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Abstract

Hong Kong is an intermediate tuberculosis (TB) endemicity city dominated by reactivation
diseases. A cross-sectional study on the clinical and epidemiologic data of newly diagnosed TB
cases was conducted in such a setting, to examine the association between ambient PM2.5 and TB
reactivation. After the exclusion of cases most likely resulting from recent infection, four distinct
TB population phenotypes were delineated by latent class analysis based on their reactivation
risk and clinical profiles (N = 2,153): ‘Elderly male’ (26%), ‘Otherwise healthy younger adult’
(34%), ‘Older female’ (19%) and ‘Male smoker’ (21%). Overall, exposure to high concentrations
of ambient PM2.5 6 and 12 months before the notification was significantly associated with
‘Otherwise healthy younger adults’ membership (OR = 1.07 and 1.11, respectively) compared
with ‘Elderly male’. Such association was less evident for other phenotypes. The differential
pattern of association between ambient PM2.5 exposure and TB population phenotypes sug-
gested the role of ambient PM2.5 in TB reactivation.

Introduction

Approximately one-quarter of the global population is estimated to be latently infected with
Mycobacterium tuberculosis (M.tuberculosis) [1]. Apart from recent exogenous transmission, the
large TB infection (commonly referred to as latent TB infection, LTBI) reservoir continues to fuel
the tuberculosis (TB) epidemic, fromwhich a substantial proportion of incident TB cases emerge
through endogenous reactivation. The estimated lifetime risk of TB reactivation following LTBI
is 5–10%, the level of which could be modified by age and different combinations of risk factors
[2,3]. Well-established risk factors include HIV infection, silicosis, treatment with tumour
necrosis factor-alpha (TNF-α) antagonists and chronic renal failure undergoing haemodialysis
[2,3]. While host-related risk factors alone are unlikely to account for the causation of all
reactivation cases, some potentially unmeasured environmental risk factors may have played a
part in an unexplained proportion of cases [4]. The body of biological evidence on themodulation
of immune response by ambient PM2.5 exposure lends support to its plausible role in TB
reactivation. Ambient PM2.5 exposure was reported to significantly disrupt the balance of pro-
and anti-inflammatory immune responses, which is critical for the maintenance of granuloma
integrity and optimal granulomatous inflammation to control mycobacterial growth yet min-
imize the pathology [5,6]. Increased risk of reactivation is postulated to result from the disturb-
ance of polarity balance between M1 and M2 macrophages, dysregulated production of
inflammatory mediators (e.g., IL-1β, TNF-alpha, and IFN-gamma), and/or dysfunction of
immune cell induced by ambient PM2.5 exposure [5, 7-9]. Several epidemiological studies have
shown the association of ambient PM2.5 exposure with an increased risk of active TB [10-12]. The
association of TB reactivation with ambient PM2.5 exposure was however difficult to ascertain.
The main problems include the absence of a gold standard for defining TB reactivation and the
heterogeneity of TB disease characterized by a continuum of immunopathology [13], making the
differentiation between TB disease resulting from endogenous reactivation and a recent trans-
mission complicated.

Hong Kong is an intermediate TB endemicity city dominated by reactivation disease. An
earlier local study estimated that only 15–20% of observed TB incidences were contributed by
recent transmission [14]. With the epidemiological transition resulting from ageing and suc-
cessful control of transmission by antimycobacterial therapy, the proportion of TB incidence
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contributed by reactivation has likely increased further in recent
years [15]. There exists a large but heterogenous group of active TB
cases with a spectrum of reactivation risk profiles and clinical
presentations. The characteristics of the TB epidemiology in Hong
Kong provided us with the opportunity to investigate the relation-
ship between ambient PM2.5 and TB reactivation. Mindful that
binary classification of disease outcome as either disease progres-
sion from endogenous reactivation or recent transmission is hardly
possible, we conducted a comparative cross-sectional study on
newly diagnosed TB cases to identify and characterize distinct
population phenotypes of active TB diseases based on the reacti-
vation risk profiles and clinical presentations, and to examine the
differential associations between ambient PM2.5 exposure and the
identified subpopulations.

Materials and methods

Study population

All newly notified active TB cases attending the government’s chest
clinics from May 2019 to August 2020 were included. TB is a
statutorily notifiable disease in Hong Kong, the reporting of which
is centralized on the case-based TB notification registry maintained
by the government’s Department of Health. The network of chest
clinics offers free programmatic case finding and treatment for TB,
with the coverage of over 80%of all notified TB cases inHongKong.
Patients on LTBI treatmentORnot living inHongKongmost of the
time (<50% time in Hong Kong over the past 1 year before notifi-
cation) OR imprisonment for >50% time in the past 1 year before
notification were excluded. An active TB case was defined as any
patient with disease proven by isolation of M. tuberculosis complex
from a clinical specimen, or in case of absent bacteriological confirm-
ation, disease diagnosed on clinical (signs and symptoms compatible
with active tuberculosis), radiological (diagnostic imaging findings
compatible with active tuberculosis), molecular (demonstration of
M. tuberculosis from a clinical specimen by nucleic acid amplification
test) and/or histopathological grounds (demonstration of acid-fast
bacilli in a clinical specimen) togetherwith an appropriate response to
treatment. The required sample size to detect a differential association
between ambient PM2.5 exposure and TB population phenotypes was
1,200 based on the estimated effect size of 0.10 [16], maximum
phenotypes number of 5, a power of 80% and a 2-sided significance
level of 95%. To further compensate for 15% drop-out, the target
sample size for recruitment was 1,380.

