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Abstract 

Introduction: The possible impact of ambient air pollution exposure on the 
development of active tuberculosis (TB) remains obscure. This study investi-
gated the potential role of ambient air pollution in activating pulmonary TB 
(PTB) compared to extrapulmonary TB (EPTB). Materials and Methods: 
Data on TB cases were obtained from national surveillance data in Malaysia 
during 2013 and air pollution data were obtained from 52 air-monitoring sta-
tions around the country for the 3-year period of 2011-2013. Analyses were 
performed to estimate the odds of PTB vs. EPTB with changes in the 3-year 
(2011-2013) average Air Pollutant Index (API) and specific ambient air pol-
lutants. Results: Results showed that the 95th-percentile of API levels during 
2011-2013 was moderate and it was not associated with PTB. However, the 
odds of active PTB compared to EPTB was significantly elevated with the 
95th-percentile levels for particulate matter with an aerodynamic diameter of 
10 μm or less (aOR = 1.006, 95% CI: 1.002, 1.011), p-value < 0.01, and sulfur 
dioxide (aOR = 1.012, 95% CI: 1.006, 1.019), p-value < 0.01. Conclusions: 
These results provide suggestive evidence of the effects of ambient air pollu-
tion on development of active pulmonary TB compared to extrapulmonary 
TB. Additional research on the impacts of ambient air pollution on TB is 
warranted. 
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1. Introduction 

Tuberculosis (TB) remains a major global health problem, significantly affecting 
millions of people each year, mostly from low and middle-income countries 
(LMICs) [1]. Among all the communicable diseases, TB ranks as one of the top 
10 causes of death worldwide [2]. TB is an airborne infectious disease caused by 
the bacillus Mycobacterium tuberculosis, which spreads from a person with ac-
tive TB infection to others through fine respiratory droplet nuclei. A person in-
fected with M. tuberculosis does not necessarily have TB symptoms, as the host 
immune system may protect against or suppress the bacteria, resulting in an in-
active and non-infectious latent TB Infection (LTBI) [3]. According to the 
World Health Organization (WHO), about one-third of the world’s population 
has LTBI with 10% lifetime risk of developing active TB [4]. The risk of acquir-
ing an active TB infection is higher among those with compromised immune 
systems, such as malnutrition, people living with human immunodeficiency vi-
rus (HIV) or diabetes or people who use tobacco [4]. Typically, most people with 
active TB acquire pulmonary TB (PTB), which affects the lungs and respiratory 
tract and is characterized by chronic cough, chest pain, fatigue, weight loss, fever 
and night sweats. Extrapulmonary TB (EPTB) also exists, in which the disease 
spreads beyond the lungs and affects other parts of the body, such as the brain, 
intestines, kidneys or spine; immunodeficient individuals and children are more 
susceptible than others to EPTB.  

Recently, WHO reported there were 1.3 million deaths attributed to TB, of 
which 374,000 were among HIV-infected people [1]. It also estimated that there 
were 10.4 million new TB cases, including 10% new TB cases co-infected with 
HIV [1]. The TB was found predominantly in adults, with an estimated 6.7 mil-
lion cases in men, 3.7 million cases in women and 1.4 million cases in children; 
for an overall ratio of 9:1 for adults to children [1]. There have been numerous 
efforts to curtail TB incidence, such as providing access to effective diagnostic 
and treatment options, but TB remains a threat to health. Despite substantial 
progress in global TB control, TB is still a burden in WHO South-East Asia re-
gion, WHO African region and the WHO Western Pacific region [1]. In addi-
tion, global multidrug resistance increases the challenge of TB treatment and 
certain bacterial strains are impervious to common first line TB treatment [3]. 
The burden of multidrug resistant TB (MDR-TB) and extensively drug resistant 
TB (XDR-TB) will impede eradication of TB as more people show resistance to 
the first line treatment.  

