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Introduction: There is limited evidence regarding particulate matter (PM)’s short-
term effects on pulmonary tuberculosis (PTB) hospital admission. Our study aimed 
to determine the short-term associations of the exposure to ambient PM with 
aerodynamic diameters <2.5 μm (PM2.5) and < 10 μm (PM10) with hospital admission for 
PTB in Hainan, a tropical province in China.

Methods: We collected individual data on patients hospitalized with PTB, PM2.5, PM10, 
and meteorological data from 2016 to 2019 in Hainan Province, China. Conditional 
logistic regression models with a time-stratified case-crossover design were used to 
assess the short-term effects of PM2.5 and PM10 on hospital admission for PTB at a 
spatial resolution of 1 km  ×  1 km. Stratified analyses were performed according to age 
at admission, sex, marital status, administrative division, and season of admission.

Results: Each interquartile range (IQR) increases in the concentrations of PM2.5 
and PM10 were associated with 1.155 (95% confidence interval [CI]: 1.041–1.282) 
and 1.142 (95% CI: 1.033–1.263) hospital admission risks for PTB at lag 0–8 days, 
respectively. The stratified analyses showed that the effects of PM2.5 and PM10 were 
statistically significant for patients aged ≥65 years, males, married, and those residing 
in prefecture-level cities. Regarding seasonal differences, the associations between 
PM and hospital admission for PTB were statistically significant in the warm season 
but not in the cold season. The effect of PM2.5 was consistently stronger than that of 
PM10 in most subgroups.

Conclusion: Short-term exposure to PM increases the risk of hospital admission 
for PTB. The potential impact of PM with smaller aerodynamic diameter is more 
detrimental. Our findings highlight the importance of reducing ambient PM level to 
alleviate the burden of PTB.
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Introduction

Tuberculosis (TB) is a contagious infection caused by 
Mycobacterium tuberculosis (1). Transmission of TB occurs when 
an infected person passes microbial aerosols into the alveoli of a 
new host through coughing. Drainage from any site of active TB 
can be a source of infection (2). TB poses a significant threat to 
public health worldwide (3). In 2019, there were 10 million TB 
case notifications and TB was one of the top ten causes of death, 
resulting in 1.4 million deaths worldwide. The fourth Sustainable 
Development Goal is to end the TB epidemic by 2030. However, 
TB incidence declined by only 9% from 2015 to 2019 (i.e., from 
142 to 130 per 100,000 individuals) (4). Global TB targets are off 
track with the incidence increasing from 127 to 134 per 100,000 
individuals between 2020 and 2021 (5).

TB is a disease of poverty (6). There is an apparent socio-
economic gradient in TB burden across different locations, with 
the poorest being at the highest risk (7). Common risk factors for 
TB include human immunodeficiency virus (HIV) infection, 
smoking, diabetes, alcohol abuse, undernutrition, and indoor air 
pollution (8). Outdoor air pollution may also affect TB infection 
and/or disease progression (9). Particulate matter (PM) with 
aerodynamic diameters <2.5 μm (PM2.5) and < 10 μm (PM10) are 
the two main ambient air pollutants. PM10 can be deposited in the 
bronchi and PM2.5 can further reach the alveoli. The adverse 
impacts of the PM exposure on human health have been 
comprehensively discussed in epidemiological, experimental, and 
mechanism studies (10–13). As for the impact of outdoor 
exposure to PM on TB, a few studies have suggested that short-
term exposure to ambient PM2.5 is positively associated with TB 
incidence (14–16), while others have reported a statistically 
non-significant association (17, 18). Similarly, the short-term 
association between exposure to PM10 and TB incidence has also 
been inconclusive (19–21). TB is a chronic infectious disease. 
Patients with relatively severe TB symptoms must be hospitalized. 
However, previous studies have seldom explored the association 
between PM exposure and hospital admission for TB (22).

China has a high TB burden, ranking third following India 
and Indonesia in 2019. In that year, 833,000 individuals (i.e., 58.3 
per 100,000 individuals) developed TB in China, accounting for 
8.4% of the global population (4). Of these, 775,764 had 
pulmonary tuberculosis (PTB), representing 93.1% of the total 
number of patients with TB in China (23). Hainan Province is a 
relatively less developed province in China. From 2016 to 2019, 
the PTB case notification rate in Hainan Province increased from 
76.5 to 90.3 per 100,000 individuals, with an average annual 
increase of >4.0% (24). Further, Hainan Province had China’s 
fifth-highest notification rate of PTB cases in 2019. Probing the 
association between PM exposure and hospital admission for 
PTB in Hainan Province would enrich our knowledge of the 
impact of PM on population health in tropical areas, shed light 
on targeted intervention measures, and help reduce the PTB 

burden more effectively. Herein, we  aimed to determine the 
associations of hospital admission for PTB with PM2.5 and PM10, 
and further identify the potentially vulnerable populations in 
Hainan Province, China from 2016 to 2019.

Methods

Study area

Hainan Province lies in the south of China between latitude 3°35′ 
to 20°10’N and longitude 108°37′ to 118°45′E with a land area of 
35,354 square kilometers. In 2019, the total resident population of 
Hainan Province was 9,447,200 (25). From 2016 to 2019, PM2.5 and 
PM10 exceeded the levels of 75 μg/m3 and 150 μg/m3 (class two 
standard according to Chinese National Ambient Air Quality 
Standards [GB3095-2012]) in 0.6 and 0% of the days, respectively, 
which was lower than the national average (12.5, 7.7%).

