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Background: Low back pain (LBP) is a leading cause of disability - adjusted life years (DALYSs) globally. Tobacco exposure has been
linked to LBP, but critical research gaps remain in quantifying its impact on LBP-related DALYs in China.

Objective: This study aims to analyze the disease burden of tobacco - related LBP among the Chinese population across all age groups
from 1990 to 2021 using the latest Global Burden of Disease (GBD) 2021 data and project trends for the next 15 years.

Methods: We utilized data from the GBD 2021 study, applying joinpoint regression and age - period - cohort analysis to assess the
disease burden of tobacco - related LBP among the Chinese population across all age groups. The autoregressive integrated moving
average (ARIMA) model was employed to forecast future trends.

Results: From 1990 to 2021, the total DALY attributed to tobacco - related LBP in China showed an increasing trend, while the age -
standardized rate (ASR) significantly declined. Specifically, the ASR for females decreased more sharply than that for males. The
joinpoint regression analysis revealed a significant overall downward trend in the disease burden. The age - period - cohort analysis
indicated that age significantly impacts the ASR, which is high in middle - to - old age groups. The ARIMA model forecast predicts
a continued decline in the ASR of DALYs over the next 15 years.

Conclusion: The findings highlight the positive impact of tobacco - control measures in reducing the disease burden of tobacco -
related LBP in China. However, the persistent high burden among males and older age groups remains a challenge. Continued and
targeted tobacco - control efforts are essential to further reduce the disease burden. The findings of this study provide critical evidence
for formulating targeted tobacco control policies, supporting the enhancement of tobacco intervention measures for high-risk
populations (eg, males and older adults) and the implementation of tobacco control strategies to reduce the LBP-related disease
burden and improve population health outcomes.
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Introduction

Low back pain (LBP) is a common musculoskeletal symptom, with presentations ranging from non - specific discomfort and
stiffness to severe pain. Typically, the pain is localized between the lower edge of the ribs and the top of the buttocks, and may
be accompanied by sciatica.'” LBP is highly prevalent globally, affecting people across all age groups and socioeconomic
backgrounds in both developed and developing countries.>* As a leading cause of disability - adjusted life years (DALYs), it
impacted 746.313 per 100,000 individuals worldwide in 2021.° It is projected that by 2050, this number will surpass
800 million,® with total DALY reaching 70,156,962.° Though LBP is not life - threatening, its significant contribution to
DALY makes it a major public health issue.”* LBP is frequently accompanied by functional disability, psychological distress
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(eg, depression and anxiety), and maladaptive pain cognitions (eg, catastrophizing and fear-avoidance beliefs), all of which

further amplify disability severity.” "' Current therapeutic modalities for LBP primarily comprise pharmacotherapy, exercise-

12714 1 BP limits patients’ mobility, work ability and quality of life, imposing

15,16

based interventions, and surgical procedures.
a heavy economic and healthcare burden on individuals, families and nations.

Tobacco, a major global public health concern, is well - known for its harmful effects on health. It’s closely linked to
various chronic diseases, including cardiovascular diseases, respiratory diseases, and different cancers.!” Recently, more
studies have pointed out that smoking might also negatively impact the musculoskeletal system, particularly causing
LBP.'"® The harmful substances in tobacco can raise the risk of LBP and worsen its symptoms. This is because these
substances may reduce the nutrition supply to the intervertebral discs, promote inflammatory responses, and decrease
bone density.'”?* Furthermore, smoking may potentially delay the recovery of LBP. In contrast, aerobic exercises (eg,
cycling) and neuromuscular rehabilitation training (eg, Mckenzie therapy) may counteract nicotine-induced muscle
atrophy and microcirculatory dysfunction. Furthermore, patient education plays a pivotal role in both the prevention
and treatment of LBP.'**

China, with the world’s largest and most rapidly growing aging population, is experiencing an increasing burden of
LBP, which is highly prevalent among the elderly.** Data from the China Health Statistics Yearbook 2023 indicate that
among inpatients discharged from public hospitals in China in 2022, the number of admissions attributed to intervertebral
disc diseases reached 995,714, with the average medical expenditure per admission amounting to as high as 11,923.19
yuan. Notably, LBP often serves as a common manifestation of intervertebral disc diseases. While the China Health
Statistics Yearbook and other Chinese databases do not publicly release direct data on LBP, the aforementioned findings
indirectly demonstrate that LBP imposes a substantial disease burden on China.>> Given that smoking is a significant risk
factor for LBP and China has a high smoking rate (27.7% in males),?® the public has long overlooked the burden of LBP
caused by tobacco exposure. Consequently, analyzing the long-term impact of tobacco exposure on the disease burden of
LBP in China is critical. Previous studies using the 2021 GBD data have analyzed disease burden for LBP in China,'” yet
the specific effects of risk factors (particularly tobacco) on the disease burden remain unclear. In the GBD 2021 database,
three level 2 risk factors—namely Tobacco, Occupational risks, and High body-mass index—collectively contribute to
the DALY's burden of LBP, with Tobacco accounting for a non-negligible proportion thereof (https://vizhub.healthdata.
org/gbd-compare/). Furthermore, although Wang et al*’ quantified the global burden of LBP attributable to smoking
across 204 countries—a study that identified a substantial burden of smoking-related LBP on a global scale—a China-