Numerous studies have examined risk factors for TB disease. Social determi-
nants are major contributors to the increased of incidence of active TB in poor 
and limited resource settings [5] [6]. However, the trend of TB risk has shifted as 
rises in comorbidities such as diabetes, alcohol drinking and physical inactivity 
have substantially contributed to higher risks of TB infection even in developed 
countries [7]. Studies also have shown that indoor air pollution from fossil gas 
cooking, smoking and exposure to secondhand smoking impair pulmonary 
function, and are also strongly associated with increased of TB incidence [8].  
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There are limited studies have assessed the potential impact of ambient air 
pollutant exposure on TB. Exposure to high concentrations of air pollution 
could affect airways and alter host defense where air pollution could interfere 
with mucociliary clearance and macrophage function, thus impairing immune 
response to respiratory tract infections [9]. Immune impairment in the lungs by 
air pollutants might accelerate proliferation of M. tuberculosis, resulting in ac-
tive TB. Without immune protection, the bacterium may further disseminate to 
lymph nodes within the lung and spread to remote sites in human body [10]. 

With rapid urbanization and industrialization, more people are being exposed 
to urban ambient air pollution in their daily lives [11]. In 2014, WHO reported 
that 92% of the world population lived in places with air quality levels exceeding 
the WHO air quality standards [12]. WHO also reported there were three mil-
lion premature deaths worldwide attributable to ambient air pollution, with 88% 
of those deaths occurring in low and middle-income countries, especially in the 
Western Pacific and South East Asia regions [12]. Long-term exposure to am-
bient air pollution has a significant impact on health outcomes, and prolonged 
exposure to air pollution could increase the risk of asthma, other respiratory ill-
ness and cardiovascular diseases [13].   

The incidence rate of TB in Malaysia has been rising over the years [14] [15]. 
In 2016, Malaysia had a total of 25,739 new cases, an annual TB incidence rate of 
92 cases per 100,000 population, and an attributed mortality rate of 5.1 cases per 
100,000 population [1]. Notably, the increasing trend of TB cases was observed 
in populous states, urban areas and industrialized cities [6] [14]. Previous studies 
in Malaysia have reported multiple factors associated with the risk in TB inci-
dence [6] [15]. One major contributory factor has been the influx of immigrants 
to Malaysia [6] [14]. Urban populations, especially those in crowded dwellings 
and slum areas, have been identified among the most susceptible population to 
TB infection [6].  

Ambient air pollution may be a contributing factor for TB disease in Malaysia. 
However, more evidence is needed to identify the potential role of ambient air 
pollution in driving TB disease activation. There are very limited studies inves-
tigating the health effects associated with exposure to ambient air pollution in 
Malaysia [16]. To help identify potential role of ambient air pollution on inci-
dence of PTB in Malaysia, we investigated ambient air pollution exposures that 
could specifically activate the development of pulmonary compared to extra-
pulmonary TB disease. As progression from LTBI to TB disease takes one to two 
years [17], we used an exposure window of ambient air pollution for approx-
imately three years to identify these exposures that potentially exacerbate PTB.  

2. Materials and Methods  

2.1. Study Design  

This study was an ecological cross-sectional study design utilizing retrospective 
cohort data on confirmed TB patients in Malaysia in the year 2013. Data were 
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extracted from the Tuberculosis Information System (TBIS); a national surveil-
lance record of TB patients compiled by the Ministry of Health (MOH) Malay-
sia. TB is a notifiable disease under the Malaysian law, hence, it is mandatory for 
all healthcare providers in Malaysia to report TB cases via TBIS as part of na-
tionwide TB surveillance [18]. This study obtained the Medical Research and 
Ethics Committee approval from the Ministry of Health Malaysia. Patients’ 
identification was kept anonymous for confidentiality.  

2.2. TB Cases and Covariates 

All confirmed TB cases in Malaysia for the year 2013 were included. TB diag-
noses were made based on clinical, radiological and bacteriological evidences 
using definitions from the standard Clinical Practice Guideline of Tuberculosis, 
Malaysia [18]. We excluded all immuno-compromised TB patients; those diag-
nosed with XDR-TB, MDR-TB and TB-HIV since these patients might respond 
to air pollution differently than patients with regular TB. The dependent out-
come variable was binary where TB was classified pulmonary TB (PTB) or 
extrapulmonary TB (EPTB) based on anatomical site of infection. 

The surveillance data include information on Patients’ socio-demographic 
characteristics included in this study were state of residence, gender, age, citi-
zenship and ethnicity. Socio-economic status (SES) was measured based on 
education and income levels. TB host-related factors included status of BCG 
scar, history of TB infection and crowding categorized as less than 5, 5 to 10 
people and more than 10 people in a dwelling. Tobacco use was included as a 
proxy for indoor air pollution exposure and diabetes status was used as a proxy 
for cardiovascular disease.  

