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Abstract

Objective—To determine the short-term and long-term risks of tuberculosis (TB) associated with
CDA4 cell recovery during antiretroviral therapy (ART).

Design—Observational community-based ART cohort in South Africa.

Methods—TB incidence was determined among patients (n = 1480) receiving ART for up to 4.5
years in a South African community-based service. Updated CD4 cell counts were measured 4-
monthly. Person-time accrued within a range of CD4 cell count strata (CD4 cell strata) was
calculated and used to derive CD4 cell-stratified TB rates. Factors associated with incident TB
were identified using Poisson regression models.

Results—Two hundred and three cases of TB were diagnosed during 2785 person-years of
observation (overall incidence, 7.3 cases/100 person-years). During person-time accrued within
CD4 cell strata 0-100, 101-200, 201-300, 301-400, 401-500 and more than 500 cells/ul
unadjusted TB incidence rates were 16.8, 9.3, 5.5, 4.6, 4.2 and 1.5 cases/100 person-years,
respectively (P < 0.001). During early ART (first 4 months), adjusted TB rates among those with
CD4 cell counts 0-200 cells/pl were 1.7-fold higher than during long-term ART (P = 0.026).
Updated CD4 cell counts were the only patient characteristic independently associated with long-
term TB risk.

Conclusion—Updated CD4 cell counts were the dominant predictor of TB risk during ART in
this low-resource setting. Among those with baseline CD4 cell counts less than 200 cells/ul, the
excess adjusted risk of TB during early ART was consistent with ‘unmasking’ of disease missed at
baseline screening. TB incidence rates at CD4 cell counts of 200-500 cells/pl remained high and
adjunctive interventions are required. TB prevention would be improved by ART policies that
minimized the time patients spend with CD4 cell counts below a threshold of 500 cells/l.
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Introduction

Methods

In recent years, access to antiretroviral therapy (ART) has been rapidly scaled up in the
countries of sub-Saharan Africa, which have borne the brunt of the dual tuberculosis (TB)
and HIV epidemics. ART is associated with a 70-90% decrease in TB incidence rates
among treated individuals [1-6] and is therefore a potentially important intervention to
address the HIV-associated TB epidemic. Despite this, however, studies from within the
region have reported that rates of TB during ART persist at levels much higher than
background rates [7-11].

This high burden of TB is a key challenge to ART services in sub-Saharan Africa as this is a
major cause of morbidity and mortality and concurrent administration of TB treatment and
ART is problematic [9,11-13]. These congregate clinical settings are also associated with
substantial risk of transmission of both drug-susceptible and multidrug-resistant TB [14,15].
Furthermore, high persisting rates of TB during treatment may substantially undermine the
potential for ART to effect TB control at the population level [9,16,17].

Potential means to reduce this burden of TB might include initiation of ART at higher CD4
cell counts [17] and use of the interventions included within the World Health Organization
(WHO) “3ls policy’ [18]. However, these approaches must be based on a clear
understanding of clinical epidemiology of TB during ART. How TB risk changes over time
in association with immune recovery in the short-term and long-term has not been clearly
defined. Although some reports suggest that TB rates are particularly high during the initial
weeks of ART due to immune-mediated ‘unmasking’ of subclinical disease [19,20], this
phenomenon has not previously been quantified. Of particular importance, the CD4 cell
count threshold above which TB rates are minimized during ART-induced immune recovery
is not known. To address these questions, we analysed data collected prospectively over 4.5
years of follow-up of a large ART cohort in Cape Town, South Africa.

Study population

The ART service in Gugulethu township in Cape Town has been described previously
[21,22]. The district has a predominantly African population of over 300 000, the vast
majority of whom live in conditions of low socioeconomic status. At the time of the study,
the antenatal HIV seroprevalence was approximately 30% and the annual TB notification
rate exceeded 1500/100 000. National ART guidelines were based on WHO 2002
recommendations [23], providing free treatment for those with a prior AIDS diagnosis
(WHO stage 4 disease) or a blood CD4 cell count less than 200 cells/pl. First-line ART
consisted of stavudine, lamivudine and a nonnucleoside reverse transcriptase inhibitor
(predominantly efavirenz). Treatment compliance was high with over 90% of patients
achieving viral load suppression less than 400 copies/ml [22] and with a virological failure
rate of approximately 2% of patients per year [24]. In keeping with current national practice,
patients receiving ART did not receive isoniazid preventive therapy (IPT).

