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Background: Broad-scale evidence has shown the significant association between ambient
air pollutants and the development of tuberculosis (TB). However, the impact of air quality
on the risk of TB in Taiwan is still poorly understood.

Objective: To develop a probabilistic integrated population-level risk assessment approach
for evaluating the contribution of ambient air pollution exposure to the risk of TB develop-
ment among different regions of Taiwan.

Materials and methods: A Bayesian-based probabilistic risk assessment model was
implemented to link exposure concentrations of various air pollutants quantified in
a probabilistic manner with the population-based exposure-response models developed by
using an epidemiological investigation.

Results: The increment of the risk of TB occurred in a region with a higher level of air
pollution, indicating a strong relationship between ambient air pollution exposures and TB
incidences. Carbon monoxide (CO) exposure showed the highest population attributable
fraction (PAF), followed by nitrogen oxides (NOx) and nitrogen dioxide (NO,) exposures.
In a region with higher ambient air pollution, it is most likely (80% risk probability) that the
contributions of CO exposure to development of TB were 1.6-12.2% (range of median
PAFs), whereas NOx and NO, exposures contributed 1.2-9.8% to developing TB.
Conclusion: Our findings provide strong empirical support for the hypothesis and observa-
tions from the literature that poor air quality is highly likely to link aetiologically to the risk
of TB. Therefore, substantial reductions in CO, NOy, and NO, exposures are predicted to
have health benefits to susceptible and latently infected individuals that provide complemen-
tary mitigation efforts in reducing the burden of TB. Considering that people continue to be
exposed to both TB bacilli and ambient air pollutants, our approach can be applied for
different countries/regions to identify which air pollutants contribute to a higher risk of TB in
order to develop potential mitigation programs.

Keywords: tuberculosis, ambient air pollution, exposure-response function, probabilistic

risk assessment, population attributable fraction

Introduction

Tuberculosis (TB) infection is caused by inhalation of the pathogen Mycobacterium
tuberculosis. In more than 90% of infected individuals, bacteria contained inside the
granuloma are inactive and the cases are considered to be latently infected.'
A recent estimate indicated that 23.0% (95% confidence interval (CI): 20.4-26.4%)
of the world’s population has been infected with TB bacilli, amounting to approxi-
mately 1.7 (95% CI: 1.5-1.9) billion people.? In later life, latently infected indivi-
duals have a 10% lifetime risk of developing active TB through mycobacteria
reactivation due to the compromise of host immune systems.' Infection with
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human immunodeficiency virus, diabetes, and malnutrition
are well-established risk factors for the progression of
TB.>*

Other than these risk factors, two meta-analyses have
revealed that air pollution from passive smoking and bio-
mass fuel combustion is related to an increased risk of
TB.>® There is increasingly strong evidence for the robust
association between ambient air pollution and the risk of
TB. Broad evidence has shown that exposures to particu-
late matters with aerodynamic diameters less than 10 um
(PM;y) and 2.5 um (PM, 5), carbon monoxide (CO), nitro-
gen oxides (NOx), and nitrogen dioxide (NO,) are highly
likely to be associated with the elevated risk of TB.” '
Recently, a cohort study on air pollution and the incidence
of TB revealed positive associations with NO,, NOy, CO,
and PM, s among Taiwan regions.'

TB has consistently been the highest morbidity among
all communicable diseases in Taiwan, although the inci-
dence rate of TB in Taiwan was ~73 per 100,000 popula-
tions in 2005 and then declined to ~44 per 100,000
populations in 2016."* The population density of Taiwan
is the seventh highest in the world with an area of just
36,000 km* and a population of 23.46 million."”
Urbanization coupled with a high density of vessel traffic
flow affects air quality and causes air pollution. Both
short- and long-term exposures to ambient air pollution
could increase susceptibility to M. tuberculosis infection
and to the development of TB by impairing the immunol-

ogy of the human respiratory system,®'*'¢

thereby result-
ing in an increased risk of TB.

Risk assessment of ambient air pollution to TB is
crucial not only at the national level but also at the sub-
national level because pollutant concentrations vary by
region. Therefore, a better understanding of how air pol-
lution influences the risk of TB is imperative in order to
establish effective public control programs and environ-
mental policies for central and local governments.
However, the contribution of air pollution exposure to
the risk of TB development among regions of Taiwan is
still poorly understood. To move forward, the primary
objective of this study was to develop an integrative
approach of probabilistic and population-level risk
assessment with data from regional air monitoring sys-
tems and an epidemiological investigation for evaluating
the contribution of ambient air pollution exposure to the
risk of TB development among different regions of

Taiwan.