2.3. Air Pollution Exposure Estimation 

Data on air pollutants were obtained from the Department of Environment, 
Ministry of Natural Resources, Malaysia. The Air Pollutant Index (API) and 
other five major air pollutants with potential adverse effects on human health: 
nitrogen dioxide (NO2), ozone (O3), carbon monoxide (CO), sulfur dioxide 
(SO2) and particulate matter less than 10 μm in aerodynamic diameter (PM10) 
were collected. The API follows the United States Environmental Protection 
Agency (USEPA) Pollution Standards Index for uniformity in air quality moni-
toring across countries [19].  

Data on air pollutant levels were collected from 52 air-monitoring stations, 
which were distributed among all 16 states in Malaysia, from January 1, 2011 to 
December 31, 2013. Each monitoring station provided hourly concentration 
readings for all five pollutants. All air pollutant concentrations were standar-
dized to μg/m3. For each pollutant, a 3-year grand mean and the 3-year 95th 
percentile levels from the distribution of hourly values were computed for each 
state from each monitoring station. To estimate exposure of air pollution con-
centrations among TB cases, the air monitoring station nearest to the address of 
each TB patient was identified.  
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2.4. Statistical Analysis  

A descriptive statistical analysis was performed on socio-demographic characte-
ristics of TB patients in Malaysia. Adjusted standardized incidence rates of TB in 
Malaysia were calculated for each state in Malaysia. Univariate analysis was done 
to obtain crude estimates for each factor associated with PTB. Standardized in-
cidence rate was calculated to estimate the overall TB burden for each Malaysian 
state.  

We used scatterplots to examine the relationships between the 3-year 95th 
percentiles of each air pollutants including API. Pearson correlation coefficient 
was used to assess those relationships that were significant at p-value < 0.05.  

Multiple logistic regression models were performed to assess the associations 
between the dependent outcome variable of TB disease based on anatomy of in-
fection (0 = EPTB, 1 = PTB) and air pollution-specific variables, controlling for 
important covariates. Preliminary analysis was performed to examine associa-
tions of PTB with each of the selected covariates. Separate analyses for each air 
pollutants were carried out to control for multicollinearity. Assessment for the 
main effects and confounding was taken into account in order to obtain esti-
mates of the odds of PTB (compared to EPTB) with increases in air pollution. 
All significant covariates were included in the final model.  

3. Results  

3.1. Sample Population  

There were 23,993 TB patients reported in the TBIS, Malaysia in 2013, of whom 
66 (0.3%) was diagnosed with MDR-TB and 1538 (6.4%) were co-infected with 
HIV. All duplicates and 527 TB patients with unknown HIV status were ex-
cluded from this study. In total, 19,275 HIV negative TB patients and without 
MDR-TB were included in this study.  

There were 16,903 (87.7%) PTB and 2372 (12.3%) EPTB cases. The propor-
tion of TB cases was higher among males than females, those aged 33 to 49 years 
old, Malaysian citizens, Malay ethnics, those with at least secondary educations, 
and those with low income (Table 1). A high incidence of TB was reported in 
North Borneo, while all states in peninsular Malaysia except Kelantan state had 
incidence rates less than 60/100,000 populations. Distributions of incidence rates 
of TB by state and 3-year 95th percentile of API are shown in Figure 1(a) (Pe-
ninsular Malaysia) and Figure 1(b) (Borneo Island).  

Table 2 shows the unadjusted odds ratio for all host-related TB factors that 
associated with PTB. Having had TB before, crowding, smoking and diabetes 
increased the odds of PTB in relative to EPTB. BCG vaccination significantly 
decreased the odds of PTB. 

3.2. Air Pollution Exposure 

Figure 2 shows the weekly mean API from Jan 1, 2011, through December 31, 
2013. The API showed a seasonal pattern, with higher levels between June and  
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(a) 

 
(b) 

Figure 1. (a) Standardized incidence rates of TB and 3-year 95th percentile of Air Pollu-
tant Index (API) for Peninsular Malaysia; (b) Standardized Incidence rates of TB and 
3-year 95th percentile of Air Pollutant Index (API) for Borneo Island, Malaysia.  
 
Table 1. Demographic characteristics of TB patients in Malaysia, 2013 (n = 19,275).  

