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Abstract
Critical Evaluation of Tuberculosis Diagnostic Tests in Low- and High-Burden Settings
by
John Metcalfe
Doctor of Philosophy in Epidemiology
University of California, Berkeley
Professor Arthur Reingold, Chair

Tuberculosis (TB) is the second leading cause of death from an infectious disease worldwide and
remains a major public health challenge, particularly in resource limited settings. Given the
effectiveness of current treatment regimens, enhanced detection of disease in both low- and high-
burden settings will be critical in making progress towards TB elimination.

As TB case rates have declined in high-income settings, TB control has centered on finding and
treating individuals with non-infectious latent TB infection (LTBI) in order to prevent
reactivation infectious TB disease. Since 20035, the Centers for Disease Control and Prevention
has recommended use of interferon-y release assays (IGRAs), in vitro immuno-diagnostic tests
that measure effector T-cell mediated interferon-gamma (IFN-y) response to M. tuberculosis
specific antigens, could be used for targeted screening of LTBI in all circumstances in which the
tuberculin skin test (TST) is used. We found that higher quantitative [IFN-y results were
associated with active tuberculosis and added clinical value to a prediction model incorporating
conventional risk factors; however, in all settings and especially within low- and middle-income
countries, IGRAs are inadequate rule-out or rule-in tests for active TB. Although IGRAs are
widely used in high-income countries and numerous studies have evaluated their diagnostic
performance for detection of LTBI, there is limited data on the precision of IGRA results. In the
largest precision study of an IGRA to date, we found considerable variability in TB response
measured by QuantiFERON-TB Gold In-Tube (QFT-GIT, Cellestis, Australia); test results
should be interpreted cautiously among low-risk individuals with positive TB response less than
0.59 IU/ml.

In contrast to low TB burden, high income settings, TB control in low income settings focuses on
early detection and treatment of individuals with active, infectious TB. In the WHO African
Region, the incidence of multidrug resistant TB (MDR-TB) has tripled in the past 20 years and
poses a major risk to regional TB control programs. Accurate, timely, and affordable drug
susceptibility testing for patient management and in support of surveillance programs is urgently
needed. In a politically unstable, high HIV prevalence region of southern Africa, we validated
use of a low-cost, accelerated phenotypic method for MDR-TB detection, and provide the first
report of the prevalence of MDR-TB from this country in 17 years.
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Introduction and Rationale

Tuberculosis (TB) is an infectious airborne disease caused by the bacillus Mycobacterium
tuberculosis, one of the oldest known pathogens in humans. TB is the second leading cause of
death from an infectious disease worldwide (after the human immunodeficiency virus (HIV)),
and remains a major public health problem, particularly in resource limited settings. A six-month
regimen of four first-line drugs (isoniazid, rifampicin, ethambutol and pyrazinamide) cures ~90%
of cases and has been available since the 1980s; yet, in 2011 the global burden of TB remained
substantial, with nearly 9 million new cases and 1.4 million deaths from TB.

In high-income settings such as the United States, the incidence of TB has declined steadily since
the early 1990s. However, declines have occurred disproportionately among U.S.-born
individuals, so that the majority of TB (and TB/HIV) cases in the U.S. now occur among
immigrants from high TB burden countries. As TB case rates have declined, a major goal of TB
control in high-income settings has centered on finding and treating individuals with non-
infectious latent TB infection (LTBI), in order to prevent reactivation infectious TB disease.
Traditionally, the tuberculin skin test (TST), the oldest clinical diagnostic test still in use today
has been used to identify individuals with LTBI. Since 2005, the Centers for Disease Control and
Prevention (CDC) has endorsed use of interferon-y release assays (IGRAs), in vitro
immunodiagnostic tests that measure effector T cell-mediated interferon-gamma response to
synthetic Mycobacterium tuberculosis—specific polypeptides. In this dissertation, I examine two
major issues arising out of the widespread use of IGRAs. First, [IGRAs, as with the TST, have
been inappropriately employed by clinicians in algorithms for diagnosis of active TB.
Commercial IGRAs have been a lucrative market for the private sector in countries with a high
burden of TB disease and emerging economies (e.g., India, South Africa, Brazil, and China).
Two reports in this dissertation (Chapters 1 and 3) address this issue in low- and high-TB burden
settings, respectively. I presented this work at a World Health Organization (WHO) Expert
Group meeting, resulting in a recommendation by the WHO against the use of IGRAs for active
TB diagnosis in high burden settings. Second, when appropriately used for LTBI diagnosis, there
is lack of convincing evidence in support of defining test cut points for positivity (in low-risk
populations) or test “conversion” (in any population) to guide initiation of treatment for LTBI, an
important issue given the non-trivial nature of LTBI treatment (the most common treatment
regimen entails nine months of a potentially hepatotoxic medication). Using a linear mixed
effects model fit to the numerical IFN-y values, Chapter 3 seeks to provide data concerning
possible cut points that can be used in clinical practice.

In contrast to high income settings, TB control in low income settings focuses predominantly on
early detection and treatment of individuals with active, infectious TB; in these settings, despite
high-quality evidence supporting the use of isoniazid preventive therapy among persons with
HIV co-infection, treating LTBI is considered low-priority. Although new cases of TB globally
have been falling for several years at a slow but steady rate (i.e., a decrease of 2.2% between
2010 and 2011), multidrug resistant (MDR) TB is emerging as a major challenge. The number of
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cases of MDR-TB worldwide is increasing, surpassing 300,000 incident cases in 2011. Yet, less
than one in five of these cases are reported to national TB programs, and fewer than 0.5% are
treated according to standards of care in the United States.

In the WHO African Region, the incidence of MDR has tripled in the past 20 years and poses a
major risk to regional TB control programs. Yet, fewer than half of the 46 countries in the WHO
African Region have provided representative data concerning the prevalence of drug resistance
among M. tuberculosis strains, and only ten have reported such data since 2000. Accurate,
timely, and affordable drug susceptibility testing (DST) of M. tuberculosis in support of
surveillance and patient management is urgently needed in high burden countries. Chapter 4 of
this dissertation deals with identification of MDR-TB using low-cost, accelerated phenotypic
methods in a politically unstable region of southern Africa with a high prevalence of HIV
infection, and Chapter 5 presents the first report of the prevalence of MDR-TB from this country
in 17 years.



Chapter 1: Evaluation of Quantitative Interferon-y Response for Risk Stratification of
Patients Suspected of Having Active Tuberculosis

Scientific Knowledge on the Subject

The role of interferon-y release assays (IGRAs) in the evaluation of patients suspected of having
active tuberculosis is controversial. Whether IGRAs improve classification of individuals who
are suspected of having tuberculosis and whose sputum smear for acid fast bacilli is negative into
clinically relevant risk categories has not been examined.

What This Study Adds to the Field

Quantitative interferon-y levels measured by QuantiFERON®-TB Gold improves risk
stratification of smear-negative active tuberculosis suspects when added to objective clinical and
demographic risk factors. However, this benefit is attenuated when the judgment of experienced
clinicians is also taken into account.

Abstract

Rationale: The contribution of interferon-y release assays (IGRAs) to appropriate risk
stratification of patients suspected of having tuberculosis has not been studied.

Objective: To determine whether addition of quantitative IGRA results to a prediction model
incorporating clinical criteria improves risk stratification of smear-negative tuberculosis
suspects.

Methods: Clinical data from tuberculosis suspects evaluated by the San Francisco Department of
Public Health Tuberculosis Control Clinic from March 2005 to February 2008 were reviewed.
We excluded tuberculosis suspects who were acid fast bacilli smear-positive, HIV-infected, or
under 10 years of age. We developed a clinical prediction model for culture-positive disease and
examined the benefit of adding quantitative interferon-y results obtained using QuantiFERON®-
TB Gold.

Main Results: Of 660 patients meeting eligibility criteria, 65 (10%) had culture-proven
tuberculosis. The odds of active tuberculosis increased by 7% (95% CI 3-11%) for each doubling
of interferon-y level. The addition of quantitative interferon-y results to objective clinical data
significantly improved model performance (c-statistic 0.71 vs. 0.78, p<0.001) and correctly
reclassified 32% of tuberculosis suspects (95% CI 11-52%, p<0.001) into higher or lower risk
categories. However, quantitative interferon-y results did not significantly improve appropriate
risk reclassification beyond that provided by clinician assessment of risk (5%, 95% CI -7 to
+22%, p=0.14).

Conclusion: Higher quantitative interferon-y results were associated with active tuberculosis,
and added clinical value to a prediction model incorporating conventional risk factors. While this



benefit may be attenuated within centers with highly experienced clinicians, the predictive
accuracy of quantitative interferon-y levels should be evaluated in other settings.

Introduction

Interferon-y release assays (IGRAs) are in vitro immuno-diagnostic tests that measure effector T-
cell mediated interferon-gamma (IFN-y) response to M. tuberculosis specific antigens. IGRAs
are as sensitive and more specific than the tuberculin skin test for detecting latent tuberculosis
infection (LTBI) (1, 2) and have better correlation with gradient of M. tuberculosis exposure (3-
8). In 2005, the Centers for Disease Control and Prevention recommended that QuantiFERON
TB-Gold (QFT-G, Cellestis, Carnegie, Australia) - the first FDA-approved, commercially
available IGRA in widespread use - could be used for targeted screening of LTBI in all
circumstances in which the tuberculin skin test (TST) is used (9).

While the advantages of IGRAs in diagnosing LTBI are well established, their role in evaluating
patients suspected of having tuberculosis suspects remains unclear. IGRAs have variable,
though often suboptimal, sensitivity and specificity for diagnosing active tuberculosis (1, 2, 10-
16). To date, with the exception of studies examining these assays in parallel with the TST (11,
17), IGRAs have not been considered in light of conventional risk factors for active disease. In
addition, whether IGRAs improve prediction of an individual patient’s likelihood of having
active tuberculosis has not been examined.

Acid fast bacilli (AFB) smear-positive tuberculosis suspects can often be triaged with relative
ease. However, in suspects whose sputa or other tissue are smear-negative for AFB, clinicians
use demographic and clinical risk factors, symptoms, and chest radiograph findings to classify
patients into low, intermediate, or high risk categories for active tuberculosis. Patients classified
as being at high risk are typically initiated on anti-tuberculosis therapy, whereas treatment is
withheld for low risk patients. In this study, we use novel risk reclassification methods (18) to
assess whether addition of quantitative IFN-y response measured by QuantiFERON TB-Gold
(QFT-G, Cellestis, Carnegie, Australia) to routine clinical evaluation improves risk stratification
of smear-negative pulmonary and extrapulmonary tuberculosis suspects.

Some of the results of these studies have been previously reported in abstract form (19).

