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Abstract

Background: Tuberculosis is associated with increased risk of cancer. However, the impact of tuberculosis on
global cancer burden is unknown.

Methods: We performed random-effects meta-analyses and meta-regressions of studies reporting the association
between tuberculosis and cancer risks by searching PubMed, Web of Science, Embase, Cochrane library, and
CINAHL from inception to 1 June 2019. Population attributable fractions (PAFs) of cancer incidence attributable to
tuberculosis were calculated using relative risks from our meta-analyses and tuberculosis prevalence data from
Global Health Data Exchange by age, sex, and country. The study has been registered with PROSPERO
(CRD42016050691).

Results: Fourty nine studies with 52,480 cancer cases met pre-specified inclusion criteria. Tuberculosis was
associated with head and neck cancer (RR 2.64[95% CI 2.00–3.48]), hepatobiliary cancer (2.43[1.82–3.25]), Hodgkin’s
lymphoma (2.19[1.62–2.97]), lung cancer (1.69[1.46–1.95]), gastrointestinal cancer (1.62[1.26–2.08]), non-Hodgkin’s
lymphoma (1.61[1.34–1.94]), pancreatic cancer (1.58[1.28–1.96]), leukaemia (1.55[1.25–1.93]), kidney and bladder
cancer (1.54[1.21–1.97]), and ovarian cancer (1.43[1.04–1.97]). We estimated that 2.33%(1.14–3.81) or 381,
035(187145–623,404) of global cancer incidences in 2015 were attributable to tuberculosis. The PAFs varied by
Socio-demographic Index (SDI)—ranging from 1.28% (0.57–2.31%) in the high-SDI countries to 3.51% (1.84–5.42%)
in the middle-SDI countries. Individually, China and India accounted for 47% of all tuberculosis-related cancer cases.

Conclusions: Tuberculosis is associated with increased risk of cancer at ten sites. The burden of tuberculosis
attributable cancer skewed towards lower resource countries. Research priorities are to better understand regional
disparities and underlying mechanism linking tuberculosis and cancer development.
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Background
In 2015, 17.5 million new cancer cases were reported
worldwide, with 8.7 million cancer-related deaths [1].
Carcinogenic infections are well-established risk factors
for cancer, namely Epstein-Barr virus, Helicobacter pyl-
ori, hepatitis B and C virus, human herpes virus type 8,
and human papillomavirus [2]. In 2012, 2.2 million
(15.4%) of global incident cancers were attributed to in-
fections [2]. Substantial reduction of infection-related
cancer burden has been made by prevention and treat-
ment of infectious agents, for instance, hepatitis B virus
vaccine and human papillomavirus vaccine [2].
Tuberculosis is the global leading cause of infec-

tious disease mortality and the ninth leading cause of
death in 2016 [3]. From 2000 to 2016, tuberculosis
deaths fell from 1.7 million to 1.3 million, yet an esti-
mated 10.4 million new tuberculosis cases arose in
2016 [3]. Although a growing body of evidence has
revealed the association between tuberculosis and
cancer, [4–10] the global cancer burden attributable
to tuberculosis has not been quantified, and therefore,
the potential impact of tuberculosis elimination on
cancer burden remains unclear. Quantification of glo-
bal cancer burden attributable to tuberculosis can
contribute to the global and national discussions on
health system investments, especially in countries fa-
cing the double burden of tuberculosis infection and
cancer. In line with the Sustainable Development
Goal (SDG) to end tuberculosis, this study aims to
quantify the proportion of global cancer incidence in
2015 that was attributable to tuberculosis, and to ex-
plore additional potential benefits of tuberculosis
elimination.