specific estimate was not provided. More importantly, smoking represents only one component of tobacco exposure,
which also encompasses second-hand smoke and chewing tobacco. Notably, within the China-focused risk-factor
analyses of the Global Burden of Disease Study 2021, only high body-mass index***° has been evaluated to date; the
contribution of overall tobacco exposure to LBP remains unexamined. Consequently, the impact of tobacco exposure on
LBP burden among the Chinese population remains entirely unquantified. This study leverages the latest GBD 2021 data
and employs joinpoint regression and age-period-cohort analysis to investigate how tobacco has shaped the LBP burden
in China from 1990 to 2021. The findings offer valuable insights into the evolving patterns of LBP burden over the past
32 years. The analysis and prediction of these specific trends hold significant value for policy formulation, resource
allocation, and the targeted positioning of intervention measures.

Materials and Methods

Research Population and Data Compilation

The GBD 2021 study, with updated epidemiological data and enhanced standardization, quantified health loss from 371
diseases across 204 regions, using the death, DALY and etc. metric.° The GBD study evaluates the extent to which
various risk factors contribute to disease burden by comparing observed levels to a theoretical minimum risk exposure
level.*® The definition of tobacco exposure can be found in Li et al’s research.’ The GBD 2021 database classifies
disease according to the International Classification of Diseases, 10th Revision (ICD-10)."> In the ICD-10, LBP is
categorized under the codes M54.3 and M54.4.* In GBD, the disease burden from tobacco - related LBP is measured by

DALYs and years of life lost (YLLs). Since LBP is not fatal, the deaths and years lived with disability (YLDs) metrics do
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not apply, and DALY equal YLLs here. Our analysis focuses on “China”. To facilitate comparison with other risk factors
for LBP, we also extracted data on all level 2 risk factors for LBP and included them in the subsequent analysis.

Data Analysis

Overview

We initiated our data analysis by assessing the dataset structure to estimate the number and age - standardized rate (ASR)
of DALYs from tobacco - induced LBP in China. Then, we analyzed measurement changes from 1990 to 2021. This
analysis was conducted for the DALY per 100,000 years and the ASR.” To calculate the estimated annual percentage
change (EAPC), we used the formula: EAPC = 100x(exp(B) - 1). The 95% confidence interval (CI) for EAPC came from

a linear model.®’

An increasing trend in age - standardized metrics was indicated when both the EAPC value and the
lower bound of the 95% CI exceeded zero. A decreasing trend was observed if both the EAPC value and the upper bound
of the 95% CI were below zero. A consistent trend was suggested when the 95% CI of EAPC included zero.”'* To
determine relative changes (RC), we applied the formula: RC (%) = [(value in 2021 - value in 1990)/value in

1990]x100%. This was also based on cases per 100,000 people and ASR."'

Joinpoint Regression Analysis

The joinpoint regression model comprises multiple linear statistical models employed to assess temporal fluctuations in
disease burdens associated with tobacco - induced LBP. This model employs a statistical methodology that quantifies
fluctuations in disease incidence via the least squares technique, circumventing the subjectivity inherent in conventional
trend assessments reliant on linear trends.*> The computation of the squared sum of the residual error between the
estimated and actual values determines the inflection point of the trend’s variation. The model was developed using
Joinpoint (version 5.1.0.0; National Cancer Institute, Rockville, MD, USA). This software analyzes temporal data
patterns and subsequently applies a fundamental model by linking multiple line segments on a logarithmic scale. The
annual percentage change (APC) was computed to evaluate trends.?' The optimal number of joinpoints was identified
through a synthesis of statistical benchmarks and model fit evaluations. The model selection workflow initiated with the
minimum number of joinpoints (ie, zero) and gradually augmented this number; the increment process ceased when the
addition of further joinpoints no longer yielded a significant improvement in model fit. Notably, the built-in algorithm of
Joinpoint software was employed for this purpose, as it leverages a permutation test to assess the statistical significance
of each potential joinpoint. This software computes the residual sum of squares difference between the model incorpor-
ating the additional joinpoint and the one excluding it.**

Age-Period-Cohort Analysis

In epidemiology, age - period - cohort models are commonly utilized to distinguish the impacts of age, time period, and
birth cohort on disease burden.** These models, built on Poisson distributions, enable the analysis of DALY's trends over
time across various age groups, periods, and birth cohorts.*® To mitigate multicollinearity among age, period, and cohort
effects, the Intrinsic Estimator (IE) method was adopted. Through the imposition of constraints on model parameters, the
IE method stabilizes parameter estimates and reduces biases arising from multicollinearity, thereby allowing for an
accurate representation of the true effect of each factor.>® A log-linear regression model (expressed as log(Yi) = p +
a*agel + B*periodi + y*cohorti + €) was utilized, where Yi denotes the disease burden metrics of interest. In our study,
following the GBD classification, individuals were grouped into different age brackets at five-year intervals.’’” We
analyzed data from 1990 to 2021 in five - year cycles, calculating total DALYs for each age group. APC model fitting
was done via R version 4.3.3.