Methods

Study Population

The San Francisco Department of Public Health (SFDPH) operates a central Tuberculosis
Control Clinic that routinely screens contacts, immigrants and refugees, as well as hospitalized,
private, and community health center patients for LTBI and active tuberculosis in accordance
with American Thoracic Society (ATS), Centers for Disease Control and Prevention (CDC) and
Infectious Diseases Society of America (IDSA) guidelines (20). The target population for this
study includes AFB smear negative pulmonary or extrapulmonary tuberculosis suspects who
presented to the SFDPH Tuberculosis Control Clinic between March 2005 and February 2008
and had QFT-G performed as part of their initial evaluation. Patients with QFT-G results that
were (1) indeterminate; (2) performed greater than 14 days prior to or 14 days following their
initial clinic visit; or (3) performed more than 7 days into a course of tuberculosis treatment were



excluded. In addition, patients aged less than 10 years (in whom adult-type, non-paucibacillary
disease is uncommon) (21, 22); with a positive AFB smear examination; known diagnosis of
active tuberculosis at presentation; known HIV-infection; or with a final diagnosis of culture-
negative tuberculosis were excluded. Demographic and clinical information was extracted from
the SFDPH Tuberculosis Control Clinic electronic database. QFT-G assays were performed at
the SFDPH laboratory according to the manufacturer’s instructions (23). Patients were
considered to have active tuberculosis only when there was culture confirmation of M.
tuberculosis. The study protocol was approved by the Committee for Human Research at the
University of California, San Francisco.

Statistical Methods

The analysis included the following steps. First, a novel model selection procedure, the
Deletion/Substitution/Addition (DSA) algorithm (24), was used to select the optimal prediction
model for culture-confirmed tuberculosis using standard clinical and demographic variables; the
following limits for the DSA algorithm were set: third order polynomials, second order
interaction terms, and maximum model size of 10 variables. Covariates were considered for
inclusion in the model based on previous studies of risk factors for active tuberculosis and
included the following: age, gender, foreign birth, homelessness, contact with an active
tuberculosis case, previous history of active tuberculosis, predisposing medical condition (e.g.,
diabetes mellitus, silicosis, cancer, or condition requiring use of immunosuppressive
medications), symptoms of active tuberculosis (e.g., night sweats, weight loss, or cough), and
findings on initial chest radiograph. We also performed a secondary analysis in which clinician
suspicion for active disease at the time of patient evaluation (classified as low, intermediate, or
high) was added to the baseline clinical prediction model generated by DSA.

Second, patients were classified as low (< 5%), intermediate (5-20%), or high risk (>20%) for
active tuberculosis based on the probability assigned by the baseline clinical prediction model
(this classification was distinct from clinician suspicion for active disease described above). The
lower and upper probability cut-points for tuberculosis risk categories were selected based on the
assumption that empiric tuberculosis treatment would be withheld when the probability of active
tuberculosis was below the lower risk threshold (low risk) and prescribed when the probability
was above the higher risk threshold (high risk). Sensitivity analyses were performed using
alternate low and high risk thresholds of 2.5% and 10%, and 10% and 30%.

Third, quantitative IFN-y results were added to the clinical prediction model. Performance of the
prediction models with and without quantitative IFN-y results were then compared using
receiver-operator characteristic (ROC) analysis (25) and net reclassification index (NRI) (18).
Based upon the pre-specified risk thresholds, the NRI reflects the net proportion of patients with
culture-positive tuberculosis reclassified into a higher risk category, plus the net proportion of
patients without culture-positive tuberculosis reclassified into a lower risk category (NRI =
[P(uplD =1) — P(downlD =1)] — [P(uplD =0) — P(downlID =0)]). Final estimates of NRI and AUC
were obtained using 10-fold cross-validation. Bootstrap confidence intervals for the NRI
estimate are reported based on 1000 re-sampling iterations.

All p-values were two-sided with a=0.05 as the significance level. All analyses were performed
using Stata 10 (Stata Corporation, College Station, Texas) and R, version 2.8.1 (R Project for
Statistical Computing).



Results

0f 1000 active tuberculosis suspects who had a QFT-G performed as part of their evaluation, 660
were included in the analysis (Figure 1). Of the 660 suspects, 630 (95%) had sputa and 30 (5%)
had other tissue sent for AFB smear and culture as part of their diagnostic evaluation. Sixty-five
(10%) patients were ultimately diagnosed with culture confirmed tuberculosis, of whom 14
(22%) had extrapulmonary tuberculosis. Median IFN-y level was similar in patients with
pulmonary and extrapulmonary disease (1.1 IU/ml vs. 1.0 IU/ml, p=0.89). The study population
was predominantly male and foreign-born. Cases were more likely than non-cases to have weight
loss, night sweats, and chest radiographs with evidence of active disease on presentation, and
less likely to have a history of prior active tuberculosis (Table 1). Median IFN-y level was
significantly higher in patients with tuberculosis compared to those without (1.1 IU/ml vs. 0.37
IU/ml, p<0.001), and higher IFN-y levels were associated with increased odds of active
tuberculosis (OR 1.07 (95% CI 1.03-1.11) for each doubling of IFN-y level). For example, a
patient with a quantitative IFN-y result of 10 IU/ml had a 41% (95% CI 16-66%) increased odds
of active tuberculosis relative to a patient with test results at the manufacturer-recommended cut-
point of 0.35 TU/ml. 85% of cases had quantitative IFN-y results in the upper three quintiles of
IFN-y concentration (> 0.23 IU/ml), while only 6% of cases were in the lowest quintile (< 0.04
IU/ml) (Table 1). Sensitivity and specificity of QFT-G for active tuberculosis at the
manufacturer-recommended cut-point were 72% and 47%, and positive and negative predictive
values were 13% and 89%, respectively.

A tuberculin skin test was performed in 117 (18%) patients prior to QFT-G measurement. There
was no difference in the proportion of patients with culture-confirmed tuberculosis among those
who did and did not have a tuberculin skin test performed prior to QFT-G (p=0.41).

Clinical Prediction Model

The baseline prediction model including objective demographic and clinical predictors classified
182 (28%) patients into low risk, 407 (62%) into intermediate risk, and 71 (11%) into high risk
categories. The presence of new infiltrate, pleural effusion, or lymphadenopathy on chest
radiograph was most predictive of active tuberculosis (Table 2).

Quantitative IFN-y Results and Risk Reclassification

The addition of quantitative IFN-y results to the baseline prediction model including
demographic and clinical predictors significantly improved model accuracy (AUC 0.71 (0.64-
0.77) vs. 0.78 (0.73-0.84), p<0.001) (Table 2) and 32% (95% CI 11-52%, p<0.001) of
tuberculosis suspects were correctly reclassified into higher or lower risk categories (Table 3a).
In comparison to the clinical model alone, both case reclassification (14 more cases classified as
high risk and 5 fewer as low risk) and non-case reclassification (90 more non-cases designated as
low-risk and only 7 more classified as high-risk) were improved. Results were similar when
alternate thresholds were used to define risk categories (Supplementary Table 1). Findings on
chest radiograph remained the strongest predictor of active tuberculosis.

Secondary Analysis



We performed a secondary analysis to determine whether quantitative IFN-y levels improved
risk reclassification beyond a prediction model including clinician suspicion. First, we evaluated
whether a similar benefit in risk reclassification occurred when clinician suspicion, rather than
quantitative IFN-y level, was added to the baseline prediction model including objective
demographic and clinical data. When clinician suspicion was added to the baseline model,
accuracy increased (AUC 0.71 (95% C10.64-0.77) vs. 0.82 (95% CI 0.77-0.88), p<0.001) and
45% of tuberculosis suspects (95% CI 23-80%, p<0.001) were appropriately reclassified into
higher or lower risk categories (data not shown). Next, addition of quantitative IFN-y results to
this expanded model including clinician suspicion significantly increased accuracy (AUC 0.82
(0.77-0.88) vs. 0.86 (0.81-0.91), p=0.02), but not net reclassification index (NRI 4%, 95% CI -
0.07-0.22, p=0.14). Improved prediction among tuberculosis cases was outweighed by worse
performance among non-cases (Table 3b). The addition of QFT-G results at the manufacturer-
recommended cut-point of 0.35 IU/mL in place of quantitative IFN-y levels did not materially
affect results obtained in either the primary or secondary analysis. To further explore
performance in cases and non-cases, we examined individual patients’ risk before and after
quantitative IFN- y level was added to the model. The majority of culture-proven cases showed
an appropriate increase in predicted risk with addition of quantitative IFN- vy results (Figure 2a).
However, both decreased (appropriate) and increased (inappropriate) risk prediction was
common among non-cases (Figure 2b).

Discussion

In this study, we found that quantitative IFN-y results significantly improved risk stratification of
smear-negative pulmonary and extrapulmonary tuberculosis suspects when added to objective
clinical and demographic risk factors. However, this benefit in prediction became attenuated
when clinician suspicion was taken into account. These findings indicate that IFN-y levels
obtained from QFT-G, at either the manufacturer-recommended cut-point or as a quantitative
measure, are unlikely to influence clinical management of active tuberculosis suspects attending
centers with highly experienced clinicians in low incidence settings.

Risk prediction has long been used in the cardiovascular (26, 27) and cancer (28) fields to
improve precision of diagnoses and inform decisions about treatment. Published literature to date
assessing IGRA performance has been limited to considerations of sensitivity, specificity, and
predictive value, though these measures alone do not describe the predictive accuracy of these
assays or the extent to which they improve upon readily available clinical information (29). In
the absence of an established risk prediction model for AFB smear-negative tuberculosis, we
utilized the Deletion/Substitution/Addition (DSA) routine (24) to identify the optimal prediction
model. This state-of-the-art procedure considers non-linear terms and all possible interactions
between predictors. Simultaneously, DSA avoids model overfitting through repeated cross-
validation. The models generated in this study demonstrate moderate to good discrimination,
similar to the Framingham Risk Score for prediction of mortality from coronary heart disease
(27, 30).

Previous studies examining quantitative QFT-G results have shown improved sensitivity when
using cut-points lower than that suggested by the manufacturer (14, 31, 32). However, cut-points
selected from AUC analysis are influenced by disease prevalence in the population being



studied, give equal weight to false positive and false negative test results, and may misclassify
individuals whose test result falls near the selected cut-points (33). Our analyses incorporated
IFN- v levels as a continuous measure, reported diagnostic benefit in light of conventional risk
factors, and used novel reclassification methods that allow QFT-G results to be considered in the
context of standard clinical decision-making. Our overall conclusions weight the net
reclassification results more heavily than improvements in discrimination represented by
increases in AUC. While broadly used as a summary measure of test performance, the area under
the receiver-operator characteristic curve (AUC) does not focus on actual risk probabilities and
their relation to clinical decision-making, and is thus limited in its clinical relevance and utility
for evaluating risk prediction models (29, 34).

The changes in predicted risk of active tuberculosis following consideration of quantitative IFN-
vy results were not uniform. Among intermediate and high risk patients in whom active TB was
eventually ruled out, the addition of quantitative interferon-y results led to clinically significant
decreases in risk probabilities whether or not clinical suspicion was also included in the
prediction model. These findings support previous work emphasizing a high negative predictive
value for QFT-G (11). However, approximately one-quarter of low risk suspects in whom
tuberculosis was eventually ruled out were inappropriately reclassified as intermediate risk after
consideration of quantitative IFN-y results. The possibility that quantitative IFN-y results have
increased clinical utility in intermediate and high risk tuberculosis suspects warrants further
study.