Data collection

Data were extracted from the epidemiologic investigation records
of each eligible patient. A structured questionnaire was applied to
transcribe the information on socio-demographics, TB disease
status, contact tracing, behavioural risk factors, comorbid his-
tory, outdoor environmental characteristics (residential and
workplace location, outdoor activity level) and indoor environ-
mental characteristics (setting of residential environment, use of
air-conditioning, passive smoking exposure at home/workplace).
Ethical approval was obtained from The Joint Chinese University
of Hong Kong – New Territories East Cluster Clinical Research
Ethics Committee (The Joint CUHK-NTEC CREC) (ref. no:
2018.381) and the Ethics Committee of the Department of Health
(ref. no: L/M 12/2019). Formal consent for participation was
waived by the ethics committee.

PM2.5 exposure assessment

Ground-level monthly mean PM2.5 concentration in Hong Kong
was estimated using a satellite-based spatiotemporal model. The
model employed an observational data-driven algorithm to retrieve
PM2.5 concentration at 1 km × 1 km resolution based on Aerosol
Optical Depth (AOD) data, meteorological data and PM2.5 measure-
ment from monitoring stations [17,18]. Individual ambient PM2.5

exposure was defined as that specific to one’s residential location, at
the following temporal exposure window: 6 months, 1, 2, 3, and
4 years before notification. The average, 99thpercentile andmin/max
range of PM2.5 concentration over the exposure windows of interest
were used to approximate the long-term cumulative exposure,
extreme exposure event and fluctuation of exposure respectively.

Statistical analysis

After the exclusion of cases most likely resulting from recent
transmission (paediatric TB cases aged ≤ 14 years), latent class
analysis (LCA) was applied to delineate the population pheno-
types of active TB which represented various possibilities of TB
reactivation. Eight variables reflecting demographics risk (age,
gender), epidemiological risk (TB contact history), behavioural
risk (smoking history), co-morbidity risk (chronic illness,
immune-related conditions and general debilitation) and clinical
presentation (type of TB) were included in LCA in R using poLCA
[19]. We started with a two-class model with successive models
fitted with an increasing number of classes (up to five). Final
model selection was based on a balance of (1) lower Bayesian
Information Criterion; (2) entropy >0.7 and (3) clinical interpret-
ability [20]. Each participant was then assigned to the latent class
for which his/her membership probability was the highest.

The multinomial logistic regression model was used to examine
the differential associations between ambient PM2.5 exposure and
latent class membership. Two models were developed. First, the
crude association between ambient PM2.5 exposure and TB popula-
tion phenotypes was examined over different windows of exposure
with bivariate analysis in model 1. Model 2 was built upon model
1 over the most relevant window of exposure (windows with signifi-
cant differential impacts of PM2.5 detected), adjusting for the presence
of a fulltime work/study environment, setting of residential environ-
ment, passive smoking exposure at home and air-conditioning at
home. Sensitivity analysis was conducted to test the stability of
associations by excluding participants with close contact history
(household contact with TB cases within the past 2 years from
diagnosis). Statistical analyses other than LCA were performed using
SPSS version 25 (SPSS Inc., Chicago, IL) with statistical significance
defined by two-sided p values of ≤0.05. Complete case analyses were
performed to address the missing data.

Results

Characteristics of the study population

During the study period, there were 2,202 notified active TB cases
meeting eligibility criteria (Supplementary Figure 1). The male-to-
female ratio was 1.6:1, with about half at full-time work or study.
Overall (n = 1,615), middle-aged (aged 45–64) and elderly cases
(aged ≥65) accounted for more than 70% of the study population
(n = 2,202), while paediatric (aged ≤14) and young adults’ case
(aged 15–29) only accounted for 0.1% and 5.5%, respectively
(Table 1). More than one-third were current or ex-smokers (22%
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Table 1. Characteristics of study population (N = 2,202)

Characteristics
Number of
count (n)

Percentage
(%)

Socio-demographic

Gender (missing = 1)

Male 1,355 61.6

Female 846 38.4

Age in years (missing = 16)

0–14 (children) 3 0.1

15–24 (young adults) 120 5.5

25–44 (adults) 448 20.5

45–64 (middle age 712 32.6

65 or above (elderly) 903 41.3

Education level (missing = 5)

Primary school or below 793 36.1

Secondary school 1,022 46.5

Post-secondary 382 17.4

On CSSAa (missing = 5)

No 1980 90.1

Yes 217 9.9

Ethnicity (missing = 2)

Chinese 2033 92.4

Non-Chinese 167 7.6

Clinical characteristics

TB contact history

No known contact history 2003 91.0

Contact with TB cases reported 199 9.0

Type of TB contact (among those with contact history; missing = 5)

Household 143 73.7

Work 10 5.2

Causal 41 21.1

Duration of TB contact (among those with contact history)

Within 2 years 82 41.2

Over 2 years 117 58.8

Smoking history (missing = 7)

Never smoker 1,302 59.3

Current smoker 484 22.1

Ex-smoker 409 18.6

Drug abuse or alcoholism

No 2,155 97.9

Yes 47 2.1

Chronic illness (missing = 10)

