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Abstract

Background

Mortality from TB continues to be a global public health challenge. TB ranks alongside

Human Immunodeficiency Virus (HIV) as the leading infectious causes of death globally.

HIV is a major driver of TB related morbidity and mortality while TB is the leading cause of

mortality among people living with HIV/AIDS. We sought to determine excess mortality

associated with HIV and the effect of antiretroviral therapy on reducing mortality among

tuberculosis patients in Kenya.

Methods

We conducted a retrospective analysis of Kenya national tuberculosis program data of

patients enrolled from 2013 through 2014. We used direct standardization to obtain stan-

dardized mortality ratios for tuberculosis patients compared with the general population. We

calculated the population attributable fraction of tuberculosis deaths due to HIV based on

the standardized mortality ratio for deaths among TB patients with HIV compared to TB

patients without HIV. We used Cox proportional hazards regression for assessing risk fac-

tors for mortality.

Results

Of 162,014 patients included in the analysis, 6% died. Mortality was 10.6 (95% CI: 10.4–

10.8) times higher among TB patients than the general population; 42% of deaths were

attributable to HIV infection. Patients with HIV who were not receiving ART had an over

four-fold risk of death compared to patients without HIV (aHR = 4.2, 95% CI 3.9–4.6). In con-

trast, patients with HIV who were receiving ART had only 2.6 times the risk of death (aHR =

2.6, 95% CI 2.5–2.7).
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Conclusion

HIV was a significant contributor to TB-associated deaths in Kenya. Mortality among HIV-

infected individuals was higher among those not on ART than those on ART. Early initiation

of ART among HIV infected people (a “test and treat” approach) should further reduce TB-

associated deaths.

Introduction

Tuberculosis (TB) is an infectious disease caused by infection with Mycobacterium tuberculo-

sis. Mortality from TB continues to be a global public health challenge. TB ranks alongside

Human Immunodeficiency Virus (HIV) as the leading infectious causes of death globally [1].

In 2015, of the 10.4 million people who developed TB, 1.8 million died, of whom 0.4 million

were persons infected with HIV [2]. The African region has the highest rates of TB incidence

and mortality, while Kenya is one of the 22 countries with the highest TB burdens [3]. TB noti-

fications in the country increased more than six fold from 1990 (50 cases per 100,000) to a

peak of 319 per 100,000 in 2006, largely due to the HIV epidemic; TB notifications declined

from 2007 onwards but have remained persistently high TB among HIV-positive individuals

(over 1,800 cases/100,000 population) [4, 5]. HIV prevalence among adults aged 15 to 64 years

in the country was 5.6% in 2012 [6].

The high HIV prevalence in Kenya could be expected to lead to high mortality among TB

patients who are co-infected with HIV. HIV is a major driver of TB related mortality while TB

is the leading cause of mortality among people living with HIV/AIDS [7, 8]. Major factors

associated with mortality among TB/HIV co-infected people include delay in diagnosis of

either disease [9] and delay in initiating antiretroviral therapy (ART)[10]. Early initiation of

ART in TB patients has been proven to improve survival of those who are co-infected [11–13].

Other risk factors for mortality have been described by numerous studies, which have con-

sistently identified incomplete treatment due to default, drug resistance, male gender, and

immunosuppression as predictors of mortality [14–19]. However, other risk factors have been

identified only in certain settings, including having TB due to recent transmission [17] or hav-

ing less than six years of formal education [17]. There have been conflicting reports on which

age group is associated with mortality: some studies have reported higher risk among younger

age groups [15, 16] while others have reported higher risk among older age groups [19, 20]. A

study from western Kenya reported having unknown HIV status and not being on ART during

TB treatment as risk factors [21].

Knowledge is lacking on the impact of HIV on mortality among TB patients in Kenya and

the impact that ART has had on TB/HIV-associated mortality in a programmatic setting. This

study sought to determine HIV-associated excess mortality, estimate the current impact of

ART and the potential effect of further ART expansion on HIV-associated mortality in TB

patients, and identify risk factors for mortality during TB treatment in Kenya, a middle-

income country with high burdens of both TB and HIV.

Methods

Setting

In Kenya, TB is diagnosed and treated according to the national treatment guidelines adopted

from World Health Organization recommendations [22, 23]. Tuberculin skin test, chest
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radiography and sputum smear examination are done to support clinical evaluation. More

recently, the Gene Xpert MTB/Rif Assay has been introduced, and its use is being scaled up.

New TB patients go through a four-drug (rifampicin, isoniazid, pyrazinamide and ethambutol)

intensive phase of treatment for two months and a continuation phase of four months (isonia-

zid and rifampicin). Patients who have previously been treated for TB (i.e., retreatment

patients) are put on an intensive phase of three months (rifampicin, isoniazid, pyrazinamide

and ethambutol) and five months continuation (isoniazid and rifampicin). Patients with cer-

tain types of extra-pulmonary disease specifically tuberculous meningitis or bone and joint dis-

ease are treated for 12 months; two months of intensive phase and ten months continuation.

Data source

This study used data from the electronic TB surveillance system, Tuberculosis Information

from Basic Unit (TIBU), which was introduced in Kenya in 2012. All public, faith-based, and

private treatment centers in the country enter individual-level data into this centrally located

system. Data used in this analysis were drawn from 3511 health facilities. An assessment con-

ducted in one district and clinic reported that nearly 100% of all treated TB patients were cap-

tured in the TIBU system [24]. TIBU variables included in the risk factor analysis were

treatment outcome, age, sex, region, HIV status, ART use, smear results, disease type, whether

or not Directly Observed Therapy (DOT) was done, the person administering DOT, HIV sta-

tus, ART status of HIV-infected patients, and previous TB treatment history.

Statistical analysis

We included all patients in the electronic register who had started their treatment during 1st

January 2013 through 31st December 2014. Children aged less than 15 years were excluded

from this analysis due to the uncertainty of a TB diagnosis in children and under-reporting of

cases [21, 25, 26]. Before starting the analysis we performed range and consistency checks.

Excess mortality by age and sex was determined by comparing the expected number of

deaths (calculated using age- and sex-specific mortality rates published by the Kenya National

Bureau of Statistics [27]) with the observed number of deaths in this treatment cohort. We cal-

culated the population attributable fraction (PAF) of mortality among TB patients attributable

to HIV by calculating a standardized mortality ratio (SMR) for HIV-infected compared with

HIV-non-infected TB patients. PAF (%) was calculated as: (SMR-1)/SMR�100.