Our study has several limitations. First, net reclassification index results depend heavily upon
both the base prediction model and choice of risk categories. We recognize that addition of IFN-
vy to suboptimal base models could produce large improvements in both discrimination and risk
reclassification. We utilized novel methods to optimize our prediction models and their
performance compares well with other well-accepted risk prediction models (27, 30). In addition,
our risk cut-points were pre-specified, and sensitivity analyses of alternate cut-points did not
modify our findings. Second, clinician suspicion, as used in our expanded clinical model, could
have been influenced in some cases by QFT-G results. This is unlikely to have materially
affected our analysis, as 85% of all QFT-G results were not available at the time of clinical
evaluation, and quantitative interferon-gamma results are not reported by the SFDPH laboratory.
The dramatic improvement in model performance with addition of clinician suspicion, however,
indicates that crucial information is obtained in the work up process beyond our measured
covariates. Future prospective studies should attempt to better define these factors. Third, the test
characteristics of QuantiFERON-TB Gold In-Tube (QFT-G-IT), the most recent generation of
this assay, may differ from QFT-G as used in this study. Last, our analysis is most relevant to
tuberculosis referral centers with experienced clinicians operating in low incidence settings.

In conclusion, quantitative IFN-y results obtained from QFT-G improved clinical evaluation of
tuberculosis suspects compared to objective criteria. But in our highly experienced tuberculosis
control clinic, subjective assessment of risk by clinicians performed even better. Further studies
are needed to examine whether quantitative IGRA results have benefit beyond routine clinician
evaluation in other settings.

ACKNOWLEDGEMENTS The authors would like to thank the staff at San Francisco
Department of Public Health, Tuberculosis Control Section.



Table 1. Description of AFB Smear Negative Active Tuberculosis Suspects

Characteristic

Age (yrs); median (IQR)
Male, %
Race/Ethnicity, %
White
African American
Asian
Hispanic
US Born, %
Positive QFT-G Result,* %
IFN-y Concentration,
IU/ml (IQR)
Quintiles of IFN-y
Concentration (IU/ml), %
<0.04
0.04 - 0.23
0.23-0.9
0.9 -3.12
3.12-10
Active Disease on CXR, %
Clinical Symptoms, %
Night sweats or
weight loss
Cough
Hemoptysis
Previous Active TB, %
Contact with Active TB
Case, %
Predisposing Medical
Condition,T %
Homelessness, %
BCG Vaccination, %
Diabetes Mellitus, %
Clinician Suspicion for
Active TB at Initial
Evaluation, %
Low
Intermediate
High

Total

54 (43-64)
61

6

6

79

9

10

55

0.46 (0.06-
2.42)

19

17
29

15

13

20

73
13
14

Non-Cases
(n=595)

54 (44-65)
61

52
0.37 (0.05-
2.38)

22
20
19
20
19
16

15

28
5
16

2

13

8
20
10

79
12

Culture-
Positive
Cases (n=65)

50 (36-62)
69

9

8

71

12

18

72

1.1 (0.36-
3.77)

34
22
29
43

32
35

11

12
18

26
20
54

p-value

0.06
0.17

0.38

0.02
<0.01

<0.01

<0.001

<0.001

<0.001

0.20
0.33
0.01

0.03

0.60

0.18
0.79
0.19

<0.001



Values are expressed as percentages unless otherwise stated.

* Positive at the manufacturer-recommended cut-point of 0.35 IU/ml.

T Predisposing medical condition: diabetes mellitus, silicosis, cancer, or condition requiring use of
immunosuppressive medications.

Definition of abbreviations: IFN-y = Interferon-gamma; IU/ml = International units per milliliter; IQR =
Interquartile range; US = United States; QFT-G = QuantiFERON®-TB Gold; BCG = Bacillus Calmette-
Guérin vaccine; TB = tuberculosis; CXR = chest radiograph.
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Table 2. Coefficients and Summary Statistics for Prediction Models

Baseline Baseline Baseline Baseline
Clinical Prediction Prediction Prediction
Prediction Model with Model with Model with
Model IFN-y Results Clinician Clinician
Suspicion Suspicion and
IFN-y Results
CXR, Active Disease* 2.92 3.66 0.92 1.18
Night sweats or 1.60 222 1.12 145
weight loss
Previous Active 0.29 0.27 0.24 023
Disease
US Birth¥ 1.80 2.85 2.01 2.95
Foreign Birth, <2 1.41 158 233 2.45
years in US f
Foreign Born, 3-12, - 3.37 2.09 2.65
years in US f
Contact to Active 2.43 2.11 3.69 3.0
Case
High Clinical 19.43 19.31
Suspicion::
Inter.m.edlate Clinical 553 483
Suspicion::
Quantitative IFN-y
Result (effect size per 1.08 1.08
each doubling, IU/ml)
AIC 400 374 346 323
AUC 0.71 (0.64-0.77) 0.79 § (0.73-0.84) 0.82 (0.77-0.88) 0.8611 (0.81-0.91)

Note: all results displayed in Table 3 are cross-validated.
* Reference category: inactive disease or normal CXR
T Reference category: Foreign born, >12 years in U.S.

T Reference category: low clinical suspicion
§ Significant difference (p<.001) between this model and previous model without quantitative

IFN-y results.

11 Significant difference (p=.02) between this model and previous model without quantitative

IFN-y results.

Definition of abbreviations: IFN-y = Interferon-gamma; IU/ml = International units per milliliter;
US = United States; CXR = chest radiograph; AUC = Area under the receiver operating curve,
the probability that a randomly selected case will have a higher test value than a randomly
selected noncase; a perfect test has an area under the curve of 1.0, while a worthless test has an
area of 0.5; AIC = Akaike information criterion, a measure of the goodness of fit of a statistical
model with lower values indicating better fit.
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Table 3: Risk Reclassification Following Incorporation of IFN-y Results

A. Comparison to Baseline Clinical Prediction Model

Model with Clinical
Predictors Alone

In 65 patients who developed
culture-positive disease:

<5% risk
5-20% risk
>20% risk
Total No.

In 595 patients who ruled
out for active tuberculosis:

<5% risk
5-20% risk
>20% risk
Total No.

Model with Clinical Predictors and

Quantitative IFN-y Results

<5% risk 5-20%

risk
7 3
1 27
1 0
9 30
158 18
89 241
17 10
264 269

>20%
risk

0

12
14
26

0

27
35
62

Total
No.

10
40
15
65

176
357
62

595

Per cent
Appropriately
Reclassified
30%

28%

7 %

-10%
17 %
44 %

Net reclassification improvement = 31.9% (p <.001) [Reclassification among patients who
developed culture-positive disease: 20% (p < .01), reclassification among patients who ruled out
for active tuberculosis: 11.9% (p<.001)].

B. Comparison to Expanded Clinical Prediction Model

Model with Clinical
Predictors Alone

In 65 patients who
developed culture-positive

disease:
<5% risk
5-20% risk
>20% risk
Total No.

In 595 patients who ruled
out for active tuberculosis:

<5% risk
5-20% risk
>20% risk
Total No.

Model with Clinical Predictors and

Quantitative IFN-y Results

<5% risk 5-20%

risk
7 9
3 6
1 0
11 15
334 121
20 34
9 18
363 173

>20%
risk

0
7
32
39

14
45
59

Total
No.

16
16
33
65

455
68
72
595

Per cent
Appropriately
Reclassified
56 %

25%

-3%

-27%
9%
38%
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Net reclassification improvement = 3.7% (p = .31) [Reclassification among patients who
developed culture-positive disease: 18.5% (p < .01), reclassification among patients who ruled
out for active tuberculosis: -14.8% (p = 1)].
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Figure 1. Study Flow Diagram

Active tuberculosis suspects
evaluated with
QuantiFERON®-TB Gold,
March 2005 - February 2008,
n= 1000

Ineligible QFT-G, n=173*
QFT-G data incomplete, n=2
QFT-G indeterminate, n=34 (3.4%)

QFT-G performed > 14 days before

or after clinical evaluation, n=100
QFT-G performed >7 days after

Eligible QuantiFERON®-TB
Gold,
n=827 (83%)

treatment initiation, n=57

Active Disease Diagnosed Prior
to Initial Evaluation, n=11

A 4

AFB smear negative active
tuberculosis suspects, n=660

Ruled out for active
tuberculosis, n=595

* Some patients were excluded for more than one reason

\4

Known HIV+, n=52

Age < 10 years, n=9

Final diagnosis of culture-
negative TB, n=38

AFB smear-positive, n=57

Culture-positive
tuberculosis, n=65
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Figure 2a. Changes in Predicted Risk of Active Disease following Incorporation of
Quantitative IFN-y Results, Cases.
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Figure 2b. Changes in Predicted Risk of Active Disease following Incorporation of

Quantitative IFN-y Results, Non-cases.
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Dashed diagonal lines represent no change in risk prediction with addition of quantitative
IFN-y results. Among culture-proven cases, individuals to the right of the dashed diagonal
line indicate higher (and therefore improved) risk prediction, and those to the left indicate
lower (and therefore worse) risk prediction; these criteria are reversed for non-cases.

Horizontal and vertical solid lines indicate lower (5% ) and upper (20%) risk cut points at

ordinate and abscissa, respectively.
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Chapter 2. Interferon-gamma Release Assays for Diagnosis of Active Pulmonary TB
Diagnosis in Adults in Low- and Middle-Income Countries: Systematic Review and Meta-
Analysis

ABSTRACT

Background: The value of IGRAs in the diagnosis of active TB in low- and middle-income
countries is unclear.

Methods: We searched multiple databases for studies published through May 2010 evaluating
the diagnostic performance of QuantiFERON-TB Gold In-Tube (QFT-GIT) and T-SPOT.TB (T-
SPOT) among adults with or suspected of having active pulmonary TB in low- and middle-
income countries. We summarized test performance characteristics using forest plots,
hierarchical summary ROC (HSROC) curves, and bivariate random effects models.

Results: Our search identified 789 citations, of which 27 observational studies (17 QFT-GIT, 10
T-SPOT) evaluating 590 HIV-uninfected and 844 HIV-infected individuals met inclusion
criteria. Among HIV-infected patients, HSROC/bivariate pooled sensitivity estimates (highest
quality data) were 76% (95% CI 45-92%) for T-SPOT and 60% (95% CI 34-82%) for QFT-GIT.
HSROC/bivariate pooled specificity estimates were low for both IGRA platforms among all
subjects (T-SPOT (61%, 95% CI 40-79%), QFT-GIT (52%, 95% CI 41-62%)), and among HIV-
infected subjects (T-SPOT (52%, 95% CI 40-63%), QFT-GIT (50%, 95% CI 35-65%)). There
was no consistent evidence that either IGRA was more sensitive than the TST for diagnosis of
active TB.

