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Abstract 1 

Objectives: To describe the timing of tuberculosis (TB) presentation in relation to diagnosis of 2 

HIV infection and ART initiation and to evaluate whether the established impact from late 3 

presentation to care (LP) and late initiation (LI) of ART on the risk of TB is retained beyond the 4 

observation period of clinical trials.	5 
Design: We used marginal structural models to emulate a clinical trial with up to 5 years of 6 
follow-up to evaluate the impact of LI on TB risk. 7 

Methods: PLWH were enrolled from 2007-2016 in observational cohorts from Uganda, Peru, 8 

Mexico and Italy. The risk of TB was compared in LP (accessing care with CD4≤350 cells/µL) 9 

vs non-LP using survival curves and a weighted Cox regression.  We emulated two strategies: 10 

initiating ART with CD4 count <350 cells/µL vs. CD4 count >350 cells/µL (LI). We estimated 11 

TB attributable risk and population attributable fraction up to 5 years from the emulated date of 12 

randomization.	13 

Results: 20,112 patients and 1,936 TB cases were recorded. Over 50% of TB cases were 14 

diagnosed at presentation for HIV care.  More than 50% of the incident cases of TB after ART 15 

initiation were attributable to LP; nearly 70% of TB cases during the first year of follow-up 16 

could be attributed to LP and more than 50%, five years after first attending HIV care.	17 

Conclusions: LP accounted for a large share of TB cases. Delaying ART initiation was 18 

detrimental for incident TB rates, and the impact of LP persisted up to 5 years from HIV care 19 

entry.	20 
  21 

 22 

  23 
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Introduction 24 

HIV infection, is a major determinant of the risk for developing active tuberculosis (TB). It has 25 

been estimated that incidence of TB among persons living with HIV (PLWH), is 20 to 37 times 26 

higher than among HIV uninfected, depending on the local characteristics of the HIV epidemic 27 

[1].  28 

 29 

Addressing TB-HIV coinfection is a tenet of the World Health Organization (WHO) strategy, 30 

which aims to end the global TB epidemic [2]. Scaling up and accelerating the initiation of 31 

antiretroviral therapy (ART) for PLWH is a central intervention in this context. ART reduces the 32 

risk of developing TB by 65-84%, both in low and high TB burden countries and less advanced 33 

HIV disease at time of ART initiation correlates with a greater protective effect of treatment [3,4]. 34 

A mathematical model has predicted that up to 98% of cases of TB attributable to HIV infection 35 

could be averted in high-burden countries by providing ART to all PLWH within one year of 36 

seroconversion [5].  37 

 38 

In the past decade, we have witnessed an impressive scale-up of ART and an improvement in the 39 

timeliness of ART initiation. According to the UNAIDS estimate, by the end of 2020, 84% of all 40 

PLWH knew their status, 73% were on ART, and 66% had undetectable viral load [6]. In parallel, 41 

age-standardized incidence of TB decreased annually by 4% from 2006 to 2016 among PLWH, 42 

while the reduction recorded among HIV-negative individuals occurred at a slower rate (–1.3% 43 

per year) [7]. 44 

 45 

However, late presentation to care represents a 50% or more of those entering to care, contributing 46 

to AIDS-defining events and AIDS-related mortality [8, 9]. Therefore, TB-HIV coinfection 47 

remains a public health priority. It is estimated that in 2018, of the 10 million cases of TB which 48 

occurred globally, 860,000 were in persons with HIV. TB caused 250,000 deaths among PLWH, 49 

nearly one-third of all HIV-related mortality [10]. This may reflect both insufficient ART coverage 50 

and its late initiation. In addition, several studies suggest that PLWH successfully treated with 51 

ART may remain at increased risk of TB as compared to HIV-negative individuals [11].  52 