Predictive Analysis

To forecast future trends in the DALYs burden of tobacco - induced LBP, we employed the autoregressive integrated
moving average (ARIMA) model. This model was chosen for predictive purposes based on its proficiency in character-
izing long-term trends of non-stationary time series. It addresses non-stationarity through differencing (d) and captures
linear interdependencies via autoregressive (p) and moving average (q) terms. Parameterization adhered to a data-driven
framework: subsequent to verifying stationarity using the Augmented Dickey-Fuller (ADF) test, the auto.arima algorithm
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fine-tuned the (p, d, q) parameters with the Akaike Information Criterion (AIC) and Bayesian Information Criterion
(BIC), thereby avoiding subjective bias.***? This model leverages the autocorrelation of time-series data to predict future
values based on historical observations. The core principle of ARIMA is that data series are time-dependent random
variables, characterized by their autocorrelation structure. For the model to be effective, the time series must be stationary
and stochastic, with a mean of zero.*®* To ensure the reliability of the prediction results, we also employed the Bayesian
Age-Period-Cohort (BAPC) model as a supplementary approach for prediction.*® R version 4.3.3 and JD_GBDR (V2.22,
Jingding Medical Technology Co., Ltd.) was used for the drawing of the figures in the predictive analysis.

Results

Overview of the Global Burden

Results of the Trend Analysis for DALYs Burden of Tobacco - Induced LBP in China

In the GBD 2021 database, the level 2 risk factors associated with LBP comprise three distinct categories: Occupational
risks, Tobacco, and High body-mass index. The burden that these three factors contribute to LBP-related DALY is
illustrated in Figure 1. Notably, tobacco exposure imposes a non-negligible burden on LBP-related DALYSs.

In 1990, the total DALY attributed to LBP caused by tobacco exposure in China was 1,296,252.183 (95% UI:
792,675.648-1,906,635.951), with an ASR of 130.990 (95% UI: 79.755-191.821). Specifically, males accounted for
1,071,076.120 (95% UI: 662,748.772-1,560,749.618) in total DALY, corresponding to an ASR of 209.046 (95% UI:
129.466-301.633); females had a total of 225,176.064 (95% UI: 123,887.756-361,890.708) DALYSs, with an ASR of
49.505 (95% UI: 27.310-79.032).

By 2021, compared with 1990, the total DALYs for LBP due to tobacco exposure in China had increased to
1,853,130.073 (95% UIL: 1,084,580.575-2,703,582.504), representing a 42.96% rise, while the ASR decreased by
30.69% to 90.789 (95% UIL: 53.256-131.008). Among males, total DALY's rose by 45.52% to 1,558,580.115 (95% UI:
931,831.256-2,265,680.096), with a 26.11% decline in ASR to 154.468 (95% UI: 92.951-224.169); among females, total
DALYs increased by 30.81% to 294,549.958 (95% UI: 158,883.597—472,835.863), accompanied by a 45.43% drop in
ASR to 27.017 (95% UI: 14.458-43.125).

Findings from the EAPC revealed a downward trend in the overall ASR from 1990 to 2021 (—1.02 [95% CI: —1.12,
—0.93]), with females showing a more pronounced decline (—1.75 [95% CI: —1.87, —1.63]) compared to males (—0.81
[95% CI: —0.90, —0.72]) (Table 1, Figure 2).

Results of the Trends by Year, Sex and Age for DALYs Burden of Tobacco - Induced LBP in China
Figure 3 shows the disease burden of DALYs caused by tobacco - induced LBP across different age and sex groups in
China in 2021. It can be seen that from the age of 3034, tobacco - related LBP begins to impact the Chinese population,
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Figure | Heatmap of Contributions of Different Level 2 Risk Factors to LBP-Related DALYs in China. (A) Absolute numbers of DALYs; (B) ASR of DALYs.
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Table | DALYs Burden of Tobacco-Induced Low Back Pain in China by Sex, 1990-2021

Sex 1990 2021 1990-2021

Number of Years (95% Ul) ASR (95% UI) Number of Years (95% Ul) ASR (95% UI) EAPC (95% CI) RC of Numbers | RC of ASR
(%) (%)

Both 1296252.183 130.990 1,853,130.073 90.789 —1.02(-1.12,-0.93) | 42.96 —30.69
(792,675.648-1,906,635.951) (79.755-191.821) (1,084,580.575-2,703,582.504) (53.256-131.008)

Male 1071076.120 209.046 1,558,580.115 154.468 —0.81(—0.90,-0.72) | 45.52 =26.11
(662,748.772—1,560,749.618) (129.466-301.633) (931,831.256-2,265,680.096) (92.951-224.169)

Female | 225176.064 49.505 294,549.958 27.017 —1.75(-1.87,-1.63) | 30.8I —45.43
(123,887.756-361,890.708) (27.310-79.032) (158,883.597—-472,835.863) (14.458-43.125)

Abbreviations: ASR, age-standardized rate; RC, relative change; EAPC, estimated annual percentage change; Ul, uncertainty interval; Cl, confidence interval.
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Figure 2 Age-standardized DALYs (per 100000) and number of DALYs of females and males in China from 1990 to 2021.
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Figure 3 Trends in DALYs number and age-standardized rate of tobacco-induced low back pain by gender and age group in China, 2021.

with the disease burden increasing with age, peaking at 50-54 years old, then declining but still affecting those aged 95
and above. ASR also shows similar trends. It should be noted that in terms of both total number and ASR, males are
significantly higher than females.