Conclusions: In low- and middle-income countries, IGRAs are inadequate for ruling out or
ruling in active TB, especially in the setting of HIV co-infection.
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BACKGROUND

Interferon-gamma release assays (IGRAs) are the first new diagnostic test for latent tuberculosis
infection (LTBI) in over 100 years. Newest generation IGRAs measure interferon-gamma (IFN-
v) secretion after exposure of whole blood (QuantiFERON-TB Gold In-Tube® [QFT-GIT],
Cellestis, Carnegie, Australia) or peripheral blood mononuclear cells (T-SPOT.TB® [T-SPOT],
Oxford Immunotec, Abingdon, UK) to antigens encoded within the region of difference-1
(RD1), a portion of the MTB genome absent among all BCG strains and most nontuberculous
mycobacteria. [1] We have shown in previous systematic reviews that, compared to the
tuberculin skin test (TST), IGRAs have higher specificity for LTBI in low tuberculosis (TB)
incidence settings, better correlation with surrogate measures of M. tuberculosis exposure, and
less cross reactivity with response to BCG vaccine. [2-4] In recent years, IGRAs have become
widely endorsed in high income-countries for diagnosis of LTBI. [5-7]

IGRAs were explicitly designed to replace the tuberculin skin test (T'ST) in the diagnosis of
LTBI, and were not intended to be used in the diagnosis of active TB, which is a diagnosis based
on microbiological tests (e.g., culture and microscopic examination of clinical specimens).
Furthermore, the diagnosis and treatment of LTBI remains a low priority in most low- and
middle-income countries, where detection and management of active TB is the highest priority
for national TB control programs. Because IGRAs, like the TST, cannot distinguish LTBI from
active TB, [8-10] these tests can be expected to have poor specificity for diagnosis of active TB
in all high burden settings, due to a high background prevalence of LTBI. [11] Other differences
in patient characteristics, such as anergy due to advanced disease, malnutrition, and HIV-
associated immune suppression, or characteristics of the setting, such as laboratory procedures
and infrastructure, may also contribute to the observed poorer performance of IGRAs in these
settings. [12] Yet, private sector laboratories in high burden countries increasingly employ
IGRAs to diagnose active TB, [13] and many investigators continue to recommend the use of
IGRAs for this purpose. [14-17]

Because of uncertainty of the benefits and costs to patients and national TB programs, we
conducted a systemic review and meta-analysis to determine IGRA test performance in patients
suspected of having active pulmonary TB and in patients with confirmed TB living in low- and
middle-income settings.

METHODS

Overview. Given the absence of studies evaluating patient-important outcomes among TB
suspects randomized to treatment based on IGRA results, we focused our review on the accuracy
of IGRAs in diagnosing active TB. We followed standard guidelines and methods for systematic
reviews and meta-analyses of diagnostic tests.[18-21]

Search methods. We have previously published systematic and narrative reviews on the
accuracy and performance of IGRAs in various subgroups.[2-4, 10, 22] We updated the previous
literature searches to identify all studies evaluating IGRAs published through May 2010
searching PubMed, Embase, Biosis and Web of Science for studies in all languages. The search
terms used included: ((interferon-gamma release assay*) OR (T-cell-based assay*) OR (antigen-
specific T cell*) OR (T cell response*) OR (T-cell response*) OR (interferon*) OR (interferon-
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gamma) OR (gamma-interferon) OR (IFN) OR (elispot) OR (ESAT-6) OR (CFP-10) OR (culture
filtrate protein) OR (Enzyme Linked Immunosorbent Spot) OR (Quantiferon* OR Quantiferon-
TB)) AND (tuberculosis OR mycobacterium tuberculosis). In addition to database searches, we
reviewed bibliographies of reviews and guidelines, screened citations of all included studies,
searched clinicaltrials.gov for ongoing studies, and contacted both experts in the field and IGRA
manufacturers to identify additional published and unpublished studies. We requested pertinent
information not reported in the original publication from the primary authors of all studies
included in the review.

Study selection and data collection. We included studies that evaluated the performance of the
most recent generation of commercial, RD1 antigen-based IGRAs (QuantiFERON-TB Gold In-
Tube (QFT-GIT) (Cellestis, Victoria, Australia) and T-SPOT (Oxford Immunotec, Oxford,
United Kingdom) among adults (aged > 15 years) suspected of or having active pulmonary TB in
low- and middle-income countries, [23] using the World Bank Country Classification as a
surrogate for national TB incidence. HIV infection was established either by documented
serological testing or self-report. We excluded: (1) studies that evaluated non-commercial (in-
house) IGRAs, purified protein derivative (PPD)-based IGRAs, QuantiFERON-TB Gold (2G),
and IGRAs performed in specimens other than blood; (2) longitudinal data focused on the effect
of anti-TB treatment on IGRA response; (3) studies including < 10 eligible individuals; (4)
studies focused on extrapulmonary tuberculosis or children (<15 years); (5) studies reporting
insufficient data to determine diagnostic accuracy measures; and (6) conference abstracts, letters
without original data, and reviews.

At least two reviewers (JZM, CE, KRS, AC) independently screened each of the accumulated
citations for relevance, reviewed full-text articles using the pre-specified eligibility criteria, and
extracted data using a standardized form. The reviewers resolved disagreements about study
selection and data extraction by consensus.

Assessment of study quality. Because primary outcomes for this systematic review focus on test
accuracy, we evaluated study quality using a subset of relevant criteria from QUADAS (a
validated tool for diagnostic accuracy studies). [24] Because of growing concerns about conflicts
of interest in diagnostic studies and guidelines, [25, 26] we also report whether IGRA
manufacturers had any involvement with the design or conduct of each study, including donation
of materials, monetary support, work/financial relationships with study authors, and participation
in data analysis.

Outcome Definitions. Well-designed diagnostic accuracy studies focus on a representative
target population in whom genuine diagnostic uncertainty exists (i.e., patients in whom clinicians
would apply the test in the course of regular clinical practice). [27] There is evidence that
diagnostic studies that include only known cases with the condition of interest and healthy
controls without this condition tend to overestimate test accuracy. [28] Therefore, we considered
studies simultaneously evaluating IGRA sensitivity and specificity among active TB suspects to
represent the highest quality evidence, while studies evaluating IGRA performance among
patients with known active TB (for sensitivity) to be of lesser quality. Because of our focus on
the diagnostic accuracy for active TB and the high prevalence of LTBI in high TB burden
settings, IGRA specificity was estimated exclusively among studies enrolling active TB suspects
where the diagnostic workup ultimately showed no evidence of active disease.
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A hierarchy of reference standards for active TB was developed a priori to judge the quality of
each individual assessment of IGRA diagnostic accuracy. From most to least favorable, these
reference standards included 1) culture-confirmation or sputum smear-positivity in high TB
incidence settings (=50/100,000), where sputum smear microscopy has been shown to have high
specificity; [29] 2) sputum smear-positivity without culture in low or intermediate TB incidence
settings (<50/100,000); and 3) clinical diagnosis based upon presenting symptoms, radiologic
findings and/or response to TB treatment without microbiological confirmation. Because the
TST remains in widespread use, and because indeterminate IGRA results may affect assay
performance in low income settings, we also evaluated (1) observed differences in sensitivity for
active TB diagnosis between IGRA and TST, and (2) the proportion of IGRA results among
patients with active TB that are indeterminate.

We used the following definitions for primary outcomes: (1) Sensitivity — the proportion of
individuals with a positive IGRA result among those with culture-positive TB (we included
indeterminate IGRA results in the denominator if they occurred in individuals with culture-
positive TB); and (2) Specificity — the proportion of individuals with a negative IGRA result
among those ruled out for active TB disease (indeterminate IGRA results were excluded from
analysis). Using the Grading of Recommendations Assessment, Development and Evaluation
(GRADE) framework,[27] these measures can be interpreted as surrogates for patient-important
outcomes.

Data synthesis and meta-analysis. Multiple sources of heterogeneity commonly exist when
summarizing estimates from studies of diagnostic tests. [30] We adopted the following approach
to account for expected heterogeneity. First, when possible, we separately synthesized data for
each commercial IGRA and by HIV status. The pre-specified sub-groups minimize heterogeneity
related to differences in testing platform (ELISA vs. ELISPOT), antigens used to elicit IFN-g
release (ESAT-6/CFP-10 vs. ESAT-6/CFP-10/TB 7.7), and test performance related to HIV-
associated host immunosuppression. Second, we visually assessed heterogeneity using forest
plots, characterized the variation in study results attributable to heterogeneity (I-squared value),
and statistically tested for heterogeneity (chi-squared test). [30] Third, we calculated pooled
sensitivity and specificity estimates using random effects modeling, which provide more
conservative estimates than fixed effects modeling when heterogeneity is a concern. [19, 31]

For each individual study, we assessed all outcomes for which data were available. First, we
generated forest plots to display the individual study estimates and their 95% confidence
intervals. Second, we used bivariate random effects regression models [32] when both
sensitivity and specificity could be reported from the same TB suspect population. Because
pooling sensitivity and specificity separately can produce biased estimates of test accuracy [19],
we preferred to generate pooled estimates when both sensitivity and specificity were reported
within a study and ranked this as higher quality evidence. Third, we generated hierarchical
summary receiver operating characteristic (HSROC) curves to summarize the global test
performance.[31] Because of the need to summarize two correlated measures (e.g., sensitivity
and specificity), and because substantial between-study heterogeneity is common, meta-analysis
of diagnostic accuracy requires different and more complex methods than traditional meta-
analytic techniques. Graphically illustrating the trade-off between sensitivity and specificity,
HSROC curves differ from traditional Receiver Operating Characteristics (ROC) curves in
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allowing accuracy to vary by each individual study (i.e., allowing for random effects, and thus
allowing asymmetry in the plotted curve), and by discouraging extrapolation beyond the
available data by plotting the curve only over the observed range of test characteristics. The
HSROC approach is closely related to the bivariate random effects regression model [33]. These
two methods generally produce similar results and are both recommended by the Cochrane
Diagnostic Test Accuracy Working Methods group. [20] We calculated pooled estimates when at
least four studies were available in any sub-group and summarized individual study results when
fewer than four studies were available. We performed all analyses using Stata 11 (Stata
Corporation, College Station, Texas, USA). For bivariate random effects regression and HSROC
analyses, we used the user-written "metandi" program for Stata. [32]

RESULTS

Search results. The initial search yielded 789 citations (Figure 1). After full-text review of 168
papers, 19 papers [15, 17, 34-50] were determined to meet eligibility criteria for IGRA
evaluation of active TB in low- and middle-income settings. Because some papers included more
than one commercial IGRA, there were 27 unique evaluations (referred to as studies) — 17 of
QFT-GIT, and 10 of T-SPOT - that included a total of 590 HIV-uninfected and 844 HIV-
infected individuals.

Study characteristics. Of the total studies, seven (26%) were from low-income countries, and
20 (74%) were from middle-income countries. Fourteen studies (52%) included HIV-infected
individuals, and 21 (78%) studies involved ambulatory subjects (i.e., outpatients as well as
hospitalized patients) (Table 1). IGRAs were performed in persons suspected of having active
TB in 14 (52%) studies, [35, 37-39, 41, 42, 47, 48, 50] and in persons with known active TB in
13 (48%) studies. [15, 17, 34, 36, 40, 44-46, 49, 51] A list of excluded studies and reasons for
exclusion is available from the authors upon request.

Study quality. The majority of studies satisfied the QUADAS criteria assessed (Figure 2), with
the exception of patient spectrum (biased sampling) and blinding. Sixteen (59%) studies did not
enroll a representative spectrum of patients, and nine (33%) studies did not clearly report
whether assessment of the reference standard was performed blinded to IGRA results. Industry
involvement was unknown in five (19%) studies and acknowledged in eight (30%) studies,
including donation of IGRA kits (6 studies) and work/financial relationships between authors
and IGRA manufacturers (2 studies).

