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Abstract
Background Infection with the Human Immunode�ciency Virus (HIV) dramatically increases the risk of
developing active tuberculosis (TB). Several studies have indicated that co-infection with TB increases
the risk of HIV progression and death. Sub-Saharan Africa bears the brunt of these dual epidemics, with
about 2.4 million HIV-infected people living with TB. The main objective of our study was to assess
whether the pre-HAART CD4+ T-lymphocyte counts and percentages could serve as biomarkers for post-
HAART treatment immune-recovery in HIV-positive children with and without TB co-infection.

Methods The data analyzed in this retrospective study were collected from a cohort of 305 HIV-infected
children being treated with HAART. A Lehmann family of ROC curves were used to assess the diagnostic
performance of pre- HAART treatment CD4+ T-lymphocyte count and percentage as biomarkers for post-
HAART immune recovery. The Kaplan–Meier estimator was used to compare differences in post-HAART
recovery times between patients with and without TB co-infection.

Results We found that the diagnostic performance of both pre-HARRT treatment CD4+ T-lymphocyte
count and percentage was comparable and achieved accuracies as high as 74%. Furthermore, the
predictive capability of pre-HAART CD4+ T-lymphocyte count and percentage were slightly better in TB-
negative patients. Our analyses also indicate that TB-negative patients have a shorter recovery time
compared to the TB-positive patients.

Conclusions Pre-HAART CD4+ T-lymphocyte count and percentage are stronger predictors of immune
recovery in TB-negative pediatric patients, suggesting that TB co-infection complicates the treatment of
HIV in this cohort. These �ndings suggest that the detection and treatment of TB is essential for the
effectiveness of HAART in HIV-infected pediatric patients.

Introduction
Of the 38 million people worldwide living with Human Immunode�ciency Virus (HIV), it is estimated that
2.8 million are children (<19 years) [1]. According to the standard of care for clinical and laboratory
monitoring of pediatric HIV infection, markers such as plasma HIV RNA and CD4+ T-lymphocyte count
should be assessed routinely [2]. However, the majority of HIV-infected children live in sub-Saharan Africa
[3], where such routine monitoring is often unavailable [4, 5]. Due to prohibitive equipment and reagent
costs, as well as a lack of laboratory facilities and trained personnel, clinics in resource-limited settings
are often ill-equipped to measure these markers as regularly as recommended [6]. Furthermore, even in
places where facilities are available, most patients cannot access them consistently [6]. The absence of
such longitudinal marker measurements makes it di�cult to monitor HIV-infected children on highly
active antiretroviral therapy (HAART) regimens, which typically last multiple years. Therefore, methods
enabling the prediction of post-HAART outcomes from existing patient data are of vital necessity as they
provide a cost-effective alternative to routine monitoring in resource-limited settings. Predictive models of
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HIV disease prognosis will be more clinically useful if they account for the effect opportunistic co-
infections, such as tuberculosis (TB) [7].

HIV and TB co-infection, in particular, poses a signi�cant global health challenge as one in three HIV-
positive individuals is estimated also to be infected with TB [8]. Sub-Saharan Africa bears the brunt of
these dual epidemics, accounting for 79% of all TB co-infected patients worldwide [8, 9]. Furthermore, the
two pathogens act synergistically to worsen patient outcomes: TB is the most common opportunistic
disease and leading cause of death amongst HIV-infected individuals; correspondingly, areas with the
highest prevalence of HIV infections have seen the greatest increase in the incidence of TB over the past
20 years [10, 11]. The nature of these diseases to potentiate one another changes the approaches one
must take when attempting to treat both infections concurrently.

