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Abstract 
Objective: To estimate the effectiveness of antiretroviral treatment (ART) in preventing tuberculosis (TB) in HIV-infected people during the first six years of ART programme expansion.
Design: Cohort study comparing TB risk without ART and after ART initiation. 
Setting: Public sector HIV programme of the Free State province, South Africa
Subjects: 74,074 HIV infected people enrolled from 2004 until 2010, of whom 43,898 received ART and 30,176 did not. 
Intervention: Combination antiretroviral treatment. 
Main outcome measures: Time to first TB diagnosis, adjusted for CD4 cell count, weight, age, sex, previous TB, district and year, with ART, CD4 and weight as time varying covariates and with death as a competing risk.  
Results: 3858 first TB episodes occurred during 78,202 person-years at risk with ART and 5669 episodes occurred during 62,801 person-years without ART (incidence rates 4.9 and 9.0 per 100 person years, crude incidence rate ratio 0.55 (95% confidence interval 0.52-0.57)). The adjusted sub-hazard ratio (SHR) of time to first TB episode after starting ART, compared to follow-up without ART, was 0.67 (0.64-0.70). Within CD4 subgroups (<50, 50-199, 100-199, 200-349 and >350 cells/µL) the respective SHRs were 0.64 (0.57-0.71), 0.63 (0.57-0.70), 0.66 (0.61-0.72), 0.67 (0.62-0.72), 0.72 (0.63-0.83), and 0.97 (0.60-1.59). Adjusted SHRs for ART decreased with each year of enrollment, from 0.90 (0.77-1.04) in 2004 to 0.54 (0.43-0.67) in 2010. 
Conclusions: ART was effective in preventing TB in HIV infected patients with CD4 counts below 350 cells/µL, but less so than previously estimated.   Effectiveness increased each year. 
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Introduction

Tuberculosis (TB) is the commonest clinical manifestation of AIDS in Africa, where it aggravates TB epidemics by transmission of TB to HIV-uninfected as well as to HIV-infected populations [1].   Combination antiretroviral treatment (ART) is therefore a mainstay of TB control strategies in countries with high HIV and TB prevalence. Therefore, the priority and resources to be allocated to ART expansion, and the stage of HIV/AIDS progression at which ART should be initiated, depend partly on the effectiveness of ART in preventing TB [2]. South Africa has the world’s largest national ART programme, with government health services offering ART nationwide since 2004. By 2013, of an estimated 6.3 million infected with HIV, 2.6 million were receiving ART [3], mostly from government health services, and the incidence rate of TB notifications had started to decrease [4]. It is likely that ART expansion contributed substantially to the decline in TB incidence, but it is difficult to quantify how much it did so, despite evidence from ART programmes [5,6,7] and epidemiological modelling studies [2,8].

Evidence of the effectiveness of ART in preventing TB is not directly available from placebo-controlled randomised trials, so observational studies are necessary to compare the incidence of TB between HIV-infected people receiving and not receiving ART.  Such studies are however prone to confounding and selection bias, and therefore require good quality data on, and careful adjustment for, patient characteristics associated with both treatment and outcomes. Survival analysis of the effect of ART on time to TB should account for the competing risk of death. Conventional survival analyses, such as Cox proportional hazards regression, assume that the subsequent risk of TB in patients whose follow-up was censored due to death would have been the same as the subsequent risk of TB in patients whose follow-up was censored for other reasons. However this assumption is probably false, because death in someone infected with HIV is an indicator that their disease was advanced, thus placing them at higher risk of TB if they had not died. This can result in biased estimates of ART effectiveness.  Competing risk regression avoids this potential bias [10]. 