Data collection

We obtained the individual data of all PTB patients hospitalized 
in the top three largest hospitals that serve PTB patients in Hainan 
Province (i.e., Hainan General Hospital, The Second Affiliated 
Hospital of Hainan Medical University, and Haikou Municipal People’s 
Hospital) from January 1st, 2016 to December 31st, 2019. The 
collected data included the date of admission, age, sex, marital status, 
residential address, and primary diagnosis, coded according to the 
International Statistical Classification of Diseases and Related Health 
Problems, 10th edition (ICD-10). We  included all patients whose 
primary discharge diagnosis was PTB (ICD-10 codes A15–A16). This 
study was approved by the Research Ethics Committee of Hainan 
General Hospital (No. 2021–314).

Data on daily average concentrations of PM2.5 and PM10 with a 
spatial resolution of 1 km × 1 km were obtained from the National 
Earth System Science Data Center, National Science & Technology 
Infrastructure of China.1 Daily meteorological data (i.e., mean 
temperature and relative humidity) were downloaded from the 
National Meteorological Information Center.2

Study design and exposure assignment

A time-stratified case-crossover design was applied in this study 
to assess the short-term effects of PM2.5 and PM10 on hospital 
admission for PTB. For each hospital admission, the case day was the 
day of admission, whereas the control day was the same day of other 

1 http://www.geodata.cn

2 http://data.cma.cn/en

https://doi.org/10.3389/fpubh.2023.1252741
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
http://www.geodata.cn
http://data.cma.cn/en


Zhu et al. 10.3389/fpubh.2023.1252741

Frontiers in Public Health 03 frontiersin.org

weeks within the same month. This self-pairing case–control design 
has the unique advantage of controlling for long-term and seasonal 
trends as well as time-invariant subject-specific variables or those that 
change slowly over time.

In addition, we  matched each patient to the nearest 
1 km × 1 km PM grid and meteorological monitoring station based on 
the patient’s residential address (Figure 1), generating 2,157 strata of 
exposure proxies for PM and meteorological factors (including mean 
temperature and relative humidity). Patients shared the same exposure 
proxy if they were in the same stratum.

Statistical analysis

Conditional logistic regression models were used to investigate 
the effects of PM2.5 and PM10 on hospital admission for PTB. The 
model is expressed as follows:

 

log ,

,

it P PM NS Temp df
NS RH df Holiday

i i( ) = + + =( )
+ =( ) +

−α β
δ
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Where Pi is the probability of hospital admission for PTB in 
stratum i. αi  is the intercept for stratum i. Here, we  considered 
single-day lags from 0 to 14 days and multi-day lags from 0–1 to 
0–14 days (0–1 and 0–14 days mean the 2–day and 15–day moving 
average, respectively) for the concentration of PM (i.e., PM2.5 or PM10) 
(26). We added each lag term to the model separately and selected the 
lags corresponding to the models with the strongest effects of PM2.5 
and PM10 (27–29). Many previous studies have suggested that the 
effect of temperature on health outcomes is limited to 2 weeks (30–32). 
In addition, previous studies controlled for the potential confounding 
effects of current–day relative humidity when assessing the health 
effects of air pollution (28, 33). Therefore, natural cubic splines with 

three degrees of freedom (dfs) were applied to the 15–day moving 
average temperature and current-day relative humidity. An indicator 
variable for holidays is also included in the model. The reported effects 
for the risk of PTB hospitalization were expressed as odds ratios (ORs) 
and corresponding 95% confidence intervals (CIs), which were 
associated with each interquartile range (IQR) increase in 
PM concentration.

We classified Hainan Province into two administrative regions: 
prefecture-level cities and county-level divisions (including county-
level cities, counties, and autonomous counties). Stratified analyses 
were conducted by age at admission (<65 and ≥ 65 years), sex, marital 
status (married and others), administrative division (prefecture-level 
city and county-level division), and season of admission (warm [May–
October] and cold [November–April]). Differences in the estimated 
effects of PM between subgroups were tested using a Z test (34):

 

Z
SE SE

=
−

( ) + ( )
β β

β β

1 2

2
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2
2

Where β1 and β2 are the regression coefficients of PM for two 
comparative subgroups. SE (β1) and SE (β2) are the standard errors of 
β1 and β2, respectively.

Sensitivity analyses were performed to verify the robustness of the 
findings by changing the dfs of the natural cubic splines for 
temperature and relative humidity to 4–6. Two-sided p < 0.05 was 
regarded as statistically significant. R software version 4.2.2 (R 
Foundation for Statistical Computing) was used for all analyses.

Results

Table 1 shows the number and percentage of hospital admission 
for PTB in different subgroups in Hainan Province from 2016 to 2019. 

FIGURE 1

Locations of patients admitted to the top three largest hospitals in Hainan for pulmonary tuberculosis.
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FIGURE 2

Odds ratios of PTB hospitalization associated with an interquartile range increase in PM2.5 and PM10 concentration. Points are the point estimates of 
odds ratios, while lines represent the corresponding 95% confidence intervals. Lag 01-014 are moving averages of the concentrations of PM2.5 and PM10 
over 0–1 to 0–14  days. PTB, pulmonary tuberculosis; PM2.5, particulate matter with aerodynamic diameters <2.5  μm; PM10, particulate matter with 
aerodynamic diameters <10  μm.

