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ABSTRACT

INTRODUCTION Bladder cancer is a common malignancy of the urinary system, with
smoking recognized as its most significant modifiable risk factor. Although
substantial epidemiological evidence has established an association between
smoking and bladder cancer, there remains a gap in understanding the complex
burden and risk patterns of bladder cancer across different populations. This study
aims to investigate the potential relationship between smoking and bladder cancer
risk among individuals aged =20 years by leveraging large-scale, multinational
data.

METHODS This cross-sectional study utilized two databases: the Global Burden of
Disease (GBD) 2021 and the National Health and Nutrition Examination Survey
(NHANES) cross-sectional data cycles from 1999 to 2023. After excluding
participants with missing data on smoking history, bladder cancer history, and
other relevant variables, individuals aged =20 years were included. The GBD data
provided macro-level estimates of bladder cancer mortality and disability-adjusted
life years (DALYs) attributable to smoking both globally and within the United
States. Individual-level data from NHANES were used to assess the association
between smoking history and bladder cancer risk through multivariable logistic
regression models, adjusting for multiple confounding factors.

RESULTS Smoking is a major risk factor for bladder cancer both globally and in the
US, with the smoking-attributable burden of bladder cancer markedly higher in
the US. In 2021, the age-standardized death rate (ASDR) in the US was 1.97 (95%
uncertainty interval, Ul: 1.57-2.47), significantly exceeding the global rate of 1.12
(95% UI: 0.94-1.35). Similarly, the US age-standardized disability-adjusted life
year rate (ASDAR) was substantially higher than the global average, at 42.60 (95%
UI: 34.89-51.57) versus 23.56 (95% UI: 19.87-28.13). From the NHANES study,
a total of 66391 participants were included, among whom 187 had bladder cancer.
The data demonstrated a significant positive association between smoking and
bladder cancer risk; compared to never smokers, smokers had an adjusted odds
ratio (AOR) of 2.00 (95% CI: 1.31-3.07), indicating a two-fold increased risk of
bladder cancer. Further sensitivity analyses suggested that former smokers were
associated with a 70% higher likelihood of risk, while current smokers showed a
265% higher likelihood. Additionally, subgroup analyses indicated differences in
the observed risk across various racial groups.

concLusions This study elucidates a significant positive association between smoking
and bladder cancer risk among individuals aged =20 years, with notable racial/
ethnic disparities observed. Our findings suggest the need for further investigation
into strategies that may address these disparities. However, the cross-sectional
design limits causal inference. Future longitudinal studies are warranted to
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investigate the carcinogenic effects of emerging tobacco products, particularly
across different racial groups, to optimize prevention and control measures.
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INTRODUCTION

Bladder cancer (BCa) is one of the most common
malignancies of the urinary tract. According to global
health statistics, it ranks as the 10th most common
cancer worldwide and exhibits high incidence and
poor prognosis in several regions'. The primary
risk factors for bladder cancer include smoking,
occupational chemical exposure, and genetic
predisposition. Among these risk factors, smoking is
acknowledged as the most significant and modifiable
contributor to bladder cancer incidence, substantially
influencing both the global and national disease
burden®.

Smoking-related bladder cancer has been
extensively investigated, with multiple epidemiological
studies demonstrating that tobacco use approximately
doubles the risk of bladder cancer’. Carcinogens
present in tobacco smoke, including aromatic
amines and polycyclic aromatic hydrocarbons, have
been demonstrated to directly damage the DNA of
bladder epithelial cells. This DNA damage can induce
mutations that contribute to the development and
progression of bladder cancer over time*.