Although we know that lower CD4 count is associated with a higher risk of TB and early ART 53 

reduces the risk of TB, the proportion of TB cases attributable to late presentation and late ART 54 
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initiation have not been clearly quantified [12,13].  In this work, we aimed to use real-world data, 63 

collected in the observational setting in large HIV cohorts with long follow-up from four different 64 

countries, to describe the timing of TB presentation in relation to diagnosis of HIV infection and 65 

ART initiation, and to estimate the long-term impact (up to 5 years) of late presentation for HIV 66 

care and of delayed ART initiation on the risk of TB using a counterfactual prediction framework.   67 

 68 

Methods 69 

Our study population included PLWH enrolled in observational cohorts in four countries: Uganda 70 

(IDI: Infectious Disease Institute), Peru (IMTAvH: Instituto de Medicina Tropical von Humboldt) 71 

Mexico (INCMNSZ: Instituto Nacional de Ciencias Médicas y Nutrición, Salvador-Zubirán); and 72 

Italy (Icona: Italian Cohort Naive Antiretroviral) were included.  The Italian site is a multi-center 73 

cohort while the other sites are mono-center institutions [14-16]. Institutional ethics review boards 74 

from each participating site reviewed and approved the project. Informed consent process was 75 

made at enrollment for Peru, Italy and Uganda´s cohorts; and waived at Mexico site, because 76 

ethical regulations allows analysis of de-identified clinical data. 77 

 78 

We included patients over the period from 2007 to 2016 who had an HIV diagnosis/initiation of 79 

HIV care within 3 months prior to the date of enrolment (baseline) in the cohorts, and had an 80 

available measure of CD4 count at baseline.  We excluded patients who reported a TB episode or 81 

were on ART for longer than 3 months prior to enrollment.   CD4 count was defined as the closest 82 

measurement to baseline in the time window -90; +180 days. The window -90; +90 days of the 83 

date of starting ART was used to define CD4 count at ART.  A prevalent TB case was defined if 84 

a participant was diagnosed over the time window -90; +30 days of baseline.  We also estimated 85 

the incidence of new TB cases after enrolment and the incidence after ART initiation, among 86 

patients who had ≥1follow-up clinical visit after baseline and did not have prevalent TB.  An 87 

incident TB case before ART was defined as a newly diagnosed TB case after 1 month of 88 

enrolment but before the date of ART initiation. All TB cases newly diagnosed after the date of 89 

ART initiation were included as incident cases after ART.  Distribution of eligible patients for 90 

each analysis: TB prevalence, TB incidence prior ART and TB incidence after ART; is shown in 91 

the flow diagram (Figure 1).  TB incidence rates before and after ART were calculated overall and 92 

by cohort.    93 
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 106 

Estimation of attributable risk and population attributable fraction 107 

We used attributable risk (AR) and population attributable fraction (PAF) to measure the impact 108 

of late presentation on the risk of TB incidence, among late presenters (LP, those with CD4 count 109 

<350 cells/µL at baseline) and among the whole study population. The AR was measured to 110 

account for the difference in the probability of developing TB between LP and non-LP [17,18] 111 

(Supplementary_Material_1). In addition, the PAF was calculated after accounting for the 112 

prevalence of LP (pLP) in the study population. These two risk estimates were used to measure the 113 

impact of late ART initiation (defined as starting ART with a CD4 count<350 cells/μL) on the risk 114 

of incident TB overall and in LP over time from enrollment. The probabilities p1(t) and p0(t), 115 

included in the ratios were estimated using dynamic marginal structural models. We aimed to 116 

provide 1, 3 and up to 5 years estimates for AR and PAF. 117 

 118 

Estimation of models 119 

Impact of late presentation on incident TB before ART 120 

For the survival analysis of the causal effect of being a LP on the risk of TB incidence before ART, 121 

inverse probability weighting (IPW) of being LP were calculated using the following time-fixed 122 

patients’ characteristics: gender, age, cohort, educational level and calendar year. We estimated 123 

the AR and the PAF using the probabilities of TB estimated in LP and non-LP groups. 124 