A total of 4,562 hospital admission for PTB were included in this study, 
all of which occurred on Hainan Island (Figure 1). Patients aged < 65, 
male, married, and those living in county-level divisions accounted for 
76.2, 76.6, 79.7, and 67.7% of admissions, respectively. There were 
slightly more patients in the warm season (54.0%) than in the cold 
season. The average concentrations of PM2.5 and PM10 were 20.2 μg/m3 
and 36.2 μg/m3, respectively during the study period (Table 2).

Figure  2 illustrates the ORs of hospital admission for PTB 
associated with each IQR increase in PM2.5 and PM10 across various 
lag days. We found that the effect of PM2.5 at lag 0–8 days was the 
highest among the effects at different lags, and the same finding was 
observed for PM10. Therefore, we mainly explored the effects of PM2.5 
and PM10 at a lag of 0–8 days. Specifically, the risk of PTB 
hospitalization were, respectively, 1.155 (95% confidence interval [CI]: 
1.041–1.282) and 1.142 (95% CI: 1.033–1.263) for an IQR increase in 
PM2.5 and PM10 at a lag of 0–8 days.

Figure 3 presents the effects of PM2.5 on hospital admission for 
PTB in different subgroups. An IQR increase in PM2.5 was associated 
with 1.323 (95% CI: 1.073–1.631), 1.149 (95% CI: 1.021–1.293), 1.160 
(95% CI: 1.032–1.303), and 1.277 (95% CI: 1.089–1.498) hospital 
admission risks for PTB among patients aged ≥65 years, male patients, 
married individuals, and those living in prefecture-level cities, 

TABLE 1 Number and percentage of PTB hospitalization in different 
subgroups in Hainan Province, China, 2016–2019.

Subgroups N (%)

Age of admission, years

<65 3,476 (76.2)

≥65 1,086 (23.8)

Sex

Male 3,496 (76.6)

Female 1,066 (23.4)

Marital status

Married 3,637 (79.7)

Others 925 (20.3)

Administrative division

Prefecture-level city 1,473 (32.3)

County-level division 3,089 (67.7)

Season of admission

Warm 2,462 (54.0)

Cold 2,100 (46.0)

PTB, pulmonary tuberculosis.

TABLE 2 Summary statistics of PM2.5, PM10, and meteorological factors in Hainan Province, China, 2016–2019.

Variables Mean Minimum P25 Median P75 Maximum SD

PM2.5 (μg/m3) 20.2 1.6 12.6 18.4 25.5 122.8 9.7

PM10 (μg/m3) 36.2 7.7 26.3 34.0 43.2 145.5 13.0

Mean temperature (°C) 24.9 6.0 22.2 25.9 28.2 33.0 4.4

Relative humidity (%) 81.9 37.0 77.0 82.0 88.0 100.0 8.1

PM2.5, particulate matter with aerodynamic diameters < 2.5 μm; PM10, particulate matter with aerodynamic diameters < 10 μm; SD, standard deviation; P25, the 25th percentile; P75, the 75th 
percentile.
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respectively. As for the disparity by season, the effect of PM2.5 on 
hospital admission for PTB was statistically significant in the warm 
season (OR = 1.260, 95% CI: 1.066–1.488) but not in the cold season. 
The trends in the differences in the effects of PM10 across subgroups 
were similar to those of PM2.5, although the subgroup differences were 
not statistically significant (p > 0.05; Figures 3, 4). The effects of PM2.5 
on hospital admission for PTB seemed to be greater than those of 
PM10 for most of the subgroups.

The sensitivity analysis results suggested that the main analysis 
findings were robust when changing the dfs for the natural cubic 
splines of temperature and relative humidity to 4–6 
(Supplementary Tables S1, S2).

Discussion

The present study evaluated the short-term effects of ambient 
PM2.5 and PM10 exposure on hospital admission for PTB in a tropical 
Chinese province. It was found that both PM2.5 (OR = 1.155) and PM10 
(OR = 1.142) were positively associated with hospital admission for 
PTB, which was partially in line with the findings of previous studies 
that reported adverse effects of PM on PTB outcomes, such as 
incidence (19, 35) and mortality (36). However, Álvaro-Meca et al. 
found that the effect of PM10 on hospital admission for PTB was not 
statistically significant in HIV-infected patients (22). The health 

impact of PM on PTB hospitalization may vary across different 
populations, warranting further investigation.

The mechanism linking PM exposure to hospital admission for 
PTB remains unclear, however, several plausible explanations exist. 
Fine PM can irritate the lung tissue, damage the tracheobronchial 
mucosa, and impair the body’s anti-mycobacterial immunity by 
inhibiting the synthesis and secretion of various key inflammatory 
mediators in the fight against M. tuberculosis (37). The susceptibility 
and infection of M. tuberculosis may be aggravated when exposed to 
high concentrations of PM because it induces alterations in protective 
host immune responses (38). Meanwhile, an experimental study 
suggested that exposure to PM2.5 and PM10 increased the intracellular 
growth of M. tuberculosis (39). Therefore, PM exposure may 
exacerbate M. tuberculosis infections in the lungs and increase risk of 
hospital admission for PTB.