To determine risk factors for mortality, we conducted bivariate and multivariable analysis

using Cox Proportional Hazards regression with death as the outcome of interest. Time to

death or censoring was defined as the time between treatment initiation and outcome date. If

the outcome was death, the outcome date was assumed to be the date of death. Patients who

were lost to follow-up, or who had their treatment classified as failure, success, or cure were

censored at the outcome date. Patients with a follow-up time beyond 9 months were censored

at 9 months regardless of the eventual outcome.

A composite variable was created to describe disease type as smear positive pulmonary TB,

smear negative pulmonary TB, pulmonary TB without a smear result, and extra-pulmonary

TB. To describe HIV and ART status, we evaluated two composite variables. The first classified

patients as HIV-negative, HIV-positive and receiving ART, HIV-positive and not receiving

ART, and HIV status unknown. The second further categorized patients who were HIV-posi-

tive and receiving ART based on the time of ART initiation relative to TB treatment; patients

could either have initiated ART before initiating TB treatment, after TB treatment, or at an

unknown date.

HIV-associated TB mortality in Kenya
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We evaluated the proportional hazards assumption by testing the significance of time-

dependent interaction terms. We included in a multivariable model all variables with evidence

of bivariate association (P value less than 0.2) and used backward elimination to construct the

final model. During multivariable analysis, variables with P values greater than 0.05 were elim-

inated from the model. We used robust standard errors to take into account the potential effect

of clustering by health facility. We assessed both a main effects multivariable model and a

model including significant two-way interaction terms between covariates. Data was analyzed

using Stata version 12.0 and SAS version 9.3.

Ethical considerations

This analysis involved the use of de-identified secondary data that was collected as part of rou-

tine program monitoring. Approval to use TIBU data was obtained from the National TB Con-

trol Program. This study was subjected to Human Research Protection review at the U.S.

Centers for Disease Control and Prevention which determined it not to constitute human sub-

jects research.

Results

Patient population

During 2013–2014, health facilities in Kenya registered 163,618 TB patients aged 15 years and

above. Of these, 1,604 (1.0%) were excluded from the analysis because of out-of-range values

(age more than 100 years), missing key information (outcome or date of outcome), or incon-

sistencies (date of treatment outcome before start date), and 162,014 were included in the anal-

ysis. Included and excluded patients had similar distribution by sex, HIV status, ART status

and year of registration; excluded records had more patients aged�75 years and from faith-

based facilities.

Of included patients, 57,408 (35.4%) were HIV-infected, with 50,616 (88.2%) of these

reporting ART use. A total of 97,019 (59.9%) patients were HIV negative, 7,052 (4.4%) were

not tested, and 535 (0.3%) declined HIV testing. Of the HIV-infected patients on ART, 22,318

(44.1%) had a known date of ART initiation; of these, 10,024 (44.9%) had started their ART

before TB diagnosis, and 12,294 (55.1%) after TB diagnosis.

Mortality among TB patients

Of the 162,014 patients included in the analysis, 9,907(6.1%) are known to have died; of these,

5,430 (53.6%) died within two months of TB treatment initiation. The case fatality rate was

highest among persons with HIV who were not on ART (13.1%) followed by HIV-positive

patients on ART (9.9%) and HIV-unknown patients (5.9%), and lowest among HIV-negative

patients (3.7%). The crude mortality rate was 12.7 (95% confidence interval CI: 12.5–13.0) per

100 person-years of observation. The probability of survival up to 9 months during treatment

was highest among HIV-negative patients (survival probability = 0.95; 95% CI: 0.94–0.95) and

lowest among HIV-positive patients who were not on ART (survival probability = 0.83; 95%

CI: 0.82–0.85) (Fig 1). The PAF of deaths in TB patients attributable to HIV was 42%.

Compared to the general Kenyan population, TB patients were 10.6 (95% CI: 10.4–10.8)

times more likely to die, and the excess mortality rate was 11.5/100 person-years (95% CI:

11.3–11.7) (Table 1). The SMR was similar among men and women and declined with age.

Excess mortality was also similar among men and women and somewhat increased with age.

Risk factors for death among TB patients. In bivariate analysis, age, TB treatment his-

tory, disease type, HIV and ART status, and geographic region were significantly associated
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with death (Table 2). Patients who were HIV positive but not on ART were almost four times

likely to die than HIV negative patients (HR = 3.9, 95% CI: 3.6–4.3). The risk of dying

increased with increasing age; those aged�75 years were seven times more likely to die than

those aged 15 to 24 years (HR = 7.0, 95% CI-6.3–7.9).

In multivariable analysis, HIV status, age, disease type, treatment history, HIV, and geo-

graphic region were independently associated with death (Table 2). In an initial main effects

Fig 1. Survival of patients on tuberculosis treatment by their HIV and ART status.

https://doi.org/10.1371/journal.pone.0188235.g001

Table 1. Excess mortality among TB patients diagnosed in Kenya, 2013 to 2014, by age and sex.

Sex (age group,

in years)

Standardized Mortality Rate (95%

confidence interval)

Observed mortality rate/

100 person-years

Expected mortality rate/

100 person-years

Excess mortality/100-person years

(95% confidence interval)

Female (15–24) 25.1 (22.9–27.5) 6.6 0.3 6.3 (5.7–6.9)

Female (25–34) 14.9 (14.0–15.7) 11.8 0.8 11.0 (10.4–11.7)

Female (35–44) 12.0 (11.3–12.8) 15.2 1.3 13.9 (13.1–14.8)

Female (45–54) 16.2 (14.8–17.6) 15.7 1.0 14.7 (13.6–16.0)

Female (55–64) 14.1 (12.6–15.8) 17.3 1.3 16.0 (14.4–17.8)

Female (65–74) 7.6 (6.7–8.6) 23.4 3.0 20.4(17.9–22.9)

Female (�75) 2.2 (1.9–2.6) 32.7 14.9 17.8 (14.6–21.6)

Female (All) 11.6 (11.2–11.9) 12.8 1.1 11.7 (11.4–12.9)

Male (15–24) 14.3 (12.9–15.9) 4.3 0.3 4.0 (3.6–4.4)

Male (25–34) 15.2 (14.4–16.0) 9.1 0.6 8.5 (8.0–8.9)

Male (35–44) 10.1 (9.6–10.6) 13.2 1.3 11.9 (11.3–12.4)

Male (45–54) 12.7 (12.0–13.5) 17.8 1.4 16.4 (15.5–17.3)

Male (55–64) 13.1 (12.2–14.2) 22.3 1.7 20.6(19.2–22.1)

Male (65–74) 7.9 (7.2–8.6) 30.0 3.8 26.2 (24.1–28.4)

Male (�75) 2.5 (2.2–2.7) 41.4 16.9 24.5 (21.6–27.7)

Male (All) 9.7 (9.5–9.9) 12.6 1.3 11.3 (11.0–11.6)

Total 10.6 (10.4–10.8) 12.7 1.2 11.5 (11.3–11.7)

https://doi.org/10.1371/journal.pone.0188235.t001
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Table 2. Bivariate and multivariable associations between patient characteristics and death among TB patients in Kenya.