A meta-analysis of the results of 11 studies in low and middle income countries estimated that ART reduced the hazard or incidence of TB by 65%, and that ART effectiveness was not modified by patients’ pre-treatment CD4 cell count [5]. While this is the best available evidence from developing countries it has limitations: five of the 11 studies did not adjust for prognostic factors including CD4 cell count, the CD4 subgroup analysis was confined to 4 studies, and none of the studies accounted for the competing risk of death. The most rigorous observational evidence comes from 12 European and United States cohorts, analysed by the HIV Causal Collaboration, using marginal structural models to adjust optimally for time-varying covariates, including CD4, so as to minimise selection bias [11]. That analysis estimated that ART reduced the hazard of TB by 56% overall, but was not effective in patients with CD4 counts below 50 cells/µL. However the latter results may not be applicable to low or middle income countries such as South Africa that have much higher rates of exposure to TB infection.  

We have worked with the Department of Health of the Free State province of South Africa since 2004, monitoring and evaluating the provincial HIV/AIDS programme. This provided exceptionally rich and comprehensive data on everyone enrolled in the programme, enhanced by linkage of data from medical records, laboratory results, the national mortality register, and the province’s electronic tuberculosis register. We have previously used these data to estimate that ART reduced the risk of TB by 39% during the first 20 months of ART roll-out [6].  However that study did not account for the competing risk of death, and did not link HIV and TB programme data, probably leading to under-ascertainment of incident TB. The aims of the present study were to estimate the effect of ART on the risk of the first TB episode after enrollment during the first six years of the Free State programme, and whether ART effectiveness differed according to CD4 cell count or year of enrollment.  
Methods

Setting and patients

The study had a cohort design, comparing TB incidence during person-time without ART and after initiating ART. The study population was all HIV-infected people aged 16 years and over who registered with the Free State Provincial HIV programme since ART provision began in May 2004 until June 2010, who were followed until 2 August 2010. Of 97,476 enrolled patients, 23,401 were excluded because they were aged under 16 (7,063), were HIV negative (1,839), or provided no longitudinal data because they had no clinic visits recorded after enrollment (8,026), had no recorded national identification number for linkage with the national mortality register (4,616), died on the day of enrollment (836) or had impossible dates recorded which could not be resolved, such as death before enrollment or TB diagnosis (1,021).

The Free State Provincial HIV programme offered free ART to all eligible patients since May 2004. ART included either of two triple drug regimens for most patients, with second line drugs reserved for a minority with ART resistance. According to treatment protocols at the time, adults were eligible for ART when their CD4 cell count was less than 200 cells/μL, they had had stage IV HIV infection (AIDS), or during the last three months of recruitment, were pregnant with a CD4 count of less than 350 cells/μL. Patients not yet eligible for ART received routine care, such as regular CD4 testing, until they became eligible. Patients eligible for ART were referred to ART treatment sites in hospital outpatient departments for initiation of treatment and review of ART prescriptions every 3–6 months. Resource constraints resulted in ART initiation often being delayed even while ART provision was being rapidly expanded [12]. The provincial tuberculosis programme followed World Health Organisation and South African national policies for diagnosis, treatment and registration [4]. 
The Research Ethics Committee of the University of Cape Town approved the study protocol. Although it was not feasible retrospectively to obtain consent for the use of medical records for research from the tens of thousands of participants, many of whom had died, ethical principles for the use of medical records for research without consent were followed [13].  That is, the research was a service evaluation of public health importance and did not influence individual patients’ care, and confidentiality of individuals’ identities and data security were strictly adhered to

Data collection and linkage 

[bookmark: _GoBack]The primary data source was the HIV programme’s electronic medical record for each patient, including their characteristics at the time of enrollment such as name, address, date of birth, sex, previous or current TB and national identification number, and clinical information from each clinic visit. Clinic visit data included treatment, weight, CD4 cell count and morbidity including TB. These data were recorded on paper forms by each patient’s clinician, either a nurse or a doctor, and entered into a database by a clerk at the same clinic. Electronic clinic records were known to have incomplete data on CD4 cell count, TB diagnosis and death, therefore they were deterministically linked with the province’s electronic laboratory CD4 reports and tuberculosis register and with the national mortality register. Linkage with laboratory data and the electronic tuberculosis register used name, date of birth, sex, national identification number, and address. Linkage with the electronic TB register identified 9,708 study patients with TB in addition to the 11,896 enrolled patients recorded as having TB in the HIV programme database. Linkage with the national mortality register, which is derived from death certificates and includes 90% of deaths countrywide [14], used national identification numbers which were recorded for 89% of patients on the Free State HIV programme database. 