Methods
Overview
We performed a systematic review and meta-analysis to
quantify the association of tuberculosis with the risk of
cancers. To ensure that population attributable fractions
(PAFs) were calculated using pooled risk estimates from
sufficient studies, we defined tuberculosis-related cancers
as those including more than five studies to synthesise risk
estimates and having association with tuberculosis. Then,
age-, sex-, and country-specific PAFs of tuberculosis-
related cancers in 2015 were estimated using correspond-
ing pooled relative risks assessed in our meta-analysis. We
calculated the PAFs of cancer attributable to tuberculosis
in 195 countries and aggregated into 11 geographical re-
gions and five Socio-demographic Index (SDI) categories.
This study adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guide-
lines and the Guideline for Accurate and Transparent
Health Estimates Reporting (GATHER) (Additional file 1:
PRISMA Checklist) [11, 12].

Search strategy and selection criteria
We searched PubMed, Web of Science, Embase,
Cochrane library, and CINAHL from inception to 1 June
2019, with no language restrictions, reporting the associ-
ation between tuberculosis and risk of cancer at 17 sites
(Additional file 2: Table S1–S5). In case of non-English
articles, we consulted two native speakers for transla-
tions. The search strategy was iterative, in that the bibli-
ographies of all included relevant studies were manually
searched for additional articles. Two reviewers (CYL and
HLH) independently conducted title and abstract
screening of potentially eligible articles for inclusion.
Disagreement on eligibility was resolved by discussion
between the reviewers. We included all articles of ori-
ginal observational studies (cohort and case-control
studies) which assessed the risk of cancer incidence at 17
sites in patients with tuberculosis compared to those with-
out, starting at age of 20 years or older, and published in a
peer-reviewed journal. To minimize potential publication
bias, we excluded studies with a sample size of fewer than
50. We specified that each study must either provide rela-
tive risk (RR), odds ratio (OR), or hazard ratio (HR) with
95% confidence intervals (CIs); or provide sufficient data
that would allow the risk estimate to be calculated. We ex-
cluded reviews, editorials, letters, and animal studies,
along with studies assessing cancer mortality risk in tuber-
culosis infection. The review protocol was registered in
PROSPERO (CRD42016050691).

Data extraction and quality assessment
A standardised observation form (Additional file 2: Sup-
plementary Notes) was independently completed and
crosschecked by two reviewers (CYL and HLH) during
data extraction. In cases where duplicated cohorts were
reported in multiple studies, we extracted data from the
study with the larger sample size or higher study quality
with a lower risk of bias based on the Newcastle-Ottawa
Scale (NOS) [13]. We assessed the methodological qual-
ity and risk of bias (Additional file 2: Supplementary
Notes) in the selection, comparability, and outcome of
all included studies using NOS by two independent re-
viewers (CYL and HLH) [13].

Statistical analysis
We estimated pooled cancer-specific RRs with 95% CIs by
random-effects meta-analysis with inverse-variance
weighting. OR was converted to RR, [14] and the HR was
presumably equivalent to RR. We used the adjusted risk
ratio from each study unless otherwise specified. We re-
ran random-effects meta-analysis for lung cancer with
never-smokers only (Additional file 2: Supplementary
Notes) to eliminate the possible confounding effect of
smoking. We assessed heterogeneity using I2 statistic,
where 25, 50, and 75% were the cut-off value for low,
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moderate, and high heterogeneity, respectively. To explore
the source of heterogeneity, we performed random-effects
meta-regression to investigate whether associations varied
according to geographical region, mean age, quality as-
sessment by Newcastle-Ottawa Scale, sample size, SDI,
study design (cohort or case-control study), adjustment
for confounding variables, and World Bank country-
income category. Publication bias and small-study effects
were assessed by visual inspection of funnel plots and
Egger’s regression asymmetry test [15]. To address funnel
plot asymmetry, we used the trim and fill method to
evaluate the number of missing studies and their influence
on the pooled estimates. For sensitivity analyses, random-
effects models were re-run without highly influential stud-
ies, on the basis of weight estimates from meta-analysis. In
this study, unless P < 0.0001, exact p values are provided.