Characteristic Deaths / Registered

cases

Percent who

died

Crude Hazard Ratio

(95% CI)

Adjusted Hazard Ratio from main effects

model (95% CI)

HIV and ART status

HIV-negative 3,577 / 97,019 3.7 Reference Reference

HIV-positive, on ART 4,993 / 50,616 9.9 2.75 (2.61–2.89) 2.60 (2.46–2.74)

ART before TB treatment 1,081 / 10,024 10.8 3.01 (2.78–3.25)

ART after TB treatment 1,039 / 12,294 8.5 2.33 (2.14–2.53)

ART date unknown 2,873 / 28,298 10.2 2.84 (2.68–3.01)

HIV-positive, not on ART 891 / 6,792 13.1 3.93 (3.60–4.30) 4.23 (3.87–4.62)

Unknown HIV status 446 / 7,587 5.9 1.67 (1.48–1.87) 1.65 (1.48–1.85)

Sex*

Female 3,932 / 63,331 6.2 Reference

Male 5,975 / 98,682 6.1 0.97 (0.93–1.01)

Age group

15–24 810 / 31,328 2.6 Reference Reference

25–34 2,585 / 52,371 4.9 1.93 (1.79–2.08) 1.44 (1.34–1.55)

35–44 2,591 / 38,574 6.7 2.62 (2.42–2.84) 1.68 (1.55–1.82)

45–54 1,703 / 20,766 8.2 3.22 (2.96–3.51) 2.12 (1.94–2.31)

55–64 994 / 10,245 9.7 3.84 (3.49–4.23) 2.89 (2.62–3.18)

65–74 733 / 5,800 12.6 5.12 (4.61–5.68) 4.51 (4.07–5.00)

> = 75 491 / 2,930 16.8 7.02 (6.26–7.88) 6.57 (5.85–7.37)

Calendar year of enrollment

2013 4,843 / 81,194 6.0 Reference

2014 5,064 / 80,820 6.3 1.04 (1.00–1.09)

Disease type

Pulmonary, smear-positive 2831 / 76,426 3.7 Reference Reference

Pulmonary, smear-negative 4186 / 52,301 8.0 2.24 (2.12–2.37) 1.57 (1.48–1.66)

Pulmonary, smear unknown 640 / 6,219 10.3 3.00 (2.71–3.33) 2.29 (2.07–2.53)

Extra-pulmonary 2250 / 27,068 8.3 2.31 (2.16–2.47) 1.88 (1.76–2.00)

TB treatment history†

Retreatment/relapse 1,342 / 16,392 8.2 1.31 (1.23–1.39) 1.24 (1.16–1.32)

New 8,499 / 143,990 5.9 Reference Reference

Type of health facility

Faith based 114 / 2,509 4.5 0.73 (0.50–1.07)

Private 1,755 / 30,552 5.7 0.92 (0.83–1.03)

Public 8,038 / 128,953 6.2 Reference

Region

Central 1,263 / 17,970 7.0 1.73 (1.50–2.00) 1.87 (1.62–2.16)

Coast 902 / 16,894 5.3 1.29 (1.07–1.56) 1.45 (1.22–1.72)

Eastern 1,263 / 24,109 5.2 1.27 (1.09–1.47) 1.54 (1.33–1.79)

Nairobi 1,072 / 26,140 4.1 Reference Reference

North Eastern 148 / 4190 3.5 0.86 (0.70–1.06) 1.24 (1.01–1.53)

Nyanza 2,391 / 25,462 9.4 2.32 (2.01–2.68) 1.98 (1.72–2.28)

Rift Valley 1,863 / 35,119 5.3 1.30 (1.12–1.52) 1.39 (1.19–1.62)

Western 1,005 / 12,130 8.3 1.99 (1.70–2.33) 1.83 (1.56–2.14)

Directly observed therapy

Observed by household

member

8,430 / 139,992 6.0 Reference

(Continued )
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model, compared to patients without HIV, the risk of death among patients with HIV who

were receiving ART did not differ substantially for patients who initiated ART before TB treat-

ment (aHR = 2.8, 95% CI: 2.6–3.0) compared to patients who initiated ART after TB treatment

(aHR = 2.3, 95% CI: 2.1–2.5). Therefore, for ease of interpretation, we present the multivari-

able model including the simpler composite variable that included only whether or not the

person received ART at any time.

In a main effects model, patients with HIV who were not receiving ART had an over four-

fold risk of death compared to patients without HIV (aHR = 4.2, 95% CI: 3.9–4.6). In contrast,

patients with HIV who were receiving ART had only 2.6 times the risk of death (aHR = 2.6,

95% CI: 2.5–2.7). Compared to patients without a history of prior treatment, retreatment

patients (relapses, returnees after default, and treatment failures) had an increased likelihood

of death (aHR = 1.2, 95% CI: 1.2–1.3). In addition, patients from all other regions of Kenya

had higher risks of death than patients in Nairobi, with patients from the former Nyanza prov-

ince having a doubled risk (aHR = 2.0 95% CI: 1.7–2.3).

Significant interactions were observed between HIV status and age, and between HIV status

and disease type. A model including these pairwise interaction terms showed that the

increased risk of death associated with HIV was more pronounced among younger patients

than older patients (Table 3). For HIV-negative patients, the risk of death increased steadily

with age, but for patients with HIV, this difference was much less pronounced (S1 Table).