Following the national TB programme protocol, active tuberculosis disease was diagnosed by a positive sputum smear or, for extrapulmonary and smear negative TB, by a physician using all available diagnostic information. The date of diagnosis was defined as the start of the first episode after enrollment, recorded in the electronic TB register or, if not recorded there, as the first date that TB was recorded in the HIV programme’s electronic medical records. 

Patients’ prognostic characteristics used for statistical modelling were age at enrollment, sex, previous tuberculosis, CD4 cell count, and weight. Time-varying CD4 cell counts and weights were extracted both for the time of enrollment and for the time at which ART started, together with the dates when these were measured (see statistical analysis below). CD4 cell counts were usually recorded approximately every six months. For CD4 cell counts at enrollment and at start of ART, respectively, the CD4 cell count dated nearest to the enrollment or ART start date was used, but only if dated less than six months previously. Weights were usually recorded at each clinic visit and were extracted using the same rules as for CD4 cell counts. 


Statistical analysis

The prognostic characteristics at enrollment of patients who started ART and those who did not were compared using multiple logistic regression. For estimation of ART effectiveness, ART was modelled as a time-varying covariate, with follow-up time split into separate records during which patients had either initiated ART or not. 39,326 patients had two records each, one with and one without ART, 26,480 had only one record because they never started ART, and 4,572 had only one record because they started ART on the date of enrollment. Because of uncertainty about medication adherence, patients who had started ART were assumed to continue receiving it, that is, the estimated effect of ART was actually the effect of ART initiation. 

In each record, follow-up was censored at the earliest of: the first recorded TB diagnosis, death, the last clinic visit if a patient did not have a national identification number, 2 August 2010 (the day before the last date of linkage with the national mortality register), or, for follow-up without ART, the date of ART initiation.   

CD4 data were missing for 15% (9661/65806) of records without ART and for 18% (8022/43898) of records with ART. Weight data were missing for 19% (12406/65806) of records without ART and for 25% (10819/43898) of records with ART. These missing data were imputed using multiple imputation using chained equations [15] with Stata statistical software [16]. Imputation used the same explanatory variables to be used in the statistical models described below, including CD4-ART interaction terms, and also the relevant outcome variables.  Missing CD4-ART interaction values were imputed using the improved passive approach described by White and colleagues [15]. For analyses of time to first TB episode, the relevant outcomes used for imputation were death, TB, and cumulative hazard function for TB [15].

The effect of ART on hazard of TB was estimated using proportional hazards competing risks regression [5], with death as a competing risk, adjusted for age at enrollment, sex, previous tuberculosis, CD4 cell count, weight, year of enrollment and district. ART-CD4 interaction terms were added to the model to investigate whether effects of ART varied with CD4 cell count. Alternatively, ART-year interaction was added to the model to investigate whether ART effectiveness changed according to year of enrollment. ART, CD4 cell counts and weights were time-varying covariates, recorded either at enrollment or start of ART (as described above). Multiple imputation of missing CD4 cell counts and weights produced 10 data sets, and regression results from all data sets were combined using Rubin’s rules [17]. Non-independence of repeated observations on individuals was accounted for using Huber-White robust adjustment of errors [18].  Cumulative incidence functions for death and TB as competing risks were estimated and graphed separately for person-time with and without ART. 

Secondary analyses were done to assess the robustness of the primary analyses: 1) complete case analysis excluding records with missing CD4 or weight data, 2) censorship of follow-up at 12 months and 3) Cox regression analysis of time to TB, not accounting for the competing risk of death. All analyses were carried out with Stata statistical software [16].

Results 

Of 74,074 participants in the study, 43,898 (62%) initiated ART, and 30,176 (38%) did not initiate ART or initiated ART after being diagnosed with TB. Patients who were female, or had CD4 counts below 200 /μL, or had heavier weights, or had TB previously, or enrolled in later years or from some districts were more likely to initiate ART (Table 1). 