Materials and Methods

Framework and Population

The proposed integrative approach that links the probabil-
istic and population-level risk assessment is illustrated in
Figure 1. Air pollutants may directly or indirectly affect
the immune process that inhibits TB in humans. As such,
upon exposure to M. tuberculosis, air pollution exposure
would increase susceptibility to developing active TB fol-
lowing primary infection or latent infection (Figure 1A).
Briefly, exposure concentrations of various air pollutants at
the sub-national regions of Taiwan were quantified in
a probabilistic manner (Figure 1B). The scheme of popu-
lation attributable fraction (PAF) was used to reanalyze the
epidemiological data for constructing the population expo-
sure-response relationship between exposure to ambient
air pollutants and the PAF of the incidence of TB
(Figure 1B). The population-level risk of the development
of TB associated with air pollution exposure can then be
quantified by integrating exposure and effect analyses into
a probabilistic risk assessment model (Figure 1C).

The TB incidence rates among different regions of
Taiwan in the period 20062016 (Table S1) were calcu-
lated using the annual regional TB cases obtained from the
TB monitor database of the Centers for Disease Control of
Taiwan'* divided by the regional mid-year population size
available from the Ministry of Health and Welfare of
Taiwan.'” As seen in Table S1, the incidences in all cities
and counties of Taiwan have a gradually decreasing trend.
We found that the average incidence rates were the highest
in Hualien County of 93.5 per 100,000 populations and
Taitung County of 89.1 per 100,000 populations in the
eastern region of Taiwan as well as Pingtung County of
90.3 per 100,000 populations in the southern region of
Taiwan. By contrast, Taipei City, the capital of Taiwan
and located in the northern region, has a relatively low
incidence with an average rate of 38.6 per 100,000 popu-
lations. Therefore, Hualien, Taitung, Pingtung, and Taipei
City were selected as our study sites.

Exposure Analysis

The well-developed air quality monitoring network allows
us an opportunity to quantify the probabilistic distributions
of pollutant concentrations of NO,, NOx, CO, PM, 5, and
PMj, in various regions of Taiwan. Monthly based aver-
age air pollution data in the period 2006-2016 (Figure S1)
were collected from the Environmental Resource Database
of the Taiwan Environmental Protection Administration
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Figure | Schematic representation of the probabilistic risk assessment framework used in this study: (A) problem formulation, (B) exposure/effect analyses, and (C) risk
characterization (see text for the symbolic meaning).
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(EPA) (https://erdb.epa.gov.tw/ENG/). There are 1, 2, 3,
and 7 monitoring stations in Hualien, Taitung, Pingtung,

and Taipei City, respectively, established by the Taiwan
EPA. We analyzed the time-series data (Figure S1) to
obtain the best-fitted probabilistic distribution of concen-
tration for each air pollutant 7, denoted as P(C;), for each
study site (Figure 1B) by using the Monte Carlo (MC)
simulation.

To test the convergence and the stability of the numer-
ical output of MC simulation, we performed independent
runs at 1, 4, 5 and 10 thousand iterations. The result
showed that 10,000 iterations were sufficient to ensure
the stability of results. The optimal probability distribution
was determined based on the Kolmogorov—Smirnov statis-
tics. The MC technique was applied to generate 2.5th and
97.5th percentiles as 95% CI for quantifying the uncertain-
ties of air pollutant concentrations. Oracle®™ Crystal Ball
software (Version 11.1, Oracle Corporation, Redwood
Shores, CA, USA) was used to implement the MC
simulation.

Effect Analysis

Here the epidemiological scheme of PAF was used to
construct a population dose—response relationship between
ambient air pollution exposure and the incidence of TB.
The PAF was calculated on the basis of valuable epide-
miological data available from Lai et al.'® In brief,
a prospective cohort study was conducted in Taiwan
using 106,678 participants recruited from a community-
based screening service during 2005-2012. After a median
follow-up of 6.7 years, 418 cases of incident TB occurred.
Individual exposure to ambient air pollution was estimated
by using the data from the nearest Taiwan EPA monitoring
stations. The Cox regression models with the penalized
smoothing spline method were used to examine the expo-
sure-response trends between air pollutants and the hazard
ratios (HRs) of active TB, adjusting for major TB risk
factors.