We found that the effect of PM2.5 on hospital admission for 
PTB was higher than that of PM10, which was consistent with 
previous studies on respiratory disease hospitalizations (28, 40). 
An experimental study also reported that PM2.5 induced higher 
oxidative stress and more malondialdehyde in rat lung epithelial 
cells and cells treated with PM2.5 were more susceptible to apoptosis 
than PM10 (41). The stronger effect of PM2.5 on PTB outcomes may 
be attributed to its physicochemical characteristics such as a larger 
surface area and longer atmospheric suspension (42). At the same 
time, PM2.5 can carry external impurities, such as metal ions, 

FIGURE 3

Odds ratios for PTB hospitalization among subgroups associated with an interquartile range increase in PM2.5 concentration. Subgroups were stratified 
by age, sex, marital status, administrative division, and season. p values were obtained with Z tests. Points are the point estimates of odds ratios, while 
lines represent the corresponding 95% confidence intervals. PTB, pulmonary tuberculosis; PM2.5, particulate matter with aerodynamic diameters 
<2.5  μm; CI, confidence interval.

https://doi.org/10.3389/fpubh.2023.1252741
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Zhu et al. 10.3389/fpubh.2023.1252741

Frontiers in Public Health 06 frontiersin.org

minerals, and polycyclic aromatic hydrocarbons into the fine 
bronchi and alveoli (43, 44), which may lead to various forms of 
inflammatory responses and impair cellular immune function in 
the lungs (45, 46).

In accordance with previous research (16), we found that patients 
aged ≥65 years were vulnerable to PM exposure. Older adults infected 
with M. tuberculosis, a potent stimulator of numerous inflammatory 
cytokines, tend to develop a range of inflammatory responses (47). 
With a decline in the innate immune response, PM inhalation may 
lead to overwhelming inflammation when superimposed on the 
inflammation associated with aging in the older adults patients with 
PTB (48).

Consistent with a previous study on TB incidence conducted 
in Shanghai (16), we found that PM significantly affected hospital 
admission for PTB in male patients but not in female patients. 
Polymorphisms of the Toll-like receptor 8 gene (gene identity: 
51311) on the X chromosome are associated with susceptibility to 
PTB in males, and susceptibility to PTB also increases in male 
carriers of rs3764880 allele A (49). Additionally, males tend to 
consume alcohol and nicotine (50), which may have a significant 
inhibitory effect on tumor necrosis factor-α  production and cell-
mediated immunity, thereby exacerbating the PTB 
progression (51).

Our study found that the association between PM and hospital 
admission for PTB was statistically significant for married patients but 
not for others. Married people have less time to perform 

stress-relieving healthy physical activity for family-related tasks, 
including childcare (52). An Indian study found that single TB 
patients had higher quality of life scores (53). A cross-sectional study 
of treated PTB patients suggested that married PTB patients had lower 
mental-domain scores (54). Less physical activity, lower quality of life, 
and poor mental health may weaken the immune system, in which 
case PM inhalation may have more harmful health effects.

In our study, the effect of PM on hospital admission for PTB varied 
according to administrative division, with PM having a greater impact 
on patients living in prefecture-level cities. This finding is similar to 
that of a national study in China that explored the associations between 
major PM2.5 components and TB incidence and mortality (55). 
Inconsistent socioeconomic characteristics across administrative 
regions may explain this result. The higher population density of 
prefecture-level cities (Supplementary Table S3) may facilitate the 
spread of respiratory viruses, such as influenza (56). Higher respiratory 
virus incidence and ambient PM concentration may exacerbate PTB 
(20, 38). Therefore, the effect of PM in prefecture-level cities tends to 
be more detrimental than that in county-level divisions.

We found that the effect of PM on hospital admission for PTB was 
statistically significant in the warm season but not in the cold season. 
The result can be interpreted as follows: First, M. tuberculosis’s rate of 
proliferation and growth increases significantly with increasing 
temperature (57). Second, on average, people spend more time 
outdoors (or with windows open) during the warm season, which can 
expose them to outdoor PM more often. Third, PM may reduce the 

FIGURE 4

Odds ratios for PTB hospitalization among subgroups associated with an interquartile range increase in PM10 concentration. Subgroups were stratified 
by age, sex, marital status, administrative division, and season. p values were obtained with Z tests. Points are the point estimates of odds ratios, while 
lines represent the corresponding 95% confidence intervals. PTB, pulmonary tuberculosis; PM10, particulate matter with aerodynamic diameters 
<10  μm; CI, confidence interval.
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phagocytosis of M. tuberculosis by peripheral blood mononuclear cells 
in warmer months but not in colder months (58).

Limitations

Our study has a few limitations. First, we included 4,562 PTB 
hospital admissions. Although the participating hospitals are the top 
three largest hospitals and the PTB patients came from 3/4 prefecture-
level cities and all 15 county-level divisions directly under the 
provincial government in Hainan, the sample size may be insufficient 
for the statistical inference of the association between exposure to 
ambient PM and hospital admission for PTB in some subgroups. More 
reliable results can be obtained using data from more hospital patients. 
Second, we  only examined the association between PTB hospital 
admission with PM2.5 and PM10. It will be interesting to further assess 
the effects of PM2.5 components and PM1. Third, measurement errors 
may exist in the exposure proxy for the PM concentration. 
Nevertheless, we used PM data with 1 km × 1 km resolution in this 
study. Effect estimates derived from such exposure data may be more 
accurate than those based on data collected from only a few 
monitoring stations. Finally, this ecological study sheds light on the 
link between PM exposure and hospital admission for PTB, however, 
the underlying mechanisms of this link warrant further investigation.

Conclusion

Taken together, exposure to ambient PM2.5 and PM10 increases the 
risk of PTB hospital admission. PM with a smaller aerodynamic 
diameter is more hazardous. Our findings highlight the importance of 
reducing ambient PM concentrations to alleviate the PTB burden.