Patients were followed for up to 6.5 years (median 1.3, interquartile range 0.36-3.2 years). During 78,202 person-years at risk with ART, 3858 first TB episodes occurred and, during 62,801 person-years without ART, 5669 first TB episodes occurred, (incidence rates 4.9 and 9.0 per 100 person years respectively, crude incidence rate ratio 0.55 (95% confidence interval (CI) 0.52-0.57)). During the same periods 5,536 died after starting ART and 10,398 patients died before ART could be started (incidence rates 7.1 and 16.6 and per 100 person years respectively, crude incidence rate ratio 0.43 (95% CI 0.41-0.44)). The Figure shows the cumulative incidences of TB and of death, both of which were lower with ART than without ART. The cumulative incidence of TB or death after 70 months follow up was 57% without ART and 37% after starting ART. 

ART and CD4 counts above 200 cells/L were independently associated with lower risk of TB, and male sex and later enrollment with the programme were associated with higher risk, in a competing risks regression model (Table 2). The estimated effectiveness of ART within each CD4 subgroup is shown in Table 3. For patients with CD4 counts of 350 cells/L or less, ART was associated with 28%-56% reduction in risk of TB. There was no effect of ART for patients with CD4 counts of 350 cells/L or more, but the confidence intervals for this subgroup were wide (Table 3). ART effectiveness increased with each subsequent year of enrollment, with no significant effect among patients enrolled in 2004 and 2005, and with ART associated with halving of the risk of TB among patients enrolled in 2010 (Table 3). 

Removal of ART-CD4 and ART-year interaction terms from these models resulted in an overall subhazard ratio for ART of 0.67 (0.64-0.70) (Table 4). Compared to this, secondary analyses showed that complete case analyses overestimated ART effectiveness, as did Cox regression analyses that did not account for competing risk of death (Table 4). Censorship of follow-up at one year after enrollment also increased the estimated effectiveness of ART (Table 4), but did not change the estimated effects of ART within subgroups defined by year of enrollment. 

Discussion

The study shows that ART initiation was associated with a substantially reduced risk of TB in HIV-infected patients with CD4 counts of 350 cells/µL or less, and that the effectiveness of ART increased steadily during the first six years of the programme. These results differ from previous cohort studies in high TB burden countries including South Africa [5], in which effectiveness estimates were greater and in which effectiveness was not modified by CD4 cell count. These differences could be partly attributable to the practical problems of delivering ART through a large scale public sector programme with overloaded primary care facilities, compared to smaller programmes often delivered by non-government or academic providers on a smaller scale. However the differences in results are probably also attributable to the methodological limitations of previous research, which our study was intended to avoid. 

The study shows big changes during the first six years of the programme, notably the increasing effectiveness of ART each year (Table 3). Patients who enrolled in later years were more likely to start ART during the study, despite having shorter follow-up after enrollment (Table 1), but their risk of TB also increased with time (Table 2). The increasing TB risk could be partly due to increasing exposure to other people with infectious TB disease, as South Africa’s HIV and TB epidemics rapidly grew [4], and was worse in patients who had not yet started ART.  It may also reflect increased detection of active TB disease as part of the clinical work-up to starting ART, and province-wide efforts to strengthen integrated case management for patients with HIV [19,20]. The increasing effectiveness estimates are unlikely to be a data artefact due to shorter follow-up of patients who enrolled in later years, because censoring follow-up at a maximum of a year did not change these year-specific results. 