Based on the data from Lai et al,'® only HR > 1 implying
positive association was considered. There were two scenar-
ios designated in the dose-response analysis: (1) the 95%
upper confidence limit of HR data were defined as the severe
scenario, representing air pollutant exposure having
a serious impact on active TB and (2) the model-predicted
HR data were as the moderate scenario, representing weaker
effect on active TB caused by air pollution (Figure 1B and
S2). The data of 95% lower confidence limit were not
considered in the dose-response analysis because all HRs

were less than 1. The dose-response patterns for PM, s and
PM,, appeared only in the severe scenario. Hence, we con-
structed the population dose—response relationships for both
severe and moderate scenarios on NO,, NOx, and CO,
whereas the concentrations of PM, 5 > 25 and PM,q > 45
pug m>
dose—response relationships.

were selected to establish the severe population

Broadly, HR is a proxy for relative risk.'"® We, there-
fore, calculated PAF describing the TB incidence attribu-
table to air pollutants as PAF = (HR — 1)/HR." The
population dose-response relationships between concen-
trations of air pollutant i (C;) and the PAFs of incident
TB can then be constructed by fitting those calculated
PAFs with the three-parameter Hill model, resulting in
a conditional probability of PAF given all probable C;
taking into account (i.e., P(PAF;|C))),

PAFnax
()

where PAF,,.« stands for the maximum PAF, ACs, char-

P(PAF;|C;) = (1

acterizes the half-maximum PAF posed by particular air
pollutant concentration (ppb for NO, and NOy; ppm for
CO; ug/m3 for PM, 5 and PMy), and # is the Hill coeffi-
cient which is a measure of cooperativity. A value of n =1
represents a linear response at low concentration, n > 1
represents a sublinear (sigmoidal) response indicating
positive cooperatively, and n < 1 represents a superlinear
response. TableCurve 2D (Version 5.01, AISN Software
Inc., Mapleton, OR, USA) was used to fit with PAF data to
determine the governing population dose—response
relationships.

Risk Characterization

Following the Bayesian inference, the ambient air pollution
exposure-induced risk of TB development can be quantified
through jointing prior probability of pollutant concentration
(P(Cy)) with conditional probability (P(PAF;|C))), resulting
in a joint probability (i.e., posterior probability) that can be
expressed mathematically as,

Dr(PAF;) = P(PAF,|C;) x P(C;) 2

where ®i(PAF;) is the cumulative distribution function
characterizing the PAF of TB associated with exposure to
a specific air pollutant i.

To better understand the likely probability of ambient
air pollution exposure-induced risk of TB, we used the
maximum probability of 1 to subtract the cumulative risk
profile as 1 — @g(PAF)), leaving an exceedance risk (ER)
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profile @gr(PAF)), representing the probability for the PAF
to exceed a particular level at a given air pollution expo-
sure. The contribution of air pollution exposure to the TB
incidence rate can then be estimated by multiplying ®gr
(PAF;) to the site-specific incidence rate.

Results

Air Pollutant Concentrations
Figure S1 shows that the concentrations of all air pollutants in
the four study sites have a downward trend. The concentration
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fluctuations of NO, and NOx are barely seen in Taitung
County, whereas PM, 5 and PM; o concentrations in Pingtung
County show a different pattern from those in other study sites,
with the largest fluctuations (Figure S1). Simulation results
showed that the lognormal (LN) function with a geometric
mean (gm) and a geometric standard deviation (gsd) was the
most suitable fitted distribution for the monthly air pollutant
concentration in the period 2006-2016 among four study sites
(Figures 2 and S1, Table S2). The ranges of gm concentrations
of NO,, NOx, CO, PM, s, and PM;, were 5.07-20.53 ppb,
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Figure 2 Probability distributions of concentrations of air pollutants for (A) NO,, (B) NOx, (C) CO, (D) PM, s, and (E) PM,q in Taipei City, Hualien, Taitung, and Pingtung

Counties, respectively.
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7.49-31.17 ppb, 0.33-0.62 ppm, 12.04-27.22 pg/m?, and 27.-
56-51.44 png/m>, respectively (Table S2).