Data availability statement

The data sets generated during and/or analyzed during the current 
study are available from the corresponding authors on 
reasonable request.

Ethics statement

This study was approved by the Research Ethics Committee of 
Hainan General Hospital (No. 2021-314). Written informed consent 
was not required as the data was anonymized for the study. Consent 
was waived by the Research Ethics Committee.

Author contributions

P-PZ: formal analysis, methodology, software, visualization, and 
writing – original draft. YG: conceptualization, funding acquisition, 
investigation, project administration, resources, validation, and 
writing – original draft. G-ZZ: resources and writing – original draft. 
RL, X-BL, X-XF, JF, and FL: data curation. Y-PZ: conceptualization, 
supervision, and writing – review and editing. LL: conceptualization, 
funding acquisition, methodology, supervision, and writing – review 
and editing. All authors contributed to the article and approved the 
submitted version.

Funding

This work was supported by the National Natural Science 
Foundation of China [82003555] and Hainan Province Science and 
Technology Special Fund [ZDYF2021SHFZ079].

Acknowledgments

We thank the staff of the three participating hospitals for 
collecting data.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.1252741/
full#supplementary-material

References
 1. Gagneux S. Ecology and evolution of Mycobacterium tuberculosis. Nat Rev 

Microbiol. (2018) 16:202–13. doi: 10.1038/nrmicro.2018.8

 2. Glassroth JL. Letter: transmission of tuberculosis. JAMA. (1976) 236:1578. doi: 
10.1001/jama.1976.03270150016016

 3. Gengenbacher M, Kaufmann SH. Mycobacterium tuberculosis: success through 
dormancy. FEMS Microbiol Rev. (2012) 36:514–32. doi: 10.1111/j.1574-6976.2012.00331.x

 4. World Health Organization. Global Tuberculosis Report; (2020). Available at: 
https://www.who.int/publications/i/item/9789240013131 (Accessed July 01, 2023).

 5. National Center for Tuberculosis Control and Prevention. Chinese Center for 
Disease Control and Prevention; (2023). Available at: https://tb.chinacdc.cn/ (Accessed 
July 01, 2023).

 6. Furin J, Cox H, Pai M. Tuberculosis. Lancet. (2019) 393:1642–56. doi: 10.1016/
S0140-6736(19)30308-3

 7. Lönnroth K, Jaramillo E, Williams BG, Dye C, Raviglione M. Drivers of tuberculosis 
epidemics: the role of risk factors and social determinants. Soc Sci Med. (2009) 
68:2240–6. doi: 10.1016/j.socscimed.2009.03.041

https://doi.org/10.3389/fpubh.2023.1252741
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1252741/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1252741/full#supplementary-material
https://doi.org/10.1038/nrmicro.2018.8
https://doi.org/10.1001/jama.1976.03270150016016
https://doi.org/10.1111/j.1574-6976.2012.00331.x
https://www.who.int/publications/i/item/9789240013131
https://tb.chinacdc.cn/
https://doi.org/10.1016/S0140-6736(19)30308-3
https://doi.org/10.1016/S0140-6736(19)30308-3
https://doi.org/10.1016/j.socscimed.2009.03.041


Zhu et al. 10.3389/fpubh.2023.1252741

Frontiers in Public Health 08 frontiersin.org

 8. Lönnroth K, Castro KG, Chakaya JM, Chauhan LS, Floyd K, Glaziou P, et al. 
Tuberculosis control and elimination 2010-50: cure, care, and social development. 
Lancet. (2010) 375:1814–29. doi: 10.1016/S0140-6736(10)60483-7

 9. Cohen A, Mehta S. Pollution and tuberculosis: outdoor sources. PLoS Med. (2007) 
4:e142. doi: 10.1371/journal.pmed.0040142

 10. Brunekreef B, Holgate ST. Air pollution and health. Lancet. (2002) 360:1233–42. 
doi: 10.1016/S0140-6736(02)11274-8

 11. Jalava PI, Salonen RO, Pennanen AS, Sillanpää M, Hälinen AI, Happo MS, et al. 
Heterogeneities in inflammatory and cytotoxic responses of RAW 264.7 macrophage 
cell line to urban air coarse, fine, and ultrafine particles from six European sampling 
campaigns. Inhal Toxicol. (2007) 19:213–25. doi: 10.1080/08958370601067863

 12. Mehta M, Chen LC, Gordon T, Rom W, Tang MS. Particulate matter inhibits DNA 
repair and enhances mutagenesis. Mutat Res. (2008) 657:116–21. doi: 10.1016/j.
mrgentox.2008.08.015

 13. Xing YF, Xu YH, Shi MH, Lian YX. The impact of PM2.5 on the human respiratory 
system. J Thorac Dis. (2016) 8:E69–74. doi: 10.3978/j.issn.2072-1439.2016.01.19

 14. Huang K, Ding K, Yang XJ, Hu CY, Jiang W, Hua XG, et al. Association between 
short-term exposure to ambient air pollutants and the risk of tuberculosis outpatient 
visits: a time-series study in Hefei. China Environ Res. (2020) 184:109343. doi: 10.1016/j.
envres.2020.109343

 15. Xu M, Liao J, Yin P, Hou J, Zhou Y, Huang J, et al. Association of air pollution with 
the risk of initial outpatient visits for tuberculosis in Wuhan. China Occup Environ Med. 
(2019) 76:560–6. doi: 10.1136/oemed-2018-105532