A TB screening questionnaire was used routinely at baseline to identify symptomatic
patients for TB investigations, and during ART investigations for TB were conducted when
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clinically indicated. Available tests include sputum smear fluorescence microscopy,
automated liquid culture of sputum (MGIT 960; Becton Dickinson, Sparks, Maryland,
USA), sputum induction, chest radiology, abdominal ultrasonography and fine needle lymph
node aspiration for cytology. Microbiological specimens were processed within nationally
accredited laboratories.

Blood CD4 cell counts (CD4 cell counts) and plasma viral load measurements were done
routinely at baseline and 4-monthly during ART together with clinical review. Patients had
open access to the clinic in the event of intercurrent illnesses. Detailed structured clinical
and laboratory records were maintained for every patient visit. Data were transferred on a
weekly basis to an electronic database. Patients requiring hospital admission were referred to
a nearby 200-bed facility. Information on in-patient care was gained from discharge letters,
hospital and laboratory records and post-mortem examinations. Deaths and losses to follow-
up were ascertained by active community-based follow-up as previously described [25].

Collection of data on this study population for research purposes was approved by the
Research Ethics Committee of the University of Cape Town and all patients enrolled gave
written informed consent.

Incident TB was defined as the first new clinical episode of TB diagnosed during ART for
which the date of onset of overt symptoms occurred after ART initiation; TB episodes were
dated according to symptom onset. The terms ‘early’ and ‘short-term” ART were used
interchangeably and were defined as the first 4 months of treatment. ‘Long-term” ART was
defined as treatment beyond 4 months. The terms ‘updated CD4 cell count’ and ‘updated
viral load’ were used to refer to follow-up measurements during ART. TB diagnoses
fulfilled WHO criteria for smear-positive pulmonary TB, smear-negative pulmonary TB or
extrapulmonary TB [26].

Data analysis

Data were analysed using STATA version 10.0 (College Station, Texas, USA). Data from
all patients who initiated ART between September 2002 and March 2006 were included.
Person-time at risk of TB was accrued from the date of starting ART until either occurrence
of incident TB, death, loss to follow-up, transfer to another ART programme or censoring of
observation in early 2007. All person-time of observation accrued during treatment of
prevalent TB present at baseline and during treatment of incident TB during ART was
excluded.

As CD4 cell count and viral load measurements were routinely made every 4 months,
person-time was subdivided into 4-month intervals for analysis. Each interval was defined
by the CD4 cell count measurement at the start of the interval; in the event of missing CD4
cell count values (<5% of all intervals), we used the mean of the two values immediately
before and after the start of the interval. These intervals were categorized into CD4 cell
count strata (CD4 cell strata) 0-100, 101- 200, 201-300, 301-400, 401-500 and more than
500 cells/ul. Total person-time accrued within each of the CD4 cell count strata during
follow-up of the cohort was calculated.

TB incidence rates in the overall cohort and within CD4 cell count strata were calculated
and Kaplan—Meier (product limit) calculations were used to estimate TB-free survival. We
compared TB incidence during early (0—4 months) and long-term (>4 months) ART and the
incidence of TB within CD4 cell count strata using Poisson regression; results are presented
as incidence rate ratios (IRRs) with 95% confidence intervals (Cls). In these analyses,
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variances were adjusted for clustering of person-time on individual patients using the
Huber—White sandwich (robust) estimator.

In other analyses, Fisher's exact and Wilcoxon rank-sum tests were used to compare
proportions and medians, respectively, and all statistical tests are two-sided at [alpha] value
of 0.05.

Cohort characteristics and follow-up

Association

During the study period, 2000 consecutive patients were enrolled in the programme. Those
aged less than 15 years (n = 161) and those who were non-naive to ART (n = 85) were
excluded. At data censorship, 274 (15.6%) patients had not received ART because they had
died (n =91, 5.2%), were alive and awaiting treatment (n = 3, 0.2%) or had been deferred
from the programme for a variety of reasons (n = 180, 10.3%). ART was received by 1480
(84.4%) patients; these typically had advanced immunodeficiency and many had previous
TB diagnoses (Table 1).