We found that Taipei City had the highest concentrations
of NO, (gm: 20.53 ppb, gsd: 1.18), NOx (31.17 ppb, 1.20),
and CO (0.62 ppm, 1.17), whereas the highest concentra-
tions of PM, 5 (27.22 pug/m>, 1.57) and PM;, (51.44 pg/m’,
1.41) were found in Pingtung County (Figure 2, Table S2).
By contrast, Hualien and Taitung Counties had the rela-
tively low concentrations of NO, (rang of gm: 5.07-9.60
ppb), NOx (7.49-12.55 ppb), CO (0.34-0.39 ppm), PM, 5
(12.04-17.23 pg/m®), and PM;, (27.56-30.83 ug/m’)

(Table S2).

Population Dose—Response Relationship
Between Air Pollution and PAF

Under the severe scenario, PAF ., estimates associated with
exposures to NO,, NOx, and CO could be as high as 1.
Therefore, the fixing PAF,.x of 1 was used in the dose—
response fittings to avoid unreasonable upper limits higher
than 1. Figure 3A—H demonstrates that Hill models could
adequately elucidate the population dose-response relation-
ships between air pollutant concentrations (C;) and the PAF
of incident TB (+* = 0.86-0.98; p-value < 0.01) (Table 1).
Compared with NO,, NOx, and CO, the optimally fitted
PAF,,,. estimates for PM, s and PM,, under the severe
scenario were 0.34 £ 0.01 (mean + se) and 0.36 + 0.04,
respectively (Figure 3D and E, Table 1). Moreover, ACs, for
NO,, NOyx, CO, PM, 5, and PM;, were 31.59 + 1.15 ppb,
46.33 + 1.88 ppb, 1.12 + 0.07 ppm, 28.46 + 0.11 ug/m>, and
53.32+1.39 ug/m3, respectively (Figure 3A-E, Table 1).

For the moderate scenario (Figure 3F—H), PAF .« was in
the following order of NOyx > NO, > CO with estimates of
0.49 £ 0.09, 0.29 £ 0.11, and 0.21 £ 0.17, respectively
(Table 1). Under the same scenario, ACs, estimates of
NOx, NO,, and CO were 44.05 + 2.68 ppb, 29.78 + 4.18
ppb, and 0.84 + 0.25 ppm, respectively (Table 1). For both
severe and moderate scenarios, all of the fitted Hill coeffi-
cients n were larger than 1, indicating positive cooperativity
of the population exposure-response (C—PAF) relationships
(Table 1).

Contribution of Ambient Air Pollution to

the Risk of TB Development

Figure 4 displays the population-level ER profiles of the
PAF of TB due to exposure to ambient air pollutants for
Taipei City and Hualien, Taitung, and Pingtung Counties
The highest

under severe and moderate scenarios.

estimated PAFs of TB related to ambient air pollution
exposure at exceedance probabilities of 0.8 (ER = 0.8,
most likely) and 0.5 (ER = 0.5, likely) are summarized
in Table 2.

Under the severe scenario at ER = 0.8, CO exposure
showed the highest median PAFs in all study sites, indicat-
ing that there was 80% probability for the contribution of
CO exposure to incident TB cases exceeding 12.2% (95%
CL 9.0-15.4%), 2.7% (0.7-4.8), 2.6% (0.6-4.5%), and
1.6% (0.1-3.1%) in Taipei, Hualien, Taitung, and
Pingtung, respectively (Figure 4A,C,E and G, Table 2).
Under the same scenario at ER = 0.5, CO exposure also
had the highest PAFs ranging from 3.8% (1.4-6.3%) to
16.6% (13.7-19.5%) in Taipei, Hualien, and Taitung
(Figure 4A,C and E, Table 2), whereas PM;, showed the
highest median PAF only in Pingtung County with esti-
mates of 11.9% (9.0-14.8%) (Figure 4G, Table 2).
Additionally, we found that the PAFs due to NOx were
comparable with that of CO in Taipei City, with the median
PAFs of 164% at ER = 0.5 and 9.8% at ER = 0.8
(Figure 4A).