Previous medical research has highlighted many challenges in treating HIV in the presence of TB co-
infection [12]. For instance, drug-to-drug interactions between rifampin, one of the most commonly used
TB antibiotics worldwide, and various HIV highly active antiretroviral therapies (HAARTs) can yield
unintended therapeutic consequences [13]. While rifampin targets TB by inhibiting bacterial RNA
polymerase, the drug also induces cytochrome P450 (CYP), a hemoprotein critical for the metabolism of
drugs and other foreign molecules [14, 15]. This can accelerate the degradation of HIV-targeting protease
inhibitors, resulting in subtherapeutic concentrations of HAARTs in TB co-infected patients [16].
Furthermore, the existence of multiple drug-resistant (MDR) TB strains [17], varied TB presentations
(including miliary, exudative pleuritis, and tracheobronchial [18]), and differential clinical manifestations
in pediatric patients [19] add additional challenges to this problem. Therefore, to account for the inherent
complexity of TB co-infection, models of HIV disease prognosis must be designed for speci�cally de�ned
patient populations.

The majority of �ndings regarding TB co-infection were derived from studies of HIV-positive adult
cohorts; however, investigations on TB co-infection in children are still lacking [20]. Therefore, the main
objective of our study was to determine if the impact of pre-HAART CD4+ T-lymphocyte count and
percentage on pediatric immune recovery varied based on TB co-infection status. Using data from a
cohort of HIV-positive children from Accra, Ghana, we assessed the ability of CD4+ T-lymphocytes to act
as biomarkers for immune recovery. Precisely, CD4+ T-lymphocyte counts and percentages measured
before the initiation of treatment were used. Using the Receiver Operating Characteristic (ROC) curves, we
measured the diagnostic performances of these markers following adjustments for TB co-infection
status, the primary covariate of interest. Additional concomitant variables such as age were also
accounted for separately. 

Methods
Study Participants: The data analyzed in this retrospective study were collected from a cohort of HIV-
infected children treated with highly active antiretroviral therapy (HAART) in Accra, Ghana. The rationale,
methods, and recruitment of the participants have been described in detail previously [21]. The cohort
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consisted of 305 HIV-positive children between 0 – 13 years of age who initiated HAART regimens
between June 2004 and December 2009. The study was reviewed and approved by both the Yale
University Human Investigation Committee and the University of Ghana Medical School.

Study Measures: The primary outcome of interest in this study was immune recovery status. A patient
was de�ned as having achieved immune recovery if they reached and maintained a target CD4+ T-
lymphocyte percentage of 25% following the initiation of HAART [22, 23]. CD4+ T-lymphocyte count and
percentage were collected before the initiation of HAART. Pre-HAART CD4+ T-lymphocyte count and
percentage were quanti�ed after surface staining (CD3+ CD4+) by standard �ow cytometry using a
FACSCount system (Becton-Dickinson, Franklin Lakes, NJ) at Korle-Bu Teaching Hospital. Other
concomitant demographic and HIV disease characteristics of the study participants included sex, age at
study entry, age at HIV diagnosis, CDC-de�ned clinical category of HIV infection, and presence of TB co-
infection.

Statistical Analysis: Descriptive measures (such as frequency, percent, median and IQR) were used to
summarize data. Con�dence intervals for immune recovery rates were estimated using methods for exact
binomial con�dence intervals. Fisher’s exact test was used to compare immune recovery rates between
HIV patients with and without TB co-infection. Wilcoxon rank sum test was used to compare pre-HAART
CD4+ T-lymphocyte count and percentage between HIV patients with and without TB co-infection. The
Kaplan-Meier estimator was used to compare time-to-immune recovery between patients with and
without TB co-infection, and signi�cance was tested using the log-rank test statistic. Lehmann family of
Receiver Operating Characteristic (ROC) curves were used to assess the diagnostic performance of pre-
treatment CD4+ T-lymphocyte count and percentage as biomarkers for immune recovery. In this model,
the ROC curve can be modeled as  where  represents the false positive rate,  represents the true positive
rate, and  is a measure of marker performance with values closer to zero indicating increased diagnostic
accuracy [24].