Table 2 presents a detailed analysis of the DALY's burden caused by tobacco - induced LBP in China for the years 1990 and
2021. In 1990, the highest DALY's burden was observed in the 35—39 years age group, while the lowest was in those aged 95+.
The highest ASR was in the 65-69 years age group, and the lowest in the 30-34 years group. By 2021, the highest DALYs
burden shifted to the 50-54 years age group, with the lowest remaining in the 95+ years group. The highest ASR in 2021 was
in the 30-34 years age group. In terms of relative changes, the 95+ years group showed the most significant increase in total
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Table 2 DALYs Burden of Tobacco-Induced Low Back Pain in China by Different Age Groups, 1990-2021

Age Group 1990 2021 1990-2021

Number of Years (95% Ul) ASR (95% UI) Number of Years (95% Ul) ASR (95% UI) EAPC (95% CI) RC of Numbers | RC of ASR
(%) (%)

30-34 years 125180.446 141.857 108,930.082 89.911 —0.93(—1.40,-0.46) | —12.98 —36.62
(65,965.016-202,598.946) (74.753-229.589) (56,425.053-181,857.910) (46.573-150.106)

35-39 years 179730.217 196.773 138,846.296 131.032 —0.85(—1.32,-0.38) | —22.75 —33.4l1
(102,457.291-284,273.710) (112.172-311.229) (77,582.520-224,713.349) (73.216-212.067)

40-44 years 166270.736 247.816 173,097.703 189.108 0.50(-0.02,1.02) 4.11 —23.69
(95,846.779-262,258.531) (142.854-390.880) (99,355.504-272,582.246) (108.545-297.794)

45-49 years 144010.466 278.988 234,984.512 213.000 1.87(1.51,2.23) 63.17 —23.65
(76,006.125-240,103.709) (147.245-465.146) (125,294.268-385,923.186) (113.572-349.817)

50-54 years 155283.942 325.469 278,360.549 230.318 2.32(2.03,2.62) 79.26 -29.23
(83,073.067—248,668.148) (174.118-521.198) (150,571.272—455,699.574) (124.584-377.050)

55-59 years 150935.386 348.025 263,333.232 239.519 2.06(1.64,2.48) 74.47 -31.18
(85,049.064—248,080.694) (196.105-572.022) (149,260.876—425,123.722) (135.763-386.679)

60-64 years 133561.466 377.960 184,862.088 253.218 1.79(1.37,2.22) 3841 -33
(72,337.043-217,648.277) (204.704-615.914) (98,716.386-293,567.760) (135.218-402.119)

65-69 years 109570.924 401.626 201,210.333 262.322 1.97(1.59,2.34) 83.63 —34.69
(58,695.956—179,895.986) (215.147-659.399) (107,893.859-339,681.403) (140.664—442.850)

70-74 years 74813.930 397.573 129,787.605 243.520 1.78(1.60,1.97) 73.48 —-38.75
(38,431.516—126,061.950) (204.231-669.913) (65,475.366-212,168.478) (122.851-398.091)

75-79 years 36517.847 320.875 77,787.805 234.874 2.90(2.70,3.10) 113.01 —26.8
(19,314.438-59,345.867) (169.712-521.461) (42,254.498-129,233.010) (127.584-390.209)

80-84 years 15215.020 287.232 39,228.803 198.207 3.30(3.19,3.40) 157.83 —30.99
(7862.832-24,696.890) (148.436—466.232) (20,536.873-63,602.614) (103.764-321.358)

85-89 years 4436.339 262.995 17,645.427 185.239 4.37(4.21,4.52) 297.75 —29.57
(2343.532-7627.940) (138.929-452.199) (9395.615-29,169.783) (98.634-306.220)

90-94 years 655.472 213.633 4366.368 148.922 6.04(5.72,6.36) 566.14 —-30.29
(335.182-1118.553) (109.243-364.561) (2085.321-7149.675) (71.123-243.851)

95+ years 69.993 172.856 689.270 107.850 7.88(7.21,8.57) 884.77 —37.61
(33.885-122.792) (83.684-303.249) (332.572-1198.443) (52.038-187.521)

Abbreviations: ASR, age-standardized rate; RC, relative change; EAPC, estimated annual percentage change; SDI, sociodemographic index; Ul, uncertainty interval; Cl, confidence interval.
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DALYs (884.77%), while the 35-39 years group experienced the most noticeable decrease (—22.75%). For ASR, all age
groups saw a decline, with the 4549 years group having the smallest decrease (—23.65%) and the 70-74 years group the
largest (—38.75%). The EAPC results indicated that between 1990 and 2021, the DALY's burden grew the most in the 95+
years age group, while the 30-34 years age group saw a reduction in DALYs.