Under the moderate scenario at ERs = 0.5 and 0.8, the
results showed that the median PAFs posed by air pollutants
were <0.2% in Hualien, Taitung, and Pingtung Counties
(Figure 4D,F and H, Table 2). By contrast, air pollutants
had a certain contribution to the incidence of TB in Taipei
City even under the moderate scenario (Figure 4B, Table 2).
Specifically, the highest PAFs posed by NO, and NOy
exposures were 1.7% (0.1-3.2%) at ER = 0.8 and 3.3%
(1.0-5.6%) at ER = 0.5, respectively (Figure 4B, Table 2).
However, it is most likely (ER = 0.8) that NOx exposure
contributed 1.2% (median PAF)
(Figure 4B). The exposure to CO also had a contribution
to the risk of TB development, with median PAFs of 3.1%
at ER = 0.5 and 1.6% at ER = 0.8 (Figure 4B). Overall, our
results revealed that Taipei City had the highest PAF asso-
ciated with exposure to ambient air pollutants under both

to developing TB

severe and moderate scenarios.

On the basis of the 11-year annual TB incidence data
(Table S1) and the PAF estimates in four study sites, the
contribution of a specific air pollutant exposure on the
annual TB incidence rate can be estimated (Table 2). The
air pollutant-induced contribution to the TB incidence
rates at ERs = 0.8 and 0.5 ranged from 0.04 (0-0.17) to
4.72 (2.80-6.96) per 100,000 population and from 0.15
(0-0.63) to 10.74 (7.26-14.75) per 100,000 population,
respectively (Table 2). Under severe scenario, it is most
likely (i.e., 80% risk probability) that the contributions of
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Figure 3 Population dose—response profiles describing the relationship between air pollutant concentrations and population attributable fraction (PAF) of incident TB for
(A-E) NO,, NOy, CO, PM, 5, and PM, under the severe scenario; and for (F-H) NO,, NOx, and CO under the moderate scenario.

Infection and Drug Resistance 2019:12

submit your manuscript

Dove

3841


http://www.dovepress.com
http://www.dovepress.com

Lin et al

Dove

Table | Fitted Coefficients of Three-Parameter Hill Models for Describing the Relationships Between Air Pollutant Concentrations
and Population Attributable Fraction (PAF) of Incident TB

Scenario Air Pollutant Fitted Coefficients (mean % se) r
PAFmax AC;O n

Severe NO, (Figure 3A) | 31.59 + 1.15 ppb*** 4.43 + 0.80%F* 0.86%*+*
NO (Figure 3B) | 46.33 £ .88 ppb*** 4.03 + 0.73%F* 0.86%**
CO (Figure 3C) | 1.12 £ 0.07 ppm*** 2.70 + 0.38%+* 0.89#%*
PM, s (Figure 3D) 0.34 £ 0.0 % 28.46 £ 0.11 pg/m3*** 26.72 * 2.53%** 0.99##*
PM,o (Figure 3E) 0.36 + 0.04*+* 53.32 + 1.39 ug/m3 Aokl 12.82 + 3.04** 0.96%+*

Moderate NO, (Figure 3F) 0.29 + 0.1 I* 29.78 + 4.18 ppb*** 5.46 + |.40%* 0.98*¥*
NOx (Figure 3G) 0.49 + 0.09** 44.05 £ 2.68 ppb*** 7.48 + |.49** 0.98***
CO (Figure 3H) 021 £0.17 0.84 + 0.25 ppm* 5.75 £ 3.40 0.91%*

Notes: *p-value < 0.05, *p-value < 0.01, ***p-value < 0.001.

CO exposure to the TB incidences were 4.72 (2.80-6.96),
2.58 (0.60-4.96), 2.29 (0.49—4.41), and 1.46 (0.10-2.94)
per 100,000 population in Taipei, Hualien, Taitung, and
Pingtung, respectively (Table 2).

Discussion

Since the incidence of TB and the concentration of air
pollutants vary by region, three high-incidence regions in
Hualien, Taitung, and Pingtung Counties, and a relatively
low-incidence region in metropolitan Taipei City were
selected as our study sites to conduct a risk assessment
of ambient air pollution to TB. To the best of our knowl-
edge, the present study was the first attempt to integrate
probabilistic and population-level risk assessment to assess
the contribution of ambient air pollution exposure to the
risk of TB development on a regional scale. Although an
increasing number of epidemiological studies have
explored the association between ambient air pollutants

71320 hone of these

and the risk of TB in recent years,
studies implemented a probabilistic approach incorporat-
ing the epidemiological perspective of PAF to evaluate the
potential population-level risk of TB development attribu-
table to ambient air pollution. Therefore, this study pro-
vided an integrative approach by using a Bayesian-based
probabilistic risk assessment model to link exposure con-
centrations of air pollutants quantified in a probabilistic
manner with the PAF-based population dose-response
models for offering the important insights into the contri-
bution of air quality to the risk of TB.