Tuberculosis attributable fractions
PAF is the proportion of cancer incidence that can be
attributed to a risk factor in a given population [16]. We
calculated the PAFs of tuberculosis-related cancers for
each sex and age group (20–24, 25–29, 30–34, 35–39,
40–44, 45–49, 50–54, 55–59, 60–64, 65–69, 70–74, 75–
79, 80–84, 85–89, and 90–94) in 195 countries for a bin-
ary exposure using the following equation: [16]

PAF ¼ð Þ p RR−1ð Þ
1þ p RR−1ð Þ

where p is the age- and sex-specific prevalence of tu-
berculosis in the given population; and RR is the pooled
RR of tuberculosis-related cancers estimated in our
meta-analyses. Age-, sex-, and country-specific tubercu-
losis prevalence estimates were derived from Global
Health Data Exchange (GHDx) [17]. The case definition
contains tuberculosis in all forms, including active tuber-
culosis and latent tuberculosis infection [17]. For PAF
estimation of lung cancer, we restricted to use pooled
RR which was adjusted for smoking status. We inte-
grated the uncertainties of estimated RRs and tubercu-
losis prevalence to report the 95% CI for PAFs using the
substitution method [18].
We estimated age-, sex-, country-, and cancer site-

specific incident cancer cases attributable to tuberculosis
infection by multiplying age-, sex-, country-, and cancer
site-specific PAFs by corresponding cancer incident
cases. We obtained information on age-, sex-, and
country-specific cancer incidence from Global Health
Data Exchange (GHDx) [17]. Countries and territories
were grouped into 11 geographical regions and five SDI
quintiles in 2015 (Additional file 2: Supplementary
Notes). For regional-specific and SDI-specific PAFs for
each cancer site, we divided the summation of individual

national estimates of tuberculosis-related cancer incident
cases by the total number of cancer incident cases in the
corresponding category. The precise time required for
the development of tuberculosis-related cancer is not
well established. We assumed a lag-time of 15 years be-
tween first exposure and cancer diagnosis, which repre-
sents the average lag time for most risk factors and
cancers [19]. Based on the assumption of lag-time, we
mapped the tuberculosis prevalence in 2000 to cancer
incidence in 2015. We used STATA version 14.2
(College Station, TX, USA) to analyse data.

Results
Among 1505 articles identified, 90 were eligible for full-
text review. Search details and process with reasons for
exclusion are presented in Fig. 1 and Additional file 2
Table S6. A total of 47 published articles with 49 unique
studies reporting on 52,480 cancer cases met the inclu-
sion criteria, providing relevant data on lung cancer risk
(38 studies, 40,062 cancer cases) and extrapulmonary
cancer risks (13 studies, 12,418 cancer cases) (Additional
file 2: Table S7). Overall, 11 of these studies were cohort
studies and 38 were case-control studies. The studies
were published between 1982 and 2017, with two-thirds
(33/49) published after 2000. Eighteen in studies were
conducted in Southeast Asia, East Asia, and Oceania; 14
studies in High-income North America; 11 in Western
Europe; three in High-income Asia Pacific; and three in
Central Europe, Eastern Europe, and Central Asia
(Additional file 2: Fig. S1). Quality assessment suggested
that 75% of articles (35/47) were at low risk of bias,
whereas 5% (2/47) and 20% (10/47) were at medium or
high risk of bias, respectively (Additional file 2: Table
S8–9, and Fig. S2).
The results from meta-analysis are shown in Fig. 2.