Results
The study included a total of 305 HIV-infected children who initiated HAART regimens between 2004 and
2009 at Korle-Bu Teaching Hospital in Accra, Ghana. The children were followed during the study period
until they achieved immune recovery or were censored on the last day of contact. The median follow-up
time was 52 (IQR=25-81) weeks and the majority of study participants achieved immune recovery (n=180,
59%) during the study period. However, approximately 24% (n=72) failed to achieve immune recovery, and
17% (n=53) had an unknown immune recovery status. Fifty percent (n=153) of the children were males,
and the median age of the participants was 5.6 (IQR=2.41-8.02) years. Fifty-one percent of participants
(n=155) were TB-positive at study entry.

To assess the effect of TB on the e�cacy of HIV treatment in the study participants, we compared
immune recovery rates and time-to-immune recovery between patients with and without TB co-infection.
The recovery rate in TB-negative patients was 76%, with a 95% exact binomial con�dence interval of 69%
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to 84%. Moreover, the recovery rate in TB-positive patients was 67%, with a 95% exact binomial
con�dence interval of 58% to 75%. The recovery rates between the two groups were not statistically
signi�cant (p=0.881). Figure 1 shows Kaplan-Meier curves comparing the time-to-immune recovery
between patients with and without TB co-infection. The Kaplan-Meier curves show that children without
TB co-infection had shorter time-to-immune recovery at earlier time points (i.e., <150 weeks). Median time-
to-immune recovery was 65 (95% CI: 59-81) weeks for TB co-infected patients and 54 (95% CI: 40-62)
weeks for patients without TB. The log-rank tests comparing the time-to-immune recovery between the
two TB groups indicate no signi�cant difference (p=0.10).

The main objective of our secondary data analyses was to assess the diagnostic performance of pre-
HAART CD4+ T-lymphocyte counts and percentages as biomarkers of post-HAART immune recovery. We
then compared the pre-HAART CD4+ T-lymphocyte counts and percentages between patients who
achieved and those who didn’t achieve immune recovery. Figure 2 displays the distribution of pre-HAART
CD4+ T-lymphocyte counts (on the left) and percentages (on the right) by recovery status. The dotted
lines in the �gure indicate median pre-HAART CD4+ T-lymphocyte counts (median=361 cells/mm3;
IQR=129-664) and percentages (median=12; IQR=6.85-16.5) among all patients. As can be seen from
Figure 2, pre-HAART CD4+ T-lymphocyte counts were signi�cantly higher in patients who achieved
immune recovery (p<0.0001). Median pre-HAART CD4+ T-lymphocyte counts was 391 cells/mm3 (95% CI:
229-697) and 197 cells/mm3 (95% CI: 48-431) in patients who achieved and did not achieve recovery,
respectively. Pre-HAART CD4+ T-lymphocyte percentages were also signi�cantly higher in patients who
achieved immune recovery (p<0.0001). Median pre-HAART CD4+ T-lymphocyte percentage was 13.6 (95%
CI: 8.50-17.6) and 7.2 (95% CI: 3.1-10) in patients who achieved and did not achieve immune recovery,
respectively. Figure 3 displays the ROC curves for pre-HAART CD4+ T-lymphocyte counts and
percentages. Pre-HAART CD4+ T-lymphocyte counts and percentages had a 66% (AUC=0.66; 95% CI: 0.59-
0.73) and a 70% (AUC=0.70; 95% CI: 0.62-0.78) probability of correctly distinguishing a recovered from
non-recovered patient. Though the overall diagnostic accuracy of the pre-HAART CD4+ T-lymphocyte
percentages was higher, there was no statistically signi�cant difference between the ROC curves of the
pre-HAART CD4+ T-lymphocyte counts and percentages (p=0.754).