Despite the substantial burden imposed by
smoking-associated bladder cancer on global
healthcare systems, significant knowledge gaps remain
concerning the impact of these risk factors across
diverse populations, particularly in high-risk countries
such as the US. Notably, although the Global Burden
of Disease (GBD) study offers comprehensive data on
bladder cancer risk factors, it lacks detailed insight
into country-specific variations, especially for the
US. This study aims to integrate the Global Burden
of Disease (GBD) database with the National Health
and Nutrition Examination Survey (NHANES) data
to investigate the association between smoking and
bladder cancer risk, focusing specifically on the US
population. Additionally, the study seeks to identify
potential disparities in bladder cancer prognosis,
including variations in disease burden across

socioeconomic groups, ethnicities, and geographical
regions. Through this comprehensive analysis,
the study is expected to yield valuable insights for
mitigating the increasing burden of smoking-related
bladder cancer in the US. The findings are anticipated
to furnish a scientific basis for enhancing smoking
cessation interventions and early screening strategies
to improve bladder cancer prognosis among high-risk
populations.

METHODS

This study is a secondary dataset analysis based
on data from the National Health and Nutrition
Examination Survey (NHANES) and the Global
Burden of Disease (GBD) study. The time frame
for the NHANES dataset spans from 1999 to 2023,
while the GBD data encompasses global health data
from 1990 to 2020. The study population includes
adults aged =20 years, and the inclusion criteria were
individuals with complete data on smoking habits,
bladder cancer status, and other relevant demographic
and clinical variables. Participants with missing or
incomplete data were excluded from the analysis.

Global Burden of Disease (GBD) database

The Global Burden of Disease (GBD) 2021 is a
comprehensive database providing anonymized data
on 371 diseases, 88 risk factors, and impairments across
204 countries, territories, and five sociodemographic
index (SDI) levels worldwide (40575097). The data
are accessible via the Global Health Data Exchange
(GHDx) platform (https://vizhub.healthdata.org/
gbd-results/), which is developed and maintained
by the Institute for Health Metrics and Evaluation
(IHME) at the University of Washington®. The study
involving GBD 2021 data was reviewed and approved
by the Institutional Review Board (IRB) of the
University of Washington, granting an exemption from

the informed consent requirement®. This study strictly
adheres to the GATHER (Guidelines for Accurate and
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Transparent Reporting of Global Health Estimates)
guidelines to ensure the accuracy and transparency
of health assessment outcomes’. In the GBD database,
age-standardized mortality rate (ASDR) denotes the
number of deaths per 100000 population across
different age groups. Age-standardized disability-
adjusted life years (DALYs) represent the sum of
years lived with disability and years of life lost due to
premature death. Total DALYs encompass both years
of life lost and years lived with disability.

The estimates presented in this study, such as
prevalence, DALYs, and mortality, are accompanied
by both confidence intervals (ClIs) and uncertainty
intervals (Uls). The CIs represent the statistical
uncertainty around the estimated values, based on the
available data and the model used. The Uls encompass
a broader scope of uncertainty, incorporating both
statistical variability and model-related uncertainties,
which may arise from data gaps, assumptions, or other
factors inherent to the estimation process.

National Health and Nutrition Examination
Survey (NHANES) database

Implemented by the National Center for Health
Statistics (NCHS), the National Health and Nutrition
Examination Survey (NHANES) is a stratified,
multistage research program designed to assess the
health and nutritional status of the US population
using nationally representative data. NHANES
data have been extensively utilized to investigate
associations among chronic disease, nutrition,
environmental exposures, and health behaviors®.
The data collection and analysis procedures have
been described in detail elsewhere’. A hierarchical
multistage probability sampling method was employed
to select representative survey respondents. The
collected demographic, questionnaire, and dietary data
include information on demographic characteristics,
medical history, as well as dietary and lifestyle habits.
Further details are available on the NHANES website
(https://www.cdc.gov/nchs/nhanes/). This study
analyzed subsample data from twelve NHANES
survey cycles conducted between 1999 and 2023
(Figure 1). Initially, the study included 119555
NHANES participants; after applying strict inclusion
and exclusion criteria, 66391 eligible participants

were retained for analysis. Specifically, 50359
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individuals aged <20 years, 2741 participants with
missing bladder cancer-related questionnaire data,
and 64 participants lacking smoking information were
excluded.