Patients who were HIV-positive had elevated mortality regardless of disease type, but the

increased risk of death associated with HIV was greater for patients with pulmonary smear-

positive disease than other disease types (S2 Table). Patients with all other disease types were

Table 2. (Continued)

Characteristic Deaths / Registered

cases

Percent who

died

Crude Hazard Ratio

(95% CI)

Adjusted Hazard Ratio from main effects

model (95% CI)

Observed by community

volunteer

122 / 1,712 7.1 1.19 (0.95–1.48)

Observed by healthcare

worker

1,347 / 20,168 6.7 1.06 (0.98–1.14)

Not done 8 / 142 5.6 1.01 (0.50–2.04)

* Sex violated the proportional hazards assumption, so crude odds ratios are presented. Multivariable analysis is stratified by sex.
†1,632 transfer-in patients excluded from analysis.

CI = Confidence interval.

https://doi.org/10.1371/journal.pone.0188235.t002

Table 3. Adjusted hazard ratios for the association between HIV/ART status and death, stratified by age group, among patients with smear-posi-

tive pulmonary disease.

HIV Status Age Group in Years

15–24 25–34 35–44 45–54 55–64 65–74 �75

HIV-negative reference reference reference reference reference reference reference

HIV-positive, on ART 7.85 (6.65–9.27) 5.12 (4.56–

5.76)

3.39 (3.00–

3.82)

2.74 (2.41–

3.12)

2.24 (1.89–

2.65)

2.30 (1.86–

2.86)

1.47 (0.97–

2.23)

HIV-positive not on

ART

10.25 (7.54–

13.92)

8.22 (6.90–

9.81)

6.20 (5.13–

7.49)

4.79 (3.86–

5.95)

3.83 (2.80–

5.23)

4.52 (2.87–

7.13)

3.08 (1.32–

7.19)

HIV status unknown 1.97 (1.35–2.89) 2.34 (1.8–3.05) 1.97 (1.5–2.59) 1.55 (1.12–

2.14)

2.04 (1.49–

2.80)

1.89 (1.35–

2.65)

1.64 (1.11–

2.40)

Hazard ratios adjusted for TB treatment history and region, and analysis stratified by sex

https://doi.org/10.1371/journal.pone.0188235.t003
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more likely to die than patients with pulmonary smear-positive disease, regardless of HIV sta-

tus (S3 Table). Inclusion of interaction terms in the multivariable model did not affect the

association between death and other covariates.

Discussion

In this study TB patients experienced a tenfold increase in mortality rates compared with the

general population, with 42% of these deaths attributable to HIV. HIV increased the risk of

death among TB patients, especially for co-infected patients not receiving ART.

This SMR of 10 that we report is high compared with those reported in previous studies: 8

in Western Kenya [21], 8 in the Netherlands [28], 6 in Spain [29], 4 to 6 in India [15, 16], and

5 in China [30]. The major explanation for this observation may be Kenya’s high HIV preva-

lence since the burden of TB/HIV co-infected patients is high, and these patients are at a par-

ticularly high risk for death. In Kenya, the re-emergence of TB has been linked to the HIV

epidemic, and a third of TB cases have been attributed to HIV [5]. The Nyanza region in West-

ern Kenya, which had the highest risk of death among TB patients, also has the highest HIV

prevalence.

Excess mortality among TB patients with HIV was expected, even among those on ART

[31, 32]. However, mortality was substantially lower among patients on ART compared to

those who were HIV-infected but not on ART. The fact that 42% of the deaths in TB patients

were attributed to HIV even though 88% of TB/HIV patients received ART suggests that with-

out such high ART coverage, the HIV-associated mortality among TB patients would likely

have been higher. Our observation that mortality was similar among those who initiated ART

before TB diagnosis and those initiated ART after TB diagnosis could be due to selection bias

in ART use. Previously, only HIV-infected people with advanced (based on clinical criteria or

low CD4 count) disease were started on ART. The protective effect of ART that was started

before diagnosis of TB was probably underestimated because these patients already had an

increased likelihood of death due to their advanced immunodeficiency.

Together, these results suggest that TB is associated with a substantial burden of mortality

in Kenya and HIV contributes greatly to this risk, and that while ART is protective against

death, its protective effect is far from complete. Thus, averting deaths caused by TB will require

reducing overall TB risk by improving TB control, reducing risk among people living with

HIV and reducing mortality by early initiation of ART among people living with HIV. Overall

TB prevention involves broad interventions like intensified case finding, treating all cases

(especially smear positive cases), and treatment of latent TB infection. Furthermore, isoniazid

preventive therapy (IPT) is effective in preventing TB in the immunocompromised, especially

those infected with HIV [33, 34]. Although ART does not eliminate the occurrence of TB in

HIV infected people, it reduces the risk of TB by 80% to 92% [35–38].

In addition to preventing TB, ART and IPT have both been proven to reduce mortality. A

meta-analysis that included 21 studies (20 routine surveillance data and 1 clinical trial)

reported a 44–71% reduction in mortality among TB/HIV co-infected individuals as a result of

ART [39]. An econometric analysis of 41 high TB/HIV countries estimated that a 1% increase

in ART coverage can result in 27% less TB deaths in the population [40], while a study in USA

reported that immediate initiation of ART would reduce mortality by 17% [41]. Additionally,

a combination of IPT and ART for persons living with HIV has been shown to reduce the risk

of death by at least 60% [42, 43]. Prior to 2016 ART initiation in Kenya followed WHO guide-

lines which recommended treatment of those with advanced HIV. In 2015, WHO revised

ART guidelines to recommend immediate initiation of ART upon HIV diagnosis, commonly

referred to as “test and start” [44]. Kenya adopted this guideline in mid 2016 and is currently
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rolling out the strategy. Our results suggest that rolling out the “test and start” strategy may

not only improve general survival and reduce TB incidence, but may also further reduce mor-

tality in HIV-infected TB patients.

We found that retreatment patients had a higher risk of death than new patients. A similar

finding has been reported by other studies [14, 15], but contradicts some earlier studies which

reported new cases to be at increased risk [20, 45]. One reason why being on a retreatment reg-

imen may be associated with increased mortality is that retreatment patients are more likely to

have drug-resistant TB [46, 47]. A study done in Nairobi reported that 17.6% of retreatment

cases had resistance to isoniazid and 6.6% had multi drug resistance compared to none among

new patients [48]. In Kenya, there is a policy to subject retreatment cases to drug sensitivity

testing. In this dataset, however, there was very limited information on drug resistance pat-

terns, so we could not determine the contribution of drug resistance to mortality.