Results of the Joinpoint Analysis

Joinpoint analysis revealed an overall AAPC of —1.18 (=1.21 to —1.15) from 1990 to 2021, indicating a statistically
significant downward trend in the burden of tobacco - induced LBP. This trend was segmented into five distinct phases:
1990-1993 (APC: —3.05 [95% CI: —3.23 to —2.87]), 1993-1999 (APC: —1.51 [95% CI: —1.59 to —1.43]), 1999-2005
(APC: —1.27 [95% CI: —1.36 to —1.19]), 2005-2012 (APC: —0.44 [95% CI: —0.50 to —0.38]), and 2012-2021 (APC:
—0.84 [95% CI: —0.87 to —0.81]), with all periods demonstrating significant trends (P < 0.05). The temporal patterns for
males and females were broadly consistent with the overall trend (Table 3, Figure 4).

Results of the Age-Period-Cohort Analysis
Figure 4 presents the age-period-cohort analysis of the age - standardized DALYs rate (ASDR) for tobacco - induced
LBP in China. Age significantly impacts the ASDR, which is high in middle - to - old age (around 40-75 years). Both the
longitudinal (Figure 5A) and cross - sectional (Figure 5B) analyses confirm this. Age deviations (Figure 5C) reveal that
the actual risk in this age range is higher than expected. The long - term and cross - sectional rate ratio (Figure 5D) shows
a downward trend, indicating that the age - related increase in DALY's has become less pronounced in recent periods.
Over the entire period, the ASDR has decreased (Figure SE). The period rate ratio (Figure 5F) indicates a lower - than
- before risk in later periods. However, period deviations (Figure 5G) show that recent ASDR is higher than expected.
Different birth cohorts show slight, nonsignificant differences in ASDRs from tobacco - related LBP. Newer cohorts
have somewhat lower rates than older ones (Figure 5SH). Cohort deviations (Figure 5I) reveal minimal variation around
expected values, with minor fluctuations in early cohorts (around 1920). The fitted cohort pattern (Figure 5J) also shows
higher ASDRs in older cohorts and lower ones in newer cohorts.
Finally, the local drifts (Figure 5K) remain below zero throughout the study period, indicating a downward trend in ASDRs.

Table 3 Joinpoint Regression Analysis: Trends in Age-Standardized
DALYs Rates (per 100,000 Years) Among Both Sexes, Males, and
Females in China, 1990-2021

Gender | DALYs

Period APC (95% CI) AAPC (95% CI)

Both 1990-1993 | —3.05 (—3.23 - —2.87) | —1.18 (—=1.21 - —1.15)
1993-1999 | —1.51 (-1.59 - —1.43)
1999-2005 | —1.27 (—1.36 - —1.19)
2005-2012 | —0.44 (—0.50 - —0.38)
2012-2021 | —0.84 (—0.87 - —0.81)
Male 1990-1993 | —2.80 (—2.96 - —2.64) | —0.97 (—1.00 - —0.95)
1993-1999 | —1.32 (—1.39 - —1.24)
1999-2005 | —0.97 (—1.04 - —0.89)
2005-2013 | —0.28 (—0.33 - —0.24)
2013-2021 | —0.72 (—0.76 - —0.69)
Female 1990-1993 | —4.28 (—4.46 - —4.09) | —1.93 (—1.97 - —1.90)
1993-1997 | —2.03 (—2.22 - —1.85)
1997-2004 | —2.43 (—2.49 - —2.37)
2004-2011 | —0.94 (—1.00 - —0.88)
2011-2021 | —1.52 (—1.55 - —1.49)

Abbreviations: AAPC, average annual percent change; APC, annual percent change;
Cl, confidence interval.
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Results of the Predictive Analysis

Our forecast projects the future 15 - year disease burden of tobacco - induced LBP in terms of DALYs. As shown in
Table 4, the model validation results of the ARIMA model indicate that the predictive models for females and the overall
population are superior to that for males, yet all of them exhibit a high level of credibility. Looking ahead to the next 15

years, the ASR of DALYs is anticipated to continue its decline, regardless of gender or for the overall population

Table 4 Validation of ARIMA’s Suitability for Long-Term Predictions

Sex AIC BIC LB p value | RMSE | MAE | MAPE
Both —6.360 | —2.156 | 0.312 0.851 0.731 | 0.794
Male 14.706 18.909 0.136 1.960 1.668 | 1.067
Female | —31.953 | —27.750 | 0.314 0.067 0.056 | 0.202

Abbreviations: AIC: Akaike Information Criterion, BIC: Bayesian Information Criterion,
LB p value: Ljung-Box Test p-value, RMSE: Root Mean Square Error, MAE: Mean Absolute
Error, MAPE: Mean Absolute Percentage Error.
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(Figure 6). The temporal trends of the prediction results from the BAPC model and the ARIMA model are almost
identical, which reinforces the reliability of the ARIMA model’s prediction results (Figure 7).