 125 

Impact of late presentation on incident TB after ART 126 

We also estimated the impact of late presentation on TB after ART using a marginal structural 127 

model. We compared the risk of TB after ART initiation in a pooled logistic model among LP 128 

versus non-LP, using IPW from three models.  The first model accounts for censoring from the 129 

study due to death or last visit recorded, the second for the ART initiation, and the last one for 130 

being a LP.      131 

 132 

Impact of late initiation of ART on incident TB 133 

 A dynamic marginal structural model was used to emulate a clinical trial designed to answer the 134 

question ‘when best to start ART according to current CD4 count’.  Two strategies were compared: 135 

starting ART immediately at any CD4 >350 (non-LI strategy) versus starting ART only after CD4 136 

Deleted: with the formula reported in the Supplementary material 137 
(Supplementary Material 1), which138 
Deleted: s139 
Deleted: (p1(t)) 140 
Deleted: (p0(t)) 141 
Deleted: also 142 
Deleted: with a formula which is similar to the AR but 143 
Deleted: also 144 

Deleted: the 145 
Deleted: inverse probability weights146 

Deleted: In particular, t147 



7 
 

had dropped ≤350 (LI strategy). We made a copy of every patient to account for the time each one 148 

contributed to both strategies, using the so-called method of ‘cloning and censoring’ or the 149 

‘doppelganger method’ [19]. We used a grace period of 3 months after the CD4 count declined 150 

below 350 to allow variation in CD4 count monitoring practices across studies [20]. An example 151 

of the artificial censoring created by the procedure is shown in Supplementary Figure 1 152 

(Supplementary_Material_1). Inverse probability of censoring weights (using the same set of 153 

covariates previously mentioned and splines for continuous variables) was used to maintain the 154 

conditional exchangeability. We estimated the risk of developing TB after following each of the 155 

treatment strategies using Cox regression model. Variables in this model were selected following 156 

the Dagitty Acyclic Graph (Supplementary_Figure 2). The estimates from this model were used to 157 

calculate the AR and PAF. Hazard ratios for TB in LI vs. non-LI were estimated by introducing 158 

an interaction term between time and the strategy of ART initiation in the pooled logistic 159 

regression model. Bootstrap with 200 replications was used to calculate the 95% confidence 160 

intervals for AR and PAF.  161 

 162 

Results 163 

General characteristics of study population. 164 

A total of 20,112 PLWH were included in the analysis; 10,822 (54%) from Uganda, 5,827 (29%) 165 

from Italy, 2,898 (14%) from Peru and 565 (3%) from Mexico.  Overall, the majority of patients 166 

(56%) were male, and (53%) aged between 19 and 35 years, 14% had primary schooling, and 41% 167 

a CD4 count < 200cells/μL. Median follow-up was 2.91 years (IQR: 0.69 - 5.62). Characteristics 168 

of the study population by cohort are shown in Table 1.    169 
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Distribution of TB cases relative to enrollment and ART treatment time 178 

A total of 1,936 TB cases were reported: 1,412 (73%) from Uganda, 364 (19%) from Peru, 102 179 

(5%) from Italy; and 58 (3%) from Mexico.  Most of these TB cases were prevalent cases (1057, 180 

55%), while the remaining were incident cases:  420 (21%) occurred before ART initiation, and 181 

459 (24%) after ART initiation.  In Italy and Mexico, more than 80% of the cases were prevalent 182 

cases, while lower proportions were seen in Peru and Uganda. The distribution of TB cases by 183 

time of presentation and by country is shown in Figure 2. 184 

 185 

Estimated Incident TB before ART and after ART 186 

Four-hundred and twenty newly diagnosed TB cases were observed in participants who were still 187 

ART-naïve. Overall, estimated incidence of TB before ART was 23.0 cases per 1,000-PYFU 188 

(95%CI: 20.9 -25.3); 327 (78%) of these diagnoses, occurred before ART initiation and 93 (22%) 189 

among patients who never started ART. The highest incidence was seen in Uganda (29.5 cases per 190 