Of those who received ART, 155 (10.5%) died during treatment, 165 (11.2%) were lost to
follow-up and 91 (6.1%) were transferred or moved out of area. The remaining 1069
(72.2%) patients were alive and receiving ART at the time data were censored. Patients were
followed up for a median of 2.1 years [interquartile range (IQR), 1.5-2.7; range, 1.0-4.5
years]. Overall 2785 person-years of observation accrued during follow-up with person-time
during TB treatment excluded.

During ART, 203 patients developed TB and they had broadly similar baseline
characteristics as patients who did not develop TB except that those developing incident TB
were less likely to have prevalent TB at baseline (Table 1). In those in whom disease site
was specified (n = 198), 147 (74%) had pulmonary and 51 (26%) had extrapulmonary
disease. Overall 64% of cases were microbiologically confirmed. Kaplan—Meier estimates of
TB-free survival proportions at 1, 2 and 3 years were 0.89, 0.85 and 0.82, respectively.

between tuberculosis incidence rates and CD4 cell counts

The overall TB incidence rate during follow-up was 7.28 cases/100 person-years (95%Cl,
6.32-8.36). Rates in the 1st, 2nd, 3rd, 4th and 5th years of the cohort were 12.5 (10.6-14.7),
45 (3.2-6.1), 3.2 (1.8-5.5), 4.5 (1.8-9.2) and 2.2 (0.1-12.5) cases/100 person-years,
respectively.

To provide greater insight into changes in TB incidence rates and the association with
underlying immune recovery, we next calculated TB rates stratified according to updated
CDA4 cell counts categorized into 0-100, 101-200, 201-300, 301-400, 401-500 and more
than 500 cells/pl CD4 cell count strata. A strong graded association was observed with the
highest TB rates during person-time accrued within the less than 100 cells/ul CD4 cell
stratum and the lowest during person-time accumulated within the more than 500 cells/pl
CDA4 cell stratum (Fig. 1).

Poisson regression models were used to examine risk factors for incident TB during long-
term ART. A very strong independent association between TB risk and updated CD4 cell
counts during ART was observed (Table 2). The adjusted TB rate associated with the lowest
CDA4 cell stratum was more than nine-fold higher than the rate associated with the highest
CDA4 cell stratum. TB risk was not, however, independently associated with baseline patient
characteristics, updated viral load measurements or duration of ART, which was included to
control for any survival effect not reflected by updated CD4 cell counts.
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Excess tuberculosis rates during early antiretroviral therapy

Thus far we have demonstrated that TB rates during ART were very strongly associated
with updated CD4 cell counts. However, further analyses exploring the exceptionally high
TB rates (18.8 cases/100 person-years; 95%Cl, 15.2—-23.3) during the first 4 months of ART
found that the rate of TB during this period was much higher than that during long-term
ART having adjusted for relevant covariates.

Initial unadjusted analyses showed that within the 0-100 and 101-200 cells/ul CD4 cell
strata, TB rates during early ART were approximately double the rates during long-term
ART (Fig. 2). In contrast, within the 201-300 cells/ul CD4 cell stratum, rates in two periods
did not significantly differ. This excess TB incidence rate observed during early ART
among those with CD4 cell counts 0-200 cells/ul was found to be confined to the first 4
months of treatment. After adjustment for covariates, including viral load, absolute CD4 cell
count values, clustering and variable interval duration, the incidence rate during early ART
remained significantly higher (adjusted IRR = 1.66; 95%ClI, 1.06-2.59; P = 0.026). Thus,
the excess proportion of TB cases presenting during early ART was 40% (95%Cl, 6-61%).

High persisting tuberculosis rates during long-term antiretroviral therapy

As the extent of CD4 cell count recovery was the dominant association with long-term TB
incidence rates, we next examined how CD4 cell counts changed over 4 years of ART (Fig.
3). The proportion of patients with a CD4 cell count less than 200 cells/ul decreased steeply
from 89% at baseline, reaching less than 10% of patients beyond 128 weeks. Conversely, the
proportion of patients attaining a CD4 cell count more than 500 cells/ul steadily increased,
representing 48% of patients after 4 years (Fig. 3).