Characteristics All TB Pulmonary TB Extrapulmonary TB 

 n (%) n (%) n (%) 

Overall TB patients in Malaysia 19,275 16,903 (87.7) 2372 (12.3) 

Gender    
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Continued 

Male 12,189 (63.2) 11,007 (65.1) 1182 (49.8) 

Female 7086 (36.8) 5896 (34.9) 1190 (50.2) 

Age (Years)    

<5 245 (1.3) 195 (1.2) 50 (2.1) 

5 to 17 976 (5.1) 769 (4.5) 210 (8.9) 

18 to 29 4429 (23.0) 3787 (22.4) 642 (27.1) 

30 to 49 6343 (33.0 5577 (33.0) 766 (32.3) 

50 to 65 4599 (23.9) 4094 (24.2) 505 (21.3) 

>65 2680 (13.9) 2481 (14.7) 199 (8.4) 

Nationality    

Malaysian 16,528 (85.8) 14,418 (85.3) 2111 (89.0) 

Non-citizen 2747 (14.3) 2486 (14.7) 261 (11.0) 

Ethnicity    

Malay 8191 (49.6) 7063 (49.0) 1128 (53.4) 

Chinese 2823 (17.1) 2528 (17.5) 295 (14.0) 

Indian 1030 (6.2) 876 (6.1) 154 (7.3) 

Borneo (Sarawakian) 1549 (9.4) 1382 (9.6) 167 (7.9) 

Borneo (Sabahan) 2500 (15.1) 2174 (15.1) 326 (15.4) 

Other 434 (2.6) 392 (2.7) 42 (2.0) 

Education Level    

No formal education 3724 (19.3) 3382 (20.0) 342 (14.4) 

Primary education 3875 (20.1) 3474 (20.6) 401 (16.9) 

Secondary education 9276 (48.1) 8088 (47.8) 1188 (50.1) 

Tertiary education 2214 (11.5) 1794 (10.6) 420 (17.7) 

Other 186 (1.0) 165 (1.0) 21 (0.9) 

Income    

Low (<RM 3000) 7198 (85.8) 6,260 (86.3) 938 (82.5) 

Middle (RM 3000 - 7000) 1140 (13.6) 952 (13.1) 188 (16.5) 

High (>RM 7000) 54 (0.6) 43 (0.6) 11 (1.0) 

 
Table 2. Univariate analysis of host-related TB factors for pulmonary TB relative to ex-
tra-pulmonary PTB. 

Variable Pulmonary TB Extrapulmonary TB cOR (95% CI) p-value 

 n (%) n (%)   

BCG scar*     

Yes 12,793 (75.7) 1934 (81.5) 0.705 (0.632, 0.787)  

No 4111 (24.3) 438 (18.5) 1 <0.001 

History of TB     

Yes 1112 (6.6) 96 (4.0) 1.669 (1.349, 2.066) <0.001 

No 15,792 (93.4) 2276 (96.0) 1  
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Continued 

Crowding  
(number of people 

per house) 
    

1 to 5 13,637 (85.9) 1983 (87.9) 1  

6 to 10 2005 (12.6) 252 (11.2) 1.157 (1.007, 1.330) 0.040 

>10 236 (1.5) 22 (1.0) 1.560 (1.005, 2.421) 0.047 

Smoking Status     

Yes 5905 (34.9) 488 (20.6) 2.073 (1.867, 2.301) <0.001 

No 10,999 (65.1) 1884 (79.4) 1  

Diabetes      

Yes 3043 (18.0) 238 (10.0) 1.968 (1.712, 2.263) <0.001 

No 13,861 (82.0) 2134 (90.0) 1  

*Notes: BCG Scar indicates having been vaccinated with BCG. Smoking status defined as current smoking 
status and ever smoked in life. 

 

 
Figure 2. Weekly mean air pollutant index (API) from Jan 1, 2011-Dec 31, 2013. Notes: 
Air Pollution Index Standard: Moderate: 51 - 100; Unhealthy: 101 - 200. 
 
August of each year. An exceptionally high peak in air pollution levels was ob-
served in 2013, between June and August, exceeding the unhealthy level accord-
ing to the Malaysian API standard. 