Description of variables

The primary exposure variable was a history of
smoking. In NHANES, smoking data were collected
via household interviews, with adults aged =20 years
self-reporting their smoking status. Based on previous
studies, participants reporting fewer than 100
cigarettes smoked over their lifetime were classified
as non-smokers, whereas those who smoked 100
cigarettes or more were defined as smokers'’. The
primary outcome variable was the presence or absence
of bladder cancer. According to the International
Classification of Diseases (ICD), bladder cancer
is coded as C67-C67.9 in ICD-10 and 188-188.9,

Figure 1. The flow chart of selection of included
studies

Participants from
NHANES 1999-2023

n=119555
Excluded (n=50359)
Age <20 years
n=69196
BCa data not
available (n=2741)
n=66455

Smoke data not

available
(n=64)

Final participants
included
N=66391
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V10.51, V16.52, and V76.3 in ICD-9!". Covariates
were selected based on established associations
with bladder cancer risk from previous literature
and biological mechanisms related to bladder cancer
etiology. These covariates included factors such
as age, sex, race, body mass index (BMI), alcohol
consumption, and comorbidities (e.g. hypertension,
diabetes), which have been shown in prior studies
to be associated with bladder cancer risk. Self-
reported bladder cancer diagnosis information was
collected using the Medical Conditions Questionnaire.
Respondents were asked: ‘Has a doctor or other
health professional ever informed you that you have
cancer or any malignant tumor?’. If the response was
‘yes’, the type of cancer was subsequently inquired.
Respondents reporting only bladder cancer (primary
and solitary tumor) were defined as bladder cancer
patients. Those who answered ‘no’, had other
malignancies, or reported bladder cancer with a
history of other cancers were classified as non-bladder
cancer'?. Former smokers were defined as individuals
who had smoked more than 100 cigarettes in their
lifetime but had quit, whereas current smokers were
those actively smoking at the time of survey.

The NHANES database collects data via
standardized household interview questionnaires
and individual medical examinations. Age, sex, and
ethnicity information were self-reported. Education
level was categorized into two groups: lower than high
school/high school or higher than high school, based
on respondents’ reported highest grade completed or
highest degree obtained. Marital status was classified
as married/partnered, divorced/widowed/separated,
or never married. The poverty income ratio (PIR)
represents the ratio of a household’s self-reported
income to the federal poverty threshold. Body mass
index (BMI) was calculated as weight in kg divided
by the square of height in meters (kg/mC). Alcohol
consumption was defined as the consumption of at
least 12 drinks within one year prior to the survey.
Hypertension was defined as a history of hypertension
or measured systolic blood pressure =140 mmHg
or diastolic blood pressure =90 mmHg. Diabetes
mellitus was defined as a history of diabetes, use of
insulin or glucose-lowering medications, glycosylated
hemoglobin >6.5%, fasting blood glucose =126 mg/
dL, or 2-hour postprandial blood glucose 2200 mg/
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dL. Each participant completed a physical activity
questionnaire addressing all physical activity
performed in the preceding 30 days. Based on
adherence to national physical activity guidelines,
participants were categorized into low physical activity
(<500 MET-minutes/week) and high physical activity
(2500 MET-minutes/week) groups'®. To ensure data
quality, a comprehensive evaluation of missing data
was conducted. Variables with missing rates exceeding
10% were addressed using multiple imputation.

This study is a secondary dataset analysis based
on cross-sectional data, reported in accordance with
the STROCSS guidelines'*. Anonymized data from
public databases, including the Global Burden of
Disease (GBD) and National Health and Nutrition
Examination Survey (NHANES), were utilized in this
study. Ethical approval was obtained in the original
studies; therefore, no additional ethical approval was
required for the present analysis.

Statistical analysis

Using the 2021 data from the United Nations standard
projections data set, age-standardized rates (ASR)
such as age-standardized death rate (ASDR), and
age-standardized disability-adjusted life years rate
(ASDAR), were computed. The rates were derived
based on the formula:

z?:laiwi

A

i=1""i

ASR= x100000

where A denotes the number of age groups, i denotes
the ith age group, a_ is the rate to be standardized, and
w, is the number of standard populations in the same
age group. Comparing age-standardized mortality
rate (ASDR) and age-standardized disability-adjusted
life year rate (ASDAR) between the US and global
populations requires careful consideration. While
we have provided descriptive comparisons between
the two regions, we recognize that formal statistical
tests to assess differences between the US and
global ASDR and ASDAR may not be appropriate.
The Global Burden of Disease (GBD) database
spans multiple years and includes variations in data
collection methods, statistical estimation techniques,
and reporting conventions across different countries
and regions. These differences could influence the
accuracy and comparability of the data. Therefore,
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rather than conducting formal statistical comparisons,
our analysis focuses on providing an overview of
the trends and disparities observed in the US and
global indices, acknowledging the limitations of
cross-sectional data from different time periods.
This distinction will be emphasized in the revised
manuscript to clarify the scope and interpretation of
the results.

This study utilized the 2021 Global Burden
of Disease (GBD) database to analyze risk factors
associated with the bladder cancer burden and
to evaluate the attributable deaths and disability-
adjusted life years (DALYs) for each risk factor.
Additionally, this study focuses on comparing the
number of attributable deaths and the magnitude of
attributable DALYs between the US and the global
region. All statistical tests were two-tailed, and
statistical significance was defined as a p<0.05.

This study examined the relationship between
smoking and the incidence of bladder cancer based

Table 1. Global and US bladder cancer burden in
2021

Global

Prevalence number 3023314.90 (3221739.72-2821046.10)

Age standardized 57.53 (61.30-53.68)

prevalence rate

DALYs number 4392124.72 (4808322.14-4059076.05)
Age-standardized DALYs 83.57 (91.49-77.23)

rate

221822.93 (242262.50-200505.25)
4.22 (4.61-3.82)

Deaths number

Age-standardized
mortality

us

Prevalence number 585276.99 (609652.36-549975.05)

Age standardized 232.87 (242.57-218.82)
prevalence rate

DALYs number 407070.28 (433038.16-371610.62)
Age-standardized DALYs 161.97 (172.30-147.86)

rate

21496.51 (22906.35-19022.05)
8.55 (9.11-7.57)

Deaths number

Age-standardized
mortality

*959% Confidence interval (Cl) represents statistical precision, indicating the range
within which the true value is expected to lie with 95% confidence based on

the available data. 95% Uncertainty interval (Ul) reflects broader uncertainty,
incorporating not only statistical variability but also model assumptions and potential
data limitations. For further details, please refer to the Methods section.

Tobacco Induced Diseases

on data from the National Health and Nutrition
Examination Survey (NHANES). Continuous
variables were presented as mean + standard
error, while categorical variables were expressed
as frequency (percentage). Comparisons between
groups were conducted using t-tests, Mann-Whitney
U tests, or chi-squared () tests. Multivariable
logistic regression models were employed to assess
the association between smoking and bladder cancer.

Three hierarchical adjustment models were
constructed: Model 1 (unadjusted); Model 2 adjusted
for age, sex, and race; and Model 3 adjusted as for
Model 2 plus education level, marital status, drinking,
physical activity, BMI, PIR, hypertension and diabetes.
Results were reported as odds ratios (ORs) with 95%
confidence intervals (Cls). Stratified analyses across
subgroups were conducted along with interaction
tests to evaluate the consistency of the association
between smoking and bladder cancer. Subgroup
findings were visualized through forest plots. To
account for the complex, multistage probability
sampling design of NHANES, survey weights were
incorporated throughout the analyses to ensure
nationally representative estimates.

RESULTS

Global and US bladder cancer burden and
smoking as major risk factors

Figure 2 and Table 1 present a detailed analysis of risk
factors contributing to the burden of bladder cancer,
emphasizing the impact of smoking both globally
and in the US. In 2021, the global number of deaths
from smoking-related bladder cancer was 58766.87
(95% UI: 49381.34-70891.72), and the number of
disability-adjusted life years (DALYs) attributable to
smoking-related bladder cancer was 107082.78 (95%
UlI: 87698.70-129617.13). During the same period,
the number of deaths from bladder cancer caused by
smoking in the US was 2535.77 (95% Ul: 334.76-
5692.50), and the corresponding number of DALYs
was 1238303.16 (95% UI: 1044303.32-1478220.98).
Notably, the age-standardized mortality rate (ASDR)
in the US was 1.97 (95% UI: 1.57-2.47), which was
significantly higher than the global rate of 1.12 (95%
UI: 0.94-1.35). The age-standardized disability-
adjusted life year (ASDAR) rate in the US was also
markedly higher than the global average, with rates
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of 42.60 (95% Ul: 34.89-51.57) and 23.56 (95% UI:
19.87-28.13), respectively.