 16. Xiong Y, Yang M, Wang Z, Jiang H, Xu N, Tong Y, et al. Association of daily 
exposure to air pollutants with the risk of tuberculosis in Xuhui district of Shanghai, 
China. Int J Environ Res Public Health. (2022) 19:6085. doi: 10.3390/ijerph19106085

 17. Lai TC, Chiang CY, Wu CF, Yang SL, Liu DP, Chan CC, et al. Ambient air pollution 
and risk of tuberculosis: a cohort study. Occup Environ Med. (2016) 73:56–61. doi: 
10.1136/oemed-2015-102995

 18. Smith GS, Van Den Eeden SK, Garcia C, Shan J, Baxter R, Herring AH, et al. Air 
pollution and pulmonary tuberculosis: a nested case-control study among members of 
a northern California health plan. Environ Health Perspect. (2016) 124:761–8. doi: 
10.1289/ehp.1408166

 19. Liu F, Zhang Z, Chen H, Nie S. Associations of ambient air pollutants with regional 
pulmonary tuberculosis incidence in the central Chinese province of Hubei: a Bayesian 
spatial-temporal analysis. Environ Health. (2020) 19:51. doi: 10.1186/s12940-020-00604-y

 20. Chong KC, Yeoh EK, Leung CC, Lau SYF, Lam HCY, Goggins WB, et al. 
Independent effect of weather, air pollutants, and seasonal influenza on risk of 
tuberculosis hospitalization: an analysis of 22-year hospital admission data. Sci Total 
Environ. (2022) 837:155711. doi: 10.1016/j.scitotenv.2022.155711

 21. Popovic I, Soares Magalhaes RJ, Ge E, Marks GB, Dong GH, Wei X, et al. A 
systematic literature review and critical appraisal of epidemiological studies on outdoor 
air pollution and tuberculosis outcomes. Environ Res. (2019) 170:33–45. doi: 10.1016/j.
envres.2018.12.011

 22. Álvaro-Meca A, Díaz A, de Miguel DJ, Resino R, Resino S. Environmental factors 
related to pulmonary tuberculosis in HIV-infected patients in the combined 
antiretroviral therapy (cART) era. PLoS One. (2016) 11:e0165944. doi: 10.1371/journal.
pone.0165944

 23. National Health Commission of the People’s Republic of China; (2023). Available 
at: http://www.nhc.gov.cn/jkj/s3578/202004/b1519e1bc1a944fc8ec176db600f68d1.shtml 
(Accessed July 01, 2023).

 24. The China Disease Prevention and Control Information System; (2023). Available 
at: https://www.phsciencedata.cn/Share/edtShareNew.jsp?id=39208 (Accessed July 10, 
2023).

 25. The People's Government of Hainan Province; (2023). Available at: https://www.
hainan.gov.cn/hainan/tjnj/list3.shtml (Accessed July 01, 2023).

 26. Huang S, Xiang H, Yang W, Zhu Z, Tian L, Deng S, et al. Short-term effect of air 
pollution on tuberculosis based on kriged data: a time-series analysis. Int J Environ Res 
Public Health. (2020) 17:1522. doi: 10.3390/ijerph17051522

 27. Gu X, Guo T, Si Y, Wang J, Zhang W, Deng F, et al. Association between ambient 
air pollution and daily hospital admissions for depression in 75 Chinese cities. Am J 
Psychiatry. (2020) 177:735–43. doi: 10.1176/appi.ajp.2020.19070748

 28. Peng W, Li H, Peng L, Wang Y, Wang W. Effects of particulate matter on hospital 
admissions for respiratory diseases: an ecological study based on 12.5 years of time series 
data in Shanghai. Environ Health. (2022) 21:12. doi: 10.1186/s12940-021-00828-6

 29. Wang X, Wang W, Jiao S, Yuan J, Hu C, Wang L. The effects of air pollution on daily 
cardiovascular diseases hospital admissions in Wuhan from 2013 to 2015. Atmos 
Environ. (2018) 260:113776. doi: 10.1016/j.atmosenv.2018.03.036

 30. Yang J, Yin P, Zhou M, Ou CQ, Guo Y, Gasparrini A, et al. Cardiovascular 
mortality risk attributable to ambient temperature in China. Heart. (2015) 101:1966–72. 
doi: 10.1136/heartjnl-2015-308062

 31. Yang J, Yin P, Zhou M, Ou CQ, Li M, Li J, et al. The burden of stroke mortality 
attributable to cold and hot ambient temperatures: epidemiological evidence from 
China. Environ Int. (2016) 92–93:232–8. doi: 10.1016/j.envint.2016.04.001

 32. Yang J, Ou CQ, Ding Y, Zhou YX, Chen PY. Daily temperature and mortality: a 
study of distributed lag non-linear effect and effect modification in Guangzhou. Environ 
Health. (2012) 11:63. doi: 10.1186/1476-069X-11-63

 33. Li L, Yang J, Song YF, Chen PY, Ou CQ. The burden of COPD mortality due to 
ambient air pollution in Guangzhou. China Sci Rep. (2016) 6:25900. doi: 10.1038/
srep25900

 34. Jin JQ, Han D, Tian Q, Chen ZY, Ye YS, Lin QX, et al. Individual exposure to 
ambient PM2.5 and hospital admissions for COPD in 110 hospitals: a case-crossover 
study in Guangzhou, China. Environ Sci Pollut Res Int. (2022) 29:11699–706. doi: 
10.1007/s11356-021-16539-x