Sensitivity and specificity estimation among TB suspects. We identified a total of 14 studies
that simultaneously estimated sensitivity and specificity in TB suspects, and test accuracy
estimates were pooled using bivariate random effects/HSROC methods (these studies were
ranked as high quality evidence). Overall, studies enrolling active TB suspects demonstrated a
sensitivity of 83% (95% CI 63-94%) and specificity of 61% (95% CI 40-79%) for T-SPOT (6
studies), and a sensitivity of 69% (95% CI 52-83%) and specificity of 52% (95% CI 41-63%) for
QFT-GIT (8 studies).

Sensitivity. With the exception of two studies, [37, 48] the sensitivity of IGRAs was assessed
based on a positive culture result (21 studies, 78%) or a positive sputum AFB-smear result in a
high TB incidence setting (4 studies, 15%). Among studies performed in patients with known
active TB, 6 (46%) included patients who had been treated for greater than one week.
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HIV-infected

Nine studies assessed IGRA sensitivity among HIV-infected active TB suspects.
HSROC/bivariate pooled sensitivity estimates were higher for T-SPOT (76%, 95% CI 45-92%, 4
studies [35, 38, 41, 42]) than for QFT-GIT (60%, 95% CI 34-82%, 5 studies [38, 39, 41, 42, 50]
(Figure 3). Pooled sensitivity estimates did not change appreciably for either T-SPOT (68%,
95% CI 56-80%, 5 studies [15, 35, 41-43]) or QFT-GIT (65%, 95% CI1 52-77%, 7 studies [34,
39, 41, 42, 49, 50]) when studies evaluating patients with known active TB were included in the
analysis (Figure 4). Pooled sensitivity estimates for both T-SPOT (I-squared 72%, p<0.01) and
QFT-GIT (I-squared 76%, p<0.001) showed significant heterogeneity.

HIV-uninfected

Five studies assessed IGRA sensitivity among HIV-uninfected active TB suspects; data were
insufficient to report HSROC/bivariate pooled sensitivity estimates for either QFT-GIT [37, 38,
48] or T-SPOT [38, 47]. Pooled sensitivity estimates were similar for T-SPOT (88%, 95% CI
81-95%, 4 studies [17, 38, 44, 47]) and QFT-GIT (84%, 95% CI 78-91%, 9 studies [10, 34, 36-
38, 40, 46, 48, 49]) when studies evaluating patients with known active TB were included in the
analysis (Figure 5). Pooled sensitivity estimates showed significant heterogeneity for QFT-GIT
(I-squared 60%, p=0.01), but not for T-SPOT (I-squared 28%, p=0.25).

Head-to-head comparisons of OFT and T-SPOT sensitivity

Overall, four studies (three involving HIV-infected subjects [38, 41, 42] and one involving HIV-
uninfected subjects [38]) reported head-to-head comparisons of T-SPOT and QFT-GIT
sensitivity. T-SPOT sensitivity was higher but not significantly different from QFT-GIT
sensitivity (sensitivity difference 19%, 95% CI -17% to 56%, p=0.3) (Table 2). Results were
similar when restricted to HIV-infected individuals.

Head-to-head comparison of TST and IGRA sensitivity

Overall, nine studies reported head-to-head comparisons of TST and IGRA (3 T-SPOT and 6
QFT-GIT) sensitivity. TST sensitivity in the five studies [17, 40, 44, 46, 49] involving HIV-
uninfected patients was higher (78%, 95% CI1 71-86%) than in the four studies [15, 39, 46, 49]
involving HIV-infected patients (45%, 95% CI 15-75%). IGRA sensitivity was not statistically
different than TST sensitivity for either T-SPOT (sensitivity difference 23%, 95% CI 0% to 45%,
p=0.05) or QFT-GIT (sensitivity difference 7%, 95% CI -9% to 23%, p=0.37) (Figure 6). There
was significant heterogeneity for both estimates (I-squared >75%, p<0.001). Data were
insufficient to form HIV-stratified pooled sensitivity difference estimates for either IGRA.

Specificity. All specificity estimates were determined in TB suspects using HSROC/bivariate
techniques. Overall, pooled specificity was low for both T-SPOT (61%, 95% CI1 40-79%, 6
studies) and QFT-GIT (52%, 95% CI1 41-62%, 8 studies). When restricted to HIV-infected active
TB suspects, pooled specificity for T-SPOT (52%, 95% CI 40-63%, 4 studies [35, 38, 41, 42])
was similar to QFT-GIT (50%, 95% CI1 35-65%, 5 studies [38, 39, 41, 42, 50]) (Figure 3). Too
few studies were available to estimate pooled specificity for HIV-uninfected patients.
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Proportion of Indeterminate IGRA Results. The proportion of indeterminate IGRA results
among patients with suspected or confirmed active TB varied considerably (range 0-26% among
studies enrolling 50 or more subjects). The proportion of indeterminate results was low (4%,
95% CI 1-7%) among HIV-uninfected patients, regardless of IGRA platform (Supplementary
Figure 1). However, the proportion of indeterminate results was considerably higher among
HIV-infected subjects for both QFT-GIT (15%, 95% CI 9-21%, 8 studies) and T-SPOT (9%,
95% CI10-17%, 6 studies) (Supplementary Figure 2). Results were similar for HIV-infected
subjects when stratified by TB suspects versus known TB cases.

DISCUSSION

The vast majority of the estimated annual 9.3 million new cases of active TB and 1.3 million TB-
related deaths occur in low- and middle-income countries. [52] Due to resource constraints,
public health policies have appropriately placed limited emphasis on diagnosis and treatment of
LTBI in these settings. Clinical use of IGRAs, however, has expanded dramatically in recent
years, especially in the private sector. [13] Because of their high burden of disease and emerging
economies, such countries (e.g., India, South Africa, Brazil and China) represent a potentially
lucrative market for manufacturers of commercial IGRAs. Even though IGRAs are intended to
be used to diagnose LTBI and not to diagnose active TB, and even though they cannot
distinguish between latent infection and active disease, there is increasing use of IGRAs to
diagnose active TB in high burden countries. In this systematic review focused on individuals
living in low- and middle-income countries, the highest quality evidence concerning the
accuracy of IGRAs among TB suspects demonstrated sensitivity ranging from 69-83% and
specificity ranging from 52-61%. Further, there was no consistent evidence that either IGRA
was more sensitive than the TST for active TB diagnosis.

The majority of evidence on the diagnostic accuracy of IGRAs to date has come from high
income settings, where active TB has been used as a surrogate reference standard when
estimating the accuracy for LTBI diagnosis. [4, 14] Yet, diagnostic test performance (e.g.,
sensitivity and specificity) can be expected to vary according to disease prevalence and other
population characteristics. [53, 54] Likewise, clinicians have been advised to base their decision-
making on studies that most closely match their own clinical circumstances. [55]

IGRAs were designed to be used as diagnostic tests of LTBI, a setting in which the lack of an
accepted gold standard has been a significant limitation in establishing test performance. By
contrast, adequate and commonly used reference standards exist for diagnosing active TB.
Among studies that enrolled active TB suspects (i.e., patients with diagnostic uncertainty), both
IGRAs demonstrated suboptimal ‘rule-out” value for active TB. In other words, one in four
patients, on average, with culture-confirmed active TB can be expected to be IGRA-negative in
low and middle income countries - this has consequences for patients in terms of morbidity and
mortality if treatment decision sare made based on such results. Although high quality data were
limited, sensitivity of both IGRAs was lower among HIV-infected patients (~60-70%),
suggesting that nearly one in three HIV-infected patients with active TB will be IGRA-negative.
The few available head-to-head comparisons between QFT-GIT and T-SPOT demonstrated
higher sensitivity for the T-SPOT platform, though this difference did not reach statistical
significance. Lastly, comparisons with pooled estimates of TST sensitivity were difficult to
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interpret due to substantial heterogeneity. Our results, however, suggest that neither IGRA
platform may be more sensitive than the TST in diagnosis of active TB in low- and middle-
income countries.

The specificity of IGRAs in diagnosing LTBI, estimated among individuals at low risk for TB
exposure in low TB incidence (high income) settings, is known to be high (> 98%). [4] In
contrast, specificity for active TB diagnosis is best estimated only within studies evaluating TB
suspects. As expected, due to the higher background prevalence of LTBI and the known
inability of IGRAs to differentiate LTBI from active TB, [10] the specificity of both IGRAs for
active TB was low, regardless of HIV infection status. These data suggest that one in two
patients without active TB will be IGRA-positive - this has consequences for patients because of
unnecessary therapy for TB and its attendant risks. Our findings are intuitive and biologically
plausible, because it is well known that T-cell IFN-y responses are activated in nearly the entire
spectrum of TB infection, from latency to active disease, [56] and currently available tests cannot
distinguish LTBI from active TB disease. Even within the spectrum of latent TB infection itself,
[57] actuated T-cell IFN- y responses occur throughout each phase, with the possible exception
of the innate immune response (which eliminates M. tuberculosis without priming a T-cell
immune response).

The goal of our systematic review was to critically evaluate the diagnostic accuracy of IGRAs in
the diagnosis of active TB in low and middle income settings. Yet, there are inherent limitations
to sensitivity, specificity, and predictive values as measures of test performance. These measures
are unable to determine either the extent to which a test may improve on readily available
clinical information [58] or the degree to which patient-important outcomes are improved by test
results. [27] Although limited, available data suggest that IGRAs may add little information to
the conventional diagnostic work-up for active TB in low [59] and high TB incidence settings
[60]. Further work is necessary to confirm this finding.

Our meta-analysis had several limitations. First, as with previous systematic reviews, [4, 14]
heterogeneity was substantial for the primary outcomes of sensitivity and specificity. We utilized
empirical random effects weighting, excluded all studies contributing fewer than ten eligible
individuals, and separately synthesized data for currently manufactured IGRAs in order to
minimize heterogeneity. Second, World Bank income classification is an imperfect surrogate for
national TB incidence. Although no standard criteria currently exist for defining high TB
incidence countries, our results were fundamentally unchanged when restricted to nations with
an arbitrarily chosen annual TB incidence of greater than or equal to 50/100,000. [52] Third, it is
likely that unpublished data and ongoing studies were missed. It is also possible that studies that
found poor IGRA performance were less likely to be published. Given the lack of statistical
methods to account for publication bias in diagnostic meta-analyses, it would be prudent to
assume some degree of overestimation of our estimates due to publication bias. Fourth, our
review did not include evidence on utility of IGRAs in two patient subgroups where
conventional tests for active TB perform poorly - children and patients with suspected extra-
pulmonary TB. Lastly, we did not identify any studies directly measuring the impact of IGRA
test results on patient-important outcomes.
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In conclusion, as in the case of the TST, the data suggest no role for using IGRAs in the
diagnosis of active TB among adults living in low- and middle-income countries. These data
should help inform evidence-based policies on the role of IGRAs in active TB diagnosis in low-
and middle-income settings. Indeed, a World Health Organization (WHO) Expert Group
considering this evidence recently recommended that IGRAs not be used as a replacement for
conventional microbiological diagnosis of pulmonary and extra-pulmonary TB in low-and
middle-income countries.[61]
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TABLES AND FIGURES

Table 1. Characteristics of Included Studies.

