teractions [41].

Moreover, in the presence of a mechanistic interaction, there must be
a sufficient-component cause for bladder cancer, which has both opium
use and cigarette smoking as components according to the Rothman’s
sufficient-component cause framework [54]. Even though the positive
monotonicity assumption is strong, it is highly unlikely that one would
consider smoking or opium use to be protective against bladder cancer
for any individual. While it is possible that some individuals may
develop bladder cancer as a result of smoking or opium use, and others
may experience no effect, the notion that smoking or opium use could
prevent bladder cancer in any individual is not tenable. In other words,
it is improbable to assert that an individual would avoid bladder cancer
due to smoking or opium use, while they would develop the disease in
the absence of smoking and opium use. Consequently, the assumption of
positive monotonicity regarding the impact of smoking and opium use
on bladder cancer appears to be a plausible hypothesis. While numerous
studies have highlighted the effect of opium use [9,55] and cigarette
smoking [56-58] on bladder cancer are consistent with our findings, we
found no study reporting a causal additive interaction of these exposures
on bladder cancer development.

Previous studies showed that dual users of opium use and tobacco
smoking were exposed to many toxicants and carcinogens [59]. The
mechanism of carcinogenicity primarily involves the direct and indirect
interactions of chemical compounds found in these substances with
cellular DNA. In the case of cigarettes, the smoke contains a complex
mixture of over 7000 chemicals, including at least 70 known carcino-
gens such as benzene, formaldehyde, and polycyclic aromatic hydro-
carbons (PAHs). These chemicals can induce DNA damage directly by
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forming DNA adducts or indirectly by producing reactive oxygen species
that oxidize DNA, proteins, and lipids, thereby disrupting cellular
function and promoting malignant transformation [60]. Similarly,
opium, which contains a range of alkaloids such as morphine and co-
deine, has been linked to cancer through chronic inflammation path-
ways and immunosuppressive effects [61]. A combination of these
factors contributes significantly to the increased risk of cancers, partic-
ularly lung, bladder, and oesophageal cancers in smokers and gastro-
intestinal cancers in opium users [7,60].

Hadji and her colleagues recently examined the joint effect of opium
use and tobacco smoking (cigarette, water pipe, pipe, chewing tobacco,
Chopogh) and found a significant RERI. However, they had some limi-
tations in the analysis, including inappropriate adjustment of con-
founders in the model, a lack of testing for mechanistic interactions, and
the use of the conventional statistic method [9].

Our analyses assessed two forms of mechanistic interactions,
sufficient-cause synergism and compositional epistasis, between opium
use and cigarette smoking. Although we demonstrated a statistical
super-additive interaction and mechanistic interactions between these
exposures, our findings emphasize that neither statistical additive
interaction nor sufficient-cause interaction nor epistatic interaction
necessarily offers insight into physical or functional interactions [13].
One of the key strengths of this paper is controlling confounder factors to
estimate causal additive interaction measures using cDAGs [26,62]. The
large sample size, comprising cases from the ten provinces of Iran, has
increased the generalizability of our results and reduced the random
error, resulting in narrow confidence intervals for interaction parame-
ters. Also, using a large number of the controls collected in the IROPI-
CAN study increased the statistical power of the study. Furthermore,
analyses were conducted to calculate all proposed measures of additive
interaction in the literature, such as RERI, APs, SI, the Proportion of the
joint effect due to each exposure, and mechanistic forms of interaction
[13].

While our study sheds light on the effects of opium uses and cigarette
smoking on bladder cancer, it is important to acknowledge the limita-
tions of our current research. Case-control studies can be affected by
systematic errors due to inaccurate measurement of the exposures as
well as bias in selecting the controls [70-72]. Another limitation in all
observational studies, including current study is unmeasured con-
founding though we have adjusted minimally sufficient set of con-
founders using causal diagrams [73]. Lifestyle risk factors such as
physical activity are associated with cigarette smoking and opium use
with possible feedbacks between them, i.e. physical activity may be
affected by cigarette smoking and opium use, and also may affect these
exposures. Given the concurrent measurements of these variables and
considering that the mediation role of the physical activity is much
stronger than its possible confounding role, the arrows between the
variable and exposures have not been shown in Fig. 1, and to avoid
over-adjustment bias, it has not been adjusted for in the analysis. We
have attempted to diagnose outcomes by pathological results and
measure exposures accurately using validated questionnaires [20].
Nevertheless, one avenue for future exploration could involve investi-
gating interactions in large cohort studies. Also, advanced statistical
approaches such as doubly robust and Bayesian would be helpful [63].

In conclusion, there is a causal additive interaction between opium
use and cigarette smoking. We observed a super-additive interaction,
suggesting the need to focus interventions on specific subgroups.
Furthermore, the presence of mechanistic interactions offers profound
insights into the mechanisms of cancer induction.
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