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Abstract 

Background In low‑ and middle‑income countries countries, millions of deaths occur annually from household air 
pollution (HAP), pulmonary tuberculosis (PTB), and HIV‑infection. However, it is unknown whether HAP influences PTB 
risk among people living with HIV‑infection.

Methods We conducted a case‑control study among 1,277 HIV‑infected adults in Bukavu, eastern Democratic 
Republic of Congo (February 2018 – March 2019). Cases had current or recent (<5y) PTB (positive sputum smear 
or Xpert MTB/RIF), controls had no PTB. Daily and lifetime HAP exposure were assessed by questionnaire and, in a ran‑
dom sub‑sample (n=270), by 24‑hour measurements of personal carbon monoxide (CO) at home. We used multivari‑
able logistic regression to examine the associations between HAP and PTB.

Results We recruited 435 cases and 842 controls (median age 41 years, [IQR] 33‑50; 76% female). Cases were more 
likely to be female than male (63% vs 37%). Participants reporting cooking for >3h/day and ≥2 times/day and ≥5 
days/week were more likely to have PTB (aOR 1·36; 95%CI 1·06‑1·75) than those spending less time in the kitchen. 
Time‑weighted average 24h personal CO exposure was related dose‑dependently with the likelihood of having PTB, 
with aOR 4·64 (95%CI 1·1‑20·7) for the highest quintile [12·3‑76·2 ppm] compared to the lowest quintile [0·1‑1·9 ppm].

Conclusion Time spent cooking and personal CO exposure were independently associated with increased risk of PTB 
among people living with HIV. Considering the high burden of TB‑HIV coinfection in the region, effective interven‑
tions are required to decrease HAP exposure caused by cooking with biomass among people living with HIV, espe‑
cially women.
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Introduction
 According to the World Health Organization (WHO), 
air pollution causes 8·1 million deaths per year, 3·8 mil-
lion (47%) of which are attributed to household air pol-
lution (HAP) caused by burning biomass for domestic 
cooking, heating, and lighting [1]. Vulnerable populations 
at extremes of age, chronically ill, or of low socioeco-
nomic status are at high risk of pollution-related diseases 
like pneumonia [2]. Approximately 90% of the 10  mil-
lion new cases of tuberculosis (TB) in 2018 were from 
low and middle-income countries (LMICs).3 In that year, 
~ 1·3  million people died from TB, including 251,000 
deaths (nearly 20%) among people living with HIV 
(PLHIV). In 2020, a similar trend was reported, with a 
substantially greater impact on health services as a result 
service interruption due to COVID-19 pandemic [3]. Air 
pollution ranks highest among independent risks in the 
global burden of disease [4, 5]. HAP has adverse effects 
on multiple organ systems [6] and has been associated 
with increased risk of developing TB in the 2020 global 
burden estimation study [7]. However, we do not know if 
HAP independently affects TB risk in PLHIV. Based on 
compositional similarities between tobacco and biomass 
smoke, [8] it is reasonable to expect that HAP effects 
on health may be similar to those of tobacco smoke that 
double the risk of developing TB among PLHIV as com-
pared to their counterpart [9].

Pulmonary TB (PTB) is associated with tobacco smok-
ing in immunocompromised persons, including PLHIV 
[10, 11]. Furthermore, lifetime cumulative smoking, 
rather than daily quantity alone, may be more impor-
tant in pulmonary outcomes [12, 13]. Similarly, duration 
of exposure is a major determinant of HAP-associated 
health consequences. In laboratory simulations, wood-
burning three-stone stoves which consist of using three 
suitable stones of the same height on which a cooking 
pot is placed over a fire (used for cooking in LMICs). This 
produces approximately 6  g of particulate matter with 
(aerodynamic diameter ≤ 2·5 μm  (PM2·5) per hour, equiv-
alent to burning 400 cigarettes. The Democratic Republic 
of the Congo (DRC) has high burdens of both HIV and 
TB, [14, 15] and most households utilize solid fuel (wood 
and charcoal) for cooking [16]. Consequently, HAP inter-
ventions might be more cost-effective in this setting than 
originally thought, as analyses have not previously fac-
tored in their potential impact on TB reduction. Little 
information is available on HAP-related health outcomes 
in sub-Saharan Africa [17] and, hence, evidence is lacking 
to inform policy [18].

The WHO guidelines on HAP suggest that  PM2·5 and 
carbon monoxide (CO) contribute most to mortality and 
morbidity caused by incomplete combustion of carbon-
based fuels [17]. Although quantifying  PM2·5 might be 

ideal for drawing associations between exposure to HAP 
and health outcomes,  PM2·5 monitors are cumbersome 
and expensive, require a stable electrical power supply 
or batteries, and require shipment and data processing in 
overseas laboratories. The Lancet Commission on HAP 
[17] emphasized that CO is simpler to measure than 
 PM2·5 and can be used as a proxy for estimating exposure 
to HAP. Furthermore, studies have shown that a simi-
lar  PM2.5-CO relationship exists for personal exposures 
longitudinally [19, 20]. Another study revealed that CO 
showed the best performances as a reflection of air pol-
lution, with mean relative biases decreasing from 10% 
to − 5% [21]. Mechanistic studies indicate that CO may 
by itself exert oxidative stress and immune modulating 
effects, and epidemiologic studies have shown that CO 
alone may contribute to the cardiorespiratory effects of 
air pollution [22–24].

We conducted a case-control study amongst PLHIV 
to test the hypothesis that PTB risk in this population 
is associated with sustained exposure to HAP caused by 
biomass burning in DRC.

Methods
A detailed description of the methods is available in the 
electronic Supplement.

Study design, population, and setting
We conducted a case-control study spanning with par-
ticipants being recruited between March 2018 and Feb-
ruary 2019 (Fig. 1) from four major HIV treatment clinics 
in Bukavu, the capital city of South Kivu province, east-
ern DRC. All adults ≥ 18 years attending clinic for any 
reason were approached by clinic nurses; patients inter-
ested were then referred to study staff for recruitment. 
Cases were HIV-positive persons with PTB [(current or 
within the past 5 years); for each case (HIV+/PTB+), we 
enrolled two HIV-positive controls without current PTB 
or history of TB (HIV+/PTB-) who lived in the same 
neighborhood (same street or village). Given that females 
in this setting are more likely to cook in most households 
and be exposed to HAP, we did not perform a matched 
sampling, to enable us to investigate the effect of gender 
on PTB risk in stratified analyses [25].

Variables, instruments, and measurements
HIV status was confirmed by HIV registers at recruiting 
clinics. History of HIV treatment and CD4 cell count (at 
HIV diagnosis) were extracted from clinical registries as 
well. Participants were asked about current or history of 
active TB. PTB history was confirmed by cross-checking 
against TB registers (laboratory and treatment registries) 
for those clinics that had ≥ 5 years of records available. 
Other TB-relevant information such as ZiehlNeelsen 
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stain and/or Xpert MTB/RIF results and TB treatment 
outcomes were extracted from medical records. In sum-
mary, according to the Congolese National Tuberculosis 
Programme (NTP)[26], PTB was diagnosed based on a 
consistent clinical history and confirmation with Ziehl-
Neelsen sputum smear microscopy for acid-fast bacilli 
(AFB). Notably, in this high-burden TB situation with 
limited resources, only a selected number of patients can 

benefit from Xpert and X-ray examinations due to logis-
tical constraints (data not shown) caused by a decade of 
armed conflict in the region[27]. Processes were simi-
lar for both cases and controls at all recruiting facilities. 
Hospital-based study staff were not blinded to patient 
HIV/TB status, since they were responsible for verify-
ing eligibility from patient records. However, field study 
staff who collected CO data were blinded to status for 

1277 completed interview for socio-

demographic, HAP exposure data and 

clinical data abstracted from patient file

255 valid (96 cases, 159 controls) 24h 

personal CO data

268 randomly selected for 

24h personal CO 

monitoring at home
Data not shown

38 randomly selected 

for 8h VOC, 1-OHP 

and SPMA

15 excluded for final 

analyses

4 refused, 

2 lost

1 travel, 

6 flat records, 

2 peaks (consecutive to 

tobacco smoking)

114 excluded: 

12 withdrew 

19 undocumented 

history of TB

83 extra-PTB

1391 adult PLHIV 

consented

418 ineligible or refused

398 <18years

11 pregnant

9 refused

1809 PLHIV screened at four 

ART clinics in Bukavu-DRC 

between 3/2018 and 2/2019

435 PLHIV with 

confirmed PTB (current 

or recent history <5 

years)

= cases

842 PLHIV without 

PTB 

= controls

96 neighbours assumed 

without HIV and TB invited 

for 24h personal and kitchen 

=background controls

Fig. 1 Study flow diagram. PLHIV: person living with HIV‑infection; ART: antiretroviral therapy; DRC: Democratic Republic of Congo; PTB: pulmonary 
TB; CO: carbon monoxide; HAP: household air pollution; VOC: volatile organic compounds; 1‑OHP: 1‑hydroxypyrene; SPMA: S‑phenylmercapturic 
acid (note: VOC, 1‑OHP, and SPMA not presented in this article)
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methodological reasons and to avoid stigma. To reduce 
the risk of misclassification and (non-differential) bias 
related to changes in behavior, we used a generic infor-
mation script.