We next reasoned that the overall rate of TB in the cohort would be related to the
proportions of person-time accrued at different CD4 cell count levels. Despite excellent CD4
cell count recovery resulting in a steadily increasing proportion of patients achieving a CD4
cell count more than 500 cells/ul, 88% of person-time was nevertheless associated with CD4
cell strata below 500 cells/pl. Thus, in this analysis, only 12% of person-time was associated
with the lowest TB rates achievable during ART (1.5 cases/100 person-years).

Impact of baseline CD4 cell counts on person-time within low CD4 cell strata

We also hypothesized that patients with the lowest baseline CD4 cell counts would accrue
substantially more person-time within the lowest CD4 cell strata and thereby remain at high
risk of TB for long periods. Indeed, during long-term ART, those with baseline CD4 cell
counts of 100 cells/ul or less accrued 40% of person-time with CD4 cell counts in the range
0-200 cells/ul compared with just 17% of person-time accrued by those whose baseline
counts were more than 100 cells/ul (P < 0.001). Thus, patients with the lowest baseline
counts remained at high risk of TB for a longer period of time.

Discussion

In this analysis, we calculated TB incidence rates stratified by serially updated CD4 cell
counts during ART and compared TB rates during early and long-term treatment. Several
key findings emerged. Among patients with CD4 cell counts less than 200 cells/pl, there was
a 1.7-fold excess adjusted TB rate during early ART compared with rates during long-term
treatment (P = 0.026). During long-term ART, a very strong independent association
between TB rates and updated CD4 cell counts was observed. At CD4 cell counts of 200-
500 cells/ul, TB incidence rates remained high but were significantly lower at CD4 cell
counts exceeding a threshold of 500 cells/ul. However, despite excellent immune recovery,
patients spent a large majority of time at CD4 cell counts less than 500 cells/pl and overall
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TB rates in the cohort were, therefore, high. These data substantially extend the findings of
previous studies [7-11], providing important insights that will assist in the development of
approaches to address the challenge of HIVV-associated TB.

We suggest that the excess TB rates during early ART among those with CD4 cell counts
less than 200 cells/ul may be due to ART-induced ‘unmasking’ of subclinical TB that was
present but unrecognized at baseline [20,27]. In patients who develop ‘unmasking’ TB, rapid
immune recovery is thought to trigger host inflammatory responses and development of
symptomatic disease [20]. Although some overt cases of ‘unmasking TB’ have been
described [19,20,28-31], this phenomenon lacks a clear clinical case definition [27] and has
not previously been quantified.

Several lines of indirect evidence support our hypothesis. First, high rates of subclinical,
culture-proven TB have been detected in patients enrolling for ART in this [32] and in other
HIV cohorts in Africa [33—-36]. Immune recovery in the first 4 months of ART in this cohort
is very rapid, even in those with low baseline CD4 cell counts [37]. In keeping with
‘unmasking’ TB, excess rates were restricted to those with baseline CD4 cell counts less
than 200 cells/pl and were confined to early ART [19,20,27,28]. Further corroboration is
derived from a study of Ugandan children in whom a more than two-fold increase in TB
rates during the initial months of ART was attributed to ‘unmasking’ TB [38].

These data suggest that ‘unmasking’ TB may account for over one-third of TB cases
presenting during the initial months of ART in this setting. Cls around this estimate are
wide, however, and confirmatory studies are required. Pre-ART investigations for TB were
routinely done only in those with suggestive symptoms or clinical signs. These data suggest
the potential need for routine microbiological screening for TB at baseline in all patients
starting ART in this setting and this approach is supported by the findings of a more recent
study in this cohort [32].

Although we have previously found that CD4 cell counts were strongly associated with TB
incidence rates during ART [9], the present study used a novel analytic approach to derive
CDA4 cell-stratified TB rates, yielding important new insights. A steep risk gradient was
observed between the highest and lowest CD4 cell strata with a more than 9-fold difference
in adjusted rates. We have used a similar analytic approach to examine changing mortality
risk in this cohort [39]. Whereas mortality risk was found to be largely minimized by the
attainment of an updated CD4 cell count of more than 200 cells/ul, the present study shows
that a threshold of more than 500 cells/ul has to be exceeded to minimize TB rates. Thus,
eligibility criteria for ART initiation that aim to minimize mortality risk are not optimal for
TB prevention.