1000-PYFU) and the lowest in Italy (0.06 cases per 1000-PYFU).    191 

In total, 15,180 patients initiated ART; of those, 93 (1%) initiated ART before they were enrolled, 192 

and 1,355 (9%) the same day of enrollment. Among the remaining 90% (n=13,732) the median 193 

time to initiation was 60 days (IQR: 22-280) and the median CD4 count at ART initiation was 194 

215 cells/μL (IQR: 85-374).  Characteristics of the population starting ART by cohort are included 195 

in the Supplementary Table 1; and survival analysis of the causal effect of being a LP on the risk 196 

of TB incidence before ART, in Supplementary Figure 3 (Supplementary_Material_1). There were 197 

459 TB cases that occurred after the date of ART initiation, and overall incidence was estimated 198 

to be 8.77 per 1000-PYFU (95%CI: 8.0 - 9.61) . TB incidence rates after stratifying by cohort, 199 

current CD4 count categories (0-200 cells/μL, 201-350 cells/μL and ≥350 cells/μL) and by length 200 

of time since baseline (0-4; 4-12 and >12 months) are also shown as Supplementary material.  201 

 202 

Impact of late presentation on incident TB before ART  203 

19,055 patients (95% of total) where included in this analysis who didn´t have a TB diagnosis at 204 

the time of enrollment; the main characteristics of these patients by cohort are shown in 205 

Supplementary Table 2 (Supplementary_Material_1). Among these, 11,371 (59%) had a CD4 206 

count <350 cells/μL at baseline and were classified as LP.  There was a total of 420 TB cases 207 

Deleted: TB 208 

Deleted:  209 

Deleted:  210 
Deleted:  211 
Deleted: much lower than that seen before ART and 212 
Deleted: PYFU213 

Deleted: (Supplementary Material 1). 214 

Deleted: We included in this analysis 215 
Deleted:  who 216 
Deleted:  no217 
Deleted:  218 
Deleted:  1219 
Deleted:  220 



9 
 

diagnosed prior to ART initiation; 284 (68%) of these, were in the LP group.  The cumulative risk 221 

for developing TB was 27.4% (95%CI: 17-36) vs. 8.0% (95%CI: 7-10) in the LP vs. non-LP 222 

group. From fitting a weighted Cox regression model, the adjusted hazard ratio of TB incidence 223 

before ART was 4.94 (95%CI: 4.27-5.71) in LP compared to the non-LP participants.  Probability 224 

of incident TB cases after ART among LP and non-LP is shown in Supplementary Figure 3 225 

(Supplementary_Material_1). Among LP, the AR estimated for late presentation at 1 year after 226 

enrolment was 81% (95%CI: 75-87). The PAF among the whole population for LP was 72% 227 

(95%CI: 64-80). These figures decreased slightly with longer time from enrolment but the 228 

difference persisted up to 5 years from HIV care entry (Table 2).  229 

Impact of late ART initiation on incident TB   230 

In total, 7,684 non-LP individuals at baseline were included in this final analysis aiming to estimate 231 

the causal effect of initiating ART immediately vs. initiating when the CD4 count fell <350 232 

cells/μL. The characteristics of the individuals in this analysis are shown in Supplementary Table 233 

3 (Supplementary_Material_1). Overall, 2,322 (30%) individuals remained ART-naïve, 4,607 234 

(60%) initiated ART while having a CD4 count above 350 cells/μL (non-LI) and 755 (9.8%) 235 

initiated ART after CD4 count dropped below 350 cells/μL (LI).   A total of 195 incident TB 236 

diagnosed cases were observed. Of these cases, 34 (17.4%) were recorded among participants who 237 

never initiated ART; in 14 of these (38%) current CD4 count was ≤350 cells/µl.  The remaining 238 