The observation that patients with pulmonary smear-negative disease and extra-pulmonary

disease had elevated risks of death could be explained by the nature of these diagnoses. The

diagnosis of both smear-negative and extra-pulmonary disease is clinical. Quite often, smear-

negative disease is a diagnosis of exclusion. It is therefore possible that increased mortality

among smear-negative and extra-pulmonary cases may result from a misdiagnosis, with the

result that the true cause of illness such as lung cancer or lymphoma was not treated. For

patients who genuinely have TB that is sputum smear-negative, there is a possibility of delayed

initiation of anti-TB treatment occasioned by difficulties in making a timely diagnosis [49],

especially among HIV infected individuals. The accuracy of clinical examination and diagnos-

tic tests like radiology and sputum smear is lower among HIV infected people due to atypical

disease presentation [50]. Timely diagnosis of sputum smear-negative disease can be promoted

through utilization of bacteriological confirmation methods such as the Gene Xpert MTB Rif

Assay [51], the use of which is currently being expanded in Kenya.

Mortality did not differ by the type of health facility providing treatment. Our finding sug-

gests that TB patients in Kenya get similar standard of care regardless of the type of health

facility attended. This is reasonable given that all TB treatment in Kenya is overseen by the

national TB program, even when it occurs in private facilities. The finding that the method of

observing therapy is not associated with mortality suggests that all of the methods currently

used to ensure observation in Kenya are equally effective. Almost all TB patients in Kenya get

some form of DOT. TB patients are first registered and counseled at the health facility, then

given a choice of having DOT is to be administered at the facility, or at home by a household

member or a community health volunteer.

The excess mortality among patients on treatment for TB observed in this study indicates

that TB disease increases a person’s risk of mortality regardless of their HIV or ART status.

Our data demonstrate that we are still far from achieving the “End TB Strategy” target to end

TB deaths globally by 2035 [52]. Consequently, there is an urgent need to redouble efforts to

prevent TB by implementing the following strategies which are recommended by WHO:

intensified case finding, isoniazid preventive therapy (IPT), infection control and early ART

initiation [53]. Aggressive implementation of the above strategies is likely to contribute to

reduced TB associated mortality in Kenya.

This study used routine data, which suffers from limitations of missing information and

occasionally inconsistent data. Consequently, a small fraction of patients had to be excluded

from the analysis. However, it is important to note that the excluded observations were similar

to included ones in key variables. Importantly, the national-level data used in this analysis has

been validated by other evaluations and determined to be adequate in completeness and

accuracy.
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In conclusion, mortality among TB patients could be at least ten times higher than in the

general population. HIV is a significant contributor to TB-associated mortality, especially

among HIV-infected patients who are not on ART. There is urgent need to redouble efforts to

prevent TB especially among high risk populations. Early initiation of ART among HIV

infected people (test and treat approach) should further reduce TB-associated deaths by pre-

venting TB and reducing mortality among those with TB. Intensified TB case finding among

HIV infected people will ensure timely identification of TB/HIV co-infected and timely initia-

tion of TB treatment could further reduce mortality.

Supporting information

S1 Table. Adjusted hazard ratios for the association between age group and death, strati-

fied by HIV/ART status.

(DOCX)

S2 Table. Adjusted hazard ratios for the association between HIV/ART status and death,

stratified by age group and disease type.

(DOCX)

S3 Table. Adjusted hazard ratios for the association between disease type and death, strati-

fied by HIV/ART status.

(DOCX)

S4 Table. CDC Approval_Kenya Mortality: Non-human subjects research determination.

(PDF)

Acknowledgments

Disclaimer: The findings and conclusions in this manuscript are those of the authors and do

not necessarily represent the official position of the Centers for Disease Control and Preven-

tion or the U.S. Department of Health and Human Services.

The authors acknowledge all the staff of the National TB Control Program responsible for

management of the TIBU system, the staff from health facilities that collected data from TB

patients, and the patients whose information was used in this analysis.

Author Contributions

Conceptualization: Dickens O. Onyango, Courtney M. Yuen, Kevin P. Cain, Enos O. Masini,

Martien W. Borgdorff.

Formal analysis: Dickens O. Onyango, Courtney M. Yuen, Martien W. Borgdorff.

Investigation: Dickens O. Onyango.

Methodology: Dickens O. Onyango, Courtney M. Yuen, Martien W. Borgdorff.

Supervision: Kevin P. Cain, Martien W. Borgdorff.

Writing – original draft: Dickens O. Onyango.

Writing – review & editing: Courtney M. Yuen, Kevin P. Cain, Faith Ngari, Enos O. Masini,

Martien W. Borgdorff.

HIV-associated TB mortality in Kenya

PLOS ONE | https://doi.org/10.1371/journal.pone.0188235 November 16, 2017 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188235.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188235.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188235.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0188235.s004
https://doi.org/10.1371/journal.pone.0188235


References
1. UNAIDS. Fact Sheet—Latest statistics on the status of the AIDS epidemic. http://www.unaids.org/en/

resources/fact-sheet.

2. World Health Organization. Global Tuberculosis Report 2016. Geneva, Switzerland: World Health

Organization; 2016.

3. World Health Organization. Global Tuberculosis Report 2014. Geneva, Switzerland: World Health

Organization; 2014.

4. World Health Organization. Global tuberculosis report 2016. 2016.

5. Yuen CM, Weyenga HO, Kim AA, Malika T, Muttai H, Katana A, et al. Comparison of trends in tubercu-

losis incidence among adults living with HIV and adults without HIV—Kenya, 1998–2012. PloS ONE.