 35. Smith GS, Schoenbach VJ, Richardson DB, Gammon MD. Particulate air pollution 
and susceptibility to the development of pulmonary tuberculosis disease in North 
Carolina: an ecological study. Int J Environ Health Res. (2014) 24:103–12. doi: 
10.1080/09603123.2013.800959

 36. Liu Y, Zhao S, Li Y, Song W, Yu C, Gao L, et al. Effect of ambient air pollution on 
tuberculosis risks and mortality in Shandong, China: a multi-city modeling study of the 
short-and long-term effects of pollutants. Environ Sci Pollut Res Int. (2021) 28:27757–68. 
doi: 10.1007/s11356-021-12621-6

 37. Hiramatsu K, Saito Y, Sakakibara K, Azuma A, Takizawa H, Sugawara I. The effects 
of inhalation of diesel exhaust on murine mycobacterial infection. Exp Lung Res. (2005) 
31:405–15. doi: 10.1080/01902140590918786

 38. Torres M, Carranza C, Sarkar S, Gonzalez Y, Osornio Vargas A, Black K, et al. 
Urban airborne particle exposure impairs human lung and blood Mycobacterium 
tuberculosis immunity. Thorax. (2019) 74:675–83. doi: 10.1136/thoraxjnl- 
2018-212529

 39. Rivas-Santiago CE, Sarkar S, Cantarella P 4th, Osornio-Vargas Á, Quintana-
Belmares R, Meng Q, et al. Air pollution particulate matter alters antimycobacterial 
respiratory epithelium innate immunity. Infect Immun. (2015) 83:2507–17. doi: 10.1128/
IAI.03018-14

 40. Tian Y, Liu H, Wu Y, Si Y, Li M, Wu Y, et al. Ambient particulate matter pollution 
and adult hospital admissions for pneumonia in urban China: a national time series 
analysis for 2014 through 2017. PLoS Med. (2019) 16:e1003010. doi: 10.1371/journal.
pmed.1003010

 41. Choi JH, Kim JS, Kim YC, Kim YS, Chung NH, Cho MH. Comparative study of 
PM2.5- and PM10- induced oxidative stress in rat lung epithelial cells. J Vet Sci. (2004) 
5:11–8. doi: 10.4142/jvs.2004.5.1.11

 42. Dimala CA, Kadia BM. A systematic review and meta-analysis on the association 
between ambient air pollution and pulmonary tuberculosis. Sci Rep. (2022) 12:11282. 
doi: 10.1038/s41598-022-15443-9

 43. Aust AE, Ball JC, Hu AA, Lighty JS, Smith KR, Straccia AM, et al. Particle 
characteristics responsible for effects on human lung epithelial cells. Res Rep Health Eff 
Inst. (2002) 110:1–65.

 44. Brugha R, Grigg J. Urban air pollution and respiratory infections. Paediatr Respir 
Rev. (2014) 15:194–9. doi: 10.1016/j.prrv.2014.03.001

 45. Bai L, Su X, Zhao D, Zhang Y, Cheng Q, Zhang H, et al. Exposure to traffic-related 
air pollution and acute bronchitis in children: season and age as modifiers. J Epidemiol 
Community Health. (2018) 72:426–33. doi: 10.1136/jech-2017-209948

 46. Mumtaz A, Rehman E, Rehman S, Hussain I. Impact of environmental degradation 
on human health: an assessment using multicriteria decision making. Front Public 
Health. (2022) 9:812743. doi: 10.3389/fpubh.2021.812743

 47. Sia JK, Rengarajan J. Immunology of Mycobacterium tuberculosis infections. 
Microbiol Spectr. (2019) 7:10.1128. doi: 10.1128/microbiolspec.GPP3-0022-2018

 48. Piergallini TJ, Turner J. Tuberculosis in the elderly: why inflammation matters. Exp 
Gerontol. (2018) 105:32–9. doi: 10.1016/j.exger.2017.12.021

 49. Davila S, Hibberd ML, Hari Dass R, Wong HE, Sahiratmadja E, Bonnard C, et al. 
Genetic association and expression studies indicate a role of toll-like receptor 8  in 
pulmonary tuberculosis. PLoS Genet. (2008) 4:e1000218. doi: 10.1371/journal.
pgen.1000218

 50. Przybylski G, Nowakowska-Arendt A, Pilaczyńska-Ceme M, Gołda R. 10 years 
comparative clinico-epidemiological analysis of smoking and alcohol consumption in 
TB patients (Myc. Tuberculosis) and with mycobacteriosis (Myc Kansas). Przegl Lek. 
(2014) 71:576–80.

 51. Sopori ML, Kozak W, Savage SM, Geng Y, Kluger MJ. Nicotine-induced 
modulation of T cell function. Implications for inflammation and infection. Adv Exp 
Med Biol. (1998) 437:279–89. doi: 10.1007/978-1-4615-5347-231

 52. Puciato D, Rozpara M. Physical activity and socio-economic status of single and 
married urban adults: a cross-sectional study. Peer J. (2021) 9:e12466. doi: 10.7717/
peerj.12466

 53. Unalan D, Soyuer F, Ceyhan O, Basturk M, Ozturk A. Is the quality of life different 
in patients with active and inactive tuberculosis? Indian J Tuberc. (2008) 55:127–37.