Immune recovery in this cohort compared very favourably with that observed in ART
cohorts in high-income countries [40]. Approximately half of the patients achieved a CD4
cell count more than 500 cells/ul after 4 years of ART (Fig. 3) and in these patients, TB rates
(1.5 cases/100 person-years) remained approximately only two-fold higher than the rate
among HIV-seronegative adults in a comparable neighbouring community (0.7 cases/100
person-years) [41]. However, despite excellent immune recovery, the large majority of
person-time in this cohort accrued at CD4 cell counts less than 500 cells/pl, with TB rates
ranging between 4.2 and 16.8 cases/100 person-years. As a result, the overall TB incidence
rate in the cohort was high (7.3 cases/100 person-years), approximately 10-fold higher than
the rate in HIV-seronegative adults in these communities [41].

Although this analysis only examined incident TB from the time of ART initiation, other
factors occurring just prior to this may have influenced the findings. Many patients enrolling
in this cohort had recently completed TB treatment, potentially conferring a relative
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protection against further TB episodes [9]. Although all person-time accrued during TB
treatment was excluded from the analysis, a similar protective effect may also have been
present during the period following TB treatment in the many patients with TB diagnoses at
baseline. These effects may have reduced the unadjusted TB incidence rates among those
with the lowest baseline CD4 cell counts.

In multivariate analysis, baseline CD4 cell counts did not have any predictive value for TB
risk over and above that provided by the current CD4 cell count at any given time-point.
This does not support the hypothesis that lower baseline CD4 cell counts are associated with
increased risk of clinically significant persisting defects in TB-specific immune function
during long-term ART [17]. Importantly, however, patients with low baseline CD4 cell
counts accrued much greater person-time within low CD4 cell strata, thereby remaining at
high TB risk for longer periods. Thus, whereas current CD4 cell counts are the key predictor
of instantaneous TB risk, baseline CD4 cell counts are key predictors of cumulative long-
term risk of TB during ART as was similarly found for mortality [39].

Data from this study provide insight into the strategies needed to reduce the long-term
burden of incident TB. Most fundamentally, the time that patients spend at low CD4 cell
counts less than 500 cells/ul needs to be minimized. This requires both earlier HIV diagnosis
and initiation of ART at higher CD4 cell counts. Unfortunately, the current South African
national ART policy restricts eligibility to those with AIDS or a CD4 cell count of less than
200 cells/ul and therefore greatly undermines the potential benefits of ART for TB
prevention. A change in this policy is needed to reduce both high mortality rates [39] and to
improve TB control.

Adjunctive TB prevention strategies such as the WHO “3ls policy’ [18] are also needed to
reduce TB in ART services. Within this policy, intensified case finding (ICF) might be done
not only at baseline but also serially (e.g. 6-monthly) during at least the first year of ART
when TB rates are highest. This approach might particularly target those with persistently
low CD4 cell counts. Use of IPT concurrently with ART is likely to reduce long-term TB
rates [42] but data from randomized controlled trials are awaited [43]. However, initiation of
IPT at the same time as ART may be problematic because high rates of subclinical active
TB at baseline and ‘unmasking’ TB during the first 4 months of ART may inadvertently lead
to many patients with active TB receiving isoniazid monotherapy. In light of our findings, a
logical approach might be to consider initiating IPT after completion of the first few months
of ART.

Strengths of this study include good patient retention and ascertainment of outcomes,
frequent monitoring of CD4 cell counts and the novel analytic approach. Some person-time
may have been misclassified as CD4 cell counts continuously change over time. Some TB
disease may have remained unascertained among those who died, leading to underestimation
of TB rates particularly in those with the lowest CD4 cell counts. Not all TB cases were
proven by culture of Mycobacterium tuberculosis, although the rates and proportions of
pulmonary and extrapulmonary disease reported are entirely consistent with other data from
this setting [6,8,9,41]. The multiple lines of evidence for ‘unmasking’ TB during early ART
are indirect and yet provide a coherent and biologically plausible explanation.

Baseline characteristics of the patients were typical of patients in ART roll-out programmes
across Africa, but rates of loss to follow-up were comparatively low [44]. Such losses are
not related to degree of immunodeficiency in this cohort [25] and so we do not suspect they
affected the TB rates observed. The countries of southern Africa are the areas of the world
hit hardest by the TB and HIV epidemics and the absolute TB rates recorded are likely to be
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higher than those in other regions. Nevertheless, the key relationship between TB risk and
updated CD4 cell counts is likely to be applicable in other settings.