No 1713 78.1

Yes 479 21.9

Immune-related disease (missing = 10)

No 1961 89.5

(Continued)

Table 1. (Continued)

Characteristics
Number of
count (n)

Percentage
(%)

Yes 231 10.5

General debilitation (missing = 10)

No 2030 92.6

Yes 162 7.4

Type of tuberculosis (missing = 32)

No pulmonary involvement 540 24.9

Pulmonary TB only with cavity 317 14.6

Pulmonary TB only without cavity 1,123 51.8

Pulmonary with extrapulmonary
involvement

190 8.8

Number of anatomical sites involved (missing = 11)

One 1977 90.2

Two 185 8.4

Three or more/disseminated 29 1.3

Environmental characteristics

Setting of housing environments (missing = 19)

Regular flat 2054 94.1

Subdivided unitb 69 3.2

Elderly home or institution 60 2.7

Presence of air conditioning at home

No 159 7.2

Yes 2043 92.8

Passive smoking at home

No 1852 84.1

Yes 350 15.9

Presence of full-time work/study environment

No 1,279 58.1

Yes 923 41.9

Air conditioning at work
(among those with full-time work/study environment; missing = 2)

No 194 21.1

Yes 727 78.9

Passive smoking at work
(among those with full-time work/study environment; missing = 1)

No 713 77.3

Yes 209 22.7

Work or study outdoor most of the time (>50%)
(among those with full-time work/study environment; missing = 2)

No 642 69.6

Yes 281 30.4

aCSSA, Comprehensive Social Security Assistance (CSSA) Scheme (i.e., a form of financial
support from the government).
bSubdivided unit – a small living unit derived from the subdivision of a residential flat
originally designed to accommodate a single household (i.e., a unique form of living
environment in Hong Kong).
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and 19% respectively), while 15.9% reported having passive smok-
ing at home. A small proportion, accounting for 3.2% and 2.7% of
the study population, were living in subdivided units and elderly
homes respectively.

Previous contacts of active TB cases were reported in about 9%
of all patients. Clinically, underlying chronic illnesses and immune-
related diseases were diagnosed in 22% and 11%, respectively, while
7% were generally debilitated. A majority of patients had TB with
pulmonary involvement, with 66.4% diagnosed with pulmonary
disease alone. Extrapulmonary and pulmonary diseases co-existed
in 9% of patients. About one-quarter presented with extrapulmon-
ary TB without lung involvement.

TB population phenotypes delineation

A total of 2,153 presumptive reactivation TB cases were included in
LCA (Supplementary Figure 1), after excluding 3 paediatric cases
and 46 cases with incomplete data. A four-class model provided the
most parsimonious and informative explanation of the data
(Supplementary Table 1).

Class 1 ‘Elderly male’ (26%) comprised mainly of male patients
of age ≥ 65, with the highest prevalence of underlying chronic
illnesses (34%) and general debilitation (22%) as compared with
all other classes (Table 2). Almost all (96%) did not have TB contact
history, and 51% were ex-smokers (51%). For clinical presentation,
close to three-quarters (76%) had pulmonary disease alone. In
comparison to Class 4 which featured older adults, a higher fre-
quency presented with non-cavity disease (61% vs. 52%). Class
2 (34%) was characterized by relatively healthy adults with diverse
ages and was labelled as ‘Otherwise healthy younger adults’. Indi-
viduals in this class had a higher probability of being female (69%)
and never-smokers (87%), but the lowest prevalence of chronic
illnesses, immune-related conditions, and general debilitation (2%,
4%, and 0%, respectively). A relatively higher proportion of indi-
viduals in Class 2 had TB contact history (14%), despite the overall
low reporting rates across classes. Clinically, as compared with class
1 and 4, a higher proportion of individuals from Class 2 had TB
disease with extrapulmonary involvement (47%). Class 3 (19%)
‘Older female’ comprised mainly of middle-aged and elderly
patients, a higher proportion of whom were female (71%). Almost
all Class 3 patients were never smokers (98%).While the prevalence
of chronic illnesses in this class was comparable with that in Class
1 (32% vs. 34%), more individuals from Class 3 had immune-
related conditions (18% vs. 12%) but fewer were generally debili-
tated (10% vs. 22%). A higher proportion of TB cases in this class
had extrapulmonary site involved (40%). Class 4 (21%) comprised
mainly middle-aged males. The distinctive feature of individuals
from this class was their highest engagement in tobacco use (64%)
and was therefore labelled as ‘Male smoker’. More than three-
quarters of them had pulmonary disease alone, with a higher
proportion presenting with cavity disease as compared with class
1 (28% vs. 15%).

Associations of ambient PM2.5 exposure with TB population
phenotypes

Over the study period, the monthly mean PM2.5 concentration in
Hong Kong ranged from 9.81 to 41.38 μg/m3, which peaked during
the winter months and reached the trough during the summer
months. In general, the northwest areas were the most heavily
polluted while the southeast areas were the least heavily polluted.

The spatial pattern of PM2.5 concentration across Hong Kong
remained generally stable during the study period. The spatial
distribution of TB cases by four latent classes against PM2.5 con-
centrations in the year 2019 is shown in Figure 1. Five exposure
windows preceding TB notification were explored in evaluating
the possible association of PM2.5 with TB population pheno-
types, at 6, 12 months, 2, 3, and 4 years. Individual-level ambient
PM2.5 concentration in terms of long-term cumulative exposure
(average), extreme exposure event (99th percentile) and fluctu-
ation of exposure (min/max range) by TB population phenotype
over different exposure windows are summarized in Table 3.
Apparent variation in PM2.5 concentration was noted between
TB population phenotypes for the 6- and 12-month exposure
window.