Tuberculosis was associated with increased risk of can-
cer at ten sites: head and neck cancer (RR 2.64 [95% CI
2.00–3.48]), hepatobiliary cancer (2.43 [1.82–3.25]),
Hodgkin’s lymphoma (2.19 [1.62–2.97]), lung cancer
(1.69 [1.46–1.95]), gastrointestinal cancer (1.62 [1.26–
2.08]), non–Hodgkin’s lymphoma (1.61 [1.34–1.94]),
pancreatic cancer (1.58 [1.28–1.96]), leukaemia (1.55
[1.25–1.93]), kidney and bladder cancer (1.54 [1.21–
1.97]), and ovarian cancer (1.43 [1.04–1.97]). The pooled
RRs of lung cancer for smoking adjustment and for
never-smokers were 1.55 (1.31–1.83) and 1.64 (1.41–
1.91), respectively. On the other hand, there was no as-
sociations of tuberculosis with breast cancer, central ner-
vous system cancer, cervical cancer, multiple myeloma,
malignant melanoma of skin, prostate cancer, thyroid
cancer, and uterine cancer. We observed high hetero-
geneity for lung cancer and malignant melanoma of skin
(I2 = 95.9 and 78.6%, respectively). Forest plots for each
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cancer site were presented in appendix (Additional file 2:
Fig. S3–9).
Meta-regression analyses (Additional file 2: Table S10–

13) showed between-group differences by geographical re-
gion (p = 0.0305) and study design (p = 0.0227) for lung
cancer, and these two variables explained 37% of
between-study heterogeneity. Associations with tuber-
culosis were stronger in cohort studies than in case-
control studies for leukaemia (p = 0.026) and non-
Hodgkin’s lymphoma (p = 0.0317). Funnel plot asym-
metry, which suggests the presence of publication bias
and small-study effects, was not evident for lung can-
cer (Additional file 2: Fig. S10). The trim and fill
method in a random-effects model suggested that
overall estimates were not greatly modified by publi-
cation bias (Additional file 2: Table S14). Sensitivity
analyses produced similar results, suggesting that re-
sults were robust to exclude highly influential studies
(Additional file 2: Table S15).

Among the ten cancer sites identified, we further in-
vestigated the PAFs for cancers with pooled RRs ob-
tained from more than five studies. Our results show
that an estimated 2.33% (1.14–3.81%) or 381,035
(187145–623,404) of global cancer incidence in 2015
were attributable to tuberculosis infection if the associ-
ation is causal. By sex, 2.93% (1.45–4.75%) of cancer in-
cidence in 2015 in men and 1.61% (0.78–2.67%) in
women were attributable to tuberculosis worldwide
(Table 1). PAFs of tuberculosis-related cancers varied by
geographical region, SDI, and cancer site. Table 1 shows
the regional PAFs, with the highest PAF of 3.99% (2.1–
6.13) in the Southeast Asia, East Asia, and Oceania, and
the lowest PAF of 0.76% (0.31–1.45) in Australasia. SDI-
specific estimates showed that middle-SDI countries had
the highest PAF, at 3.51% (1.84–5.42) of total cancer,
while countries with high SDIs had the lowest PAF, at
1.28% (0.57–2.31) of total cancer (Table 1). Cancer site-
specific estimates varied from 12.59% (6.07–21.15) for

Fig. 1 Study selection. #Two articles reported two different independent study results within one article (see Additional file 2: Table S7)
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non-Hodgkin’s lymphoma to 22.27% (10.62–36.44) for
Hodgkin’s lymphoma.
Country-specific PAFs are presented in Fig. 3 and

Additional file 2 Table S16. Of the 195 countries we
analysed, the PAFs were higher for men than for
women in all countries. In men, the PAFs were more
than 7.2% in Morocco, Sudan, and Vietnam; but less
than 1.0% in Australia, Chile, and the United States.
In women, the PAFs were more than 4.5% in North
Korea, Sudan, and Vietnam; but less than 0.6% in
Jordan, Malta, and Spain. With respect to the national
contribution to tuberculosis-related cancer cases in
2015 (Additional file 2: Table S17), China (153,259
cases [95% CI 83601–230,298]), India (25,457 [13341–
38,736]), the United States (19,459 [9532–32,647]),
Russia (14,572 [7108–23,676]), and Japan (12,801
[6346–21,111]) contributed the most. Two of the top
five countries with the highest TB-related new cancer
cases were among the three high tuberculosis burden
countries listed by the WHO, namely China, and
India, accounted for 47% of tuberculosis-related can-
cer cases worldwide. When PAFs for lung cancer
were adjusted for smoking status, we observed 0.34–
3.72% point difference with comparison to unadjusted
PAFs (Additional file 2: Table S18). Since study de-
sign is a significant source of heterogeneity for lung
cancer and leukaemia, we performed sensitivity ana-
lysis to calculate the PAFs using cohort studies exclu-
sively (Additional file 2: Table S19, page 45–47).
Compared with estimates in primary analysis, we

observed 5.13–15.96 points difference for lung cancer
and 3.67–15.31 points difference for leukaemia.