The temporal trend analysis (Figure 3) indicates
that the burden of bladder cancer attributable to
smoking has generally declined on a global scale,
whereas no significant reduction has been observed
in the US. Between 1990 and 2021, the number of
deaths from smoking-related bladder cancer, as well as
the associated disability-adjusted life years (DALYs),
increased both globally and in the US. While global
indicators demonstrate a decline in age-standardized
death rates (ASDR) and age-standardized DALY rates
(ASDAR), an opposite trend has emerged in the US,
reflecting an increasing burden of smoking-related

Tobacco Induced Diseases

bladder cancer. In particular, over the past decade,
ASDAR in the US exhibited a modest decline; however,
since 2020, it has shown an upward trajectory.

The age-standardized death rate (ASDR) and
age-standardized disability-adjusted life year rate
(ASDAR) for smoking-related bladder cancer were
highest in the 90-94 years age group, both globally
and in the US, underscoring the cumulative and long-
term health impacts of smoking (Figure 4). For the
contribution of different risk factors by age group to
bladder cancer deaths, with smoking identified as the
predominant contributor both globally and in the
US. Smoking-attributable bladder cancer mortality
reaches its peak at 70-74 years of age worldwide

Figure 2. Comparative analysis of smoking-attributable bladder cancer burden between global and US

populations in 2021

Proportion of DALY attributable to risk factors(%o)
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and at 75-79 years in the US. DALYs attributable to
smoking peaked in the 70-74 years age range in both
global and US populations.

NHANES study participant characteristics

A total of 119555 participants from NHANES were
included in this study. After excluding individuals
with missing data on bladder cancer status or smoking
history, the final analytic sample comprised 66391
participants, including 66204 without bladder cancer
and 187 with bladder cancer. Table 2 presents the
demographic characteristics stratified by bladder
cancer status. Significant differences were observed
between the bladder cancer and non-bladder cancer
groups in terms of smoking history, age, sex, ethnicity,
marital status, physical activity, and the prevalence

Tobacco Induced Diseases

of hypertension and diabetes, whereas no significant
differences were noted in BMI, education level, or
alcohol consumption. Patients with bladder cancer had
a higher proportion of males, an older average age,
and were more likely to have a history of smoking,
low physical activity, as well as comorbid hypertension
and diabetes.

Association analysis between smoking and
bladder cancer

To explore the relationship between smoking history
and the risk of bladder cancer, three multivariable
logistic regression models were constructed (Table
3). All models demonstrated a statistically significant
positive association between smoking and the
incidence of bladder cancer. The odds ratios (ORs) and

Figure 3. Temporal trends in smoking-related bladder cancer burden in 1990-2021
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Figure 4. Age-stratified contribution of smoking to bladder cancer burden
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Age-stratified contribution of smoking to bladder cancer burden of USA
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Figure 5. Subgroup heterogeneity in smoking-associated bladder cancer risk

subgroup

Gender

Male

Female

Age (year)

20-59

2i60

Race

Mexican American
Other Hispanic
Non=Hispanic White
Non-Hispanic Black
Other races

Marital status
Married/living with partner
Widowed/divorced/separated
Never married
Physical activity

No

Yes

Hypertension

No

Yes

Diabetes

No

Yes

n.(%)

31664 (47.69)
34727 (52.31)

44034 (66.33)
22357 (33.67)

10437 (15.72)
5706 (8.59)
30082 (45.31)
13638 (20.54)
6528 (9.83)

38968 (58.69)
18807 (28.33)
8616 (12.98)

25363 (38.20)
41028 (61.80)

38458 (57.93)
27933 (42.07)

54814 (82.56)
11577 (17.44)