The crudemodel showed that compared with the ‘Elderly male’
(Class 1-reference group), exposure to high concentrations of
ambient PM2.5 was significantly associated with increased odds
of ‘Otherwise healthy younger adult’ (Class 2) membership
(Supplementary Table 2). Specifically, every 1 μg/m3 increase in
concentration of: (a) long-term PM2.5 exposure in the exposure
window from 6 to 12 months resulted in a 7%–11% increase in
odds of belonging to Class 2; (b) extreme PM2.5 exposure event
over exposure windows from 6 months to 3 years was associated
with 5%–6% increase in odds; (c) fluctuation of PM2.5 exposure
over exposure windows from 6 months to 4 years led to 5%–12%
increase in odds of the membership. Significant but weaker asso-
ciations were found between ambient PM2.5 exposure and mem-
bership of ‘Older female’ (Class 3) and ‘Male smoker’ (Class 4),
only for extreme exposure events and exposure fluctuation during
the 6-month exposure window.

The exposure window of 6- and 12-months was shown to be the
most relevant with which significant differential associations
between TB population phenotypes and ambient PM2.5 exposure
could be consistently observed. These associations remained sig-
nificant after adjustment for the presence of a full-time work/study
environment and residential indoor environment (Tables 4 and 5).
Living in subdivided units increased the odds of membership in
‘Male smoker’ (Class 4), while living in elderly homes or institutions
decreased the odds of membership in ‘Otherwise healthy younger
adult’ (Class 2) and ‘Male smoker’ (Class 4), as compared with the
reference group. Exposure to passive smoking was associated with
higher odds of membership in both classes (Class 2, 3, and 4), with
the strongest association observed in ‘Older female’ (Class 3). No
significant association was observed between air-conditioning at
home and membership of population phenotypes. Sensitivity ana-
lysis showed no substantial change in the results.

Discussion

In the present study, we have identified four distinct population
phenotypes of active TB disease on the basis of the reactivation risk
profiles and clinical presentations. Overall, exposure to a high
concentration of ambient PM2.5 during the 6- and 12-month
windows before notification, in terms of long-term exposure,
extreme exposure event and exposure fluctuation, were signifi-
cantly associated with increased odds of belonging to ‘Otherwise
healthy younger adult’ membership, as compared with ‘Elderly
male’. Weaker albeit significant associations were found between
ambient PM2.5 and membership of ‘Older female’ and ‘Male smoker’
but only for extreme exposure event and exposure fluctuation during
the 6-month exposure window alone. The differential associations
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elicited between ambient PM2.5 exposure and TB population pheno-
types led us to conclude that ambient PM2.5 had impacted TB
reactivation while the relative contribution of PM2.5 in TB reactiva-
tion varied between subpopulations. Our findings support previous

studies suggesting an association between ambient PM2.5 exposure
and increased risk of active TB [10-12], and further the understand-
ing of the underlying mechanisms by providing novel evidence on
the differential impact of PM2.5 on TB reactivation.

Table 2. Result of LCA – class proportion and class-specific probabilities

Latent Class 1 2 3 4

χ2 and P-values

Assigned label Elderly male Otherwise healthy younger adult Older female Male smoker

Class proportion

0.26 0.34 0.19 0.21

(n = 566) (n = 733) (n = 410) (n = 444)

Item-response probabilities

Age

15–29 (teenage) 0.00 0.31 0.00 0.02 2,290.70;

30–44 (adult) 0.00 0.42 0.00 0.14 P < 0.001*

45–64 (middle adults) 0.04 0.27 0.32 0.70

65 or above (elderly) 0.96 0.00 0.68 0.13

Gender

Male 1.00 0.31 0.29 0.98 1,183.80;

Female 0.00 0.69 0.71 0.02 P < 0.001*

TB contact history

No known contact history 0.96 0.86 0.93 0.90 45.80;

Contact with TB cases 0.04 0.14 0.07 0.10 P < 0.001*

Smoking historya

Never-smoker 0.27 0.87 0.98 0.14 1,395.90;

Current smoker 0.22 0.08 0.00 0.64 P < 0.001*

Ex-smoker 0.51 0.05 0.02 0.22

Chronic illnessb

No 0.66 0.99 0.68 0.73 293.80;

Yes 0.34 0.02 0.32 0.27 P < 0.001*

Immune-related conditionsc

No 0.88 0.96 0.82 0.90 183.40;

Yes 0.12 0.04 0.18 0.10 P < 0.001*

General debilitation

No 0.78 1.00 0.90 1.00 236.40;

Yes 0.22 0.00 0.10 0.00 P < 0.001*

Types of tuberculosis

No pulmonary involvement 0.15 0.37 0.32 0.12 263.30;