Discussion

Discussion on Chinese Trend Analysis Results

Our analysis reveals a rising trend in the total DALY's attributed to tobacco - induced LBP in China from 1990 to 2021,
yet the ASR exhibits a significant decline. This pattern reflects the positive impact of China’s tobacco - control efforts in
curbing the risk and burden of LBP.

When examining gender - specific differences, the pronounced decline in ASR among females indicates that tobacco -
control measures and health promotion strategies have been more effective in this group. In contrast, the substantial
increase in total DALYs among males may stem from their historically higher smoking rates,”® which contribute to
a persistent rise in LBP incidence due to the long - term cumulative effects of smoking. Another potential explanation for
such disparities lies in findings from a national survey in China, which reported a smoking prevalence of 27.7% among
males, whereas the corresponding rate among females was only 2.0%.%° Furthermore, females demonstrated significantly
higher willingness to quit smoking and higher success rates in smoking cessation compared to males.*’
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Figure 6 Predicted trends of tobacco-induced low back pain over the next 15 years (2022-2036) using the ARIMA model (A) ASR of DALYs of both sex; (B) ASR of DALY of
male; (C) ASR of DALY's of female). Red lines represent the true trend during 1990-2021; yellow dot lines and shaded regions represent the predicted trend and its 95% CI.
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Figure 7 Predicted trends of tobacco-induced low back pain over the next 15 years (2022-2036) using the BAPC model (A) ASR of DALY of both sex; (B) ASR of DALY's of male;
(C) ASR of DALYs of female). Grey blue lines represent the true trend during 1990-2021; red lines and shaded regions represent the predicted trend and its 95% CI.
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The EAPC analysis further confirms the downward trend in overall ASR, with distinct gender differences. This
suggests that tobacco - control policies and preventive strategies for LBP should be tailored to different genders.
Additionally, it is essential to explore other potential factors underlying the changes in disease burden, such as improved
healthcare and enhanced health awareness, to provide a comprehensive basis for further reducing the burden of tobacco -
related LBP.

Synthesis of Gender and Age Trends
The analysis of DALY's burden trends by year, sex, and age for tobacco - induced LBP in China reveals several important
patterns.

The increasing disease burden with age, peaking at 5054 years old, and the higher burden in males than females may
be due to the accumulation of smoking - related health damage over time, and the higher smoking rates among males.
The shift in the highest DALYs burden from the 35-39 years age group in 1990 to the 50—54 years age group in 2021
could reflect changes in smoking patterns and the delayed impact of smoking on health.** Meanwhile, the significant
increase in total DALY's in the 95+ years group might be associated with the aging population and increased survival of
individuals with smoking - related health problems. Studies have demonstrated that the proportion of the elderly
population in China has exhibited the fastest growth rate, giving rise to a unique phenomenon of “second-stage
aging.”*’
partially attributable to decades of tobacco exposure—such an excessive disease burden becomes the fundamental driver

When combined with the relatively high prevalence of LBP in this elderly group—whose LBP burden is

of the increase in LBP-related DALYs. The overall decline in ASR across all age groups indicates the positive effect of
tobacco - control measures and improved healthcare, especially since China signed the WHO Framework Convention on
Tobacco Control in November 2003 and it came into effect in January 2006,**** but the differences in changes among
age groups suggest that the effectiveness of these measures may vary across different generations.

The EAPC results further highlight the complex dynamics of the DALYs burden over time. The growth in the 95+
years group and the reduction in the 30-34 years group may imply that younger generations are less affected by tobacco -
induced LBP, possibly due to more effective prevention and control efforts targeting younger populations in recent years.
However, the growing high burden in older age groups remains a challenge.

In summary, these findings emphasize the importance of continued and targeted tobacco - control efforts across
different age groups and genders to further reduce the disease burden of tobacco - induced LBP in China.

Interpreting the Positive Impact of Tobacco - Control Measures Through Joinpoint

Regression Analysis

The Joinpoint regression analysis of the disease burden of tobacco - related LBP in China from 1990 to 2021 reveals
a significant overall downward trend, as evidenced by the AAPC of —1.18. This finding is highly consistent with the
positive outcomes of tobacco - control initiatives and healthcare improvements implemented over the years, especially
since the WHO FCTC came into force in China in January 2006, China has achieved remarkable results in tobacco
control in the following aspects: Monitor Tobacco Use and Prevention Policies, Protect People from Tobacco Smoke,
Offer Help to Quit Tobacco Use, Warn about the Dangers of Tobacco, Anti - tobacco Mass Media Campaigns, Health
Warning Labels, Enforce Bans on Tobacco Advertising, Promotion and Sponsorship, and Raise Taxes on Tobacco.** The
downward trend in disease burden indicates that these measures have had a tangible impact on reducing the health risks
associated with tobacco exposure.