In this study, we showed that the contribution of CO
exposure to the risk of TB development was higher than
other air pollutants. Epidemiological studies conducted in
Northern California of the United States,” Iran,'' and

Taiwan'?® indicated that the elevated risk of TB was more
associated with exposure to ambient CO than that to NOx
and NO,. Lai et al"® revealed that CO had the highest
adjusted HR (1.89; 97.5th percentile: 4.58) compared with
NOx (1.21; 1.41), NO, (1.33; 1.70), PM, 5 (1.39; 2.03),
and PM;, (0.95; 1.17). By using 10-year data to assess the
individual level of air pollution exposure in Iran, Rajaei
et al'! indicated that long-term exposure to CO was posi-
tively associated with TB development. Their study also
found that the level of NOx was not significantly related to
TB."' Smith et al® showed an apparent dose—response
relationship between CO levels and odds of pulmonary
TB among both individuals and smokers; however, once
stratified on smoking status, the dose—response pattern
between NO, and pulmonary TB odds was less pro-
nounced. There was a 50% (95% CI: 15 — 95%) increase
in the risk of pulmonary TB for those exposed to the
highest concentration of CO relative to those with the
lowest exposure.” In addition, a 5-year time-series study
in Jinan of China also found positive associations between
CO and the increased pulmonary TB risk among gender,
age group, and smear-negative cases.””

Different PAF patterns among geographical regions
were also observed in this study, reflecting the regional
differences in pollution levels. In Taipei City with the high-
est exposure levels of CO (gm: 0.62 ppm), NOx (31.17
ppb), and NO, (20.53 ppb), the contribution of CO expo-
sure to the risk of TB development under the severe sce-
nario ranged from 12.2% to 16.6% (range of median PAFs),
while NOyx and NO, exposures contributed 9.8—-16.4% to
developing TB. By contrast, Pingtung County had the high-
est level of PM;o (gm: 51.44 pg/m®). However, in Pingtung
County, the impact of PM( exposure on TB incidence was
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Figure 4 Population-level exceedance risk curve of air pollutants-associated population attributable fraction (PAF) of incident TB under severe and moderate scenarios for
(A, B) Taipei City, (C, D) Hualien County, (E, F) Taitung County, and (G, H) Pingtung County, respectively.

obviously only observed under the severe scenario, with
a median PAF of 11.9%. Ambient air pollutants originate
from different causes and exist in varying quantities in
various regions. In Taipei City, nearly 94% of CO emissions
and 80% of NOx emissions resulted from motor vehicles.”!

It implies that urbanization accompanied by substantial
amounts of vehicle emissions could cause an increase in
the risk of TB, even in a low-incidence region such as
Taipei City. The industrial construction activities (78%)
and combustion and agriculture (8%) are the primary
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Table 2 Estimated the Highest Population Attributable Fraction (PAF) of TB Associated with Air Pollution Exposure at Exceedance

Risk Probabilities of 0.8 (Most Likely) and 0.5 (likely) for Taipei City, Hualien, Taitung, and Pingtung, Respectively

Scenario | Study Exceedance Risk (ER)
Site
0.8 0.5
Air PAF Contribution to Air PAF Contribution to
Pollutant Incidence® Pollutant Incidence
Severe Taipei CcOo 12.2% (9.0-15.4%)* | 4.72 (2.80-6.96) CcO 16.6% (13.7-19.5%) | 6.41 (4.07-9.05)
Hualien CO 2.7% (0.7-4.8%) 2.58 (0.60—4.96) CO 5.2% (2.4-8.0%) 4.88 (2.01-8.27)
Taitung CO 2.6% (0.6—4.5%) 2.29 (0.49-4.41) CO 3.8% (1.4-6.3%) 3.42 (1.14-6.09)
Pingtung | CO 1.6% (0.1-3.1%) 1.46 (0.10-2.94) PM,o 11.9% (9.0-14.8%) 10.74 (7.26—14.75)
Moderate | Taipei NO, 1.7% (0.1-3.2%) 0.64 (0.03-1.35) NOx 3.3% (1.0-5.6%) 1.28 (0.34-2.36)
Hualien (e(e) 0.1% (0.0-0.5%) 0.1'1 (0.0-0.46) CcO 0.2% (0.0—1.4%) 0.35 (0.0-1.37)
Taitung CO 0.05% (0.0-0.4%) 0.09 (0.0-0.39) CO 0.1% (0.0-0.8%) 0.19 (0.0-0.78)
Pingtung | CO 0.02% (0.0-0.18%) [ 0.04 (0.0-0.17) CO 0.09% (0.0-0.7%) 0.15 (0.0-0.63)