All questionnaires were administered face-to-face by 
trained interviewers. A short questionnaire assessed 
socio-demographic characteristics (age, gender, marital 
status, educational level, employment, and income), loca-
tion of residence (urban vs. rural), alcohol consumption, 
and active or passive tobacco smoking.

To assess HAP exposure, we used the International 
Multidisciplinary Programme to Address Lung Health 
and TB in Africa (IMPALA) questionnaire [28] to 
obtain information on housing type (separate kitchen, 
roof type, ventilation); indoor/outdoor kitchen loca-
tion; cooking modes [“three stones” (Fig. 2), cookstove, 
kerosene/electric stove]; and lighting/heating methods. 
Since > 95% of DRC households utilize biomass fuel for 
domestic energy, [29] we anticipated little or no differ-
ences in the prevalence of such exposure between cases 
and controls. We defined – before conducting any sta-
tistical analyses – proxies of cumulative intensity of 
exposure based on time spent cooking daily and during 
adult life. Hence, a composite index of “high exposure” 
was given to participants who reported spending ≥ 3 h 
in the kitchen daily AND cooking at least twice daily 
AND cooking five or more days a week. To estimate 
lifetime exposure to cooking, we asked at what age 
participants had prepared their first “ugali”, a common 
maize flour-based meal. Preparing ugali is traditionally 
seen as a sign of maturity and implies that one may take 
charge in the household’s kitchen. We considered actual 
age minus age at first ugali to reflect lifetime spent in 
the kitchen and dichotomized this variable into less or 
more than 25 years since first ugali. Time spent in the 

kitchen was then adjusted for age at first ugali, and type 
of primary fuel was used to generate a proxy for cumu-
lative HAP exposure. Of note, some men also worked 
as cooks for wealthier families.

Computer-generated random numbers were used to 
select a sub-sample of 105 non-smoking cases; these 
cases and 165 of their corresponding non-smoking con-
trols were invited for measurement of personal 24 h CO 
exposure, using portable CO data loggers with a USB 
interface (Lascar monitor, El-USB-CO®). After explain-
ing the purpose of measuring personal CO, a trained 
physician (PDMK) placed the monitor on participants’ 
clothing (Fig. 2, panel C), at their home, between 6 and 
8 AM, encouraged them to do their normal activities 
until next day, when the recording was ended and data 
were downloaded. Time-weighted average (TWA) and 
maximum/minimum CO concentrations were gener-
ated using manufacturer software. The personal CO 
results were later discussed with each participant, 
together with giving advice on ventilation, cooking hab-
its, and the benefits of clean energy.

Sample size and power
A study in Benin demonstrated a significant association 
between HAP and PTB with an estimated odds ratio of 
1.7 [30]. We, therefore, estimated the number of cases 
and controls needed to detect a similar effect. Assum-
ing 80% of controls were exposed to HAP, we needed 
414 cases and 828 controls (2:1 controls-cases ratio) to 
demonstrate a significant odds ratio of at least 1.7 with 
80% power at 5% significance level. Ultimately, a total 
sample size of 1,277 participants (435 cases and 842 
controls) were recruited. Having two controls to one 
case increases power over 1:1 controls-cases ratio [31].

Fig. 2 Panel A traditional “three stones” cooking using wood. Panel B “mbambula” cookstove using charcoal. Panel C woman wearing a Lascar CO 
monitor
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Data analysis
Categorical data are reported as proportions, and con-
tinuous data as means (± standard deviation, SD) or 
medians (interquartile range, IQR). To check for nor-
mality, we used visual inspection of boxplots and the 
D’Agostino-Pearson omnibus normality test. CO levels 
were log-transformed. Chi square tests (for categorical 
variables) and unpaired t-tests or MannWhitney U tests 
(for continuous variables) tested differences between 
cases and controls. We used multivariable logistic regres-
sion analyses to assess associations between socio-demo-
graphic, clinical, and domestic energyrelated predictors, 
CO levels (continuous and by quintiles) and risk of hav-
ing PTB. We estimated adjusted associations by includ-
ing all baseline covariates (including CD4 count and ART 
duration) a priori in a multivariable model. Starting with 
a full model, we then used a backward elimination pro-
cedure, excluding predictor variables with a p-value > 0.1, 
and compared the estimated reduced model adjusted 
odds ratios (aOR) and associated 95% confidence inter-
vals (CIs), with the full multivariable model estimates. 
The final model was based on variables with statistical 
significance in both the full and reduced models, plus 
variables with possible clinical significance. Since women 
are more likely to be exposed to HAP than men [17, 32], 
we conducted a stratified analysis by gender to remove 
gender-related confounding. All p values were two-sided, 
and p-value < 0.05 was considered statistically significant. 
Analyses were performed using Stata/SE 14 (Stata Corp, 
College Station, TX, USA) and GraphPad Prism 8.1.1 
(GraphPad Software Inc., San Diego, CA, USA).

Research ethics approval
Ethical approval was obtained from the Institutional 
Review Board of the Catholic University of Bukavu 
(UCB/CIE/NC/01/2018). All participants provided 
informed consent. All procedures were carried out in 
conformity with the applicable norms and regulations.

Results
Socio‑demographic and household air pollution exposure 
data
We included 1,277 participants: 435 cases (HIV+/TB+) 
and 842 controls (HIV+/TB-). Among them, 38 par-
ticipants were randomly selected for 8  h VOC (volatile 
organic compounds), 1-OHP (: 1-hydroxypyrene) and 
SPMA (S-phenylmercapturic acid) (Fig. 1). Median (IQR) 
age was 41 (33–50) years, and 76% were female (Table 1). 
Half of participants had only a primary education, and 
half were housekeepers or unemployed. There were more 
current/former smokers among cases (13%) compared 
to controls (9%). Similarly, second-hand smoke expo-
sure was more frequent among cases (31%) than controls 

(22%). Cases were more likely to be female than male 
(63% vs. 37%). Among the 435 cases, 197 (45%) were cur-
rently receiving TB treatment, and 238 (55%) had been 
diagnosed and treated for TB within the past 5 years. 
Median [IQR] CD4 count (cells/µL) at HIV diagnosis was 
lower among cases (219 [110–381]) than controls (282 
[151–484]) (Table 1).

Roughly twothirds of kitchens were located inside 
homes, with only half having a chimney (Table 2). Exclu-
sive use of biomass fuel for cooking was higher among 
cases (34%) than controls (29%) (p = 0.07). According 
to our composite index, a significantly higher propor-
tion of cases (47%) had high exposure in the kitchen 
than controls (40%). Additionally, among cases, 74% 
had spent > 25 years cooking since first ugali, versus 68% 
among controls.

Valid CO measurements were obtained for 255 of the 
270 randomly selected participants: 96 cases [70 (73%) 
women] and 159 controls [127 (80%)] women]. Maxi-
mum and TWA values [median (IQR) ppm] of 24  h 
personal CO concentrations did not differ significantly 
between cases [101 (52–223) and 6 (2–12), respectively] 
and controls [91 (47–155) and 5 (2–9), respectively; 
eFigure  1 and eTable  1], neither did they differ when 
stratified by sex (eFigure 2).

Associations between sociodemographic data, clinical 
profiles, and risk of pulmonary TB
After holding other variables constant (including CD4 
count and ART duration) in the model, women appeared 
protected against TB risk (aOR 0·39; 95%CI: 0·27 − 0·55) 
(Table 3). Furthermore, CD4 count < 200 cells/µL as well 
as unknown CD4 count were independently associ-
ated with TB, with aORs of 2·05 (1·28 − 3·31) and 1·69 
(1·06 − 2·70), respectively.

Associations between exposure to HAP and risk 
of pulmonary TB
Overall, after adjusting for known confounding factors 
(including CD4 count and ART duration), participants 
with “high exposure” in the kitchen were 1·36 (95% CI: 
1·06 − 1·75) times more likely to have TB than those 
spending less time cooking (Table 4). Among cooks with 
< 25 years since first ugali, exclusive use of “three stones” 
for cooking increased TB risk fourfold (aOR 4·05; 95% CI: 
1·83 − 8·96). Within this group of younger cooks, cooking 
indoors, which implies using alternate cooking energy 
sources, was independently associated with a halving of 
TB risk (aOR 0·46; 95% CI: 0·26 − 0·81).