When examining the different phases identified by the Joinpoint analysis, it is evident that the rate of decline has
fluctuated over time. The most substantial reduction in disease burden occurred during the earlier periods (1990-1993
and 1993-1999), with APCs of —3.05 and —1.51, respectively. This suggests that the initial tobacco - control measures
may have had a more pronounced effect during these years.*® However, the APC gradually slowed down in the following
periods (1999-2005, 2005-2012, and 2012-2021), indicating that while the disease burden continued to decrease, the
pace of reduction has become less pronounced over time. This could be due to a variety of factors, such as the increasing
complexity of tobacco - induced health issues, the emergence of new risk factors, or potential limitations in the reach and
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effectiveness of current tobacco - control strategies.*® One of the more prominent contributing factors is electronic
cigarettes, which have rapidly emerged as a globally prevalent tobacco alternative since their invention in China in 2003.
As the world’s largest producer of e-cigarettes, China’s e-cigarette market has expanded rapidly against a backdrop of
inadequate strict regulation, particularly exhibiting a marked increase in appeal among adolescents and young adults.*”**
Reported data indicate that in 2021, the experimental use rate of e-cigarettes among middle school students reached
13.07%, while the current use rate stood at 3.74%.%°

It is also worth noting that the temporal patterns for males and females were broadly consistent with the overall trend.
This implies that both genders have benefited from the tobacco - control measures and healthcare improvements,
although the specific impact and effectiveness may still vary between males and females. For example, males may
have experienced a more significant reduction in disease burden due to their historically higher smoking rates and the
subsequent greater potential for improvement. On the other hand, females may have benefited from targeted interventions
and prevention programs aimed at reducing tobacco exposure and exposure in this population.

In summary, the Joinpoint analysis provides valuable insights into the long - term trends and patterns of the disease
burden of tobacco - related LBP in China. While the overall downward trend is encouraging, the varying rates of decline
across different periods highlight the need for continued and refined tobacco - control efforts. Future research and policy
development should focus on addressing the evolving challenges in tobacco control and identifying more effective
strategies to further reduce the disease burden, particularly in light of emerging health trends.

Age-Period-Cohort Analysis of ASDR for Tobacco - Induced LBP in China: Trends and
Insights
The age-period-cohort analysis of the ASDR for tobacco - induced LBP in China reveals several noteworthy trends and patterns.

Age significantly impacts the ASDR, with middle-to-old age groups (around 40-75 years) experiencing higher rates. This
is likely due to the cumulative effects of smoking over time, as well as the increased vulnerability to tobacco-related health
issues with advancing age. Smoking has a harmful effect on bone health, linked to osteoporosis. It can lead to reduced
vertebral bone density and cause tiny bone fractures. Over time, this damages bone tissue, triggers chronic inflammation, and
increases the likelihood and severity of further spinal harm.?* Both the longitudinal and cross-sectional analyses confirm the
heightened ASDR in this age range, and age deviations indicate that the actual risk is higher than expected. However, the long-
term and cross-sectional rate ratio shows a downward trend, suggesting that the age-related increase in DALY's has become
less pronounced in recent periods. This could be attributed to improved healthcare, increased awareness of smoking risks, or
more effective tobacco-control measures targeting older populations in recent years.

Over the entire period, the ASDR has decreased, which is a positive indication of the overall effectiveness of tobacco-
control efforts. The period rate ratio indicates a lower-than-before risk in later periods, reflecting the positive impact of
comprehensive tobacco-control strategies implemented over time. However, period deviations reveal that the recent
ASDR is higher than expected. This might be due to factors such as the introduction of new tobacco products, changes in
smoking patterns, or challenges in the enforcement of tobacco-control policies in recent years.”*>!

When examining different birth cohorts, there are slight, nonsignificant differences in ASDRs. Newer cohorts tend to
have somewhat lower rates than older ones, which may be associated with generational shifts in smoking behavior,
greater awareness of health risks, or the influence of tobacco-control policies over time. For instance, China has been
strengthening its regulation on smoking among minors.** Cohort deviations show minimal variation around expected
values, with minor fluctuations in early cohorts (around 1920). The fitted cohort pattern also indicates higher ASDRs in
older cohorts and lower ones in newer cohorts, further supporting the idea that younger generations are less affected by
tobacco-related LBP. Furthermore, demographic changes constitute another factor affecting tobacco exposure. For
instance, after becoming fathers, males in China tend to reduce smoking or quit altogether due to concerns about their
children’s health.>® Additionally, demographic disparities between urban and rural areas may contribute to differences in
smoking patterns: the smoking prevalence among residents in rural areas is 40% higher than that in urban areas.’*>*

Furthermore, the middle-aged and elderly populations also exhibit relatively high smoking prevalence.’
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Finally, the local drifts show a downward trend in ASDRs, which reinforces the notion that tobacco-control measures
and public health initiatives have been effective in reducing the disease burden of tobacco-induced LBP in China.