In conclusion, low baseline CD4 cell counts and ‘unmasking’ of subclinical TB are likely to
explain the high burden of TB during the first 4 months of ART. This may potentially be
reduced by initiation of ART at higher baseline CD4 cell counts and more effective
screening for TB at baseline. The high long-term TB incidence is strongly associated with
the proportion of person-time at CD4 cell counts less than 500 cells/ul and adjunctive TB
prevention interventions are undoubtedly needed. However, the impact of ART on TB
prevention in low-resource settings would be greatly improved by ART policies that
minimize the time patients spend with CD4 cell counts less than 500 cells/pl.
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Fig. 1. Graph of tuberculosisincidencerates (95% confidenceinterval, cases/100 per son-years)
plotted against serially updated CD4 cell counts measured during total duration (early and late)

of antiretroviral therapy

CD4 cell counts (cells/ul) were measured at baseline and 4-monthly during antiretroviral
therapy (ART). Tuberculosis (TB) incidence rates are seen to decrease with increasing CD4
cell counts. Data used to derive these rates are displayed in the table beneath. Median CD4
cell counts within 0-100, 101-200, 201-300, 301-400, 401-500 and more than 500 CD4
cell strata were 60, 157, 250, 345, 446 and 700 cells/ul, respectively. Cl, confidence interval.
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Fig. 2. CD4 cell-stratified tuberculosisincidence rates during first 4 months of antiretroviral
therapy (early antiretroviral therapy) and during per son-time ther eafter (late antiretroviral

therapy)
Within each of the CD4 cell strata 0-100, 101-200 and 201-300 cells/ul, tuberculosis (TB)

incidence rates during early antiretroviral therapy (ART) are compared with rates during late
ART [cases/100 person-years, 95% confidence interval (CI)]. Incidence rates and incidence
rate ratios (IRRS) for these CD4 cell strata are shown. Within the two lowest strata (0-100
and 101-200 cells/ul), TB incidence rates during early ART were approximately double the
rates during long-term ART in unadjusted analyses and 1.7-fold higher in adjusted analyses
(P=0.026).
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Fig. 3. Changesin CD4 cell countsduring 4 years of antiretroviral therapy

The graph shows the changes in the proportions (%) of patients with CD4 cell counts lying
below thresholds of 200, 500 and 1000 cells/pl with increasing duration of antiretroviral
therapy (ART). During the first year of ART, the proportion of patients with a CD4 cell
count less than 200 cells/pl decreased steeply from 89% at baseline, eventually accounting
for less than 10% of patients. In contrast, the proportion of patients with CD4 cell counts
more than 500 cells/pl increased steadily over time reaching 48% after 47 years. Only data
from patients with at least two serial measurements were included and the numbers of
patients represented at 0, 48, 96, 144 and 208 weeks were 1313, 1129, 595, 237 and 97,
respectively.
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Baseline characteristics of patients who initiated antiretroviral therapy and of those who did or did not develop
tuberculosis during treatment.

Total (n = 1480)

Incident TB (n = 203)

Noincident TB (n = 1277)

Mean age (years)
Men
Baseline WHO stage 1 and 2
3
4
Baseline CD4 cell count
Median (IQR)
2150
100-149
50-99
<50
Baseline viral load
Median (IQR)
25.0
<5.0
History of previous TB

TB treatment at baseline

34.0
448 (30)
294 (20)
825 (56)
360 (24)

97 (47-155)
388 (27)
308 (22)
351 (25)
375 (26)

4.84 (4.44-5.25)
570 (41)
829 (58)
686 (46)
448 (30)

33.2
56 (28)
35 (17)
112 (55)
56 (28)

95 (46-143)
45 (23)
50 (25)
49 (25)
54 (27)

4.86 (4.50-5.26)
92 (44)
118 (56)
116 (57)
32 (16)

34.1
392 (31)
259 (20)
713 (56)
304 (24)

97 (47-155)
343 (28)
258 (21)
302 (25)
321 (26)

4.85 (4.44-5.26)
478 (40)
711 (60)
570 (45)
416 (33)

Values represent numbers (%) unless otherwise stated. CD4 cell counts in cells/pl. Viral load in log1gcopies/ml. IQR, interquartile range; TB,

tuberculosis.
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