Study. Year Countr Income Settin Total Active TB  Indeterminate’ Industry
¥s y g Patients, n n (%) n (%) Involvement®
QFT-GIT
Aabye 2009 Tanzania Low Inpatient/Outpatient HIV- 93 93 (100) 8(9) Work relationship
Aabye 2009 Tanzania Low Inpatient/QOutpatient HIV+ 68 68 (100) 15 (22) Work relationship
Raby 2008 Zambia Low Outpatient HIV- 37 37 (100) 5(14) No
Raby 2008 Zambia Low Outpatient HIV+ 59 59 (100) 10 (17) No
) Upper .
Chegou 2009  South Africa Middle Outpatient HIV- 23 23 (100) 0 (0) No
L
Chen 2009 China ower NR HIV- 49 41(84) 2 (4) Unclear
Middle
Dheda (b) ) Upper . .
2009 South Africa Middle Inpatient/Outpatient HIV+ 20 5(25) 8 (40) No
Dheda (d) ) Upper . .
h Af I HIV- 1 152 14 (27
2009 Sout rica Middle npatient/Outpatient 5 5(29) 27) No
. Lower . .
Kabeer 2009 India Middle Inpatient/Outpatient HIV+ 64 44 (69) 12 (19) No
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Lower

Katiyar 2008 India Middle Outpatient HIV- 76 76 (100) 0 (0) Unclear
Leidl (b
28; 9 ®) Uganda Low Outpatient HIV+ 128 19 (15) 4 (3) Kit Donation
Markova (b) . Upper )
2009 Bulgaria Middle Outpatient HIV+ 90 13 (14) 5(6) No

. . Lower ) .
Pai 2007 India Middle Inpatient/Outpatient HIV- 57 57 (100) 0 (0) Unclear

L
Tahereh 2010 Iran ower Unclear HIV- 81  28(35) 6 (7) Unclear
Middle

. ) Upper ) ) )
Tsiouris 2006  South Africa Middle Outpatient HIV- 13 13 (100) 0 (0) Kit Donation

. ) Upper ) ) .
Tsiouris 2006  South Africa Middle Outpatient HIV+ 26 26 (100) 5(19) Kit Donation
Veldsman . Upper .
2009 South Africa Middle Outpatient HIV+ 60 30 (50) 9 (15) No
T-SPOT.TB
Cattamanchi ) . .
2010 Uganda Low Inpatient HIV+ 212 112 (53) 54 (25) Kit Donation
Dheda (a) . Upper . .
2009 South Africa Middle Inpatient/Outpatient HIV+ 20 5(25) 1(5 No
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Dheda (¢) ) Upper ) .
2009 South Africa Middle Inpatient/Outpatient HIV- 49 15 (31) 24 No

. . Lower ) .
Jiang 2009 China Middle Inpatient/Outpatient HIV+ 32 32 (100) 0 (0) No
Leidl
28:)9 @ Uganda Low Outpatient HIV+ 128  19(15) 6 (5) Kit Donation
Markova (a) . Upper )
2009 Bulgaria Middle Outpatient HIV+ 90 13 (14) 9 (10) No

) ) Upper ) ) )
Oni 2010 South Africa Middle Outpatient HIV+ 85 85 (100) 5(6) Kit Donation
Ozekinci Upper .
2007 Turkey Middle Inpatient HIV- 28 28 (100) 0 (0) No
Upper .

Soysal 2008 Turkey Middle Inpatient HIV- 102 99 (97) 4 (4) No
Shao-ping . Lower .
2009 China Middle Inpatient HIV- 82 22 (27) 6 (7) No

Definition of abbreviations: IQR, interquartile range; LTBI, latent tuberculosis infection; TB, tuberculosis; NR, not reported.

' Unpublished studies.

" Indeterminate results were not excluded in calculating sensitivity estimates.
* Kit donation refers to donation of any test materials including kits and reagents. Work relationship refers to when one or more

authors are involved in test development, consulting work, or other employment by an IGRA manufacturer.
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Table 2. Head-to-Head Comparison of Sensitivity of T-SPOT.TB versus QuantiFERON-TB Gold In-Tube among Active
Tuberculosis Suspects.

Active TB, Positive T- Positive QFT Sensitivity

Author, Year Country HIV Status n (%) SPOT Result, Result, difference*
n (%) n (%) (%)
Dheda, 2009" South Africa HIV- 15 (31), 15 (29) 14 (93) 11 (73) 20
Dheda, 2009 South Africa HIV+ 5(25) 5(100) 1 (20) 80
Leidl, 2009 Uganda HIV+ 19 (15) 17 (89) 14 (74) 15
Markova, 2009 Bulgaria HIV+ 13 (14) 8 (62) 12 (92) -31

* Sensitivity difference (%) is T-SPOT sensitivity (%) — QFT-GIT sensitivity (%).
" Total numbers of active TB suspects evaluated by each IGRA differed within some studies; these are listed in the order T-SPOT, QFT-GIT.
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Figure 1. Study selection.

\ 4

Pulmonary TB,
all countries: 51

\ 4

Excluded: 134

Reasons

Children: 1

Duplicate data: 2
Extrapulmonary TB: 2

Less than 10 TB patients: 3
LTBI: 93

Noncommercial IGRA: 8
Nonstandard IGRA method: 3
Obsolete IGRA (QFT-Gold): 22

A 4

High income countries: 32

Pulmonary TB,
Low/middle income
countries:

19 papers (27 studies)

Abbreviations: IGRA, interferon-gamma release assay; LTBI, latent tuberculosis infection; TB,

tuberculosis
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Figure 2. Assessment of study quality using the QUADAS tool.
For each QUADAS item, two reviewers independently determined whether a study did or did not
meet the quality criterion, or whether it was unclear.
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Figure 3a-b. Hierarchical Summary Receiver Operating Characteristics (HSROC) Plot of

Studies that Reported both Sensitivity and Specificity in Active TB Suspects.
The summary curves from the HSROC model contain a summary operating point (red square)
representing summarized sensitivity and specificity point estimates for individual study estimates
(open circles). The 95% confidence region is delinieated by the area within the orange dashed line.
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Study Country fgz';:ig}';“"
QFT-GIT

Agbye 2009 Tanzania —— 65 (52, 76)

Kabeer 2009 India —a— 66 (50, 80)

Leidl 2009 Uganda —8— 74 (49, 91)

Markova 2009 Bulgaria —& 92 (64, 100)
Raby 2008 Zambia —a— 63 (49, 75)

Tsiouris 2006 South Africa —— G5 (44, 83)

Veldsman 2009 South Africa —— 30 (15, 49)

Subtotal (I-squared=76%, p<0.001) < 65 (52, 77)

TSPOT

Cattamanchi 2010 Uganda — 54 (45, 64)

Jiang 2009 China —— G6 (47, 81)

Leidl 2009 Uganda —&— §9 (67, 99)

Markova 2009 Bulgaria —_— B2 (32, 86)

Oni 2010 South Africa —— B8 (57, 78)

Subtotal {l-squared=72%, p<0.01) <> 68 (56, 80)

% Weight

16
15
12
14
16
13
14
100

25
19
20
12
25
100

| I I I N R
0 20 40 &0 80 100

Figure 4. Sensitivity of QuantiFERON-TB Gold In-Tube and T-SPOT.TB in HIV-infected
persons with confirmed active tuberculosis in low- and middle-income countries.

The forest plots display the sensitivity estimates obtained from individual studies and pooled estimates

derived from random effects (DerSimonian-Laird) modeling.
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Sensitivity
Study Country (95% Cl) % Weight
QFT-GIT
Aabye 2009 Tanzania | 81 (71, 88) 15
Chagou 2008 South Africa —& 96 (78, 100) 13
Chen 2009 China —l-  85(71, 94) 12
Dheda 2009 South Africa —&— 7145 92) &
Katiyar 2008 India -l 95 (87, 99) 18
Pai 2007 India - 74 (80, 84) 12
Raby 2008 Zambia —&= 84 (68, 94} 11
Taherah 2010 Iran —8— 77 (59, 90) 9
Tsiourns 2006 South Africa —8— 77 (48, 95} 5
Subtotal (l-equared = 607%, p=0.01) (} B4 (78, 91} 100
TSPOT
Dheda 2009 South Africa —— 93 (58, 100) 16
Ozeking 2007 Turkey — 93 (75, 99} 26
Shag-ping 2008  China —& 91 (71, 99) 19
Soysal 2008 Turkey B 5172 88 40
Subtotal (I-squared = 28%, p=0.25) {:} 88 (81, 95) 100

0 20 40 &0 &0 100

Figure 5. Sensitivity of QuantiFERON-TB Gold In-Tube and T-SPOT.TB in HIV-uninfected
persons with confirmed active tuberculosis in low- and middle-income countries.

The forest plots display the sensitivity estimates obtained from individual studies and pooled estimates
derived from random effects (DerSimonian-Laird) modeling.
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Sensitivity
Study Country Difference % Weight
(95% CI)
QFT-GIT
Kabeer 2009 India — 0.41(0.22, 0.60) 17
Katiyar 2008 India —=— 0.18 (0.08, 0.29) 20
Raby 2008 * Zambia —a— 0.07 (-0.11, 0.26) 17
Raby 2008 Zambia —a— 0.03 {-0.15, 0.21) 17
Tsiouris 2006 * South Africa —=— -0.19 (-0.42, 0.04) 15
Tsiouris 2006 South Africa  ——%—— -0.16 (-0.43, 0.11) 14
Subtotal (I-squared=78%, p<0.001) <= 0.07 (-0.09, 0.23) 100
TSPOT
Jiang 2009 China —&— 0.50(0.29, 0.71) 30
Ozekinci 2007 Turkey —.— 0.11 {-0.08, 0.28) 33
Soysal 2008 Turkey —— 0.11 (-0.01, 0.23) 37
Subtotal {l-squared=82%, p<0.01) @ 0.23 (0.00, 0.45) 100
| T T |
4 0 4 8

Figure 6. Percent sensitivity difference between IGRA and TST results.