Pulmonary TB with cavity 0.15 0.11 0.06 0.28 P < 0.001*

Pulmonary TB without cavity 0.61 0.42 0.55 0.52

Pulmonary with extra-pulmonary involvement 0.09 0.10 0.08 0.08

aNever-smoker is defined as one who did not fulfil the criterion of a current/ex-smoker. A current smoker is defined as one who is still smoking or has stopped smoking for less than 1 year.
Ex-smoker is defined as one who had stopped smoking for at least 1 year before the current TB episode.
bIncluding diabetes mellitus, chronic renal failure, silicosis, and other pneumoconiosis (e.g., asbestosis), others chronic respiratory disease (e.g., chronic obstructive pulmonary disease,
bronchiectasis; asthma; interstitial lung disease), malnutrition or proxy/marker of malnutrition (e.g., Gastrectomy) and other chronic illness such as cardiovascular disease.
cIncluding lung cancer, other malignancies, HIV infection, autoimmune disease (systemic lupus erythematosus; Sjogren’s syndrome; multiple sclerosis; myasthenia gravis; Guillain–Barre
Syndrome; ankylosing spondylitis; rheumatoid arthritis; psoriatic arthritis. Grave’s disease; Addison’s disease; Hashimoto’s thyroiditis; ulcerative colitis; Crohn’s disease, primary biliary cirrhosis;
celiac disease; psoriasis; autoimmune blistering disease (e.g., pemphigus; pemphigoid; Ig-mediated bullous dermatoses); autoimmune encephalitis (e.g., acute disseminated encephalomyelitis);
sarcoidosis; vitiligo; antiphospholipid; pernicious anaemia; aplastic anaemia; idiopathic thrombocytopenia purpura; autoimmune vasculitis (e.g., Behcet’s syndrome; Giant cell arteritis; Churg–
Strauss syndrome; Takayasu’s arteritis; polymyalgia rheumatic); Glomerulonephritis; IgA nephropathy; Goodpasture’s syndrome; Wegener’s granulomatosis; scleroderma; polymyositis;
dermatomyositis), on cytotoxic/steroid/biologics or other immunosuppressants, received organ transplantation.
*P value <0.05.

Epidemiology and Infection 5

https://doi.org/10.1017/S0950268824001808 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268824001808


Reactivation TB is known to be associated with structural or
functional disruption of granuloma mediated by imbalances
between pro-inflammatory Th1 and anti-inflammatory Th2
immune response against mycobacteria [21,22]. Owing to the
heterogeneity in reactivation risk profiles and clinical presentations,
the four TB population phenotypes could have been driven by
different immunopathogenic mechanisms or varying magnitudes

of the same mechanism. Notably, advancing age and immunocom-
promised state from comorbidities might have contributed to the
development of reactivation diseases among patients in the ‘Elderly
male’ class. Although the exact mechanism was not known, these
conditions were believed to have caused a shift from pro-
inflammatory Th1 toward anti-inflammatory Th2 cytokines profile,
leading to downregulation of expression of inflammatory mediators

Figure 1. Residential locations of TB cases by latent class against ambient PM2.5 concentration in Hong Kong 2019.

Table 3. Individuals-level PM2.5 concentration for the long-term cumulative exposure (average over the exposure window), extreme exposure event (99th percentile)
and fluctuation of exposure (min/max range) by latent classes identified across exposure windows

Exposure
Window

Class 1 ‘Elderly male’
Class 2 ‘Otherwise healthy younger
adult’ Class 3 ‘Older female’ Class 4 ‘Male smoker’

Mean ± (SD)

Average
99th

percentile

Min/
max
range Average

99th

percentile

Min/
max
range Average

99th

percentile

Min/
max
range Average

99th

percentile

Min/
max
range

6 months 18.71 24.24 9.86 19.05 25.09 10.93 18.90 24.89 10.74 18.84 24.70 10.36

(±2.22) (±4.13) (±4.11) (±2.31) (±4.12) (±4.23) (±2.25) (±4.04) (±4.10) (±2.28) (±4.23) (±4.26)

12 months 18.70 27.21 13.95 18.81 27.53 14.57 18.74 27.42 14.51 18.76 27.36 14.25

(±1.02) (±2.31) (±2.60) (±1.05) (±2.39) (±2.81) (±1.01) (±2.25) (±2.74) (±1.04) (±2.32) (±2.75)

2 years 19.85 27.21 17.25 19.84 27.53 17.63 19.77 27.42 17.40 19.90 27.36 17.53

(±1.19) (±2.31) (±2.61) (±1.23) (±2.39) (±2.89) (±1.22) (±2.25) (±2.54) (±1.20) (±2.32) (±2.78)

3 years 20.83 31.66 18.78 20.86 31.79 19.30 20.77 31.50 18.97 20.90 31.78 19.03

(±1.08) (±1.93) (±1.97) (±1.15) (±2.08) (±2.23) (±1.11) (±1.94) (±1.97) (±1.10) (±1.95) (±2.29)

4 years 21.55 32.80 20.37 21.56 32.78 20.65 21.47 32.62 20.49 21.62 32.86 20.52

(±1.12) (±1.60) (±1.98) (±1.22) (±1.84) (±2.11) (±1.17) (±1.77) (±2.12) (±1.15) (±1.69) (±2.06)
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(e.g., TNF-alpha, IFN-gamma) and poor control of mycobacteria
[23-25]. While biological evidence suggested that ambient PM2.5

could suppress M.tuberculosis-induced IFN-gamma production
and increase IL-10 production (Th2-skewing) [5,9], such effect
appeared to make a relatively subtle contribution to the reactivation
disease development among ‘Elderly male’, given the dominant
effects of ageing and underlying comorbidity.