Notes: *Median (95% Cl). "Contribution of specific air pollutant i to TB incidence rate (per 100,000 population) = ®gg(PAF)xsite-specific incidence rate. The site-specific
incidence rates in the period 20062016 were 38.6 + 6.8 (mean * sd), 93.5 £ 7.1, 89.1 + 15.3, and 90.3 + | 1.5 per 100,000 populations in Taipei City and Hualien, Taitung,

and Pingtung Counties, respectively (Table Sl).

sources of PMj, contributing to Pingtung County’s air
pollution.?! Previous epidemiological studies have provided
inconsistent results in the association between PM;, and the
incidence of TB. Most studies have found no significant
associations between PM;, and TB.3%11,13.22.23 However,
an epidemiological study in China reported that TB was
positively correlated with the concentration of PM,,."
Further studies are needed to elucidate the possible associa-
tions between PM,, exposure and the incidence of TB.
The underlying mechanisms for the increase in the risk
of TB development with ambient air pollution exposure
might be multifactorial. Growing evidence in terms of the
physiological mechanism supports the association between
exposure to ambient air pollutants and the elevated risk of
developing TB. Animal studies showed that long-term
exposure to diesel exhaust can reduce macrophage functions
such as productions of tumor necrosis factor-alpha (TNF-a)

2425 resulting in the indirect

and interferon-gamma (IFN-y),
increase of the mycobacterial load in mice.”® TNF-« has
been suggested to play a central role in the granulomata
formation for host defenses against M. tuberculosis.>’ >’
Furthermore, the inhibition of TNF-a by drugs in clinical
medicine has been linked to an increased risk of reactivation
TB.*° IFN-y is also essential to activate macrophages and
facilitate killing bacteria.'~’

In addition, CO may activate interleukin-10 cascade in
lung macrophage and promote the risk of M. tuberculosis
reactivation.”® From the microbiological perspective, Park
at el*® indicated that mycobacteria can use CO as the

carbon and energy source to grow under aerobic

conditions. Accordingly, CO may be a potential risk factor
to activate M. tuberculosis. A murine study revealed that
inhalation of NO, might decrease pulmonary bactericidal
ability and increase the risk of respiratory bacterial
infections.>* PM-bound transition metals (e.g., iron) are
thought to induceoxidative stress in the lung and have
been associated with altered host defenses in rats.>=°
Chronic exposure to air pollution impairs the normal clear-
ance of secretions on the tracheobronchial mucosal sur-
face, allowing the TB bacilli to reach the alveoli by
avoiding the first level of host defenses.”’

A systematic review indicated TB risk factors consisting
of diabetes (PAF = 6.3%), HIV infection (7.3%), alcohol use
> 40 g/day (13.1%), active smoking (22.7%), indoor pollu-
tion (26.2%), and malnutrition (34.1%).> Our results showed
that the PAF due to ambient air pollution exposure could
reach up to 20% that were comparable with the PAFs due to
active smoking and indoor pollution. Notably, indoor pollu-
tion contributes to a distinct proportion of the TB burden.
Pollutants of concern indoors include CO, NOx, and PM.>%3°
Exposure to indoor CO, NOx, and PM could interfere with
mucociliary clearance, reducing the antibacterial effects of
macrophages.’ Because of our attention only on ambient air
pollution, we suggest that future studies explore the joint
effects of ambient and household air pollution as well as
personal smoking habits on the risk of TB development.