Discussion
To our knowledge, this study is the first comprehensive
assessment to estimate the impact of tuberculosis on
global cancer incidence. We performed a systematic re-
view and meta-analysis, synthesising non-overlapping
data from 52,480 cancer patients from 49 studies, to
quantify the association between tuberculosis and cancer
incidence at 17 cancer sites. The study findings show
that tuberculosis is associated with increased risk of can-
cer at ten sites in adults. Our estimates show that 2.93%
(1.45–4.75%) of total cancer in men and 1.61% (0.78–
2.67%) in women could be attributed to tuberculosis in
195 countries and territories in 2015.
This study adds important vision to the contribution

of infectious agents to cancer risk. Previous study has
quantified the global cancer burden attributable to nine
infectious agents: Helicobacter pylori, human papilloma-
virus, hepatitis B virus, hepatitis C virus, Epstein-Barr
virus, human herpesvirus type 8, Schistosoma haemato-
bium, Human T-cell lymphotropic virus type 1, and
Opisthorchi viverrini [2]. This study is the first estimate
of global cancer incidence attributable to tuberculosis in-
fection. The study findings are consistent with and also
extend the preceding view on the association between
tuberculosis and cancer risk. One previous study esti-
mated the PAF of lung cancer attributable to tubercu-
losis with 1.1%, 2.4, and 12.7% in North America,

Fig. 2 Summary of pooled relative risks for the association between tuberculosis and cancers. Note: #Of 37 studies for lung cancer, 23 studies
qualified the association between tuberculosis and lung cancer with adjustment for smoking, pooled relative risk (RR) (1.55 [95% CI 1.31–1.83],
I2 = 96.0%); 14 studies qualified the association between tuberculosis and lung cancer risk among never-smokers, pooled RR (1.64 [1.41–1.91], I2 =
58.8%). Forest plots for each pooled estimate are shown in Additional file 2 Fig. S3–9. Blue indicates an increase in risk of cancer; grey indicates a
null association. No.: number, RR: relative risk, CI: confidence interval, CNS: central nervous system.
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Europe, and China, respectively [20]. This study assessed
the PAF for three additional cancer sites and provides
sex-, and country-specific estimates with uncertainty in-
tervals and extensive sensitivity analyses compared to
previous work. Collectively, our results provide robust
estimates derived from a comprehensive search without
language restriction and subgroup analyses. Also, we
rigorously used the highest quality cancer incidence and
tuberculosis prevalence data available.
Chronic inflammation fosters multiple tumour-

promoting responses and seeds neoplastic microenviron-
ments [21]. Experimental evidence showed that chronic
tuberculosis infection in lung is sufficient to drive car-
cinogenesis [6]. Genome alteration with DNA damage
led by oxidative stress was observed in tuberculosis-
infected macrophages 2 months after initial infection.
Tuberculosis infection-associated DNA damage, toll-like

receptor, and tumour necrosis factor-α activate the nu-
clear factor-κB pathway and exert an anti-apoptotic ef-
fect on DNA-damaged cells [6]. Finally, epiregulin
produced by tuberculosis-infected macrophages stimu-
lates the proliferation of surrounding normal epithelial
and stromal cells [6]. Similar up-regulated epiregulin ex-
pression has also been linked to activation of the Kras
signalling pathway in colon cancer [6]. For lung cancer,
pathological scarring due to ongoing inflammation
might induce carcinogenesis [7]. Also, a relationship
between tuberculosis and lung cancer epithelial-
mesenchymal transition had been demonstrated [8].
Alterations of epithelial cell polarity induce carcinogen-
esis and are associated with tumour progression [22].
Although, the possibility of reverse causality should be
taken into account as compromised immunity in cancer
patients may increase the risk of latent tuberculosis