The 24-hour TWA of personal CO was positively asso-
ciated with the odds of pulmonary TB (aOR 1·50 for a 
 log10 increase in TWA CO; 95% CI: 1·01–2·23) (Table 5), 
with an even higher estimate when only women were 
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Table 1 Socio‑demographics and clinical data among 1277 HIV‑infected outpatients attending ART‑Clinics in South Kivu, DRC

Variables All (N=1277) Cases (N=435) Controls (N=842)

Socio‑Demographic Variables
 Age (years)a 40·6 [33‑50] 41 [34‑,51] 40 [32‑50]

Gender
 Male 312 (24.4) 161 (37.0) 151 (17.9)

 Female 965 (75.6) 274 (63.0) 691 (82.1)

Marital Status
 Married 571 (44.7) 204 (46.9) 367 (43.6)

 Separated 150 (11.7) 55 (12.6) 95 (11.3)

 Single 556 (43.5) 176 (40.5) 380 (45.1)

Level of Education
 University 55 (4.3) 17 (3.9) 38 (4.5)

 High School 458 (35.9) 153 (35.2) 305 (36.2)

 Primary School 586 (45.9) 217 (49.9) 369 (43.8)

 No School 178 (13.9) 48 (11.0) 130 (15.4)

Occupation
 Public Function 86 (6.7) 27 (6.2) 59 (7.0)

 Farmer 22 (1.7) 10 (2.3) 12 (1.4)

 Private sector 221 (17.3) 62 (14.3) 159 (18.9)

 Housekeeper 645 (50.5) 235 (54.0) 410 (48.7)

 None at all 303 (23.7) 101 (23.2) 202 (24.0)

Household Members
 <5 271 (22.9) 89 (22.4) 182 (23.2)

 ≥5 910 (77.1) 308 (77.6) 602 (76.8)

House Roofing
 Sheet metal 1,087 (85.1) 360 (82.8) 727 (86.3)

 Tiles 26 (2.0) 11 (2.5) 15 (1.8)

 Straw 164 (12.8) 64 (14.7) 100 (11.9)

House Wall
 Brick/Stone 346 (27.1) 135 (31.0) 211 (25.1)

 Wood/Plank 561 (43.9) 176 (40.5) 385 (45.7)

 Mud 355 (27.8) 115 (26.4) 240 (28.5)

 Straw 15 (1.2) 9 (2.1) 6 (0.7)

Alcohol drinking
 Never

 Ever 827 (66.8) 282 (66.5) 545 (67.0)

 Regular 411 (33.2) 142 (33.5) 269 (33.0)

Tobacco Smoking
 Never 1,106 (90.6) 365 (86.9) 741 (92.5)

  Ever¥ 115 (9.4) 55 (13.1) 60 (7.49)

Second‑Hand Smoke (among non‑current smokers)
 No 872 (75.2) 273 (69.5) 599 (78.2)

 Yes 287 (24.8) 120 (30.5) 167 (21.8)

Clinical Variables
CD4 at HIV diagnosis (cells/μL)a,b 261 [139‑442] 219 [110‑381] 282 [151‑484]

 ≥500 174 (13.6) 43 (9.9) 131 (15.6)

 200‑499 350 (27.4) 110 (25.3) 240 (28.5)

 <200 313 (24.5) 119 (27.4) 194 (23)

 Unknown 440 (34.5) 163 (37.5) 277 (32.9)

ART Duration (years)a 5 [3‑9] 5 [3‑9] 5 [3‑9]
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considered (aOR 4.24; 95% CI 1.09–16.49). In a model 
with quintiles of 24  h personal TWA CO, and adjust-
ments for socio-demographic, clinical, and household 
energyrelated predictors, we found an exposure-depend-
ent increase in odds of TB from the lowest quintile 
[0·1–1·9 ppm] to the highest quintile [12·3–76·2 ppm] 
(Fig. 3 and eTable 2).

Discussion
Our case-control study provides evidence for a robust 
association between high HAP exposure from biomass 
smoke and risk of TB among adult PLHIV. Using a vali-
dated questionnaire, we found that high daily and cumu-
lative exposure to HAP increased TB risk. Based on 
domestic CO measurements, we showed an exposure-
response relationship between CO concentration and 
PTB risk, with participants in the highest quintile of 24 h 
personal CO TWA concentrations exhibiting a fourfold 
higher risk of having developed TB than those in the low-
est quintile, independently of other variables.

We found that “time spent in the kitchen” was a pre-
dictor of PTB, particularly for women, despite the 

well-known, protective role of female gender against TB 
[33–35]. When stratified by “years since first ugali”, the 
variable “time spent in the kitchen” remained indepen-
dently associated with PTB among participants in the 
highest stratum (> 25 years cooking ugali). For younger 
participants with < 25 years since first ugali, using only the 
traditional “three stones” for kitchen activities increased 
PTB risk. However, among these younger cooks, cooking 
inside the main house (a proxy for using a non-biomass 
energy source) was associated with a reduced PTB risk, 
especially if a chimney was present. In Africa, people in 
urban or suburban areas typically have two kitchens – an 
indoor one using electricity or gas, and an outdoor one 
using solid fuel. However, in the DRC, ownership of elec-
trical appliances (56% in our study) is not a good indica-
tor for low HAP exposure, because an inconsistent power 
supply forces many to rely for much of the time on non-
electricity sources, such as biofuel [36].

Our findings from the questionnaire were largely cor-
roborated by personal CO measurements, which were 
obtained for 20% of participants. In this subgroup, TB 
risk was significantly associated with “time spent in the 

Data are numbers (percentages) except for variables with an asterisk a where median and interquartile ranges [IQR] are shown. Numbers do not always add up to 
indicated totals because of missing answers. P-values refer to difference between cases and controls. b: at diagnosis is related to at the time of HIV-infection diagnosis. 
ART: antiretroviral therapy; DOT: directly observed treatment; MTB/RIF: polynuclear chain reaction to detect resistance against rifampicin; NA: not applicable; ¥: 
current and former smokers during the interview’ period.”

Table 1 (continued)

Variables All (N=1277) Cases (N=435) Controls (N=842)

 ≥10 249 (19.5) 90 (20.7) 159 (18.9)

 9‑May 465 (36.4) 150 (34.5) 315 (37.4)

 <5 373 (29.2) 122 (28.1) 251 (29.8)

 Unknown 190 (14.9) 73 (16.8) 117 (13.9)

Case Contact Household Past 5 Years
 Yes 472 (40.9) 172 (41.2) 300 (40.7)

 No 683 (59.1) 245 (58.8) 438 (59.3)

ART initiation compared to TB treatment
 Before TB treatment NA 86 (29.5) NA

 Likely same Period NA 90 (30.8) NA

 After TB treatment NA 116 (39.7) NA

Hospitalisation for TB
 No NA 207 (49.8) NA

 Once NA 163 (39.2) NA

 Twice or More NA 46 (11.1) NA

TB Category
 New case NA 324 (86.6) NA

 Retreatment NA 17 (4.5) NA

 Abandoned NA 30 (8.0) NA

 Failure NA 3 (0.8) NA

DOT at Hospital for 2 Months
 Yes NA 272 (66.5) NA

 No NA 137 (33.5) NA
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kitchen”. In addition, there was a significant and dose-
dependent association with TWA 24  h personal CO, 
but not with maximum 24  h personal CO levels. The 
lack of association between maximum CO and PTB 
suggests that prolonged exposure is needed to affect 
the risk of PTB.

HAP and tobacco smoke similarly affect human health. 
Meta-analyses have shown that tobacco smokers are 

about twice as likely to develop (fatal) PTB than non-
smokers [37–39]. Over the last decade, conflicting data 
have been published about the relationship between HAP 
exposure from biomass and PTB risk [17, 40]. Two sys-
tematic reviews found very low-quality evidence for an 
additional risk of TB in relation to HAP exposure [41, 
42]. Conversely, an association between solid fuel use and 
TB was found in an analysis of thirteen studies conducted 

Table 2 Domestic energy and kitchen‑related exposure among 1277 HIV‑Infected outpatients attending ART‑Clinics in South Kivu, 
DRC

Data are numbers (percentages) except for variable with an asterisk where medians and interquartile ranges (IQR) are shown. Numbers do not always add up to 
indicated total because of missing answers. P-values refer to difference between cases and controls. BMF: biomass fuel.
a Time spent in kitchen estimated by a composite indicator based on three sub-variables: participants were classified as highly exposed if they scored above the 
cut-off values for each sub-variable (cooking >3h/day and ≥ 2 times/day and ≥5 days/week). bYears since first ugali: current age minus age when preparing first ugali 
(maize-based porridge) for the household, used as proxy for lifetime duration of domestic cooking.