Moreover, our results showed that air pollutants had
a relatively low contribution to the risk of TB development
(range of PAFs: 0-8.0%) in the highest incidence regions of
Hualien and Taitung. There were three reasons that could be
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explained for this finding. First, the concentration levels of
air pollutants in rural Hualien and Taitung regions were
generally lower than those in Taipei City and Pingtung
County. Second, the statistical data have indicated that
aborigines residing in Hualien and Taitung Counties have
substantially higher TB incidence rates, with nearly 4 times
higher than the general population.*® Genetic factor such as
NRAMP I polymorphism has been demonstrated to play an
important role in affecting susceptibility to and increase the
risk for TB in Taiwanese aborigines.*' Third, environmental
and socio-economic factors such as poor hygiene, lower-
income, information barriers, and inconvenience of trans-
portation along with the social behaviors such as alcoholism
and the relatively intact village lifestyle are considered to be
associated with the high prevalence of TB among
Taiwanese aborigines.*' **

There are several limitations to our study. First, this
study did not include individual factors such as age, gender,
and subpopulations into assessment; therefore, our results
were more applicable to the general population. Because of
the lack of dose-response data regarding sulfur dioxide
(S0O,) in Taiwan, we did not consider the effect of SO, on
TB, which has been reported a positive association with TB
incidences in South Korea®* and in Chengdu of China.'?

Second, the present assessment results for the contribu-
tion of ambient air pollution exposure to the risk of TB
development might be underestimated due to insufficient
accuracy of the exposure and effect analyses. We used ambi-
ent air monitoring data to conduct a time-series exposure
analysis to estimate the levels of population exposure to air
pollutants, which may not accurately reflect the intensity of
personal exposure. The data used in the effect analysis were

extracted from Lai et al,"

which is the only one epidemio-
logical study in Taiwan concerning the ambient air pollution-
related TB issue. However, the effect of ambient air pollution
on TB might be underestimated in their study due to the
misclassification of exposure. Besides, their estimated asso-
ciations between ambient air pollution and TB were unstable
and had wider CIs. The wider CIs may disturb the precision
of the dose—response analysis. Thus, we designed the severe
and moderate scenarios to construct pollutant concentration—
PAF relationship profiles.

Third, our population dose-response relationships for
PM, s and PM,, were only applied to the concentrations
>25 and 45 pg/m’, respectively. Further epidemiological
investigations for providing more robust evidence on the
association between ambient air pollution and TB inci-
dences are urgently necessary to improve our insights

into the perspective on the influence of ambient air pollu-
tion exposure on the risk of TB development.

Despite these limitations, our results based on the
probabilistic population-level risk assessment contribute
to the understanding of the contribution of air quality to
the risk of TB. The assessment results showed that CO
exposure had the highest contribution to the risk of TB
development, followed by NOyx and NO, exposures.
While the relationship between TB and exposure to air
pollution is still under study, the positive associations of
TB with ambient CO, NOx, or NO, have been observed
in different countries, including the United States,®’

1220 and Taiwan.'> Comparatively limited

Iran,"' China,
studies for exploring the impacts of ambient air pollution
on TB from Africa and Latin America are available.
However, using data in Africa, Mexico of the Latin
America, India, and other countries, previous meta-
analyses have revealed an association between indoor
air pollution, primarily from biomass fuel combustion,
and TB.>® Taken together, our findings support the
hypothesis and observations of previous studies that the
linkage between poor air quality and the risk of TB
development, particularly the CO, NOx, and NO,.
Considering that people continue to be exposed to both
TB bacilli and ambient air pollutants, our integrated
approach can be applied for different countries/regions
to identify which air pollutants contribute to the higher
risk of TB in order to develop potential mitigation
programs.

Conclusion

Our study indicates that, on a regional scale, the elevated risk
of TB development is inexorably associated with ambient air
pollutant exposures, which implicates the multifaceted pro-
cesses that underlie the global TB burden. By implementing
the probabilistic population-level risk assessment, we found
that CO exposure showed the highest PAF, followed by NOx
and NO, exposures. These findings provide strong empirical
support for the hypothesis and observations from the litera-
ture that poor air quality is highly likely to link aetiologically
to the risk of TB development. It suggests that preventing
overexposure to CO, NOx, and NO, and developing mitiga-
tion strategies are robust to have health benefits to susceptible
and latently infected individuals in reducing the TB burden.
The approach presented here will be applicable across TB
infection systems for which ambient air pollution data exist,
allowing a wide range of insights into the contribution of air
quality to the risk of TB.
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