OR(95%Cl) P

0.031
— 0021

1.78(1.06 to 3.00)
2.34(1.15 to 4.79)

——————— 0673
0.002

1.31(0.37 to 4.67)
2.04(1.31 t0 3.17)

1.29(0.35 to 4.70)

3.85(0.46 to 31.83) —
1.85(1.15 to 2.99) | ——— 0.013
1.24(0.47 to 3.28) —_—— 0.666

26.74(2.52 to 283.70)

2.50(1.47 to 4.25) L —— <00
1.40(0.68 to 2.87) —_—— 0.362
051(0.11t0 2.48)  +——i 0.409
2.14(1.09 to 4.17) ——————— 0028
1.92(1.14 to 3.23) —— 0.016
1.94(1.00 to 3.78) _— 0.052
2.07(1.19 to 3.60) S — 0.011
2.04(1.23 to 3.40) L—— 0.007
1.88(0.86 to 4.12) H—————  0.117

Lower risk Higher risk

Proportion of DALYs (Disability-Adjusted Life Years) attributable to risk factors (%)

P.for.interaction
0.385

0.741

0.021

0.336

0.760

0.875

0.894
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95% confidence intervals (Cls) for Models 1 (crude
ORs), 2 (adjusted ORs), and 3 (adjusted ORs) were

2.88 (95% CI: 1.93-4.29), 2.01 (95% CI: 1.31-3.07),

and 2.00 (95% CI: 1.31-3.07), respectively. The fully
adjusted model (Model 3) indicated that smokers had

Subgroup analysis
To assess the robustness of the association between

Tobacco Induced Diseases

approximately twice the risk of developing bladder
cancer compared to non-smokers.

Table 2. Baseline characteristics of participants aged >20 years included in the NHANES 1999-2023 dataset,

stratified by bladder cancer (BCa) status

Age (years), mean (SE)
BMI (kg/m?), mean (SE)
Sex

Male

Female

Race

Mexican American
Other Hispanic
Non-Hispanic White
Non-Hispanic Black
Other race

Education level

Lower than high school/high school
Higher than high school
Marital status
Married/living with partner
Widowed/divorced/separated
Never married

Smoke

No

Yes

Drinking

No

Yes

Physical activity

No

Yes

Hypertension

No

Yes

Diabetes

No

Yes

PIR

<13

1.3-3.5

>3.5

47.23 (0.16)
28.88 (0.06)

31524 (48.04)
34680 (51.96)

10427 (8.08)
5701 (6.16)
29935 (66.83)
13624 (11.28)
6517 (7.64)

16746 (16.46)
49458 (83.54)

38843 (62.87)
18752 (23.68)
8609 (13.44)

36594 (54.84)
29610 (45.16)

19237 (25.11)
46967 (74.89)

25277 (34.46)
40927 (65.54)

38395 (63.57)
27809 (36.43)

54684 (86.93)
11520 (13.07)

20151 (21.91)
24927 (35.77)
21126 (42.32)

72.20 (1.00)
29.13 (0.52)

140 (70.96)
47 (29.04)

10 (1.72)
5(0.93)
147 (87.81)
14 (3.85)
11 (5.69)

52 (17.66)
135 (82.34)

125 (68.19)
55 (27.88)
7(3.92)

54 (29.68)
133 (70.32)

47 (22.42)
140 (77.58)

86 (44.24)
101 (55.76)

63 (37.64)
124 (62.36)

130 (72.49)
57 (27.51)

43 (16.79)
85 (42.69)
59 (40.52)

<0.001
0.635
<0.001

<0.001

0.661

0.014

<0.001

0.511

0.017

<0.001

<0.001

0.198

Statistical analyses were performed using R 4.3.0. Continuous data with a normal distribution are expressed as mean (standard error, SE), and comparisons between groups were
made using an independent two-sample t-test. Categorical data are presented as n (%), and group comparisons were performed using the chi-squared test or Fisher's exact test,
depending on the distribution of the data. PIR: poverty income ratio. A p<0.05 was considered statistically significant.
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Table 3. Association analysis between smoking and bladder cancer

Non-smokers ® 1.00 1.00 1.00
Smokers 2.88 (1.93-4.29) <0.001 2.01(1.31-3.07) 0.002 2.00 (1.31-3.07) 0.002
p for trend <0.001 <0.001 <0.001

Model 1: no covariates were adjusted. AOR: adjusted odds ratio. Model 2: adjusted for sex, age and race. Model 3: adjusted as for Model 2 plus education level, marital status,

drinking, physical activity, BMI, PIR, hypertension and diabetes. ® Reference category.