In contrast, environmental factors appeared to have a more
notable influence on the reactivation disease development among
the relatively immunocompetent individuals in ‘Otherwise

healthy younger adult’. The stronger clinical relevance might be
related to the different reactivation mechanisms implicated.
Recent evidence suggested that TB reactivation among immuno-
competent individuals could be attributed to hyperactive anti-
mycobacterial responses, rather than weakening of immunity
[26]. Through different pathways, chronic exposure to environ-
mentally relevant concentrations of PM2.5 was reported to
increase M1 polarization of alveolar macrophage and potentiate
proinflammatory Th1 response, characterized by increased IFN-
gamma levels and lung inflammation [7-8,27]. Excessive pro-

Table 4. Results of multivariate multinomial regression – 6-month exposure window: model adjusted by presence of full-time working environment, residential
indoor environment (i.e., setting of housing environment, passive smoking at home, air-conditioning at home)a

Latent
classb

Residential ambient PM2.5 exposure models

Averaged PM2.5 (μg/m
3) 99th percentile of PM2.5 (μg/m

3) Range of PM2.5 (μg/m
3)

Odds ratio (95% CI) P-value Odds ratio (95% CI) P-value Odds ratio (95% CI) P-value

Ambient PM2.5 exposure

PM2.5 (over 6-month exposure
window)

Class 1 Reference

Class 2 1.08 (1.02, 1.15)* 0.008 1.06 (1.02, 1.09)* <0.001 1.06 (1.03, 1.10)* <0.001

Class 3 1.04 (0.98, 1.10) 0.201 1.04 (1.01, 1.07)* 0.021 1.05 (1.02, 1.09)* 0.002

Class 4 1.04 (0.98, 1.11) 0.170 1.04 (1.00, 1.07)* 0.043 1.03 (0.99, 1.07) 0.065

Environment covariates

Setting of housing environments (reference group: Regular flat)

Subdivided unit Class 1 Reference

Class 2 0.85 (0.39, 1.85) 0.674 0.85 (0.39, 1.86) 0.683 0.85 (0.39, 1.86) 0.682

Class 3 0.45 (0.16, 1.24) 0.122 0.45 (0.16, 1.25) 0.123 0.45 (0.16, 1.25) 0.123

Class 4 2.52 (1.26, 5.04)* 0.009 2.52 (1.26, 5.05)* 0.009 2.51 (1.25, 5.03)* 0.010

Elderly home or institution Class 1 Reference

Class 2 0.07 (0.01, 0.55)* 0.011 0.07 (0.01, 0.54)* 0.011 0.07 (0.01, 0.56)* 0.012

Class 3 1.23 (0.70, 2.16) 0.480 1.22 (0.69, 2.15) 0.492 1.25 (0.71, 2.21) 0.435

Class 4 0.29 (0.09, 0.99)* 0.048 0.29 (0.08, 0.99)* 0.047 0.29 (0.09, 1.01) 0.051

Presence of air conditioning at home (reference group: No)

Air conditioning Class 1 Reference

Class 2 1.58 (0.95, 2.64) 0.080 1.58 (0.95, 2.65) 0.079 1.60 (0.95, 2.67) 0.075

Class 3 1.14 (0.71, 1.81) 0.586 1.14 (0.71, 1.82) 0.587 1.14 (0.72, 1.82) 0.574

Class 4 1.08 (0.65, 1.79) 0.761 1.08 (0.65, 1.80) 0.758 1.09 (0.66, 1.81) 0.738

Passive smoking at home (reference group: No)

Passive smoking Class 1 Reference

Class 2 1.65 (1.14, 2.40)* 0.008 1.60 (1.10, 2.33)* 0.013 1.59 (1.09, 2.31)* 0.015

Class 3 1.84 (1.28, 2.64)* 0.001 1.80 (1.25, 2.59)* 0.002 1.78 (1.24, 2.57)* 0.002

Class 4 1.82 (1.24, 2.67)* 0.002 1.79 (1.21, 2.63)* 0.003 1.79 (1.22, 2.63)* 0.003

Presence of full-time work/study environment (reference groups: No)

Full-time work/study
environment

Class 1 Reference

Class 2 22.25 (16.14, 30.67)* <0.001 22.32 (16.18, 30.78)* <0.001 22.25 (16.13, 30.69)* <0.001

Class 3 1.09 (0.72, 1.66) 0.673 1.10 (0.72, 1.67) 0.661 1.10 (0.72, 1.67) 0.664

Class 4 13.42 (9.58, 18.81)* <0.001 13.46 (9.60, 18.86)* <0.001 13.42 (9.58, 18.81)* <0.001

aTB cases with no complete address OR if the address provided could not be linked to the PM2.5 covariates would be excluded from the regression.
bClass 1: ‘elderly male’, Class 2: ‘otherwise healthy younger adult’, Class 3: ‘older female’, class 4: ‘male smoker’.
*P value<0.05.
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inflammatory activity could result in unchecked and unstable
granuloma, increase lung pathology and heighten the risk for
TB reactivation [21,22]. Given the slow-progressing nature of
TB disease (i.e., incubation periods ranged from few months to
decades) together with the delayed diagnosis and notification
(i.e., median delay time of around 3 months) [28,29], it is reason-
able to consider the exposure window of 6 and 12 months as most
relevant. These findings are in keeping with the 6-month time lag
proposed by two earlier time-series studies in Hong Kong [11,30],

but also suggested that a longer lag of up to 12 months could be
possible.