Over the 3-year (2011-2013) period, the mean API in Malaysia was 45 (SD = 
15.6) with a median of 40 (IQR = 20). Of all air pollutants, CO showed the high-
est concentration, with a 3-year mean of 611.2 μg/m3 (SD = 459.18) and a max-
imum weekly concentration of 13,112.5 μg/m3. In contrast, SO2 showed the low-
est concentrations with a mean of 4.8 (SD = 7.4) μg/m3 and a maximum weekly 
concentration of 518.3 μg/m3 (Table 3). Among all states in Malaysia, Malacca 
showed the highest 3-year 95th percentile levels of API levels, while states in the 
north of Borneo Island showed low 3-year 95th percentile levels for API within 
50 to 60 (Figure 1). 

Pearson correlation analysis for the mean of 3-year 95th percentile of air pollution  
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Table 3. Summary of the 3-year air pollution concentrations from January 1, 2011 
through December 31, 2013.   

Air Pollutant Exposure Mean (SD) Median (IQR) 5% 95% Max 

Air Pollutant Index (API) 45 (15.6) 40 (20) 22 65 663 

PM10 (μg/m3) 43 (27.8) 38 (26) 15 89 995 

O3 (μg/m3) 33.2 (30.4) 25.5 (39.3) 2.0 92.3 323.9 

CO (μg/m3) 611.2 (459.2) 492.4 (435.2) 160.3 1465.9 13,112.5 

SO2 (μg/m3) 4.8 (7.4) 2.6 (2.6) 0 15.7 518.3 

NO2 (μg/m3) 17.77 (16.1) 13.17 (18.8) 1.9 50.8 238.9 

 
concentrations indicated that all pollutants had significant positive correlations 
with each other. PM10 and ozone levels had relatively strong correlations with 
the API, and CO and NO2 were strongly correlated with each other. The weakest 
correlation was observed between ozone and SO2 (Table A1).  

Further logistic regression model analysis was done to assess the potential role 
of air pollutants and PTB. We ran separate models for API, and each air pollutants 
with PTB by controlling the following covariates: BCG vaccination, crowding, TB 
history, tobacco use, diabetes, nationality and ethnicity (Table A2). Among all 
the air pollutants, PM10 and SO2 were significantly associated with PTB relative 
to EPTB (p < 0.05) (Figure 3). Relative to EPTB, the estimated odds of PTB in-
creased by 1.006 (95% CI: 1.002, 1.011) for each 1 μg/m3 increase in PM10. Simi-
larly for exposure to sulfurdioxide, the estimated odds of PTB increased by 1.012 
(95%CI: 1.006, 1.019) for each 1 μg/m3 increase in SO2. API and other pollutants, 
such as NO2, O3 and CO, showed no significant association with PTB relative to 
EPTB (Figure 3).  

4. Discussion 

To the best of our knowledge, this study was the first to explore the association 
of ambient air pollution and pulmonary TB in Malaysia. We postulated the po-
tential role of ambient air pollutants that could specifically activate pulmonary 
TB disease relative to extrapulmonary TB. The exposure period for TB acquisi-
tion is imperative; hence, we chose a long exposure period to take into account a 
long latency period of TB disease development [17]. In doing so, we were specif-
ically interested in examining air pollution effects by considering their toxico-
logical and clinical properties that might aggravate the manifestation of pulmo-
nary TB relative to extrapulmonary TB.  

Based on the Malaysian API classifications, the 3-year average API in Malaysia 
was at a good level while the 3-year 95th percentile API was moderate. Perhaps 
the finding that API was not a significant predictor of the odds of PTB reflected 
the fact that the API was relatively good. Most previous studies of air pollution 
and TB have not considered the API as a predictor variable, but rather focused 
on specific types of ambient air pollutants that potentially could impair health  
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Figure 3. LR model estimated adjusted odds ratios (ORs) and 95% confidence intervals 
(CIs) for pulmonary TB relative to EPTB with increases in 3-year 95th percentile ambient 
air pollutant concentrations. Notes: **Statistically significant at p-value < 0.05 and 95% 
Confidence Interval does not include the null. Each parameter was adjusted for the fol-
lowing covariates including BCG vaccination, crowding, TB history, tobacco use, di-
abetes, nationality and ethnicity. 
 
[20] [21]. To support our findings, one study reported long-term exposure of air 
pollutants measured with API did not show significant predictor to emergency 
admissions [22]. Despite the study measured different health outcomes, we be-
lieved the use of a single weighted parameter by combining various air pollutants 
incapacitates to predict the chronic health effects that associated with ambient 
air exposure. However, in this study we found single pollutants such as PM10 and 
SO2 have significantly associated with PTB as compared to other ambient air 
pollutants.  