 54. Adeyeye OO, Ogunleye OO, Coker A, Kuyinu Y, Bamisile RT, Ekrikpo U, et al. 
Factors influencing quality of life and predictors of low quality of life scores in patients 
on treatment for pulmonary tuberculosis: a cross sectional study. J Public Health Afr. 
(2014) 5:366. doi: 10.4081/jphia.2014.366

https://doi.org/10.3389/fpubh.2023.1252741
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/S0140-6736(10)60483-7
https://doi.org/10.1371/journal.pmed.0040142
https://doi.org/10.1016/S0140-6736(02)11274-8
https://doi.org/10.1080/08958370601067863
https://doi.org/10.1016/j.mrgentox.2008.08.015
https://doi.org/10.1016/j.mrgentox.2008.08.015
https://doi.org/10.3978/j.issn.2072-1439.2016.01.19
https://doi.org/10.1016/j.envres.2020.109343
https://doi.org/10.1016/j.envres.2020.109343
https://doi.org/10.1136/oemed-2018-105532
https://doi.org/10.3390/ijerph19106085
https://doi.org/10.1136/oemed-2015-102995
https://doi.org/10.1289/ehp.1408166
https://doi.org/10.1186/s12940-020-00604-y
https://doi.org/10.1016/j.scitotenv.2022.155711
https://doi.org/10.1016/j.envres.2018.12.011
https://doi.org/10.1016/j.envres.2018.12.011
https://doi.org/10.1371/journal.pone.0165944
https://doi.org/10.1371/journal.pone.0165944
http://www.nhc.gov.cn/jkj/s3578/202004/b1519e1bc1a944fc8ec176db600f68d1.shtml
https://www.phsciencedata.cn/Share/edtShareNew.jsp?id=39208
https://www.hainan.gov.cn/hainan/tjnj/list3.shtml
https://www.hainan.gov.cn/hainan/tjnj/list3.shtml
https://doi.org/10.3390/ijerph17051522
https://doi.org/10.1176/appi.ajp.2020.19070748
https://doi.org/10.1186/s12940-021-00828-6
https://doi.org/10.1016/j.atmosenv.2018.03.036
https://doi.org/10.1136/heartjnl-2015-308062
https://doi.org/10.1016/j.envint.2016.04.001
https://doi.org/10.1186/1476-069X-11-63
https://doi.org/10.1038/srep25900
https://doi.org/10.1038/srep25900
https://doi.org/10.1007/s11356-021-16539-x
https://doi.org/10.1080/09603123.2013.800959
https://doi.org/10.1007/s11356-021-12621-6
https://doi.org/10.1080/01902140590918786
https://doi.org/10.1136/thoraxjnl-2018-212529
https://doi.org/10.1136/thoraxjnl-2018-212529
https://doi.org/10.1128/IAI.03018-14
https://doi.org/10.1128/IAI.03018-14
https://doi.org/10.1371/journal.pmed.1003010
https://doi.org/10.1371/journal.pmed.1003010
https://doi.org/10.4142/jvs.2004.5.1.11
https://doi.org/10.1038/s41598-022-15443-9
https://doi.org/10.1016/j.prrv.2014.03.001
https://doi.org/10.1136/jech-2017-209948
https://doi.org/10.3389/fpubh.2021.812743
https://doi.org/10.1128/microbiolspec.GPP3-0022-2018
https://doi.org/10.1016/j.exger.2017.12.021
https://doi.org/10.1371/journal.pgen.1000218
https://doi.org/10.1371/journal.pgen.1000218
https://doi.org/10.1007/978-1-4615-5347-231
https://doi.org/10.7717/peerj.12466
https://doi.org/10.7717/peerj.12466
https://doi.org/10.4081/jphia.2014.366


Zhu et al. 10.3389/fpubh.2023.1252741

Frontiers in Public Health 09 frontiersin.org

 55. Wang S, Wu G, Du Z, Wu W, Ju X, Yimaer W, et al. The causal links  
between long-term exposure to major PM2.5 components and the burden of 
tuberculosis in China. Sci Total Environ. (2023) 870:161745. doi: 10.1016/j.
scitotenv.2023.161745

 56. Dalziel BD, Kissler S, Gog JR, Viboud C, Bjørnstad ON, Metcalf CJE, et al. 
Urbanization and humidity shape the intensity of influenza epidemics in U.S. cities. 
Science. (2018) 362:75–9. doi: 10.1126/science.aat6030

 57. Wards BJ, Collins DM. Electroporation at elevated temperatures substantially 
improves transformation efficiency of slow-growing mycobacteria. FEMS Microbiol Lett. 
(1996) 145:101–5. doi: 10.1111/j.1574-6968.1996.tb08563.x

 58. Sarkar S, Rivas-Santiago CE, Ibironke OA, Carranza C, Meng Q, Osornio-Vargas 
Á, et al. Season and size of urban particulate matter differentially affect cytotoxicity and 
human immune responses to Mycobacterium tuberculosis. PLoS One. (2019) 
14:e0219122. doi: 10.1371/journal.pone.0219122

https://doi.org/10.3389/fpubh.2023.1252741
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/j.scitotenv.2023.161745
https://doi.org/10.1016/j.scitotenv.2023.161745
https://doi.org/10.1126/science.aat6030
https://doi.org/10.1111/j.1574-6968.1996.tb08563.x
https://doi.org/10.1371/journal.pone.0219122

	Short-term effects of high-resolution (1-km) ambient PM2.5 and PM10 on hospital admission for pulmonary tuberculosis: a case-crossover study in Hainan, China
	Introduction
	Methods
	Study area
	Data collection
	Study design and exposure assignment
	Statistical analysis

	Results
	Discussion
	Limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