Major strengths of the present study, compared to previous research in high burden countries [5], are better TB ascertainment through linkage of provincial TB and HIV registers, better adjustment for prognostic factors enabled by linkage with electronic laboratory data, and better ascertainment of death in those lost to follow-up by linkage with the national death register. The statistical methods were also an advance on previous studies. The competing risk regression analysis would have reduced bias in effectiveness estimates due to the risk of death being lower in patients on ART than in patients not on ART, which bias was probably inherent in the previous Cox survival analyses [5]. Multiple imputation of missing CD4 and weight data enabled all eligible patients to be included in analyses, further increasing the generalisability of the results. Our sensitivity analyses showed that conventional Cox regression and exclusion of patients with missing data overestimated ART effectiveness, compared to our primary analyses (Table 4). Finally, the exceptionally large sample size allowed effectiveness to be estimated precisely, with sufficient statistical power to identify factors modifying ART effectiveness. For example, with over 18,000 participants who started ART with CD4 counts below 50, or between 50 and 99, cells/μL the study had 93% power to detect a hazard ratio 0.95 between the two subgroups as statistically significance at the 5% level. 
  
The study has several limitations. As an observational study of treatment effectiveness, rather than a randomised trial, it is inherently susceptible to confounding and selection bias. Statistical analysis with marginal structural models, as used by the HIV Causal Collaboration [11], could potentially have provided better control for confounding and selection bias, although it would not have explicitly accounted for the competing risk of death. In our study, data on repeated CD4 cell counts were relatively infrequent before ART initiation, and viral load data were only recorded after ART initiation, limiting our ability to adjust further for these time varying prognostic and selection factors. Treatment policy restricted ART initiation at CD4 counts above 200 cells/μL to those who had AIDS or were pregnant, so that patients in these subgroups who received ART were probably at higher risk of TB than those who did not, leading to a biased underestimate of ART effectiveness in this subgroup. We found that participants who enrolled with CD4 counts above 350  cells/μL were more likely to start ART if they were male, older or had had TB before, but more detailed clinical features of AIDS were not recorded electronically and could not be adjusted for.  It is possible that some participants received isoniazid prophylaxis which could have reduced their TB risk. To our knowledge isoniazid was not routinely or commonly used in this programme, but our data cannot exclude that possibility. 

Another limitation, which the present study shares with other ART programme evaluations [5,11], is that it could only estimate the effect of ART initiation, and not the efficacy of ART with perfect adherence. The high mortality rate after ART initiation was probably partly caused by imperfect adherence or treatment. Finally, we did not have access to more recent data to assess ART effectiveness since 2010. 

In summary, the study shows that ART was effective in preventing TB, although less effective than in previously studies, and that effectiveness increased with time. The study supports further expansion of ART as a foundation of TB control in South Africa and other high TB burden countries.  
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Table 1. Characteristics at enrollment of participants associated with ART initiation
	Characteristic
	All
	Did not start ART
	Started ART
	Adjusted odds ratio*
	95% CI
	P

	
	No.
	%
	No.
	%
	No.
	%
	
	
	

	Sex male (vs. female)
	24 132
	32.6
	10 836
	35.9
	13 296
	30.3
	0.57
	0.54
	0.60
	<0.001

	Age < 20 years (reference)
	991
	1.3
	490
	1.6
	501
	1.1
	1
	
	
	

	     20-29
	17 275
	23.3
	7 558
	25.0
	9 717
	22.1
	0.83
	0.69
	1.01
	0.06

	     30-39
	30 147
	40.7
	12 100
	40.1
	18 047
	41.1
	0.87
	0.72
	1.05
	0.136

	     40-49
	18 139
	24.5
	7 156
	23.7
	10 983
	25.0
	0.87
	0.72
	1.06
	0.174

	     >50
	7 521
	10.2
	2 872
	9.5
	4 649
	10.6
	0.89
	0.73
	1.09
	0.257

	CD4 <50 cells/μL (reference)
	11 572
	19.2
	4 658
	18.9
	6 914
	19.4
	1
	
	
	

	     50-99
	10 407
	17.3
	3 478
	14.1
	6 929
	19.4
	1.23
	1.15
	1.31
	<0.001

	     100-199
	20 359
	33.8
	5 314
	21.5
	15 045
	42.2
	1.71
	1.61
	1.82
	<0.001

	     200-349
	10 652
	17.7
	5 071
	20.6
	5 581
	15.6
	0.62
	0.58
	0.66
	<0.001

	     >350
	7 340
	12.2
	6 146
	24.9
	1 194
	3.3
	0.12
	0.11
	0.13
	<0.001

	Weight <45 kg (reference)
	7 000
	12.4
	3 162
	14.7
	3 838
	10.9
	1
	
	
	