We then examined if the performance pre-HAART CD4+ T-lymphocyte counts and percentages as
biomarkers of immune recovery varied by TB status. Figure 4 shows the ROC curve for pre-HAART CD4+
T-lymphocyte counts and percentages in TB-negative and TB-positive patients. There was no difference in
the performance of pre-HAART CD4+ T-lymphocyte counts (p=0.264) and percentages (p=0.150) as
biomarkers of immune-recovery between the two TB groups. The areas under the ROC curve of the pre-
HAART CD4+ T-lymphocyte counts were 0.70 (95% CI: 0.61-0.79) and 0.63 (95% CI: 0.53-0.72) in TB-
negative and positive patients, respectively. Similarly, the areas under the ROC curve of the pre-HAART
CD4+ T-lymphocyte percentage were 0.74 (95% CI: 0.64-0.85) and 0.63 (95% CI: 0.51-0.75) in TB-negative
and positive, respectively. Finally, due to the known variation of T-lymphocyte counts with age [25], we
assessed if age of the patients impacts the performance of the two biomarkers. We found that there was
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no difference in the performance of pre-HAART CD4+ T-lymphocyte counts (p=0.935) and percentages
(p=0.716) as biomarkers of immune-recovery between younger (≤5 years) and older patients (5+ years).

Discussion
The main objective of this secondary data analysis was to assess whether the pre-HAART CD4+ T-
lymphocyte counts and percentages can be used as biomarkers of post-HAART immune recovery in HIV-
infected children with and without TB co-infection. The cohort we analyzed was comprised of 305 HIV
infected children (age 0 – 13 years) who received HAART treatment between 2004 and 2009 at Korle-Bu
Teaching Hospital in Accra, Ghana. Fifty-one percent of the children presented with TB co-infection. In
sub-Saharan Africa, the challenges associated with monitoring pediatric HIV progression are
compounded by the high prevalence of opportunistic infections in HIV-positive children, the deadliest of
which is TB [20]. TB co-infection is endemic in sub-Saharan Africa and known to complicate HIV
treatment regimens and increase the risk of HIV progression and death [26]. Therefore, clinical models of
immune recovery based on patient status prior to the initiation of treatment are vitally important for
predicting patient outcomes in resource-limited settings. Accordingly, we assessed the use of pre-HAART
CD4+ T-lymphocyte count and percentage as biomarkers of immune recovery in HIV-infected children on
HAART regimens and used statistical methods to adjust for important covariates such as TB co-infection.

The post-HAART immune recovery rate of patients without TB co-infection was 6% greater than that of
patients with TB co-infection (76% versus 69%). However, this difference was not statistically (p=0.881),
corroborating previous �ndings [22]. Kaplan-Meier analysis of time-to-immune recovery following the
initiation of HAART regimens demonstrates that patients without TB co-infection recover 11 weeks earlier
on average than TB co-infected patients. However, this difference was also statistically insigni�cant,
corroborating previous �ndings [22]. Median time-to-immune recovery was 65 (95% CI: 59-81) weeks for
TB co-infected patients and 54 (95% CI: 40-62) weeks for patients without TB. These �ndings suggest
that TB co-infection negatively impacts the e�cacy of HAART treatment; however, the effects observed in
this cohort are not very pronounced.