161 (82.6 %) TB cases occurred among people initiating ART, 87 of them among non-LI and 74 239 

among LI. The adjusted hazard ratio of having TB from fitting a weighted Cox regression model 240 

comparing non-LI with LI was 0.54 (95%CI: 0.23-1.26). Among LI, the AR for LI by 1, 3 and 5 241 

years were -3% (95%CI: -18-14), 21% (95%CI: 1-39) and 31% (95%CI: 5-48) respectively. PAF 242 

for late initiation of ART among non-LP were -2% (95%CI: -9 - 8); 15% (95%CI: 1-30) and 26% 243 

(95%CI: 9-59), by 1, 3 and 5 years respectively. Adjusted survival probability of TB incidence 244 

after ART initiation for LI and non-LI is shown in Supplementary Figure 4 245 

(Supplementary_Material_1).   246 

 247 

 248 
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Discussion        267 

Our analyses of TB in PLWH enrolled in four countries with different burden of TB and HIV, 268 

showed that over 50% of TB cases were diagnosed at presentation for HIV care.  Prevalent cases 269 

were particularly frequent in Mexico and Italy.  Our data confirms that more than 50% of the 270 

incident cases of TB occurring either before or after ART initiation are attributable to late 271 

presentation for HIV care. Indeed, our data replicated the results of randomized studies, but also 272 

extended the observation up to 5 years from HIV care entry. Our data are also useful to inform 273 

stochastic models of the HIV-TB epidemic in resource-limited countries. In contrast, there was 274 

little evidence that late initiation of ART among non-late presenters was a major determinant of 275 

TB risk in this population.  276 

 277 

Our findings are consistent with previous data describing TB occurrence in PLWH in sub-Saharan 278 

Africa and high-income countries [21-24]. However, the proportion of prevalent TB cases differed 279 

by cohort, and was inversely associated with TB incidence in the country (the lower the proportion 280 

of prevalent TB, the higher the incidence).  Twenty percent of the TB cases in our study occurred 281 

in persons already in care who were not yet receiving ART. We estimated that 70% of cases 282 

occurring in this population during the first year of follow-up could be attributed to late 283 

presentation and, although this fraction diminished with time from enrolment, it was still above 284 

50% five years after initiation of HIV care. We think that the following factors may explain the 285 

significant contribution of late ART initiation to TB occurrence: a) in our cohort, 40% of patients 286 

were enrolled prior 2011, and 47% of TB cases which occurred before ART initiation were 287 

enrolled before 2011.  Before 2011, there was little evidence of the benefit of ART initiation while 288 

on TB treatment [25]. b) we have documented that time to ART initiation started to decrease up to 289 

2013 in Latin America [26] and up to 2016 in Africa [27], while the proportion of late ART 290 

initiation is still high after those years, it may be related to a slow the introduction of the universal 291 

ART initiation criteria regardless of CD4 cell counts.  292 

 293 

 In our study, approximately 75% of patients started ART during follow up and, consistent with  294 

previous studies, estimated incidence of TB decreased dramatically during the course of ART in 295 

all cohorts. Nonetheless, after ART initiation the risk of TB remained approximately three times 296 
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higher, for those who presented late to HIV care, compared to non-LP even after controlling for 321 

most recent CD4 [3].  Similar figures were recently reported in a meta-analysis for Ethiopia [12]. 322 

Additionally, we estimated that more than 50% of cases occurring after ART initiation could be 323 

attributed to LP suggesting that entering late to care increases TB risk to a level that cannot be 324 

fully compensated by ART [28]. Our data are in line with those of a recent clinical trial conducted 325 

in high TB-HIV burden countries, in which early HIV diagnosis and treatment by annual HIV 326 

screening and universal ART, resulted in a 59% reduction in the estimated incidence rate of TB at 327 

3 years, when compared to performing a one-time TB screening and CD4-guided ART initiation 328 