The predominance of older women in one TB population group
suggested the unique role of sex hormones (oestrogens, particu-
larly) in the mechanism driving TB reactivation in ‘Older female’.
Oestrogen is a known immune modulator influencing Th1/Th2
balance [31]. The TB reactivation diseases in older women are
under the combined influences of oestrogen and ageing, while
environmental effects could have been too small to be of clinical

Table 5. Results of multivariate multinomial regression – 12-month exposure window: model adjusted by presence of full-time working environment, residential
indoor environment (i.e., setting of housing environment, passive smoking at home, air-conditioning at home)a

Latent
classb

Residential ambient PM2.5 exposure models

Averaged PM2.5 (μg/m
3) 99th percentile of PM2.5 (μg/m

3) Range of PM2.5 (μg/m
3)

Odds ratio (95% CI) P-value Odds ratio (95% CI) P-value Odds ratio (95% CI) P-value

Ambient PM2.5 exposure

PM2.5 (over 12-month exposure
window)

Class 1 Reference

Class 2 1.16 (1.02, 1.32)* 0.021 1.07 (1.01, 1.13)* 0.023 1.08 (1.03, 1.13)* 0.003

Class 3 1.03 (0.90, 1.16) 0.701 1.04 (0.98, 1.10) 0.188 1.08 (1.03, 1.13)* 0.002

Class 4 1.11 (0.97, 1.27) 0.129 1.04 (0.98, 1.10) 0.210 1.04 (0.99, 1.09) 0.166

Environment covariates

Setting of housing environments (reference group: Regular flat)

Subdivided unit Class 1 Reference

Class 2 0.84 (0.38, 1.83) 0.655 0.84 (0.38, 1.83) 0.660 0.85 (0.39, 1.86) 0.688

Class 3 0.44 (0.16, 1.23) 0.118 0.45 (0.16, 1.24) 0.121 0.45 (0.16, 1.26) 0.128

Class 4 2.51 (1.25, 5.03)* 0.010 2.51 (1.25, 5.03)* 0.009 2.51 (1.25, 5.03)* 0.009

Elderly home or institution Class 1 Reference

Class 2 0.07 (0.01, 0.56)* 0.012 0.07 (0.01, 0.57)* 0.012 0.08 (0.01, 0.58)* 0.013

Class 3 1.24 (0.70, 2.18) 0.459 1.25 (0.71, 2.20) 0.437 1.29 (0.73, 2.27) 0.384

Class 4 0.30 (0.09, 1.00) 0.051 0.30 (0.09, 1.01) 0.052 0.30 (0.09, 1.01) 0.053

Presence of air conditioning at home (reference group: No)

Air conditioning Class 1 Reference

Class 2 1.59 (0.95, 2.66) 0.076 1.59 (0.95, 2.66) 0.075 1.61 (0.96, 2.68) 0.071

Class 3 1.14 (0.72, 1.82) 0.579 1.14 (0.72, 1.82) 0.576 1.15 (0.72, 1.83) 0.559

Class 4 1.09 (0.65, 1.80) 0.751 1.09 (0.66, 1.80) 0.746 1.09 (0.66, 1.81) 0.731

Passive smoking at home (reference group: No)

Passive smoking Class 1 Reference

Class 2 1.66 (1.15, 2.41)* 0.007 1.66 (1.14, 2.41)* 0.008 1.65 (1.14, 2.40)* 0.008

Class 3 1.85 (1.29, 2.66)* 0.001 1.84 (1.28, 2.65)* 0.001 1.83 (1.27, 2.64)* 0.001

Class 4 1.83 (1.24, 2.68)* 0.002 1.82 (1.24, 2.68)* 0.002 1.82 (1.24, 2.68)* 0.002

Presence of full-time work/study environment (reference groups: No)

Full-time work/study
environment

Class 1 Reference

Class 2 22.35 (16.21, 30.81)* <0.001 22.19 (16.10, 30.58)* <0.001 21.93 (15.91, 30.22)* <0.001

Class 3 1.09 (0.72, 1.66) 0.680 1.09 (0.72, 1.66) 0.676 1.08 (0.71, 1.65) 0.711

Class 4 13.48 (9.62, 18.90)* <0.001 13.40 (9.57, 18.78)* <0.001 13.32 (9.51, 18.66)* <0.001

aTB cases with no complete address OR if the address provided could not be linked to the PM2.5 covariates would be excluded from the regression.
bClass 1: ‘elderly male’, Class 2: ‘otherwise healthy younger adult’, Class 3: ‘older female’, class 4: ‘male smoker’.
*P value<0.05.

8 Leonia Hiu Wan Lau et al.

https://doi.org/10.1017/S0950268824001808 Published online by Cambridge University Press

https://doi.org/10.1017/S0950268824001808


importance. During ageing, Th1-skewed immune response with a
rise of IFN gamma production was found in the early postmeno-
pausal stage; whereas there was the predominance of Th2 immune
response with excessive production of IL-10 over IFN gamma
during the mid-and late postmenopausal stage [32,33]. The rela-
tively high prevalence of extrapulmonary involvement in older
women could be the evidence in support of such postulation. The
immune mechanism of older women is less capable of containing
bacilli locally in the lung parenchyma due tomenopause-associated
oestrogen deprivation, and thus more likely to have extrapulmon-
ary TB diseases [34]. Separately, tobacco smoking is believed to play
an important role in the reactivation disease development among
‘Male smoker’. Tobacco smoking has been shown to dampen Th1
pro-inflammatory and promote Th2 anti-inflammatory immune
responses [35]. Particle burden attributed to continuous cigarette
smoke exposure probably outweighed that contributed by ambient
PM2.5 exposure.