In summary, the age-period-cohort analysis provides valuable insights into the complex interplay of age, period, and
cohort effects on the ASDR of tobacco-induced LPB. While age remains a significant factor, the overall decreasing trend
in ASDR and the lower rates in newer cohorts are encouraging signs of the positive impact of tobacco-control efforts.
However, the recent higher-than-expected ASDR highlights the need for continued vigilance and the refinement of
tobacco-control strategies to address emerging challenges.**

Predictive Analysis of Tobacco-Induced LBP and Discussion on Prevention and

Control Strategies

The forecasted decline in the ASR of DALY for tobacco-related LBP over the next 15 years is a promising indicator of
the potential reduction in disease burden. This positive outlook can be attributed to the ongoing efforts in tobacco control
and the improvement of public health awareness and healthcare services. The superior predictive models for females and
the overall population, as indicated by the ARIMA model validation, suggest that the implemented tobacco control
measures may have been more effective in these groups. However, the relatively less accurate model for males highlights
the need for more targeted interventions, especially considering the historically higher smoking rates among males.
Despite the anticipated decline, the persistence of tobacco - induced LBP remains a public health challenge. It is crucial
to continue strengthening tobacco control policies, promoting smoking cessation programs, and raising awareness about
the harmful effects of smoking on musculoskeletal health. Additionally, further research should be conducted to better
understand the gender-specific factors influencing the disease burden and to develop more effective strategies to address
the disparities in tobacco - induced health outcomes.

Public Health Policy Recommendations Based on Research Findings

Based on the study’s findings, several public health policy recommendations are proposed. First, strengthening tobacco -
control policies is crucial. This includes stricter enforcement of smoking bans in public places, higher taxes on tobacco
products, and more prominent health warning labels.”® Tailored public education campaigns should be implemented to
raise awareness of the link between smoking and LBP, and to highlight the long - term musculoskeletal benefits of
smoking cessation. Given the higher burden of tobacco - related LBP among males and the elderly, targeted interventions
for these groups are essential. Workplace and community programs designed for men, along with senior - friendly
smoking cessation services, can help address these disparities.”’ Additionally, it is recommended to integrate multi-
disciplinary resources to establish “tobacco - control and musculoskeletal health” clinics within primary care services.
This integration, combined with the development of domestic prospective cohorts for improved data monitoring, can
support early detection and management of LBP and inform policy adjustments. Training healthcare providers on the role
of tobacco in LBP can enhance preventive care. Furthermore, given that the DALYs burden of tobacco - related LBP
begins in individuals aged 30-34 years, and considering the cumulative effects of tobacco exposure from a younger age,
it is imperative to strengthen tobacco - control policies targeting adolescents in China.?® Finally, continued monitoring
and research into the health impacts of tobacco are necessary to inform effective policy adjustments.

Limitations

This study has several limitations. First, it relies on GBD 2021 model-derived estimates rather than direct observational
data, which may introduce uncertainties, especially in regions with sparse primary data. Second, evolving diagnostic
criteria for LBP across the study period (1990-2021) could affect longitudinal comparability. Third, the analysis does not
account for confounding factors like physical activity or obesity, potentially limiting causal inference.

Furthermore, risk factor attribution in GBD studies relies on model algorithms and may be subject to certain
uncertainties. Nevertheless, GBD studies place particular emphasis on verifying the reliability of model outcomes. All
calculations are accompanied by 95% UI, with uncertainty aggregation achieved via drawing 1000 samples from the
posterior distribution—while accounting for both modeling and sampling uncertainties. This comprehensive uncertainty
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handling approach can mitigate the impact of confounding factors to a certain extent.’® Therefore, the inherent
assumptions of the model should be interpreted with caution. Additionally, the study lacks granular regional data within
China, using broad GBD classifications that obscure provincial or rural-urban disparities. Predictive models assume
stable historical trends, which may not hold with emerging factors like e-cigarettes or demographic shifts.”” Finally, the
focus on population-level metrics excludes qualitative patient outcomes and economic costs, limiting insights into
holistic health impacts.

For future studies, it is recommended to consider the dose-response curves of tobacco exposure and LBP. Point-to-
point quantitative results would facilitate a more accurate assessment of the burden imposed by tobacco exposure.
Therefore, it would be more scientifically sound to compare the attributable burden of tobacco exposure among different
populations in various regions (especially research focusing on urban and rural areas requires further integration of
relevant data within the GBD database, followed by the public release of such integrated data, to enable in-depth
investigations), taking into account the spatiotemporal variations in tobacco exposure patterns (eg, smoking prevalence,
types of tobacco products) and the susceptibility profiles of specific populations (eg, age, gender, genetic factors). The
results of this study provide valuable epidemiological evidence to inform targeted interventions for countries worldwide,
aiming to mitigate tobacco-related LBP burden and its associated DALYs.

Conclusion

This study analyzed the impact of tobacco exposure on LBP-related DALY's in China from 1990 to 2021 and projected
trends for the next 15 years. The results showed an increasing trend in total DALY, but the ASR exhibited a significant
decline. This reflects the positive impact of China’s tobacco-control efforts. The ASR for females decreased more
pronouncedly than that for males, indicating that tobacco-control measures and health promotion strategies have been
more effective in females. However, the substantial increase in total DALY's among males may be due to their higher
smoking rates and the long-term cumulative effects of smoking. Our forecast projects a continued decline in the ASR of
DALYs over the next 15 years. In conclusion, this study not only provides empirical evidence for evaluating the
effectiveness of tobacco control policies but also offers targeted recommendations for specific target populations (ie,
the elderly and males), and emphasizes the importance of continuing and strengthening tobacco-control efforts across
different age groups and genders to further reduce the disease burden of tobacco-induced LBP in China.
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