There are disputes pertaining to the role of PM10 and TB. Many studies re-
ported significant contributions of PM10 to incremental daily mortality and 
excess risk of cardiovascular and respiratory diseases [11] [23] [24] [25] but not 
so much on infectious diseases. PM10characterized by coarse particles which de-
posit in the upper respiratory tract, and with prolong exposure can reduce lung 
function by 3% to 6% [13] [23]. Controlling for other covariates, our study 
found significant association between PM10 and PTB. There were studies that 
could have supported our findings where incremental exposure of PM10 in-
creased the odds of TB [26]. While another study reported significant associa-
tion between outbreak of TB during dust storm episodes in China [27]. Inhala-
tion of PM10 could increase the risk of infection and impair defense mechanisms 
in the airways and lungs [28]. This pathophysiological impact of PM10 causes al-
teration of macrophages and alveolar inflammation and thus permits bacterial 
proliferation [29] [30]. Interestingly, this is further explains that higher exposure 
of PM10 caused longer duration for sputum conversion among TB-positive cul-
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tures [26].  
In contrast, another ecological study utilizing 14 years of data showed no as-

sociation between PM10 and TB but specifically for PM2.5 which have shown sig-
nificant associations with TB [21]. However factor such as PM concentrations in 
the study declined steadily throughout their study period, and the absence of va-
riability in air pollution concentrations might have influenced the findings [21]. 
Stratified by sex, other study in South Korea found PM10 was not a significant 
predictor to TB despite the PM10 concentrations exceeded the national air stan-
dards [20].  

In this study, among of all the ambient air pollutants, SO2 contributed to the 
lowest concentrations and prolong exposure was significantly associated with 
PTB. Our findings were consistent with other study in South Korea showing the 
role of SO2 in TB infection despite we did not stratified the SO2 exposure by sex 
[20]. However, the study in South Korea found only men were susceptible to TB 
in relation to SO2 exposure [20]. This occurrence could perhaps due to the men 
lifestyles including occupational factors, which involve SO2 exposure and time 
spent outdoor [9]. Data from severe air pollution episodes in London had indi-
cated that SO2 and particulates synergistically increased acute morbidity and 
mortality, implying that particles were more toxic in the presence of SO2 [9] 
[30]. Our study also indicates significant correlation between SO2 and PM10 de-
spite SO2 did not have strong correlation with PM10 compared to other air pol-
lutants. SO2 is a highly soluble gas and a known respiratory tract irritant that can 
penetrate to distal airways and decrease lung function [9]. It impairs mucociliary 
clearance and causes inflammation that substantially increases the risk of infec-
tions [9] [31].  

Controlling for other covariates, we did not find associations of NO2, ozone 
and CO with PTB. This was consistent with most other studies [20] [32]. How-
ever, a nested case-control study in setting with low air pollution levels and low 
TB rates found that exposure to high levels of NO2 and CO was positively asso-
ciated with PTB [33]. NO2 and ozone are ubiquitous oxidant pollutants in the 
environment, and they could debilitate lung functions at the cellular level [9]. 
However, our study seems to disagree that those pollutants did not facilitate the 
developmental of PTB. This finding was consistent with several studies investi-
gating the role of reactive nitrogen species as antimicrobials, including the pres-
ence of nitrogen and oxygen species that could inhibit the proliferation of intra-
cellular mycobacteria [31] [34]. Among healthy individuals, NO2 at lower con-
centrations increases airway activity without affecting lung function [9]. Cur-
rently, there are limited epidemiological studies or clinical evidence on the ef-
fects of NO2 in human host defense [9]. However, NO2 is recognized as an effect 
modifier, particularly for vulnerable people with low immunity [9] [35].  

Ozone causes acute decline of lung function in healthy individuals [25]. In-
formation about possible associations of ozone and susceptibility to respiratory 
infections is still nebulous [9]. However, findings from in vitro and animal stu-
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dies suggested that ozone could alter macrophage function and decrease phago-
cytosis [9] [32]. Ozone also interacts synergistically with SO2 to cause severe 
lung dysfunction [9]. However, we found that ozone and SO2 had the weakest 
correlation of the air pollutants studied. Unlike other ambient air pollutants, 
exposure to high levels of CO is mostly associated with acute poisoning [9]. 
Most clinical studies have shown an association between CO and cardiovascular 
disease, but findings regarding CO and bacterial infection are very limited [9].   