To achieve TB elimination, it is crucial to address the challenges
posed by the reservoir of LTBI amidst the decline of global TB
incidence. This is particularly relevant to intermediate-burden
cities and countries like Hong Kong where TB morbidity is con-
tributed largely by reactivation diseases. Delineating the TB popu-
lation phenotypes by reactivation risk cum clinical profiles and
establishing the role of ambient PM2.5 in TB reactivation could
inform the development and implementation of preventive meas-
ures that are specific to selected subpopulations. ‘Elderly male’ and
‘Older female’ are population phenotypes representing elderly
people who account for almost half of all presumptive reactivation
cases. Being the largest reservoir of LTBI with high risks of TB
reactivation (owning to advancing age and high prevalence of
comorbidities), expanded LTBI screening and treatment targeting
the elderly could be a possible solution. A previous modelling study
in Hong Kong showed that increased LTBI interventions to 40% of
the local elderly patients could reduce the annual TB incidence by
almost 50% in 2025 (~40/100,000) [36]. However, given the
increased risk of treatment-associated hepatotoxicity in the elderly,
the benefit–risk ratios remained at low levels [36]. Nevertheless,
strengthening the prevention and management of comorbidities
among the elderly might contribute to reducing the risk of TB
reactivation. Our study revealed that a significant proportion of
active disease could potentially arise from TB reactivation among
relatively immunocompetent individuals, with ambient PM2.5

exposure playing a role in TB reactivation. These findings high-
lighted the importance of targeted LTBI management on relatively
immunocompetent individuals beyond the focus on immunocom-
promised risk groups recommended byWHO, such as people living
with HIV or silicosis [37]. Risk stratification based on individuals’
ambient PM2.5 exposure by residence and/or workplace locations,
coupled with targeted LTBI screening of individuals living in high-
exposure areas, could be a potentially effective strategy for minim-
izing the global burden of TB. Moreover, our study has identified a
reactivation phenotype with high engagement in tobacco use.
Apparently, indoor air pollution could have contributed as a factor
toward TB reactivation, given the increased odds of membership
associated with secondhand smoke exposure and living in crowded
environments like the subdivided units in Hong Kong. Intensified
tobacco control measures are needed. LTBI screening targeting
cigarette smokers and inhabitants of crowded living environments
with passive exposure to tobacco smoke could be considered in the
development of a public health strategy against TB.

Our study carried some limitations. First, owing to the cross-
sectional design of the study, together with the absence of a gold

standard for defining TB reactivation, the causal relationship
between ambient PM2.5 exposure and TB reactivation could only
be inferred but not confirmed. Second, the relatively small spatial
variation of ambient PM2.5 concentration level across Hong Kong
has limited the power of the study to quantify the specific impacts of
ambient PM2.5 on TB reactivation. Third, an individual’s ambient
PM2.5 exposure was estimated based on the residential location-
specific PM2.5 concentration, regardless of the one’s mobility.
Exposure at work location has not been included in the estimation
of an individual’s pattern of ambient PM2.5 exposure mainly due to
the unavailability of full geographic data. Traffic-related exposure
during commuting and exposure during leisure periods has, like-
wise, not been included due to the limited availability of these data
(e.g., modes of commuting, commuting routes and locations of
leisure sites). Furthermore, the daily activity patterns of the patients
(i.e., time spent in the residential area vs. time spent in the work
location/leisure site/commute; time spent indoors vs. time spent
outdoors) were highly variable, making their incorporation difficult
in the absence of separate modelling which falls outside the scope of
the study. Meanwhile, the full-time work/study environment for
each patient reflecting the time spent in the residential area has been
adjusted. Fourth, the adjustment of covariate effects regarding
indoor air pollution exposurewas derived fromqualitative variables
rather than quantitative measures due to data limitation. However,
variables that were suggested to strongly reflect the indoor PM2.5

exposure have been included as co-variates, such as the setting of
the housing environment, the presence of air conditioning and
passive smoking. Fifth, our study has focused on the TB cases
notified within a relatively short period of time (around 1.5 year),
but nevertheless, five exposure windows preceding TB notification
(6, 12 months, 2, 3, and 4 years) were explored to ensure a com-
prehensive capture of the impact of PM2.5 on TB reactivation.

In conclusion, this is the first study that has delineated
population phenotypes for TB diseases based on the reactiva-
tion risk profiles and established the role of ambient PM2.5 in TB
reactivation. Mitigating PM2.5 pollution might reduce the
reactivation TB burden but could be hard to achieve as a public
health intervention. Our study’s findings suggested the appli-
cation of risk stratification based on individuals’ ambient PM2.5

exposure to support the scale-up of targeted LTBI screening and
preventive treatment. Future large-scale cohort studies are war-
ranted to confirm the causality between ambient PM2.5 expos-
ure and TB reactivation, with the dose–response relationship
examined.
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