Table 4. Sensitivity analyses of smoking—bladder cancer association

Non-smokers ® 1.00 1.00 1.00
Former smokers 3.77 (2.44-5.83) <0.001 1.71 (1.09-2.70) 0.022 1.70 (1.08-2.68) 0.024
Current smokers 1.81 (1.06-3.10) 0.031 3.36 (1.90-5.94) <0.001 3.65 (2.02-6.59) <0.001

p for trend <0.001

<0.001

<0.001

Model 1: no covariates were adjusted. Model 2: adjusted for sex, age and race. Model 3: adjusted as for Model 2 plus education level, marital status, drinking, physical activity,

BMI, PIR, hypertension and diabetes. ® Reference category.

smoking history and bladder cancer across population
subgroups, stratified analyses and interaction tests
were conducted by sex, age, ethnicity, education level,
marital status, alcohol consumption, physical activity,
and the presence of hypertension or diabetes. The
results (Figure 5) indicated that ethnicity was the only
variable that significantly modified the association
between smoking and bladder cancer (interaction
p=0.021).

Sensitivity analysis

To verify the robustness of the findings, a sensitivity
analysis was conducted by further categorizing
NHANES participants with a smoking history into
current and former smokers. As shown in Table 4,
the risk of bladder cancer was significantly elevated in
both current and former smokers across all models (p
for trend <0.05). In the fully adjusted model, the risk
of bladder cancer was 70% higher in former smokers
(OR=1.70; 95% CI: 1.08-2.68) and 265% higher in
current smokers (OR=3.65; 95% CI: 2.02-6.59).

DISCUSSION

This study evaluated the impact of smoking on bladder
cancer risk and disease burden by integrating cross-

national macro-level data from the Global Burden of
Disease (GBD) study and nationally representative
individual-level data from NHANES in the US.
Although global trends since 1990 have shown a
decline in smoking-attributed age-standardized
death rates (ASDR) and disability-adjusted life
year rates (ASDAR) for bladder cancer, our analysis
demonstrates a persistent upward trend in the US,
indicating substantial challenges in bladder cancer
prevention and control efforts. Data from the 2021
GBD study indicated that smoking was the leading risk
factor for bladder cancer mortality and DALYs in the
US. Analysis of NHANES individual-level data further
confirmed a significant association between smoking
history and bladder cancer risk. In the fully adjusted
model, smokers exhibited a 100% higher risk of
developing bladder cancer compared to non-smokers.
Sensitivity analysis revealed a 70% increased risk
among former smokers and a 265% increase among
current smokers, relative to non-smokers. This finding
not only quantifies the differential impact of smoking
on the burden of bladder cancer globally and in the
US, but also emphasizes the importance of tobacco
control as a critical intervention strategy, providing
a scientific basis for formulating and optimizing
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targeted bladder cancer prevention policies.

The rising burden of smoking-related bladder
cancer in the US may be attributed to several
interrelated factors. First, there are significant
regional and population-level disparities in tobacco
use patterns and tobacco control policies. Although
tobacco control efforts over the past five decades have
successfully reduced overall smoking prevalence, the
health benefits have been unevenly distributed across
groups stratified by socioeconomic status (SES),
race/ethnicity, and sexual orientation, contributing
to persistent disparities in health outcomes. For
example, a 10-year observational study found that
smoking rates were nearly three times higher among
individuals with low SES compared to those with
high SES PMID". In addition, the widespread use of
new tobacco products, particularly e-cigarettes, has
contributed to the rising burden of bladder cancer
in the US. According to the U.S. Centers for Disease
Control and Prevention, e-cigarette use continues to
increase, and e-cigarettes along with other tobacco
products remain major contributors to preventable
morbidity and mortality in the country, despite
the decline in conventional cigarette smoking!'.
E-cigarette vapor and liquids contain a range of toxic
substances, including aldehydes, heavy metals, and
polycyclic aromatic hydrocarbons (PAHs), all of which
possess carcinogenic potential'”!'’. Furthermore,
disparities in access to and quality of healthcare
services among different populations exacerbate
regional and population-level differences in the
burden of smoking-related bladder cancer. Economic
disadvantages significantly hinder access to early