Previous pediatric studies have found that lower pre-treatment CD4+ T-lymphocyte count is associated
with weaker immune recovery following HAART initiation [28–30]. Results from the cohort analyzed in
our study corroborate this �nding, as patients who achieved post-HAART immune recovery had
signi�cantly higher pre-HAART CD4+ T-lymphocyte counts and percentages. However, our �ndings
suggest that pre-treatment CD4+ T-lymphocyte count is not a particularly strong predictor of immune
recovery. We found that pre-HAART CD4+ T-lymphocyte counts and percentages had a 66% and 70%
probability of correctly distinguishing a recovered from the non-recovered patient (AUC: 70% versus 66%).
However, these differences were not statistically signi�cant. Additionally, while CD4+ T-lymphocyte
percentage is preferred over CD4+ T-lymphocyte count due to its reduced variability in pediatric patients
[25], we found the diagnostic performance of both markers to be comparable in the absence of covariate
adjustments.
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We found the diagnostic accuracy of both markers was not signi�cantly impacted by TB co-infection
status (Figure 3). While the diagnostic accuracy of both markers was comparable within TB-positive and
TB-negative subgroups, pre-HAART CD4+ T-lymphocyte count and percentage were more accurate
predictors of immune recovery in patients without TB co-infection, with AUCs about 10% greater than
patients with TB co-infection. The well-documented negative synergy between HIV and TB complicates
concurrent treatment of both diseases, likely contributing to the poor diagnostic accuracy we observe in
the TB-positive group. Finally, due to the known variation of T-lymphocyte counts with age, we assessed if
age of the patients impacts the diagnostic performance of the two biomarkers. We found the diagnostic
accuracy of both markers is not signi�cantly impacted by age, con�rming �ndings from a cohort of HIV-
infected children from the USA [30]. Even in children less than �ve years of age, our results demonstrate
that the diagnostic accuracy of pre-treatment CD4+ T-lymphocyte count and percentage are comparable
(AUC: 67.5% versus 64.6%). While previous literature has shown CD4+ T-lymphocyte percentage to be a
more clinically interpretable indicator of disease progression in young children than other common
markers including viral load and CD4+ T-lymphocyte count [31, 32], these results, taken with previous
�ndings, suggest that pre-treatment CD4+ T-lymphocyte count is an adequate surrogate marker of
immune recovery in this instance. This is bene�cial to the current standard of care because procedures to
enumerate CD4+ T-lymphocyte count require less technical equipment and are often more feasible in
resource-limited settings [33].

Previous studies have explored the predictors of immune recovery in the global HIV-infected population
 [34–36]. However, fewer studies have focused on children in resource-limited settings [21], and to the
best of our knowledge, none have jointly considered the impact of TB co-infection. Our �ndings suggest
that TB co-infection negatively impacts the e�cacy of HAART treatment and diminishes the ability to
predict immune recovery in pediatric patients. However, in the absence of TB co-infection, we
demonstrate that widely available pre-treatment markers such as CD4+ T-lymphocyte count and
percentage are strong predictors of immune recovery, offering diagnostic accuracy as high as 74%. These
�ndings contribute novel models of disease progression in the context of HIV-TB co-infection.

Conclusion
In this study, we assess the ability of pre-HAART CD4+ T-lymphocyte counts and percentages to be used
as biomarkers of post-HAART immune recovery in HIV-infected children with and without TB co-infection.
We �nd that both biomarkers are adequate indicators of pediatric immune recovery, although their
diagnostic accuracy is lowered in patients with TB co-infection. Additionally, we demonstrate that median
recovery times following the administration of HAART is shorter in patients without TB co-infection.
These novel �ndings are particularly relevant to pediatric clinics in low-resource settings where HIV-TB co-
infection is highly prevalent and patient monitoring is di�cult. Taken together, these �ndings
demonstrate the necessity of detection and treatment of TB in HIV-infected pediatric patients.

Abbreviations
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HIV: Human Immunode�ciency Virus; TB: tuberculosis; HAART: highly active antiretroviral therapy; ROC

curve: Receiver Operator Characteristic curve; AUC: area under the ROC curve; CYP: cytochrome P450;
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Figure 1

Kaplan-Meier estimates of time until immune recovery for HIV-infected patients with and without TB co-
infection.
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Figure 2

Distribution of pre-HAART CD4+ T-lymphocyte counts and percentages by post-HAART immune recovery
status. The lower and upper panels of the �gure are for patients who achieved and failed to achieve post-
HAART immune recovery, respectively.
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Figure 3

ROC curves for pre-HAART CD4+ T-lymphocyte counts and percentages.
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Figure 4

ROC curves for pre-HAART CD4+ T-lymphocyte counts and percentages by TB status. The left and right
panels of the �gure are for TB-negative and TB-positive patients, respectively.