The forest plots display percent differences (IGRA sensitivity - TST sensitivity) for confirmed active

pulmonary TB in individual studies and pooled estimates derived from random effects (DerSimonian-

Laird) modeling.
* Studies of HIV-infected patients.
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% Indeterminate

Study Country (95% CI) % Weight
QFT-GIT I
Chegou 2009 South Africa . 0 (0, 15) 7
Dheda 2009 South Africa [ 27 (16, 42) 4
Tsiouris 2006 South Africa lJ— 00, 25) a4
Pai 2007 India l+ 0(0, 6) 12
Raby 2008 Zambia |—-— 14 (5, 29) 4
Tahereh 2010 Iran ™ 7(3,17) 8
Chen 2008 China — 4 (4, 25) 5
Aabye 2009 Tanzania = 9 (4,186} 8
Katiyar 2008 India = 0(0,5) 13
Subtotal (I-squared = 73%, p<0.001) dﬁ 5(1,9) 65
TSPOT |
Ozekinci 2007 Turkey s 0(0,12) g
Dheda 2009 South Africa +* 40, 14) 8
Shao-ping 2009 China -r- 71{3,15) g
Soysal 2008 Turkey L2 4(1,10) 11
Subtotal (I-squared = 0%, p=0.44) ¢ 4(1,7) 35

I
Overall (I-squared = 65%, p=0.001) & 4(2,7) 100

— T T |
0 25 50 75 100

Supplemental Figure 1. Proportion of indeterminate IGRA results among HIV-uninfected individuals in
low- and middle-income countries.
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% Indeterminate

Study Country (95% CI) % Weight

|
QFT-GIT |
Markova 2009 Bulgaria - 6(2,12) 9
Kabeer 2009 India +=— 19 (10, 30) 7
Leidl 2009 Uganda - 3 (0, 18) 8
Raby 2008 Zambia . 17 (8, 29) 7
Dheda 2009 South Africa | —— 40 (19, 64) 3
Veldsman 2008  South Africa . 15 (7, 27) 7
Tsiouris 2006 South Africa I 19 (7, 39) 5
Aabye 2009 Tanzania Lo 22(13,34) 7
Subtotal (I-squared = 9%, p<0.01) {> 15 (9, 22 54
TSPOT :
Markowva 2009 Bulgaria A 10 (5, 18) 9
Dheda 2009 South Africa - 5 (0, 25) 6
Leidl 2009 Uganda -—r 5(1,33) 5
Cattamanchi 2010 Uganda | - 25 (20, 32) 9
Jiang 2009 China -— 0(0,11) 9
Oni 2010 South Africa - 6(2,13) 9
Subtotal (I-squared = 88%, p<0.001) {lev 9(0,17) 46
Overall (I-squared = 80%, p<0.001) ? 12 (7, 18) 100

|

T T T I T
a 25 50 75 100

Supplemental Figure 2. Proportion of indeterminate IGRA results among HIV-infected individuals in
low- and middle-income countries.
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Chapter 3. Test Variability of the Quantiferon-TB Gold In-Tube Assay in Clinical Practice

At a Glance Commentary
Scientific Knowledge on the Subject

Although interferon-gamma release assays (IGRAs) are widely used in high-income countries and
numerous studies have evaluated their diagnostic performance, there are limited data on the precision
of IGRA results.

What This Study Adds to the Field

In the largest precision study of an IGRA to date, we found considerable variability in TB response
measured by QuantiFERON-TB Gold In-Tube (QFT-GIT, Cellestis, Australia) upon retesting of the
same patient sample. Variability within individuals included differences up to 0.24 IU/ml, in either
direction, when the initial TB response was between 0.25 and 0.80 IU/ml. Test results should be
interpreted cautiously among individuals with positive QFT-GIT test results less than 0.59 IU/ml.
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Abstract

Rationale: Although interferon-gamma release assays (IGRAs) are widely used to screen for M.
tuberculosis infection in high-income countries, published data on repeatability are limited.

Objectives: To determine IGRA repeatability.

Methods: The study population included consecutive patients referred to The Methodist Hospital
(Houston, TX, USA) between August 1, 2010 and July 31, 2011 for LTBI screening with an IGRA
(QuantiFERON-TB Gold In-Tube). We performed multiple IGRA tests using leftover stimulated
plasma according to a prospectively formulated quality control protocol. We analyzed agreement in
interpretation of test results classified according to manufacturer-recommended criteria and
repeatability of quantitative TB response.

Measurements and Main Results: During the study period, 1086 test results were obtained from 543
subjects. Per the manufacturer’s cut-point, the result of the second test was discordant from that of the
first in 28/366 (8%) patients with valid test results, including 13 with an initial negative result and 15
with an initial positive result. Although agreement between repeat test results was high (kappa 0.84;
95% C10.79-0.90), the normal expected range of within-subject variability in TB response upon
retesting included differences of +/-0.60 IU/ml for all individuals (coefficient of variation (CV), 14%),
and +/-0.24 TU/ml (CV 27%) for individuals whose initial TB response was between 0.25 and 0.80
[U/ml.

Conclusions: There is substantial variability in TB response when IGRAs are repeated using the same
patient sample. IGRA results should be interpreted cautiously when TB response is near interpretation
cut-points.

Introduction

Interferon-gamma release assays (IGRAs) are in vifro immunodiagnostic tests that measure effector T
cell-mediated interferon-gamma (IFN-y) response to synthetic Mycobacterium tuberculosis—specific
polypeptides. The QuantiFERON®-TB Gold In-Tube (QFT-GIT; Cellestis, Carnegie, Australia) is a
commercially available IGRA that has been recommended as an alternative to the tuberculin skin test
(TST) in targeted screening for M. tuberculosis infection. (1)

Although IGRAs are widely used in high-income countries and numerous studies have evaluated their
diagnostic performance, there are limited data on the precision of IGRA results. Clinically, such data
are essential because treatment decisions could be affected by interpretation of results close to the
threshold for a positive test, and for changes above or below this threshold when serial testing is
performed. (2) Data on test imprecision, including repeatability (serial testing under identical
conditions) and reproducibility (serial testing under changed conditions) (3) (see Text Box
“Definitions”), are required for CE (Conformité Européene) Marking in the European Union and for
premarket approval of in vitro diagnostic (IVD) tests by the US Food and Drug Administration (FDA).

“)
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Box | Definitions

e Repeatability: The precision of a test when replicated under identical apparent conditions (e.g.,
same laboratory, operator, apparatus, minimal time interval); a measure of the inherent random
error associated with a test. (5)

e Reproducibility: The precision of a test when replicated under different conditions (e.g., different
laboratory, operator, apparatus, unspecified time interval). (5)

e TB response: The amount of IFN-y released in response to M. tuberculosis-specific antigens
(ESAT-6, CFP-10, or TB7.7), calculated as the difference in [FN-y concentration in plasma from
blood stimulated with antigen minus the IFN-y concentration in plasma from blood incubated with
saline (i.e., Nil). (1)

e Borderline range: TB response between 0.25 and 0.80 IU/ml; derived within our cohort from the
quintiles of TB response above and below the manufacturer-recommended cut point.

e Normal expected range of within-subject variability: Mean TB response +/-1.96 repeatability
standard deviations. This range about an individual’s true value (the value in absence of
repeatability variability) would include 95% of repeat measurements for that individual. (6)

e Low positive: A positive test result within a quantitative interval within which a repeat test may be
negative based on inherent random error alone (i.e., the normal expected range includes values
that cross the manufacturer-recommended cut-point (0.35 [U/ml)).

Repeatability is unaffected by intervening immune response or differences between laboratories, and
thus estimates the inherent random error associated with IGRAs. Accounting for such random error
when interpreting test results may contribute to improved treatment decisions. Data submitted by the
manufacturer to the FDA indicate that QFT-GIT has little test-retest variability (coefficient of variation
(CV), 8%). (7) Multiple independent studies have assessed longitudinal changes in TB response, (8-22)
although few investigators have examined the repeatability of commercial IGRAs. (8, 10, 11, 20)
These reports support a greater amount of test variability than that reported by the manufacturer,
though interpretation has been limited by sample size and heterogeneous statistical methods,
terminology, and epidemiologic settings.

In order to improve the clinical interpretation of QFT-GIT results, particularly results near the cut-
point for a positive test, we analyzed repeatability within a large population of individuals living in a
low TB incidence setting.

Some of the results of these studies have been reported previously in abstract form. (23)
Methods

Study Population

The study included consecutive employees of petrochemical companies and other individuals referred
by hospitals and private clinicians for routine latent tuberculosis infection (LTBI) screening at The
Methodist Hospital (Houston, Texas) between August 1, 2010 and July 31, 2011. Because this
population was considered to be at low risk for M. tuberculosis infection, we instituted an internal
quality control algorithm in which QFT-GIT testing was repeated using leftover stimulated plasma if
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the initial test result was not negative with TB response <0.25 IU/ml and nil control <0.10 IU/ml. The
quality control algorithm excluded individuals with both low TB response and low nil control because
their test result was considered to be unambiguously negative (i.e., the test result would not have been
positive even had the nil control response been lower).

Data collection

We abstracted demographic data from a de-identified, clinical database; information on nationality,
TST status, and history of previous TB disease was not available.

Two technicians from a CLIA (Clinical Laboratory Improvement Amendments) -certified (24)
laboratory accustomed to IGRA research (25-28) performed all QFT-GIT assays according to the
manufacturer’s instructions using identical instrument settings (laboratory testing details are provided
in an online supplement). After the initial round of testing, we followed a prospectively formulated
retesting algorithm in which QFT-GIT assays were repeated using leftover stimulated plasma from the
initial venipuncture. We performed a second round of retesting in duplicate (i.e., tests 3 and 4) if the
first two tests were discordant based on the manufacturer’s suggested cut-point (i.e., negative [<0.35
IU/ml] when the initial test result was positive [>0.35 IU/ml], or vice versa). Initial QFT-GIT assays
were classified as indeterminate according to manufacturer instructions (29) and repeated once. In
order to maximize clarity of presentation, and because results did not substantially differ, only the first
and second tests for each subject were considered in our main analysis.

We interpreted test results according to the consensus of all available tests classified using the
manufacturer’s recommended cut-point. The decision to initiate LTBI treatment following test analysis
was at the discretion of the referring clinician.

Statistical Analyses

For results classified according to the manufacturer-recommended cut-point, we assessed agreement
between the first and second QFT-GIT assays with the kappa statistic of inter-rater agreement. (30) For
quantitative results, we plotted the difference between the first and second QFT-GIT measurement
against their mean, as described by Bland and Altman (see online data supplement). (31) Subjects with
very low TB response (TB response < -0.35 IU/mL and < -0.5 times nil control) were excluded. (32)
IFN-y concentrations greater than 10 IU/ml may be unreliable due to the limited linear range of the
ELISA reader, and were therefore truncated at 10 IU/ml.

Next, we assessed the repeatability of the ELISA portion of QFT-GIT using a linear mixed effects
model fit to the numerical IFN-y values. Such models allow global estimation of within-person
standard deviation optimally weighted for the correlation structure of the repeated measurements. (33,
34) Assuming that 95% of measurements are located within +/- 1.96 SDs, the “normal expected range”
of within-subject test repeatability can be calculated by expressing this SD as a percentage of the
individual’s mean TB response. Because test-retest differences were not normally distributed, we used
a resampling procedure based on 10,000 bootstrap iterations of the dataset to verify that 95% of
differences were contained within 1.96 SDs of the mean. We performed additional sensitivity analyses
to examine the repeatability of QFT-GIT (1) when the initial TB response was in a borderline range
(0.25-0.80 IU/ml), and (2) when subjects with TB response greater than 10 IU/ml were excluded,
rather than truncated.
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All P values were two-sided with alpha = 0.05 as the significance level. Data analysis was performed
using Stata 12.1 (Stata Corporation, College Station, Texas).