[29]. Our estimates extend the observation to 5 years of follow-up. 329 

 330 

When investigating the potential causal link between delaying ART initiation and risk of 331 

developing TB, among those who presented to care with a CD4 count >350/µL, we found that the 332 

risk of incident TB was reduced for non-LI of ART compared to LI, although this was not 333 

significant due to the small number of non-late ART initiators and the 30% of non-ART initiators. 334 

Additionally, in the short term, no excess incidence of TB could be attributed to delaying ART.  335 

Because some TB cases are clinically unmasked by ART, it is possible that latent TB revealed by 336 

ART initiation equaled those not prevented by delayed initiation amounting to no overall 337 

difference [30]. However, 16% and 25% of cases occurring after 3 and 5 years of starting care 338 

respectively, could be attributed to delayed treatment initiation.   339 

 340 

Late HIV diagnosis is still common and drives TB incidence among PLWH, which remains the 341 

most common cause of AIDS-related deaths and our findings show that the impact of late 342 

presentation, can persist for years [10,31-32]. Efforts to increase access to HIV screening (self-343 

testing, community testing, universal testing in health care systems, etc.) are needed, in resource-344 

limited countries and resource-rich settings, with large migrant populations such as in Italy and 345 

other countries in Europe. The finding of the elevated risk of occurence of TB despite ART 346 

initiation for a prolonged period of time, has important clinical implications, such as, the important 347 

role of preventive TB therapy, that has been recommended for PLWH by WHO since 2011. 348 

However, scale-up of this intervention has been inefficient in most contexts [33, 34].  Preventive 349 

therapy may provide protection against TB when administered to patients on ART and may have 350 

a significant impact. Such impact has been perceived particularly relevant in countries with high 351 
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TB burden [33-35], but our findings may suggest that the benefit of the preventive therapy could 388 

be also important in countries with lower burden of TB. 389 

 390 

A strength of this analysis is that we used techniques such as marginal structural models to 391 

appropriately adjust by the effect of time-varying confounders affected by prior treatment 392 

strategies on outcomes [36]. However, these models cannot control for unmeasured confounders 393 

and rely on very strict, mainly untestable, assumptions. Nevertheless, our short-term estimates are 394 

entirely consistent with those shown in randomized studies. We also used attributable risk and 395 

population attributable fraction to estimate the impact of late presentation and late initiation of 396 

ART on incident TB cases observed. These measures have been previously used to evaluate the 397 

potential impact of reducing or eliminating a specific exposure in a population but never in the 398 

context of HIV/TB [37].  399 

 400 

Another limitation of our study is the lack of information regarding the prevalence of latent TB 401 

and the proportion of TB preventive therapy provided in the four settings included. Latent TB is 402 

estimated very prevalent in Mexico, Peru and Uganda, and the treatment with preventive therapy 403 

may be important, as it is early ART, for the clinical outcomes and may impact in our results. It is 404 

unlikely that a significant proportion of persons entering HIV care in our cohorts, received TB 405 

preventive therapy since, during this study period the uptake of this intervention was low [38].  406 

Nonetheless, if some people actually initiating  preventive therapy along with ART, this could 407 

have mitigated the risk of incident TB especially in those with low CD4 at treatment initiation. 408 

Furthermore, we didn´t control for the types infrastructure and tools to diagnose TB, which are 409 

different in the four settings. Finally, the database was created by joining the data of four different 410 

cohorts, who  don´t share a common platform for data collection; however, we included variables 411 

which were defined and collected in the same way across the cohorts in order to maximize 412 

standardization.   413 

 414 

Conclusions       415 

Our results suggest that the persistently high burden of TB in an era of increasingly high uptake of 416 

ART may be largely due to late HIV diagnosis; the impact of late presentation is likely to persist 417 
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up to 5 years from first attending HIV care. Our data extends those coming from randomized 426 

studies to a longer follow-up period and are useful to inform stochastic models of the HIV/TB 427 

epidemic. Interventions for promoting early diagnosis and treatment of HIV infection is needed to 428 

realize the full potential of ART in reducing the risk of TB for PLWH.  429 
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