Variables All (N=1277) Cases (N=435) Controls (N=842) P‑value

Kitchen Location
 Outside main House 400 (31.3) 152 (34.9) 248 (29.5) 0.04

 Inside main House 877 (68.7) 283 (65.1) 594 (70.5)

Ventilation System
 Yes 645 (52.2) 233 (54.7) 412 (50.9) 0.2

 No 591 (47.8) 193 (45.3) 398 (49.1)

Principal Kitchen Instrument
 Electric/gas cooker 661 (56.4) 214 (52.8) 447 (58.2) 0.08

 Cookstove 226 (19.3) 77 (19.0) 149 (19.4)

 Three Stones 286 (24.4) 114 (28.1) 172 (22.4)

Only BMF for Cooking
 No 806 (69.2) 267 (65.9) 539 (70.9) 0.07

 Yes 359 (30.8) 138 (34.1) 221 (29.1)

Only Wood for Cooking
 No 1,232 (96.5) 412 (94.7) 820 (97.4) 0.01

 Yes 45 (3.5) 23 (5.3) 22 (2.6)

Improved Cookstove used >10 years
 Yes 684 (55.1) 212 (50.0) 472 (57.8) 0.009

 No 557 (44.9) 212 (50.0) 345 (42.2)

Heating Mode
 Charcoal 622 (58.2) 210 (56.3) 412 (59.3) 0.34

 Wood 446 (41.8) 163 (43.7) 283 (40.7)

Lighting Mode
 Clean fuel 629 (49.3) 219 (50.3) 410 (48.8) 0.6

 Unclean fuel 646 (50.7) 216 (49.7) 430 (51.2)

Time with Electricity per 24h
 ≥5h 233 (41.6) 73 (43.5) 160 (40.8) 0.56

 <5h 327 (58.4) 95 (56.5) 232 (59.2)

Time Spent in Kitchena

 Low exposure 744 (58.3) 232 (53.3) 512 (60.8) 0.01

 High exposure 533 (41.7) 203 (46.7) 330 (39.2)

Years since first Ugalib

 Continuous (years)* 28 [19‑36] 28 [19‑38] 28 [19‑36] 0.1

 Categorical (<25 years) 385 (30.2) 112 (25.8) 273 (32.4) 0.01

 Categorical (≥25 years) 892 (69.9) 323 (74.3) 569 (67.6)
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Table 3 Multivariable analysis: socio‑demographic and clinical indicators as predictors for pulmonary tuberculosis among 1277 HIV‑
infected outpatients attending ART‑clinics in South Kivu, DRC

a Case contact was defined as a household member treated for pulmonary tuberculosis in the past five years.

cOR crude odds ratio, aOR adjusted odds ratio, ART  Antiretroviral therapy
b Variables adjusted for in the model include gender, age, level of education, number of household members, tobacco smoking, second-hand smoke, house roofing, 
house wall, CD4+ cell count, ART duration, and case contact. “..”: multivariable analysis was not performed as p-value ≤0.1

Variables Univariate Analysis Multivariable  Analysisb

N cOR (95%CI) P‑value N=956 aOR (95%CI) P‑value

Gender 1277

 Males Ref

 Females 0.37 (0.28‑0.48) <0.001 0.39 (0.27‑0·55) <0.001

Marital Status 1277

 Married Ref

 Separated 1.04 (0.71‑1.51) 0.83 ¨ ¨ ¨
 Single 0.83 (0.65‑1.07) 0.15 ¨ ¨ ¨
Level of Education 1277

 University Ref

 High School 1.12 (0.61‑2.05) 0.71 ¨ ¨ ¨
 Primary School 1.31 (0.72‑2.38) 0.37 ¨ ¨ ¨
 No School 0.82 (0.42‑1.60) 0.57 ¨ ¨ ¨
Occupation 1277

 Public Function Ref

 Famer 1.82 (0.70‑4.73) 0.22 ¨ ¨ ¨
 Private sector 0.85 (0.50‑1.46) 0.56 ¨ ¨ ¨
 Housekeeper 1.25 (0.77‑2.03) 0.36 ¨ ¨ ¨
 None at all 1.09 (0.65‑1.83) 0.74 ¨ ¨ ¨
Household Members 1181

 <5 Ref

 ≥5 1.05 (0.78‑1.40) 0.76 ¨ ¨ ¨
Alcohol 1238

 No Ref

 Yes 1.02 (0.80‑1.31) 0.88 ¨ ¨ ¨
Tobacco Smoking 1221

 Never Ref

 Evers 1.86 (1.26‑2.26) 0.002 1.08 (0.67‑1.74) 0.75

Second‑Hand Smoke 1159

 No Ref

 Yes 1.58 (1.20‑2.08) 0.001 1.41 (0.64‑1.50) 0.8

CD4 at HIV diagnosis (cells/μL) 1277

 ≥500 Ref

 200‑499 1.40 (0.92‑2.11) 0.11 1.33 (0.83‑2.14) 0.23

 <200 1.87 (1.24‑2.82) 0.003 2.05 (1.28‑3.31) 0.003

 Unknown 1.79 (1.21‑2.66) 0.004 1.69 (1.06‑2.70) 0.03

ART Duration (years) 1277

 ≥10 Ref

 5‑9 0.84 (0.60‑1.16) 0.30 0.86 (0.57‑1.25) 0.40

 <5 0.85 (0.61‑1.20) 0.38 0.73 (0.49‑1.10) 0.14

 Unknown 1.10 (0.75‑1.63) 0.63 1.15 (0.70‑1.86) 0.59

Case Contacta 1155

 No Ref

 Yes 0.97 (0.76‑1.25) 0.84 1.1 (0.82‑1.47) 0.54
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between 1996 and 2012 [43]. Ten of these studies yielded 
a pooled OR of 1·30 (95% CI 1·04–1·62), while six yielded 
a pooled OR of 1·70 (1·10–8·20) in a subgroup analysis 
considering gender. A meta-analysis [44] including twelve 
studies reported an overall effect estimate of 1·43 (95% CI 
1.07–1·91) and, among women, 1·61 (95% CI 0·73–3·57). 
Finally, a 2020 global systematic review (53 studies) esti-
mated a pooled relative risk of 1·26 (95%CI 1·08 − 1·48) of 
PTB associated with HAP  exposure6. This association has 
been less studied among PLHIV, who are the most vul-
nerable to TB [2, 6, 17]. The lungs have been described 
as an anatomic reservoir of HIV, [45] and tobacco smok-
ing is known to induce pulmonary immune defects [46]. 
Interactions between TB-HIV-tobacco smoking and non-
communicable lung diseases have been demonstrated in 
several studies and summarized in two reviews by van 
Zyl-Smit and colleagues [10, 11].

The pathophysiologic mechanisms causing lung ill-
nesses after HAP exposure are not fully understood and 
while combustion might produce both CO and PM2.5, 
their ability to impair cell immunity might be different. 
The current evidence pertaining to HAP mechanistic 
effects was summarized by the European Respiratory 
Society/American Thoracic Society task force on HAP 
[8]. Based on this expert panel that reviewed both cell 
culture and animal studies, it appeared that numer-
ous HAP-related health effects are also a consequence 
of impaired bacterial phagocytosis in alveolar mac-
rophages loaded with carbon [46, 47]. From ambient air 
pollution studies, we know that human -defensin 2 and 
3 expression in M. tuberculosis-infected A549 cells was 
reduced by exposure to PM2.5 or PM10 [48]. The ability 
of cells to control M.tb growth and the M.tb-induced 
expression of CD69, an early surface activation marker 

Table 5 Multivariable analysis: 24h personal CO and time spent in kitchen as predictors for tuberculosis among 255 HIV‑Infected 
outpatients attending ART‑clinics in South Kivu, DRC

CO Carbon monoxide, TWA  Time-weighted average, MAX Maximum concentration, aOR adjusted odds ratio (95% CI); § high= >3h/day AND ≥2 times/day AND >5 
days/week

Variables All participants (n=255) (96 cases / 159 controls) Females only (n=197) (77 cases / 
120 controls)

Aor p aOR p

TWA CO, continuous per log10 (ppm) 1.50 (1.01‑2.23) 0.046 4.24 (1.09‑16.49) 0.04

Time spent in kitchen, high§vslow 2.80 (1.08‑7.24) 0.03 3.33 (1·16‑9.54) 0.03

MAX CO, continuous per log10 (ppm) 0.90 (0.58‑1.32) 0·54 1.79 (0.46‑7.03) 0.41

Time spent in kitchen, high§vslow 2.53 (1.00‑6.41) 0.05 2.76 (1.02‑7.47) 0.046

Fig. 3  Adjusted odds ratio (aOR) of pulmonary tuberculosis according to quintiles (Q) of 24 h personal CO time‑weighted average exposure 
in adults living with HIV ( n  = 255). Variables adjusted for in the model include gender, age at first ugali (continuous), case contact, reported second 
hand smoke, type of fuel used, kitchen location, time spent in kitchen, ventilation system, patient on ART, duration on ART, and CD4 + T cell count 
at diagnosis
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expressed on CD3 + T cells, as well as the production 
of IFN-, TNF-, and TBX21 in M.tb-infected PBMC, 
were all reduced when exposed to PM2.5 prior to M.tb 
infection [49]. This suggests biological pathways under-
pinning changed M.tb infection and treatment results 
when exposed to PM2.5 [50].