Fig. 3 Proportion of cancer in 2015 attributable to tuberculosis in male (a) and female (b), by country.PAF: population attributable fraction. The
figures were created using StataCorp. 2015. Stata Statistical Software: Release 14. College Station, TX: StataCorp LP.
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activation or new tuberculosis infection, [23] reverse
causality is unlikely to fully explain the long-term associ-
ation between tuberculosis and cancer given the increase
in cancer risk were observed even five to 20 years after
the diagnosis of tuberculosis [24–26]. The underlying
causal mechanism remains an active area of research,
and more rigorously controlled preclinical studies are
needed.
Strategies tailored to country’s context for tuberculosis

control and elimination might have tremendous poten-
tial impact — not merely to reduce the burden of tuber-
culosis, but also to promote cancer prevention. As China
and India account for 47% of tuberculosis-related cancer
cases, the feasibility of these two countries to achieve the
WHO target with existing interventions could further
impact the global cancer burden [27]. In China, despite
the high performance of the nationwide Directly Ob-
served Treatment, Short-Course (DOTS) strategy, epi-
demic of drug-resistant tuberculosis remains as a major
threat to tuberculosis control [28]. Future efforts should
be focused on delivering rapid molecular tests for
multidrug-resistant tuberculosis and appropriate treat-
ments in peripheral and local health centres to achieve a
further reduction in tuberculosis-related cancer inci-
dence. In India, tackling of the key determinants of tu-
berculosis, such as undernutrition and cigarette
smoking, and investment in health systems remain crit-
ical priorities to reduce the tuberculosis-related burden
[29]. By raising awareness of the importance of the car-
cinogenic effect of tuberculosis, healthcare policymakers
could ultimately lead to the proactive development of
measures that positively affect the global cancer burden
and therefore contribute to the global public good.
The results should be, however, interpreted with cau-

tion. First, meta-analyses of observational studies are
susceptible to inherited confounding factors [30]. Smok-
ing is the leading risk factor, [31] and a possible con-
founder for lung cancer [32, 33]. To overcome this issue,
we restricted our PAF calculation of lung cancer using
risk estimates adjusted for smoking. The meta-analysis
for lung cancer was also re-run with never-smokers to
eliminate the effects of smoking. Our risk estimate for
never-smokers further suggested that tuberculosis has
an independent association with lung cancer. In add-
itional analyses, the adjustment of PAFs for smoking had
only small differences in comparison with unadjusted
PAFs for lung cancer. Although possible residual con-
founding cannot be excluded, we have tried to assess the
effect of potential confounding using the best available
data. Second, the set of studies was heterogeneous, and
we could not fully analyse the source of heterogeneity as
the individual patient-level data are not available. How-
ever, meta-regression showed that geographical region
and study design explained 37% of study heterogeneity

of lung cancer. Large prospective cohort studies are
needed to further examine the association between tu-
berculosis and cancer at different sites. Also, future stud-
ies performing comprehensive subgroup analyses are
warranted. Another limitation of this study is that we
did not estimate PAFs separately for active tuberculosis
and latent tuberculosis infection because tuberculosis in
all form was assessed in 48 of 49 studies included.

Conclusions
In summary, this study comprehensively explores car-
cinogenic risk and impact of tuberculosis on global can-
cer incidence. Our findings reveal that the efforts to
achieve the SDG to end tuberculosis would potentially
gain additional benefits on reduction of the burden of
cancer, particularly in China and India. The present
study provides insights into further research to resolve
the underlying mechanisms, and to recognise the poten-
tial of individual countries to formulate efficient inte-
grated strategies for the preventable burden of
tuberculosis and cancers.
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