The API in Borneo Island was good and lower than that in Peninsular Malay-
sia. Hence, TB incidence was distinctively higher in Borneo Island than that the 
peninsular Malaysia. This implies the API is not a valid indicator to monitor TB 
infection that further supports our findings as discussed earlier. Numerous TB 
factors associated with PTB infection that includes people from the Sabahan and 
Sarawakian who mostly live in the Borneo Island. Differences in TB susceptibili-
ty may be associated with factors such as co-morbidities, crowding, poverty, 
housing structure, and lifestyle; for example, heavy alcohol and tobacco con-
sumption might aggravate TB infection among some ethnic populations [14].  

5. Limitations 

This study had several limitations. First, it was a retrospective data analysis using 
surveillance data of a TB cohort in 2013 where we were restricted to a TB 
case-only analysis. Second, we estimated ambient air pollution exposures based 
on data obtained from the air monitoring station nearest to the patients’ home 
addresses. We did not collect data from personal air monitoring or ask patients 
about time spent outdoors to more accurately estimate patients’ exposure level. 
Third, we did not control for indoor air exposure. We used smoking as a proxy 
in this regard and did not interview patients about their direct or passive expo-
sure to tobacco smoke. Fourth, we did not include meteorology data such as 
rainfall, daily temperature and humidity despite all these factors could influence 
the concentration of air pollutants [11]. However, investigators have reported, 
that environmental factors such as season temperature, rainfall, wind speed, 
wind direction and humidity did not influence the abundance of bacteria in the 
environment, though they did not examine specific ambient bacteria such as M. 
tuberculosis [36].  

6. Conclusions 

This was a preliminary study utilizing TB cases that distinguished clinical ma-
nifestations between PTB and EPTB. We would like to propose future study us-
ing ecological case-control study design by including healthy individuals as the 
non-TB cases among the Malaysian population. We also propose future studies 
to include lags, selection of exposure period to precisely estimate the impact of 
ambient air pollution exposure on TB. We further suggest future study to in-
clude PM2.5, which is more potent to respiratory health by a magnitude of 15 to 
30% greater than PM10. Additionally, more studies have reported that PM2.5 
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could significantly hamper the pathophysiologic responses that impact many 
health outcomes [23] [24] [29].   

This study provides evidences on the associations between ambient air pollu-
tants such as PM10 and SO2 with PTB. API in Malaysia was at the moderate level 
during the study period and had no impact with the exacerbation of PTB. Thus, 
API was not predictive in this regard. Similar studies in areas with markedly 
poorer APIs might be worth pursuing.  
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Supplementary Materials 

Table A1. Pearson correlation coefficients of the 3-year 95th-percentile air pollutant 
concentrations.  

 API PM10 SO2 NO2 O3 CO 

API 1.00      

PM10 0.87 1.00     

SO2 0.42 0.40 1.00    

NO2 0.69 0.52 0.62 1.00   

O3 0.86 0.55 0.40 0.63 1.00  

CO 0.69 0.64 0.59 0.93 0.52 1.00 

Note: All correlation coefficients were statistically significant at p-value < 0.05. 

 
Table A2. LR model estimated crude and adjusted odds ratios (ORs) and 95% confidence 
intervals (CIs) for pulmonary TB and the 3-year 95th percentile of ambient air pollutant 
concentrations. 

Model 
(PTB = 1, EPTB = 0) 

95 Percentile 
3-year exposure 

Crude OR (95% CI) Adjusted OR* (95% CI) 

Model 1: API 0.993 (0.988, 0.998)** 1.005 (0.997, 1.014) 

Model 2: PM10 0.999 (0.997, 1.003) 1.006 (1.002, 1.011)** 

Model 3: SO2 1.004 (0.999, 1.009) 1.012 (1.006, 1.019)** 

Model 4: NO2 0.999 (0.996,1.001) 1.001 (0.998, 1.004) 

Model 5: O3 0.996 (0.995, 0.998)** 0.999 (0.997, 1.003) 

Model 6: CO 0.999 (0.999, 1.000) 1.000 (0.999, 1.000) 

Notes: **Statistically Significant at p-value < 0.05 and 95% Confidence Interval does not include the null. 
Each parameter was adjusted for the following covariates including BCG vaccination, crowding, TB history, 
tobacco use, diabetes, nationality and ethnicity. 
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