Time spent in the kitchen proved to be a determinant of 
risk for TB. In addition to doubling the risk of developing 
TB among PLHIV, long-term tobacco smoking has been 
shown to attenuate both immune and antiviral responses 
to antiretrovirals by as much as 40% [9]. At the cellular 
level, our findings could partly be explained by recent evi-
dence that cytokine production by alveolar macrophages 
(AM) is inversely related to chronic biomass smoke expo-
sure [8]. Moreover, the association we observed between 
CO exposure and PTB might be explained by impaired 
oxidative responses [8, 47, 51]. Compared to PM, it is 
know that lung and systemic M. tuberculosis-induced 
cytokine production are altered by PM load in AM and 
that chronic PM exposure with elevated proinflam-
matory cytokine expression leads to cellular inactivity 
[52]. In addition, the pulmonary compartment contains 
many macrophage-specific immunological deficiencies 
in smokers, which may explain how smoking makes a 
patient prone to TB infection and illness [53]. As a result, 
cigarette smoke reduces effector cytokine responses 
and inhibits mycobacterial containment inside infected 
human macrophages from the peripheral blood and 
alveolar compartments [54]. After Mtb infection, human 
AM show metabolic plasticity that facilitates glycolytic 
reprogramming. Smokers also have reduced metabolic 
reserve, impairing the glycolytic response to infection 
[55]. Our results, showing a 1·4-fold increase in the odds 
of developing PTB after chronic high exposure to bio-
mass smoke, are compatible with these findings. It is also 
wellestablished that level of impairment is more severe 
with exposure to wood smoke than to fine carbon black, 
[8] and we demonstrate here that exclusive wood use for 
cooking increased the likelihood of having developed TB 
approximately fourfold among younger cooks with HIV 
infection. Future mechanistic studies (causal mechanisms 
between the environment and the host response to tuber-
culosis) should consider HIV-infection status (level of 
immune defence vs. pollutant dose-response) and evalu-
ate if other pollutants (multipollutant model), such as 
volatile organic compounds (e.g., benzene metabolites), 
also interfere with mechanisms affecting PTB (risk, new 
Mycobacterium tuberculosis rate, clinical outcomes) as 
recently suggested by a study on latent TB infection in 
Vietnam where PM2.5 did not show a significant associa-
tion as expected.[56, 57].

During the past decade, major randomized trials in 
LMICs, such as the RESPIRE (Guatemala) [58], CAPS 

(Malawi) [59], and currently the GRAPHS (Ghana) [60] 
trials, have used CO as a surrogate for HAP exposure. 
Similar to our findings, a large nested case-control, sin-
gle pollutant study in California (2,309 cases and 4,604 
controls) [22] found an association between quintiles of 
CO and TB risk, whereas no association was found for 
quintiles of  PM2.5. However, it is known that CO and 
particulates do not always correlate. [61] We need sim-
ple, affordable, and reliable markers of exposure [3, 4, 34] 
to inform well-designed interventional studies to reduce 
HAP-induced chronic lung disease.

As part of worldwide TB control efforts, initiatives to 
integrate tobacco cessation with air pollution reduc-
tion (e.g., supply of inexpensive clean energy sources, 
identification, monitoring, and reduction of air pollu-
tion sources) should be addressed. Such initiatives might 
involve developing patient- and community-focused 
air pollution mitigation methods and interventions 
in collaboration with governmental entities, such as 
patient-screening tools for air pollution risk in at high-
risk patients for TB (e.g., PLHIV by targeting woman 
and patients deeply immunocompromised). Interven-
tions should address technology (e.g., improved solid 
fuel stoves such as traditional and modern combustion 
designs using fans or gasification equipment), fuel type 
(e.g., unprocessed or processed such as pellets for bio-
mass, briquettes for coal as well as cleaner fuels such as 
liquid petroleum gas, biogas, permanent electricity, solar 
lights), better ventilation system (e.g., chimneys, open-
ing windows while cooking), and behavioral adjustments 
(e.g., enables for cleaner technologies and fuels such dry-
ness of fuel and community endorsement by commu-
nity leaders or religious) [17, 62]. In light of the current 
COVID-19 pandemic that has hampered several efforts 
to eradicate TB, preventing future TB requires address-
ing not just the disease but also the major drivers of TB 
(undernutrition, poverty, diabetes, cigarette use, and 
household air pollution) if TB is to be eradicated by 2035 
[63]. Hence, our study has significant implications for 
addressing the global respiratory health threat in LMICs, 
which is fuelled by a high prevalence of chronic respira-
tory diseases (asthma, chronic obstructive pulmonary 
disease, bronchiectasis, and post-tuberculosis lung dis-
ease), COVID-19 infection and long COVID-19, all of 
which are associated with environmental factors and 
endemic HIV [64–67]. In Table  6, we have summarized 
and contextualized the implications of our findings in 
the fight against tuberculosis. Several further strengths 
of our study include the following: : (1) A large sample 
size, which adequately powered for our primary objec-
tive to investigate HAP-associated PTB risk in PLHIV; (2) 
Combination of a validated IMPALA questionnaire and 
24 h personal CO monitoring data; (3) Quantification of 
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cumulative exposure to HAP using simple indexes adapt-
able/generalizable to other LMIC settings; (4) Documen-
tation of an exposuredependent relationship between 
HAP and TB risk; (5) Findings suggesting increased PTB 
risk for women, as they are more likely to be exposed to 
HAP in our DRC setting.

Although informative, our study also has several limi-
tations. Questionnaire responses and our proxy for life-
time exposure may have been affected by recall bias; 
however, it is unlikely that responses were influenced by 
case or control status, both of which were defined using 
reliable objective criteria. Besides, such recall bias would 
tend to dilute the effect size, thus making our findings 
conservative and hence more compelling. Neverthe-
less, to mitigate recall bias, trained interviewers used 
the IMPALA questionnaire, and multiple sources were 
used to triangulate information. We did not account 
for unmeasured confounding, such as nutritional status 
and overcrowding, but included surrogates for socio-
economic status, such as educational attainment and 
income. We also relied on one-time 24  h personal CO 
measurements, which might underestimate or overes-
timate true effect size. However, recent data have linked 
short term (three-month) exposure to air pollutants (PM, 
CO, etc.) and increases in TB incidence [23]. We did not 
consider meteorological factors, but these are unlikely to 
have introduced systematic biases as the weather varied 
little during the study, and CO measurements were con-
sistently taken during the same time-period for cases 
and controls. As indicated before, we acknowledge that 
CO may not be the best indicator of HAP exposure from 

biomass smoke. It would have been desirable to measure 
fine particulate matter, possibly the most harmful compo-
nent of biomass smoke, [32] or other biomarkers of wood 
smoke exposure such as urinary guaiacol or levoglu-
cosan [8]. In the absence of ambient air quality monitor-
ing in South-Kivu – as in most areas in Africa [68] – we 
did not take outdoor air pollution into account. How-
ever, ambient air pollution is unlikely to have differed 
between cases and controls because both were recruited 
from the same small geographical area. Future research 
should explore long-term exposure monitoring and/or 
a biomarker of HAP exposure. However, a multipollut-
ant model that measures both PM2.5 and CO utilizing 
a low-cost, long-lasting battery sensor may be beneficial 
for orienting intervention in environments with variable 
resources. Finally, there was unequal gender distribution, 
[25] due to the high proportion of women among PLHIV, 
on one hand, and higher risk of having TB among men, 
on the other. We addressed this issue by performing sex-
stratified analyses.

In conclusion, personal CO exposure and time spent 
cooking (among women) were found to be independently 
associated with increased odds of PTB among PLHIV. 
Public health implications of our findings, if confirmed 
by further longitudinal studies, are that HAP interven-
tions might prove cost-effective if reductions in TB 
are considered and measured since HAP is modifiable. 
Furthermore, progress in the fight against TB might be 
stalled if we do not adequately address HAP, which is an 
increasing problem in LMICs with high burdens of both 
HIV and TB.

Table 6 Research in context

Evidence before this study
After reviewing primary studies and systematic reviews, the Lancet Respiratory Commission on household air pollution (HAP) judged the evidence 
linking HAP exposure and risk of developing tuberculosis (TB) as inadequate (Gordon et al., 2014). Recently, Lee et al (Lancet GH, 2020), summarised 
53 studies and concluded that HAP was independently associated with TB (RR 1·26, 95%CI 1·08‑1·48). Designs included mainly surveys, and results 
relied mostly on questionnaires with no history of cumulative HAP exposure. Smith and colleagues (2016) were the first to link individual CO 
measurements to TB in a large cohort from California. However, no such comparable study was conducted in sub‑Saharan Africa nor in any country 
outside Africa with a high TB burden. Strikingly, although people living with HIV (PLHIV) are highly susceptible to TB, no studies have investigated 
whether exposure to HAP contributes to the risk of acquiring TB in this vulnerable population.

Added value of this study
This case‑control study, conducted in a high HIV and TB burden region, is the largest study of HAP exposure from biomass fuel smoke and pulmo‑
nary TB risk among PLHIV. The study was conducted in an extremely resource‑poor population in a post‑conflict area of the DRC, where almost all 
households burn biomass fuels for cooking; ≥95% have no access to consistent electricity. Data obtained from 1277 PLHIV, 435 of whom also had TB 
(HIV+/TB+), allowed us to construct an index of HAP exposure intensity (hours cooking/day, hours cooking/week, lifetime cooking “ugali”). Moreo‑
ver, 24h personal CO average levels helped us determine an exposure‑dependent relationship between HAP and TB in a random subsample of 255 
participants.

Implications of all the available evidence
Time spent cooking (among women) and personal CO exposure were independently associated with increased risk of TB. In low‑income settings, 
millions of deaths are ascribed to the convergent challenges of the HIV and TB epidemics and exposure to HAP. Longitudinal studies (e.g., community 
cluster randomised trials) are needed to confirm our findings and assess interventions to reduce incidence of TB attributable to long‑term exposure 
to HAP in PLHIV.