diagnosis and optimal treatment

, particularly in low-
resource communities where high smoking prevalence
and limited cessation resources contribute to poorer
clinical outcomes®'.

This study confirmed the role of smoking as an
independent risk factor for bladder cancer in a large,
nationally representative sample of the US, in line with
prior epidemiological evidence. Early case-control
studies observed that smokers had approximately
twice the risk of developing bladder cancer compared
to non-smokers, and a large prospective cohort study
in Australia further reported that smoking accounted
for nearly 50% of the total bladder cancer burden.
Molecular studies have demonstrated that tobacco

Tobacco Induced Diseases

combustion products contain potent carcinogens,
including polycyclic aromatic hydrocarbons (PAHs)
and aromatic amines, which reach the bladder
epithelium at high concentrations via urinary
excretion, thereby inducing DNA damage®*. In vitro
experiments have shown that tobacco smoke extract
activates the MAPK/AP-1 signaling pathway and
promotes aberrant proliferation of urothelial cells*,
while nicotine contributes to tumor progression and
chemoresistance through activation of the PI3K/AKT/
mTOR signaling axis*.

In conclusion, the escalating burden of smoking-
associated bladder cancer in the US highlights
the urgent need for strengthened tobacco control
efforts, particularly among populations with low
socioeconomic status (SES) and racial or ethnic
minorities. This study provides scientific evidence to
inform multi-dimensional and targeted public health
interventions aimed at reducing tobacco-related
cancer risk. These include intensifying conventional
tobacco control measures (e.g. cigarette taxation,
smoke-free legislation, and public media campaigns)
while expanding access to smoking cessation services
in underserved populations. In addition, stronger
regulation of emerging tobacco products is needed
to limit exposure to harmful constituents, with an
emphasis on protecting youth. Integrating smoking
cessation interventions into primary care systems
and urologic oncology care pathways may further
address disparities in diagnosis and treatment. The
implementation of comprehensive, equity-oriented
tobacco control strategies may help reverse the
concerning upward trajectory of bladder cancer
burden in the US.

Limitations

Several limitations should be acknowledged. First,
although GBD data are extensive, their quality and
completeness vary across countries, and estimation
uncertainty remains high in low sociodemographic
index (SDI) regions due to limited data availability.
Second, the relatively small number of bladder
cancer cases in the NHANES sample reduced the
statistical power for subgroup analyses. Additionally,
self-reporting bias and residual confounding due
to unmeasured variables may have influenced
the interpretation of the results. The findings are
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primarily applicable to individuals aged =20 years in
the US, thus limiting the generalizability of the results
to other age groups or populations. Future studies
should further investigate the long-term carcinogenic
risk and socioeconomic impact of emerging tobacco
products using longitudinal study designs and
multicenter cancer registry databases.

CONCLUSIONS

This study is the first to integrate population-level data
from the Global Burden of Disease (GBD) study with
individual-level data from NHANES to systematically
explore the association between smoking and the
increasing burden of bladder cancer in the US. The
results suggest that smokers have a two-fold increased
likelihood of developing bladder cancer compared
to non-smokers. However, given the observational
nature of the data, causal inference cannot be drawn
from these findings. These results provide valuable
insights for enhancing bladder cancer screening and
implementing targeted tobacco control strategies
among high-risk populations. Future studies should
investigate the long-term carcinogenic risks of
emerging tobacco products, such as e-cigarettes,
through the integration of cancer registry data and
mechanistic studies, to inform improved bladder
cancer prevention and control strategies.
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