2014; 9(6):e99880. https://doi.org/10.1371/journal.pone.0099880 PMID: 24937804

6. Kimanga DO, Ogola S, Umuro M, Ng’ang’a A, Kimondo L, Murithi P, et al. Prevalence and incidence of

HIV infection, trends, and risk factors among persons aged 15–64 years in Kenya: results from a nation-

ally representative study. Journal Acquir Immune Defic Syndr. 2014; 66 Suppl 1:S13–26. https://doi.

org/10.1097/QAI.0000000000000124 PMID: 24445338

7. Kwan CK, Ernst JD. HIV and tuberculosis: a deadly human syndemic. Clin Microbiol Rev. 2011; 24

(2):351–76. https://doi.org/10.1128/CMR.00042-10 PMID: 21482729

8. Lucas SB, Hounnou A, Peacock C, Beaumel A, Djomand G, N’Gbichi JM, et al. The mortality and

pathology of HIV infection in a west African city. AIDS. 1993; 7(12):1569–79. PMID: 7904450

9. Harries AD, Lawn SD, Getahun H, Zachariah R, Havlir DV. HIV and tuberculosis—science and imple-

mentation to turn the tide and reduce deaths. J Int AIDS Soc. 2012; 15(2):17396. https://doi.org/10.

7448/IAS.15.2.17396 PMID: 22905358

10. Harries AD, Hargreaves NJ, Gausi F, Kwanjana JH, Salaniponi FM. High early death rate in tuberculo-

sis patients in Malawi. Int J Tuberc Lung Dis. 2001; 5(11):1000–5. PMID: 11716335

11. Karim Abdool S S, Naidoo K, Grobler A, Padayatchi N, Baxter C, Gray AL, et al. Integration of antiretro-

viral therapy with tuberculosis treatment. N Engl J Med. 2011; 365(16):1492–501. https://doi.org/10.

1056/NEJMoa1014181 PMID: 22010915

12. Havlir DV, Kendall MA, Ive P, Kumwenda J, Swindells S, Qasba SS, et al. Timing of antiretroviral ther-

apy for HIV-1 infection and tuberculosis. N Engl J Med. 2011; 365(16):1482–91. https://doi.org/10.

1056/NEJMoa1013607 PMID: 22010914

13. Blanc FX, Sok T, Laureillard D, Borand L, Rekacewicz C, Nerrienet E, et al. Earlier versus later start of

antiretroviral therapy in HIV-infected adults with tuberculosis. N Engl J Med. 2011; 365(16):1471–81.

https://doi.org/10.1056/NEJMoa1013911 PMID: 22010913

14. Lefebvre N, Falzon D. Risk factors for death among tuberculosis cases: analysis of European surveil-

lance data. Eur Respir J. 2008; 31(6):1256–60. https://doi.org/10.1183/09031936.00131107 PMID:

18515556

15. Kolappan C, Subramani R, Kumaraswami V, Santha T, Narayanan PR. Excess mortality and risk fac-

tors for mortality among a cohort of TB patients from rural south India. Int J Tuberc Lung Dis. 2008; 12

(1):81–6. PMID: 18173882

16. Kolappan C, Subramani R, Karunakaran K, Narayanan PR. Mortality of tuberculosis patients in Chen-

nai, India. Bull World Health Organ. 2006; 84(7):555–60. PMID: 16878229

17. Garcia-Garcia Mde L, Ponce-De-Leon A, Garcia-Sancho MC, Ferreyra-Reyes L, Palacios-Martinez M,

Fuentes J, et al. Tuberculosis-related deaths within a well-functioning DOTS control program. Emerg

Infect Dis. 2002; 8(11):1327–33. https://doi.org/10.3201/eid0811.020021 PMID: 12453365

18. Moosazadeh M, Nezammahalleh A, Movahednia M, Movahednia N, Khanjani N, Afshari M. Predictive

factors of death in patients with tuberculosis: a nested case-control study. Eastern Mediterr Health J.

2015; 21(4):287–92.

19. Albuquerque MdFPMd, Batista JdAL, Ximenes RAdA, Carvalho MS, Diniz GTN, Rodrigues LC. Risk

factors associated with death in patients who initiate treatment for tuberculosis after two different follow-

up periods. Rev Bras Epidemiol. 2009; 12(4):513–22.

20. Jonnalagada S, Harries AD, Zachariah R, Satyanarayana S, Tetali S, Keshav Chander G, et al. The tim-

ing of death in patients with tuberculosis who die during anti-tuberculosis treatment in Andhra Pradesh,

South India. BMC Public Health. 2011; 11:921. https://doi.org/10.1186/1471-2458-11-921 PMID:

22166132

21. van’t Hoog AH, Williamson J, Sewe M, Mboya P, Odeny LO, Agaya JA, et al. Risk factors for excess

mortality and death in adults with tuberculosis in Western Kenya. Int J Tuberc Lung Dis. 2012; 16

(12):1649–56. PMID: 23131264

HIV-associated TB mortality in Kenya

PLOS ONE | https://doi.org/10.1371/journal.pone.0188235 November 16, 2017 11 / 13

http://www.unaids.org/en/resources/fact-sheet
http://www.unaids.org/en/resources/fact-sheet
https://doi.org/10.1371/journal.pone.0099880
http://www.ncbi.nlm.nih.gov/pubmed/24937804
https://doi.org/10.1097/QAI.0000000000000124
https://doi.org/10.1097/QAI.0000000000000124
http://www.ncbi.nlm.nih.gov/pubmed/24445338
https://doi.org/10.1128/CMR.00042-10
http://www.ncbi.nlm.nih.gov/pubmed/21482729
http://www.ncbi.nlm.nih.gov/pubmed/7904450
https://doi.org/10.7448/IAS.15.2.17396
https://doi.org/10.7448/IAS.15.2.17396
http://www.ncbi.nlm.nih.gov/pubmed/22905358
http://www.ncbi.nlm.nih.gov/pubmed/11716335
https://doi.org/10.1056/NEJMoa1014181
https://doi.org/10.1056/NEJMoa1014181
http://www.ncbi.nlm.nih.gov/pubmed/22010915
https://doi.org/10.1056/NEJMoa1013607
https://doi.org/10.1056/NEJMoa1013607
http://www.ncbi.nlm.nih.gov/pubmed/22010914
https://doi.org/10.1056/NEJMoa1013911
http://www.ncbi.nlm.nih.gov/pubmed/22010913
https://doi.org/10.1183/09031936.00131107
http://www.ncbi.nlm.nih.gov/pubmed/18515556
http://www.ncbi.nlm.nih.gov/pubmed/18173882
http://www.ncbi.nlm.nih.gov/pubmed/16878229
https://doi.org/10.3201/eid0811.020021
http://www.ncbi.nlm.nih.gov/pubmed/12453365
https://doi.org/10.1186/1471-2458-11-921
http://www.ncbi.nlm.nih.gov/pubmed/22166132
http://www.ncbi.nlm.nih.gov/pubmed/23131264
https://doi.org/10.1371/journal.pone.0188235


22. World Health Organization. Treatment of tuberculosis: guidelines. 4 ed. Geneva, Switzerland: World

Health Organization; 2010.