Page 14 of 16Katoto et al. Environmental Health            (2024) 23:6 

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12940‑ 023‑ 01044‑0.

Additional file 1: eFigure 1. Twenty‑four‑hour (h) time‑weighted average 
(TWA) and maximum (MAX) personal CO concentrations among 96 cases 
(HIV+/TB+) and 159 controls (HIV+/TB‑). Horizontal lines indicate medians 
and interquartile ranges. eFigure 2. Twenty‑four‑hour (h)‑weighted 
average (TWA) and maximum (MAX) personal CO concentration among 
196 women and 58 men HIV‑infected patients in South‑Kivu, DR Congo.    
Horizontal lines indicate medians and interquartile ranges. eTable 1. Time‑
weighted average concentrations (ppm) of carbon monoxide among 
255 HIV‑infected outpatients attending ART‑clinics and among their 
neighbours (n=97) in South Kivu, DRC. eTable 2. Multivariable Analysis: 
Quintiles of 24h Personal CO as Predictors for Tuberculosis Among 255 
HIV‑Infected Outpatients Attending ART‑Clinics in South Kivu, DRC.

Acknowledgements
We thank the ATS foundation and the NIHR Global Health Research Unit on 
Lung Health and TB in Africa at LSTM ‑ “IMPALA” for helping to make this work 
possible. The views expressed in this publication are those of the author(s) and 
not necessarily those of the NHS, the National Institute for Health Research, 
or the Department of Health and Social Care. We are grateful to the study 
participants and their relatives for their collaboration, the ART clinics, mainly to 
Dr. Denis Mukwege (Nobel Prize of peace, 2018) for access to his hospital and 
advices, the DRC’s National/ Provincial TB and HIV programs, the study team in 
Bukavu (Drs Simplice M., A. Axo A., K. Deo, J. Ndugu, (A) Murhula, (B) Bamuleke, 
P. Lunjwirhe, and S. Nsimirhe). We also express our gratitude to Professor John 
Johnson (Case Western Reserve University, Cleveland, OH, USA) for critical 
reading of this manuscript.

Authors’ contributions
P.D.M.C.K., B.N. and J.B.N. designed the study with inputs from B.A., R.Z.S., K.M. 
and T.N. P.D.M.C.K., D.B., R.M., A.K., and J.V. acquired the data. PDMCK, AB and 
ML analysed the data. PDMCK, AB, BA, RvZ‑S, NASA, MY, JM, GT, ML, KJGP, KM, 
JV, TN, BN, and J.B.N. interpreted the data. P.D.M.C.K., B.N. and J.B.N. wrote suc‑
cessive drafts of the manuscript, with inputs from A.B., B.A., R.Z.S., J.L.T., N.A.S.A., 
M.Y., J.M., G.T., K.J.G.P., K.M., J.V. and T.N. All authors approved the version to be 
published and agreed to be accountable for all aspects of the work.

Funding
PDMCK reports awards from the NIHR Global Health Research Unit on 
Lung Health and TB in Africa at LSTM ‑ “IMPALA” (grant number 16/136/35) 
and from the American Thoracic Society (ATS) foundation (MECOR) for 
developing this study proposal and for the very first field works expenses, 
respectively. He is also a fellow of the Marc Vervenne Fund at the KU 
Leuven (Belgium). Other local expenses were supported in part by the 
Alumni of the KU Leuven Faculty of Medicine, and the Lions Club Brugge, 
Belgium. JBN is supported by United States National Institutes of Health 
(NIH)/National Institutes of Allergy and Infectious Diseases (NIAID) grant 
No. 5U01AI069521 (Stellenbosch University Clinical Trial Unit‑CTU‑ of AIDS 
Clinical Trial Group‑ACTG) as well as NIH/Fogarty International Center (FIC) 
grants Nos. 1R25TW011217‑01 (African Association for Health Professions 
Education and Research) and 1D43TW010937‑01A1 (University of Pittsburgh 
HIV‑Comorbidities Research Training Program in South Africa). This study 
was part of the PhD dissertation of PDMCK, defended at the KU Leuven 
(Leuven, Belgium) on January 24, 2020, and published by Leuven Univer‑
sity Press (Acta Biomedica Lovaniensa 776). NASA is a clinician‑scientist in 
pediatric infectious diseases and is funded by an NIH/National Institute of 
Child Health and Human Development grant R01HD089866, and by an NIH/
Fogarty International Center award through the Adolescent HIV Prevention 
and Treatment Implementation Science Alliance (AHISA), for the Central and 
West Africa Implementation Science Alliance (CAWISA).

Availability of data and materials
The dataset may be made available upon reasonable request to the cor‑
responding author.

Declarations

Competing interests
The authors declare no competing interests.

Author details
1 Division of Epidemiology and Biostatistics, Department of Global Health, 
Faculty of Medicine and Health Sciences, Stellenbosch University, Cape 
Town, South Africa. 2 Office of the President and CEO, South African Medical 
Research Council, Cape Town, South Africa. 3 Centre for Tropical Diseases 
and Global Health, Catholic University of Bukavu, Bukavu, Democratic Republic 
of the Congo. 4 Centre for Environment and Health, Department of Public 
Health and Primary Care, KU Leuven, Leuven, Belgium. 5 Department of Inter‑
nal Medicine, Université Evangélique en Afrique, Bukavu, DR, Congo. 6 Centre 
for Evidence‑Based Health Care, Division of Epidemiology and Biostatistics, 
Department of Global Health, Stellenbosch University, Cape Town, South 
Africa. 7 Department of Medicine, Division of Pulmonology, Faculty of Medi‑
cine and Health Sciences, Stellenbosch University, Cape Town, South Africa. 
8 Division of Pulmonology & UCT Lung Institute, Department of Medicine, 
University of Cape Town, Cape Town, South Africa. 9 International Research 
Center of Excellence, Institute of Human Virology Nigeria, Abuja, Nigeria. 
10 Division of Epidemiology and Prevention, Institute of Human Virology, 
University of Maryland School of Medicine, Baltimore, MD, USA. 11 Department 
of Medicine, Albert Einstein College of Medicine, New York, NY, USA. 12 Division 
of Pulmonary and Critical Care Medicine, Trauma Center, Zuckerberg San 
Francisco General Hospital, University of California, San Francisco, CA, USA. 
13 South African Medical Research Council Centre for Tuberculosis Research, 
Division of Molecular Biology and Human Genetics, Faculty of Medicine 
and Health Sciences, NRF‑DST Centre of Excellence for Biomedical Tuberculo‑
sis Research, Stellenbosch University, Cape Town, South Africa. 14 Department 
of Environmental Health Sciences, School of Public Health, Yale University, 
New Haven, CT, USA. 15 Division of epidemiology and Biostatistics, University 
of Cape Town, Rondebosch, Western Cape, South Africa. 16 Liverpool School 
of Tropical Medicine, Liverpool L3 5QA, UK. 17 Centre of Environmental Health, 
University of Hasselt, Hasselt, Belgium. 18 Department of Medicine, Center 
for Infectious Diseases, Faculty of Medicine and Health Sciences, Stellen‑
bosch University, Cape Town, South Africa. 19 Department of Epidemiology 
and Center for Global Health, Infectious Diseases and Microbiology, University 
of Pittsburgh Graduate School of Public Health, 130 DeSoto St., Room A522 
Crabtree Hall, Pittsburgh 15260, PA, USA. 

Received: 4 October 2023   Accepted: 19 December 2023

References
 1. WHO | Air pollution. WHO. http:// www. who. int/ airpo lluti on/ en/. 

Accessed 26 Jun 2019.
 2. Schraufnagel DE, Balmes JR, Cowl CT, De Matteis S, Jung S‑H, Mortimer 

K, et al. Air pollution and noncommunicable diseases: a review by the 
Forum of International Respiratory Societies’ Environmental Committee, 
Part 1: the damaging effects of air pollution. Chest. 2019;155:409–16.

 3. Global Tuberculosis Report. 2021. https:// www. who. int/ publi catio ns/ digit 
al/ global‑ tuber culos is‑ report‑ 2021. Accessed 8 Mar 2022.

 4. Global, regional, and national comparative risk assessment of 84 behav‑
ioral, environmental and occupational, and metabolic risks or clusters of 
risks for 195 countries and territories, 1990–2017: a systematic analysis 
for the GBD Study 2017. Institute for Health Metrics and Evaluation. 2018. 
http:// www. healt hdata. org/ resea rch‑ artic le/ global‑ regio nal‑ and‑ natio 
nal‑ compa rative‑ risk‑ asses sment‑ 84‑ behav ioral‑0. Accessed 26 Jun 2019.

 5. State of Global Air. 2019 Report. Institute for Health Metrics and Evalu‑
ation. 2019. http:// www. healt hdata. org/ news‑ relea se/ state‑ global‑ air‑ 
2019‑ report. Accessed 26 Jun 2019.