	     45-51
	12 006
	21.2
	4 833
	22.5
	7 173
	20.4
	1.42
	1.32
	1.52
	<0.001

	     52-58
	13 668
	24.1
	5 154
	24.0
	8 514
	24.2
	1.77
	1.65
	1.91
	<0.001

	     >59
	23 968
	42.3
	8 370
	38.9
	15 598
	44.4
	2.32
	2.17
	2.48
	<0.001

	Previous TB (vs no previous TB)
	14 382
	19.4
	3 592
	11.9
	10 790
	24.6
	2.41
	2.28
	2.55
	<0.001

	Year enrolled 2004 (reference)
	6 072
	8.2
	3 718
	12.3
	2 354
	5.4
	1
	
	
	

	     2005
	9 443
	12.8
	5 745
	19.0
	3 698
	8.4
	0.95
	0.87
	1.03
	0.23

	     2006
	11 797
	15.9
	5 795
	19.2
	6 002
	13.7
	1.36
	1.25
	1.47
	<0.001

	     2007
	13 382
	18.1
	4 934
	16.4
	8 448
	19.2
	2.24
	2.06
	2.44
	<0.001

	     2008
	12 794
	17.3
	4 071
	13.5
	8 723
	19.9
	2.48
	2.28
	2.71
	<0.001

	     2009
	13 714
	18.5
	3 385
	11.2
	10 329
	23.5
	3.44
	3.16
	3.75
	<0.001

	     2010
	6 872
	9.3
	2 528
	8.4
	4 344
	9.9
	3.13
	2.76
	3.55
	<0.001

	District 1 (reference)
	9 982
	13.5
	2 825
	9.4
	7 157
	16.3
	1
	
	
	

	     2
	14 667
	19.8
	5 912
	19.6
	8 755
	19.9
	0.67
	0.62
	0.72
	<0.001

	     3
	21 077
	28.5
	9 358
	31.0
	11 719
	26.7
	0.50
	0.46
	0.54
	<0.001

	     4
	22 509
	30.4
	8 713
	28.9
	13 796
	31.4
	0.59
	0.55
	0.63
	<0.001

	     5
	5 831
	7.9
	3 361
	11.1
	2 470
	5.6
	0.30
	0.27
	0.33
	<0.001

	All
	74 074
	100
	30 176
	100
	43 898
	100
	
	
	
	


* Logistic regression model including all variables in the table, adjusted for intracluster correlation, complete case analysis (n=49 933 individuals). CI confidence interval

[bookmark: _Ref348249434][bookmark: _Toc349010716]Table 2:	Variables independently associated with risk of first TB diagnosis after enrollment: competing risks regression model* 

	Explanatory variables
	Subhazard ratio*
	95% CI
	P value

	ART vs no ART
	0.64
	0.57
	0.71
	<0.001

	CD4 count (cells/L) 
	
	
	
	<0.001#

	· CD4 0-49
	1
	
	
	

	· CD4 50-99
	1.16
	1.05
	1.29
	0.005

	· CD4 100-199
	1.06
	0.95
	1.17
	0.290

	· CD4 200-349
	0.90
	0.80
	1.01
	0.061

	· CD4 >350
	0.63
	0.56
	0.70
	<0.001

	ART-CD4 interaction
	
	
	
	0.017#

	· ART and CD4 <50
	1
	
	
	

	· ART and CD4 50-99
	0.99
	0.85
	1.15
	0.876

	· ART and CD4 100-199
	1.04
	0.91
	1.19
	0.589

	· ART and CD4 200-349
	1.13
	0.95
	1.35
	0.179

	· ART and CD4 >350
	1.52
	0.92
	2.51
	0.100

	Male vs. female
	1.29
	1.24
	1.36
	<0.001

	Age in years
	
	
	