23. Ministry of Health. Guidelines for Management of Tuberculosis and Leprosy in Kenya. Nairobi, Kenya:

Ministry of Health; 2013. p. 21–5.

24. Kipruto H. Assessment of the performance of TB surveillance in Kenya. Multi-country global workshop

on TB prevalence surveys and TB surveillance. Accra, Ghana: WHO; 2013.

25. Lighter J, Rigaud M. Diagnosing childhood tuberculosis: traditional and innovative modalities. Curr

Probl Pediatr Adolesc Health Care. 2009; 39(3):61–88. https://doi.org/10.1016/j.cppeds.2008.12.003

PMID: 19215860

26. Measure DHS. Methodology of DHS Mortality Rates Estimation DHS Statistics Live. Calverton, MD,

USA: Measure DHS; 2006.

27. Kenya National Bureau of Statistics. 2009 Kenya Population and Housing Census: Analytical Report on

Mortality. Nairobi, Kenya: Kenya National Bureau of Statistics; 2012.

28. Borgdorff MW, Veen J, Kalisvaart NA, Nagelkerke N. Mortality among tuberculosis patients in The Neth-

erlands in the period 1993–1995. Eur Respir J. 1998; 11(4):816–20. PMID: 9623682

29. Pina JM, Dominguez A, Alcaide J, Alvarez J, Camps N, Diez M, et al. Excess mortality due to tuberculo-

sis and factors associated to death in and annual cohort of patients diagnosed of tuberculosis. Rev Clin

Esp. 2006; 206(11):560–5. PMID: 17265572

30. Wang W, Zhao Q, Yuan Z, Zheng Y, Zhang Y, Lu L, et al. Tuberculosis-associated mortality in Shang-

hai, China: a longitudinal study. Bull World Health Organ. 2015; 93(12):826–33. https://doi.org/10.2471/

BLT.15.154161 PMID: 26668434

31. Gupta A, Wood R, Kaplan R, Bekker LG, Lawn SD. Tuberculosis incidence rates during 8 years of fol-

low-up of an antiretroviral treatment cohort in South Africa: comparison with rates in the community.

PLoS ONE. 2012; 7(3):e34156. https://doi.org/10.1371/journal.pone.0034156 PMID: 22479548

32. Lawn SD, Myer L, Edwards D, Bekker LG, Wood R. Short-term and long-term risk of tuberculosis asso-

ciated with CD4 cell recovery during antiretroviral therapy in South Africa. AIDS. 2009; 23(13):1717–25.

https://doi.org/10.1097/QAD.0b013e32832d3b6d PMID: 19461502

33. Stagg HR, Zenner D, Harris RJ, Munoz L, Lipman MC, Abubakar I. Treatment of latent tuberculosis

infection: a network meta-analysis. Ann Intern Med. 2014; 161(6):419–28. https://doi.org/10.7326/M14-

1019 PMID: 25111745

34. Fox GJ, Dobler CC, Marais BJ, Denholm JT. Preventive therapy for latent tuberculosis infection-the

promise and the challenges. Int J Infect Dis. 2016. https://doi.org/10.1016/j.ijid.2016.11.006 PMID:

27872018

35. Badri M, Wilson D, Wood R. Effect of highly active antiretroviral therapy on incidence of tuberculosis in

South Africa: a cohort study. Lancet. 2002; 359(9323):2059–64. https://doi.org/10.1016/S0140-6736

(02)08904-3 PMID: 12086758

36. Girardi E, Antonucci G, Vanacore P, Libanore M, Errante I, Matteelli A, et al. Impact of combination anti-

retroviral therapy on the risk of tuberculosis among persons with HIV infection. AIDS. 2000; 14

(13):1985–91. PMID: 10997404

37. Miranda A, Morgan M, Jamal L, Laserson K, Barreira D, Silva G, et al. Impact of antiretroviral therapy

on the incidence of tuberculosis: the Brazilian experience, 1995–2001. PLoS ONE. 2007; 2(9):e826.

https://doi.org/10.1371/journal.pone.0000826 PMID: 17786198

38. Santoro-Lopes G, de Pinho AM, Harrison LH, Schechter M. Reduced risk of tuberculosis among Brazil-

ian patients with advanced human immunodeficiency virus infection treated with highly active antiretro-

viral therapy. Clin Infect Dis. 2002; 34(4):543–6. https://doi.org/10.1086/338641 PMID: 11797184

39. Odone A, Amadasi S, White RG, Cohen T, Grant AD, Houben RM. The impact of antiretroviral therapy

on mortality in HIV positive people during tuberculosis treatment: a systematic review and meta-analy-

sis. PLoS ONE. 2014; 9(11):e112017. https://doi.org/10.1371/journal.pone.0112017 PMID: 25391135

40. Yan I, Bendavid E, Korenromp EL. Antiretroviral Treatment Scale-Up and Tuberculosis Mortality in High

TB/HIV Burden Countries: An Econometric Analysis. PLoS ONE. 2016; 11(8):e0160481. https://doi.

org/10.1371/journal.pone.0160481 PMID: 27536864

41. Lesko CR, Cole SR, Hall HI, Westreich D, Miller WC, Eron JJ, et al. The effect of antiretroviral therapy

on all-cause mortality, generalized to persons diagnosed with HIV in the USA, 2009–11. Int J Epidemiol.