 6. Schraufnagel DE, Balmes JR, Cowl CT, De Matteis S, Jung S‑H, Mortimer 
K, et al. Air pollution and noncommunicable diseases: a review by the 
Forum of International Respiratory Societies’ Environmental Committee, 
Part 2: air pollution and organ systems. Chest. 2019;155:417–26.

https://doi.org/10.1186/s12940-023-01044-0
https://doi.org/10.1186/s12940-023-01044-0
http://www.who.int/airpollution/en/
https://www.who.int/publications/digital/global-tuberculosis-report-2021
https://www.who.int/publications/digital/global-tuberculosis-report-2021
http://www.healthdata.org/research-article/global-regional-and-national-comparative-risk-assessment-84-behavioral-0
http://www.healthdata.org/research-article/global-regional-and-national-comparative-risk-assessment-84-behavioral-0
http://www.healthdata.org/news-release/state-global-air-2019-report
http://www.healthdata.org/news-release/state-global-air-2019-report


Page 15 of 16Katoto et al. Environmental Health            (2024) 23:6  

 7. Lee KK, Bing R, Kiang J, Bashir S, Spath N, Stelzle D, et al. Adverse health 
effects associated with household air pollution: a systematic review, 
meta‑analysis, and burden estimation study. Lancet Glob Health. 
2020;8:e1427‑1434.

 8. Sood A, Assad NA, Barnes PJ, Churg A, Gordon SB, Harrod KS, et al. ERS/
ATS workshop report on respiratory health effects of household air pollu‑
tion. Eur Respir J. 2018;51:1700698.

 9. Miguez‑Burbano MJ, Burbano X, Ashkin D, Pitchenik A, Allan R, Pineda L, 
et al. Impact of Tobacco use on the development of opportunistic Res‑
piratory Infections in HIV seropositive patients on antiretroviral therapy. 
Addict Biol. 2003;8:39–43.

 10. van Zyl Smit RN, Pai M, Yew WW, Leung CC, Zumla A, Bateman ED, et al. 
Global lung health: the colliding epidemics of Tuberculosis, Tobacco 
Smoking, HIV and COPD. Eur Respir J. 2010;35:27–33.

 11. van Zyl‑Smit RN, Brunet L, Pai M, Yew W‑W. The convergence of the global 
Smoking, COPD, Tuberculosis, HIV, and Respiratory Infection epidemics. 
Infect Dis Clin North Am. 2010;24:693–703.

 12. Pandeya N, Williams GM, Sadhegi S, Green AC, Webb PM, Whiteman 
DC. Associations of Duration, Intensity, and quantity of Smoking with 
adenocarcinoma and squamous cell carcinoma of the Esophagus. Am J 
Epidemiol. 2008;168:105–14.

 13. Pinsky PF, Zhu CS, Kramer BS. Lung cancer risk by years since quitting in 
30 + pack year smokers. J Med Screen. 2015;22:151–7.

 14. WHO | Global tuberculosis report. WHO; 2018. http:// www. who. int/ tb/ 
publi catio ns/ global_ report/ en/. Accessed 16 Oct 2018.

 15. Stop TB, Partnership |, Sep TB REACH. http:// www. stoptb. org/ global/ 
awards/ tbrea ch/. Accessed 19 Sep 2018.

 16. WHO |. Public Health and Environment:household air polution:population 
using solid fuels(%),2013. http:// gamap server. who. int/ gho/ inter active_ 
charts/ phe/ iap_ expos ure/ atlas. html. Accessed 2 Oct 2015.

 17. Gordon SB, Bruce NG, Grigg J, Hibberd PL, Kurmi OP, Lam KH, et al. 
Respiratory risks from household air pollution in low and middle income 
countries. Lancet Respir Med. 2014;2:823–60.

 18. Flagship Projects of Agenda 2063 | African Union. https:// au. int/ en/ agend 
a2063/ flags hip‑ proje cts. Accessed 21 Jul 2020.

 19. McCracken JP, Schwartz J, Diaz A, Bruce N, Smith KR. Longitudinal rela‑
tionship between personal CO and personal PM2.5 among women cook‑
ing with woodfired cookstoves in Guatemala. PLoS ONE. 2013;8: e55670.

 20. Wu J, Xu C, Wang Q, Cheng W. Potential sources and formations of the 
PM2. 5 pollution in urban Hangzhou. Atmosphere. 2016;7: 100.

 21. Han P, Mei H, Liu D, Zeng N, Tang X, Wang Y, et al. Calibrations of low‑cost 
air Pollution Monitoring sensors for CO, NO(2), O(3), and SO(2). Sensors 
(Basel). 2021;21:256.

 22. Smith Geneé S, Van Den Eeden Stephen K, Cynthia G, Jun S, Roger B, 
Herring Amy H, et al. Air Pollution and Pulmonary Tuberculosis: a nested 
case–control study among members of a Northern California Health Plan. 
Environ Health Perspect. 2016;124:761–8.

 23. Yang J, Zhang M, Chen Y, Ma L, Yadikaer R, Lu Y, et al. A study on the rela‑
tionship between air pollution and pulmonary Tuberculosis based on the 
general additive model in Wulumuqi, China. Int J Infect Dis. 2020;96:42–7.

 24. Kavakli HS, Erel O, Delice O, Gormez G, Isikoglu S, Tanriverdi F. Oxidative 
stress increases in Carbon Monoxide Poisoning patients. Hum Exp Toxicol. 
2011;30:160–4.

 25. Pearce N. Analysis of matched case‑control studies. BMJ. 2016;352: i969.
 26. Guide de Prise en Charge de la Tuberculose PATI. ‑5 – TB Data Hub. 

https:// www. tbdiah. org/ resou rces/ publi catio ns/ guide‑ de‑ prise‑ en‑ 
charge‑ de‑ la‑ tuber culose‑ pati‑5/. Accessed 3 Feb 2021.

 27. UNHCR Weekly Emergency Update ‑ Ituri, Kivu S, Provinces NK. Demo‑
cratic Republic of the Congo (25 May – 8 June 2020) ‑ Democratic 
Republic of the Congo. ReliefWeb. https:// relie fweb. int/ report/ democ 
ratic‑ repub lic‑ congo/ unhcr‑ weekly‑ emerg ency‑ update‑ ituri‑ south‑ kivu‑ 
and‑ north‑ kivu‑6. Accessed 8 Mar 2022.

 28. Saleh S, van Zyl‑Smit R, Allwood B, Lawin H, Mbatchou Ngahane BH, 
Ayakaka I, et al. Questionnaires for Lung Health in Africa across the Life 
Course. Int J Environ Res Public Health. 2018;15:1615.

 29. IEA – International Energy Agency. IEA. https:// www. iea. org/ weo/ devel 
opment. asp. Accessed 21 Mar 2020.

 30. Gninafon M, Ade G, Aït‑Khaled N, Enarson DA, Chiang C‑Y. Exposure to 
combustion of solid fuel and Tuberculosis: a matched case‑control study. 
Eur Respir J. 2011;38:132–8.

 31. Ury HK. Efficiency of case‑control studies with multiple controls per case: 
continuous or dichotomous data. Biometrics. 1975;31:643–9.

 32. Mock CN, Smith KR, Kobusingye O, Nugent R, Abdalla S, Ahuja RB, et al. 
Injury Prevention and Environmental Health: Key Messages from Disease 
Control Priorities, Third Edition. In: Mock CN, Nugent R, Kobusingye O, 
Smith KR, editors., et al., Injury Prevention and Environmental Health. 3rd 
ed. Washington: The International Bank for Reconstruction and Develop‑
ment/The World Bank; 2017.

 33. WHO | Global tuberculosis report 2019. WHO. http:// www. who. int/ tb/ 
publi catio ns/ global_ report/ en/. Accessed 5 Apr 2020.

 34. Neyrolles O, Quintana‑Murci L. Sexual inequality in Tuberculosis. PLoS 
Med. 2009;6: e1000199.

 35. Nhamoyebonde S, Leslie A. Biological differences between the sexes and 
susceptibility to Tuberculosis. J Infect Dis. 2014;209(Suppl 3):S100‑106.

 36. Lukamba‑Muhiya JM, Uken E. The electricity supply industry in the 
Democratic Republic of the Congo. J Energy South Afr. 2017;17:21–8.

 37. Slama K, Chiang C‑Y, Enarson DA, Hassmiller K, Fanning A, Gupta P, et al. 
Tobacco and Tuberculosis: a qualitative systematic review and meta‑
analysis. Int J Tuberc Lung Dis. 2007;11:1049–61.

 38. Lin H‑H, Ezzati M, Murray M. Tobacco smoke, indoor air pollution and Tuber‑
culosis: a systematic review and meta‑analysis. PLoS Med. 2007;4: e20.

 39. Bates MN, Khalakdina A, Pai M, Chang L, Lessa F, Smith KR. Risk of 
Tuberculosis from exposure to Tobacco smoke: a systematic review and 
meta‑analysis. Arch Intern Med. 2007;167:335–42.

 40. Nadadur SS, Hollingsworth JW, editors. Air Pollution and Health effects. 
London: Springer‑Verlag; 2015.

 41. Slama K, Chiang C‑Y, Hinderaker SG, Bruce N, Vedal S, Enarson DA. Indoor 
solid fuel combustion and Tuberculosis: is there an association? Int J 
Tuberc Lung Dis. 2010;14:6–14.