	<0.001#

	· <20
	1
	
	
	

	· 20-29
	1.13
	0.91
	1.39
	0.278

	· 30-39
	1.15
	0.93
	1.43
	0.178

	· 40-49
	1.06
	0.86
	1.32
	0.556

	· >50 
	0.88
	0.70
	1.09
	0.253

	Weight (kg) 
	
	
	
	<0.001#

	· 30-45
	1
	
	
	

	· 46-52
	0.89
	0.82
	0.96
	0.003

	· 53-59
	0.81
	0.75
	0.87
	<0.001

	· 60-160
	0.61
	0.56
	0.66
	<0.001

	Previous TB 
	1.00
	0.95
	1.06
	0.940

	Year of enrollment
	
	
	
	<0.001#

	· 2004
· 2005
	1
	
	
	

	· 2006
	1.06
	0.97
	1.15
	0.194

	· 2007
	1.21
	1.11
	1.32
	<0.001

	· 2008
	1.40
	1.29
	1.53
	<0.001

	· 2009
	1.38
	1.26
	1.51
	<0.001

	· 2010
	1.41
	1.29
	1.56
	<0.001


* Adjusted for all variables in the table, district, intra-person correlation of outcomes and competing risk of death
# Wald test for all categories of variable. CI confidence interval



Table 3. Effect of ART on risk of TB within CD4 and year of enrollment subgroups
	Subgroup
	Subhazard ratio*
	95% CI
	P value

	CD4 count (cells/L) 
	
	
	0.017#

	· CD4 0-49
	0.64
	0.57-0.71
	<0.001

	· CD4 50-99
	0.63
	0.57-0.70
	<0.001

	· CD4 100-199
	0.66
	0.61-0.72
	<0.001

	· CD4 200-349
	0.72
	0.63-0.83
	<0.001

	· CD4 >350
	0.97
	0.60-1.59
	0.908

	Year of enrollment
	
	
	<0.001#

	· 2004
	0.90
	0.78-1.04
	0.136

	· 2005
	0.94
	0.83-1.06
	0.281

	· 2006
	0.69
	0.62-0.77
	<0.001

	· 2007
	0.67
	0.61-0.73
	<0.001

	· 2008
	0.60
	0.54-0.66
	<0.001

	· 2009
	0.48
	0.42-0.54
	<0.001

	· 2010
	0.54
	0.43-0.67
	<0.001


* Adjusted for all explanatory variables listed in Table 2, except that year of enrollment values are from equivalent model with ART-year interaction instead of ART-CD4 interaction. # Wald P value for interaction with ART. CI confidence interval






Table 4. Sensitivity analyses: effect of ART on risk of TB estimated with different models, with and without imputation of missing data 

	Model and data
	Effect estimate*
	Value
	95% CI

	Competing risk regression
	
	
	

	· With imputed CD4 and weight data
	Subhazard ratio
	0.67
	0.64-0.70

	· Complete case analysis
	Subhazard ratio
	0.59
	0.56-0.63

	· Complete case analysis, follow up censored at one year 
	Subhazard ratio
	0.52
	0.48-0.55

	Cox regression
	
	
	

	· With imputed CD4 and weight data
	Hazard ratio
	0.52
	0.49-0.55

	· Complete case analysis
	Hazard ratio
	0.47
	0.44-0.50


* Adjusted for age, sex, CD4, weight, previous TB, year of enrollment, district, and intra-person correlation of outcomes, without ART-CD4 interaction 




Figure. Stacked cumulative incidence of tuberculosis (unshaded) and death (shaded), with and without ART: competing risks regression model
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Legend: a (left). With ART.       b (right). Without ART
image1.emf
0

.1

.2

.3

.4

.5

.6

Cumulative incidence

0 10 20 30 40 50 60 70 80

months


image2.emf
0

.1

.2

.3

.4

.5

.6

Cumulative incidence

0 10 20 30 40 50 60 70 80

months