2016; 45(1):140–50. https://doi.org/10.1093/ije/dyv352 PMID: 26772869

42. Ayele HT, van Mourik MS, Bonten MJ. Effect of isoniazid preventive therapy on tuberculosis or death in

persons with HIV: a retrospective cohort study. BMC Infect Dis. 2015; 15:334. https://doi.org/10.1186/

s12879-015-1089-3 PMID: 26269094

HIV-associated TB mortality in Kenya

PLOS ONE | https://doi.org/10.1371/journal.pone.0188235 November 16, 2017 12 / 13

https://doi.org/10.1016/j.cppeds.2008.12.003
http://www.ncbi.nlm.nih.gov/pubmed/19215860
http://www.ncbi.nlm.nih.gov/pubmed/9623682
http://www.ncbi.nlm.nih.gov/pubmed/17265572
https://doi.org/10.2471/BLT.15.154161
https://doi.org/10.2471/BLT.15.154161
http://www.ncbi.nlm.nih.gov/pubmed/26668434
https://doi.org/10.1371/journal.pone.0034156
http://www.ncbi.nlm.nih.gov/pubmed/22479548
https://doi.org/10.1097/QAD.0b013e32832d3b6d
http://www.ncbi.nlm.nih.gov/pubmed/19461502
https://doi.org/10.7326/M14-1019
https://doi.org/10.7326/M14-1019
http://www.ncbi.nlm.nih.gov/pubmed/25111745
https://doi.org/10.1016/j.ijid.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27872018
https://doi.org/10.1016/S0140-6736(02)08904-3
https://doi.org/10.1016/S0140-6736(02)08904-3
http://www.ncbi.nlm.nih.gov/pubmed/12086758
http://www.ncbi.nlm.nih.gov/pubmed/10997404
https://doi.org/10.1371/journal.pone.0000826
http://www.ncbi.nlm.nih.gov/pubmed/17786198
https://doi.org/10.1086/338641
http://www.ncbi.nlm.nih.gov/pubmed/11797184
https://doi.org/10.1371/journal.pone.0112017
http://www.ncbi.nlm.nih.gov/pubmed/25391135
https://doi.org/10.1371/journal.pone.0160481
https://doi.org/10.1371/journal.pone.0160481
http://www.ncbi.nlm.nih.gov/pubmed/27536864
https://doi.org/10.1093/ije/dyv352
http://www.ncbi.nlm.nih.gov/pubmed/26772869
https://doi.org/10.1186/s12879-015-1089-3
https://doi.org/10.1186/s12879-015-1089-3
http://www.ncbi.nlm.nih.gov/pubmed/26269094
https://doi.org/10.1371/journal.pone.0188235


43. Golub JE, Pronyk P, Mohapi L, Thsabangu N, Moshabela M, Struthers H, et al. Isoniazid preventive

therapy, HAART and tuberculosis risk in HIV-infected adults in South Africa: a prospective cohort.

AIDS. 2009; 23(5):631–6. https://doi.org/10.1097/QAD.0b013e328327964f PMID: 19525621

44. World Health Organization. Guideline on when to start antiretroviral therapy and on pre-exposure pro-

phylaxis for HIV. Geneva, Switzerland: World Health Organization; 2015. http://apps.who.int/iris/

bitstream/10665/186275/1/9789241509565_eng.pdf.

45. Sterling TR, Zhao Z, Khan A, Chaisson RE, Schluger N, Mangura B, et al. Mortality in a large tuberculo-

sis treatment trial: modifiable and non-modifiable risk factors. Int J Tuberc Lung Dis. 2006; 10(5):542–9.

PMID: 16704037

46. Schreiber YS, Herrera AF, Wilson D, Wallengren K, Draper R, Muller J, et al. Tuberculosis retreatment

category predicts resistance in hospitalized retreatment patients in a high HIV prevalence area. Int J

Tuberc Lung Dis. 2009; 13(10):1274–80. PMID: 19793433

47. Field N, Lim MS, Murray J, Dowdeswell RJ, Glynn JR, Sonnenberg P. Timing, rates, and causes of

death in a large South African tuberculosis programme. BMC Infect Dis. 2014; 14:3858. https://doi.org/

10.1186/s12879-014-0679-9 PMID: 25528248

48. Nyang’au LO. First line anti-TB drug resistance among HIV infected patients attending comprehensive

health care centre, Nairobi, Kenya. Nairobi, Kenya: Jomo Kenyatta University of Agriculture and Tech-

nology (JKUAT); 2016.

49. Dimairo M, MacPherson P, Bandason T, Zezai A, Munyati SS, Butterworth AE, et al. The risk and timing

of tuberculosis diagnosed in smear-negative TB suspects: a 12 month cohort study in Harare, Zimba-

bwe. PLoS ONE. 2010; 5(7):e11849. https://doi.org/10.1371/journal.pone.0011849 PMID: 20676374

50. Mendelson M. Diagnosing tuberculosis in HIV-infected patients: challenges and future prospects. Br

Med Bull. 2007; 81–82:149–65. https://doi.org/10.1093/bmb/ldm009 PMID: 17470475

51. Nakiyingi L, Ssengooba W, Nakanjako D, Armstrong D, Holshouser M, Kirenga BJ, et al. Predictors and

outcomes of mycobacteremia among HIV-infected smear- negative presumptive tuberculosis patients

in Uganda. BMC Infect Dis. 2015; 15:62. https://doi.org/10.1186/s12879-015-0812-4 PMID: 25888317

52. World Health Organization. End TB Strategy. World Heath Organization. 2016. http://www.who.int/tb/

End_TB_brochure.pdf?ua=1

53. World Health Organization. Policy on collaborative TB/HIV activities: guidelines for national pro-

grammes and other stakeholders. Geneva, Switzerland: World Health Organization; 2012.

HIV-associated TB mortality in Kenya

PLOS ONE | https://doi.org/10.1371/journal.pone.0188235 November 16, 2017 13 / 13

https://doi.org/10.1097/QAD.0b013e328327964f
http://www.ncbi.nlm.nih.gov/pubmed/19525621
http://apps.who.int/iris/bitstream/10665/186275/1/9789241509565_eng.pdf
http://apps.who.int/iris/bitstream/10665/186275/1/9789241509565_eng.pdf
http://www.ncbi.nlm.nih.gov/pubmed/16704037
http://www.ncbi.nlm.nih.gov/pubmed/19793433
https://doi.org/10.1186/s12879-014-0679-9
https://doi.org/10.1186/s12879-014-0679-9
http://www.ncbi.nlm.nih.gov/pubmed/25528248
https://doi.org/10.1371/journal.pone.0011849
http://www.ncbi.nlm.nih.gov/pubmed/20676374
https://doi.org/10.1093/bmb/ldm009
http://www.ncbi.nlm.nih.gov/pubmed/17470475
https://doi.org/10.1186/s12879-015-0812-4
http://www.ncbi.nlm.nih.gov/pubmed/25888317
http://www.who.int/tb/End_TB_brochure.pdf?ua=1
http://www.who.int/tb/End_TB_brochure.pdf?ua=1
https://doi.org/10.1371/journal.pone.0188235