 42. Lin H‑H, Suk C‑W, Lo H‑L, Huang R‑Y, Enarson DA, Chiang C‑Y. Indoor air 
pollution from solid fuel and Tuberculosis: a systematic review and meta‑
analysis. Int J Tuberc Lung Dis. 2014;18:613–21.

 43. Sumpter C, Chandramohan D. Systematic review and meta‑analysis of 
the associations between indoor air pollution and tuberculosis. Tropical 
medicine and international health: TM and IH. 2013;18:101–8.

 44. Kurmi OP, Sadhra CS, Ayres JG, Sadhra SS. Tuberculosis risk from exposure 
to solid fuel smoke: a systematic review and meta‑analysis. J Epidemiol 
Community Health. 2014;68:1112–8.

 45. Costiniuk CT, Jenabian MA. The lungs as anatomical reservoirs of HIV 
Infection. Rev Med Virol. 2014;24:35–54.

 46. Stämpfli MR, Anderson GP. How cigarette smoke skews immune 
responses to promote Infection, lung Disease and cancer. Nat Rev Immu‑
nol. 2009;9:377–84.

 47. Rylance J, Fullerton DG, Scriven J, Aljurayyan AN, Mzinza D, Barrett S, 
et al. Household air pollution causes dose‑dependent inflammation and 
altered phagocytosis in human macrophages. Am J Respir Cell Mol Biol. 
2015;52:584–93.

 48. Rivas‑Santiago CE, Sarkar S, Cantarella P, Osornio‑Vargas Á, Quintana‑
Belmares R, Meng Q, et al. Air pollution particulate matter alters 
antimycobacterial respiratory epithelium innate immunity. Infect Immun. 
2015;83:2507–17.

 49. Ibironke O, Carranza C, Sarkar S, Torres M, Choi HT, Nwoko J, et al. Urban 
air pollution particulates suppress human T‑cell responses to Mycobacte‑
rium Tuberculosis. Int J Environ Res Public Health. 2019;16(21):4112.

 50. Sarkar S, Rivas‑Santiago CE, Ibironke OA, Carranza C, Meng Q, Osornio‑
Vargas Á, et al. Season and size of urban particulate matter differentially 
affect cytotoxicity and human immune responses to Mycobacterium 
tuberculosis. PLoS ONE. 2019;14: e0219122.

 51. Rylance J, Chimpini C, Semple S, Russell DG, Jackson MJ, Heyderman 
RS, et al. Chronic Household Air Pollution exposure is Associated with 
impaired alveolar macrophage function in Malawian non‑smokers. PLoS 
ONE. 2015;10: e0138762.

 52. Torres M, Carranza C, Sarkar S, Gonzalez Y, Vargas AO, Black K, et al. Urban 
airborne particle exposure impairs human lung and blood Mycobacte‑
rium tuberculosis immunity. Thorax. 2019;74:675–83.

 53. O’Leary SM, Coleman MM, Chew WM, Morrow C, McLaughlin AM, 
Gleeson LE, et al. Cigarette Smoking impairs human pulmonary 
immunity to Mycobacterium tuberculosis. Am J Respir Crit Care Med. 
2014;190:1430–6.

http://www.who.int/tb/publications/global_report/en/
http://www.who.int/tb/publications/global_report/en/
http://www.stoptb.org/global/awards/tbreach/
http://www.stoptb.org/global/awards/tbreach/
http://gamapserver.who.int/gho/interactive_charts/phe/iap_exposure/atlas.html
http://gamapserver.who.int/gho/interactive_charts/phe/iap_exposure/atlas.html
https://au.int/en/agenda2063/flagship-projects
https://au.int/en/agenda2063/flagship-projects
https://www.tbdiah.org/resources/publications/guide-de-prise-en-charge-de-la-tuberculose-pati-5/
https://www.tbdiah.org/resources/publications/guide-de-prise-en-charge-de-la-tuberculose-pati-5/
https://reliefweb.int/report/democratic-republic-congo/unhcr-weekly-emergency-update-ituri-south-kivu-and-north-kivu-6
https://reliefweb.int/report/democratic-republic-congo/unhcr-weekly-emergency-update-ituri-south-kivu-and-north-kivu-6
https://reliefweb.int/report/democratic-republic-congo/unhcr-weekly-emergency-update-ituri-south-kivu-and-north-kivu-6
https://www.iea.org/weo/development.asp
https://www.iea.org/weo/development.asp
http://www.who.int/tb/publications/global_report/en/
http://www.who.int/tb/publications/global_report/en/


Page 16 of 16Katoto et al. Environmental Health            (2024) 23:6 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 54. van Zyl‑Smit RN, Binder A, Meldau R, Semple PL, Evans A, Smith P, et al. 
Cigarette smoke impairs cytokine responses and BCG containment in 
alveolar macrophages. Thorax. 2014;69:363–70.

 55. Gleeson LE, O’Leary SM, Ryan D, McLaughlin AM, Sheedy FJ, Keane J. Ciga‑
rette Smoking impairs the Bioenergetic Immune response to Mycobacte‑
rium tuberculosis Infection. Am J Respir Cell Mol Biol. 2018;59:572–9.

 56. Blount RJ, Phan H, Trinh T, Dang H, Merrifield C, Zavala M, et al. Indoor air 
Pollution and susceptibility to Tuberculosis Infection in urban Vietnamese 
children. Am J Respir Crit Care Med. 2021;204:1211–21.

 57. Davis JL, Checkley W. Characterization of Air Pollution exposures as 
Risk factors for Tuberculosis Infection. Am J Respir Crit Care Med. 
2021;204:1130–1.

 58. Smith K, McCracken J, Weber M, Hubbard A, Jenny A, Thompson L, et al. 
Effect of reduction in household air pollution on childhood Pneumonia 
in Guatemala (RESPIRE): a randomised controlled trial. Lancet (London 
England). 2011;378:1717–26.

 59. Mortimer K, Ndamala CB, Naunje AW, Malava J, Katundu C, Weston 
W, et al. A cleaner burning biomass‑fuelled cookstove intervention to 
prevent Pneumonia in children under 5 years old in rural Malawi (the 
cooking and Pneumonia Study): a cluster randomised controlled trial. The 
Lancet. 2017;389:167–75.

 60. Lee AG, Kaali S, Quinn A, Delimini R, Burkart K, Opoku‑Mensah J, et al. 
Prenatal household air pollution is associated with impaired infant lung 
function with sex‑specific effects. Evidence from GRAPHS, a cluster 
randomized cookstove intervention trial. Am J Respir Crit Care Med. 
2018;199:738–46.

 61. Ochieng C, Vardoulakis S, Tonne C. Household air pollution following 
replacement of traditional open Fire with an improved rocket type cook‑
stove. Sci Total Environ. 2017;580:440–7.

 62. Hadley MB, Baumgartner J, Vedanthan R. Developing a Clinical Approach 
to Air Pollution and Cardiovascular Health. Circulation. 2018;137:725–42.

 63. Chakaya J, Khan M, Ntoumi F, Aklillu E, Razia F, Mwaba P, et al. Global 
tuberculosis report 2020 – reflections on the global TB burden, treatment 
and prevention efforts. Int J Infect Dis. 2021;113 Suppl 1(Suppl 1):S7–12.

 64. Katoto PD, Brand AS, Bakan B, Obadia PM, Kuhangana C, Kayembe‑
Kitenge T, et al. Acute and chronic exposure to air pollution in relation 
with incidence, prevalence, severity and mortality of COVID‑19: a rapid 
systematic review. Environ Health. 2021;20:1–21.

 65. Meghji J, Mortimer K, Agusti A, Allwood BW, Asher I, Bateman ED, et al. 
Improving lung health in low‑income and middle‑income countries: 
from challenges to solutions. Lancet. 2021;397:928–40.

 66. Nemery B, Katoto PDMC, Develtere P. Lung health in LMICs: tackling chal‑
lenges ahead. Lancet. 2021;398:489–90.

 67. Siddharthan T, Grigsby MR, Goodman D, Chowdhury M, Rubinstein A, 
Irazola V, et al. Association between Household Air Pollution expo‑
sure and Chronic Obstructive Pulmonary Disease outcomes in 13 
low‑ and Middle‑Income Country settings. Am J Respir Crit Care Med. 
2018;197:611–20.

 68. Katoto PDMC, Byamungu L, Brand AS, Mokaya J, Strijdom H, Goswami 
N, et al. Ambient air pollution and health in Sub‑saharan Africa: current 
evidence, perspectives and a call to action. Environ Res. 2019;173:174–88.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Household air pollution and risk of pulmonary tuberculosis in HIV-Infected adults
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study design, population, and setting
	Variables, instruments, and measurements
	Sample size and power
	Data analysis
	Research ethics approval

	Results
	Socio-demographic and household air pollution exposure data
	Associations between sociodemographic data, clinical profiles, and risk of pulmonary TB
	Associations between exposure to HAP and risk of pulmonary TB

	Discussion
	Acknowledgements
	References