Results

Between August 1, 2010 and July 31, 2011, 3234 individuals were screened for M. tuberculosis
infection using QFT-GIT. Of these, 2819 (87.2%) were negative, 218 (6.7%) were positive, and 177
(5.5%) were indeterminate per manufacturer recommended criteria. Among those with negative test
results, 2671 had a low negative TB response (<0.25 IU/ml) with low nil control (<0.1 TU/ml) and
were not considered further (Figure 1). Thus, subjects with negative test results who were analyzed
included (1) those with TB response <0.25 IU/ml and nil control >0.1 IU/ml, and (2) those with TB
response 0.25-0.35 IU/ml, regardless of nil control value. Most indeterminate tests (n=175/177) were
due to low mitogen response (mitogen minus nil control, <0.5 IU/ml). For purposes of analysis,
subjects with indeterminate test results were examined separately from those with determinate test
results. Subject demographic and test characteristics are summarized in Table 1.

Test Agreement

When the first two test results for all patients were analyzed according to the manufacturer-
recommended cut-point, agreement was high (kappa statistic 0.84; 95% CI 0.79-0.90) (Table 2). Bland
Altman plots of test-retest differences across the full and borderline range of TB response are
presented as Figures Ela and E1b in the online data supplement.

Retesting Results

Upon retesting, 13/148 (9%) negative results converted to positive and 15/218 (7%) positive results
reverted to negative per the manufacturer’s cut-point (0.35 IU/ml). Both conversions and reversions
were more likely among individuals with an initial borderline TB response (i.e., 0.25-0.349 IU/ml for
conversions, and 0.35-0.80 IU/ml for reversions; p <0.001 relative to non-borderline measurements for
both). Eighty-six percent (24/28) of all individuals who converted or reverted had an initial TB
response within the borderline range (Table 3). Upon retesting, 11/177 (6%) indeterminate tests were
re-read as negative, and two positive results (2/218, <1%) were re-read as indeterminate.

Test Variability

A total of 1086 test results from 543 subjects were available for the primary analysis. The median
difference in TB response across all determinate tests within an individual was 0.06 IU/ml (IQR 0.02-
0.19 IU/ml); the maximum difference in TB response between tests was >1.0 IU/ml in 14/366 (4%)
individuals.

The normal expected range of variability for an individual patient included differences of +/-0.60
IU/ml (CV 14%) for all individuals, and +/-0.24 IU/ml (CV 27%) for individuals with initial TB
response in the borderline range (0.25-0.80 IU/ml) (Figure 2). Results were similar when analysis
included all available tests for each subject. Higher variability occurred in the sensitivity analysis
excluding subjects with TB response >10 IU/ml, and among subjects with indeterminate test results
(see Methods and online data supplement).
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Discussion

We analyzed a large population of individuals from a low TB incidence setting to determine the
inherent variability of QFT-GIT, with specific attention to individuals with results near the
manufacturer-recommended cut-point for a positive test. We found substantial and clinically important
variability in QFT-GIT results upon retesting of the same patient sample. This variability is higher than
that initially reported by the manufacturer, and has important implications for interpretation of
borderline test results and conversion/reversion thresholds for screening programs in low TB incidence
settings.

Studies of TST variability since the 1960s have found that spontaneous changes in induration <6mm
may occur due to host biologic variation, or differences in test administration or measurement. (35-38)
These normal limits of test variability contribute to current thresholds (>10mm) for skin test
conversion. (39) Although IGRAs may be more specific than the TST and initially identify fewer
persons requiring preventive therapy in some settings, (40) subsequent conversions and reversions may
occur with greater frequency. (9, 13, 41, 42) The reasons for this remain uncertain, with possible
explanations including a more variable immunologic reactivity of effector vs. central memory T-cells
or a greater sensitivity of IGRAs to dynamic changes in the spectrum of LTBI. However, our data
suggest that variability inherent to the test rather than host or pathogen factors could explain many
IGRA reversions and conversions.

We found that the normal expected range of within-subject variability for the QFT-GIT assay includes
a difference in the quantitative TB response up to +/-0.60 IU/ml on retesting. For test results close to
the manufacturer-recommended cut-point of 0.35 IU/ml, differences of 0.24 IU/ml, in either direction,
are within the normal expected range for test variability. Thus, as shown in Figure 2, positive test
results less than 0.59 IU/ml could reasonably be expected to revert to negative based on the inherent
variability of the test alone. Of note, in our cohort 20% (n=43/218) of positive results fell within this
range, and 23% (n=10/43) of these individuals reverted to negative. Weighing four to nine months of
potentially unnecessary preventive antibiotic therapy (and attendant risk of adverse drug effects)
against the probability of reactivation TB, screening programs in low incidence settings may choose to
limit false-positives by accepting a higher than recommended threshold for test positivity. Indeed,
recognizing the limited positive predictive value of IGRAs in low-risk individuals, (43) some centers
in the U.S. have already instituted such policies. (44, 45) Ultimately, as with the TST, conversion
thresholds will depend on risk of future active TB disease, the epidemiologic setting, and, possibly, the
magnitude of the quantitative response, (46) although establishing the evidence base for such
thresholds will be challenging. (2)

Our findings build upon previous literature documenting variable amounts of QFT-GIT imprecision
and calls for borderline zones of various ranges. (8, 10, 18-20, 47) Reproducibility studies of
longitudinal TB response in low TB incidence settings over time periods of days to years have
demonstrated changes in TB response of 16%-80% upon retesting. Repeatability data, usually from
high TB incidence regions, have been less often reported. Further, interpretation of these data has been
challenging due to the differing methods used to assess variability. Because this variability has
traditionally been determined by dividing the pooled standard deviation by the overall mean TB
response (i.e., use of coefficient of variation, or CV), persons with positive test results will have less
variability, as a percentage of the mean, relative to persons with negative test results. This may account
for the low variability reported by the manufacturer (CV 8.4%) during the FDA approval process,
because their estimate was based on a small number of subjects who had evidence of active TB and
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were likely to have had high mean TB response (7); low CV% despite relative large differences in
magnitude of TB response among high positive tests is a known limitation of this measure of
repeatability. (48) Independent investigators have reported results from a variety of repeatability
methods. In India, Veerapathran et al. (8) used log transformation and linear mixed effects analysis to
determine that “a second test performed on the same blood sample will...typically be 19% greater than
the initial test.” Van zyl Smit et al. (11) (South Africa) repeated readings of the same ELISA plate over
a two-hour period and reported no significant variability using analysis of variance techniques. Both
Detjen et al. (8) (South Africa) and Ringshausen et al. (20) (Germany) reported a high intraclass
correlation coefficient (ICC; 0.991 and 0.995, respectively), suggesting excellent repeatability.
Although the ICC is an important measure of repeatability, it does not provide an intuitive answer as to
how much a patient’s initial result might change upon retesting. Given that total imprecision is always
greater than within-subject imprecision, (49) our results may be considered conservative in the context
of serial testing programs where extraneous biologic variability will also be a consideration. Of note,
QFT-GIT variability is poor compared with new molecular TB tests such as Xpert® MTB/RIF (Xpert;
Cepheid, Inc, Sunnyvale, CA, USA) quantitative PCR (CV 6%), (50) or commonly used serologic
assays. (19)

The 2010 Centers for Disease Control and Prevention (CDC) Guidelines on Interferon-y Release
Assays recommend that clinical laboratories report quantitative in addition to qualitative (i.e., positive
or negative) test results. (1) Although some utility in predicting diagnosis (51) and progression to
active TB (52) may exist, in low TB incidence settings reporting of quantitative test results will be
most important in identifying “borderline” subjects within screening programs, for whom withholding
preventive treatment pending retesting the following year may be justified.

Our study has some potential limitations. Because the majority of negative test results with TB
response less than 0.25 IU/ml were not analyzed, we cannot draw conclusions as to the inherent
variability of results in this group. However, we focused on test results most likely to represent clinical
dilemmas within screening programs in low-incidence settings. In addition, given the operational
nature of our study, we were not able to control for some potential sources of variability (e.g.,
operator-dependent variability, lot-to-lot variability) which may have compromised assessment of
repeatability in its strictest sense. However, because our study was carried out in the course of routine
clinical practice, the external generalizability of our findings is reinforced.

In conclusion, in the largest precision study of the QFT-GIT to date, we found that QFT-GIT has a
normal expected range of within-subject test variability of +/-0.60 IU/ml (CV 14%) overall, and +/-
0.24 TU/ml (CV 27%) among subjects with borderline TB response near the manufacturer-
recommended cut-point (0.25-0.80 IU/ml). Our results suggest that in low TB incidence countries,
low-risk individuals with a positive QFT-GIT result less than 0.59 IU/ml should be interpreted
cautiously.
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Table 1. Characteristics of the Study Population

Characteristic Total, n=543
Age, years, mean (+/- SD) 43 (+/- 18)
Male, % 66

Origin of Referral,* %
Petrochemical Corporation 74

Hospital/Clinician 26
Race/Ethnicity, %
White 41
Black 9
Hispanic 11
Asian 10
American Native 1
Unknown 28

Number of replicates obtained
per subject, " %

1 92
2 1
3 7

Definition of abbreviations: SD, standard deviation.
Values are percentages unless otherwise stated. All categories are mutually exclusive.
*Origin of referral includes determinate tests only.

" Only the first and second tests for each subject were included in the main analysis.
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Table 2. Repeatability of QFT-GIT Test Interpretation

Test Result Sequence Total Subjects
(n=543)

Concordant 502 (93%)
Positive / Positive 201
Negative / Negative 135
Indeterminate / Indeterminate 166

Discordant 41 (7%)
Positive / Negative 15
Negative / Positive 13
Indeterminate / Negative 11
Positive / Indeterminate 2

Definition of abbreviations: QFT-GIT, QuantiFERON® Gold-In Tube.

Note: Categorization of all available tests is provided as Table E2 in the online data supplement.
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Table 3. Repeatability of QFT-GIT Test Results Stratified by Quantitative TB Response

Baseline TB Response Total Subjects Conversion, n (% )* Reversion, n (% )*
(IU/ml)
All subjects 366 13/148 (9) 15/218 (7)

<0.25 106 1/106 (<1) —

0.25-0.34 42 12/42 (27) --

0.35-0.80 66 -- 12/66 (18)

0.81-3.0 76 -- 2/76 (3)

3.1-9.92 76 -- 1/76 (1)

Definition of abbreviations: QFT-GIT, QuantiFERON® Gold-In Tube; IFN-y, interferon-gamma.

Note: Initial indeterminate test results were not included.

* Denominator for conversion or reversion is equal to the total and stratified population at risk (i.e., for

conversion, denominator includes those initially testing negative; for reversion, denominator includes
those initially testing positive)
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Figure Legends

Figure 1. Study Flow Diagram

Positive, negative, and indeterminate tests were classified according to manufacturer’s recommended criteria.. (29)
Analyzed QFT-GIT negative test results were (1) negative <0.25 IU/ml with nil control > 0.10 IU/ml, or (2) negative 0.25-
0.35 IU/ml, regardless of nil control response. Only the first and second tests for each subject were included in the main
analysis.

“Very low TB response was defined as TB response < -0.35 IU/mL and < -0.5 times nil control. (32)

Figure 2. Normal Expected Variability of Borderline TB Response

True mean TB response (square, defined as the average value of an unlimited number of measurements taken under the
same conditions) and associated 95% variability (+/- 1.96 standard deviations (SD); the solid line to each side of the square
represents 1.96 SD). Given an estimated true negative mean TB response of 0.349 IU/ml (just below test cut point for
positivity) and a normal expected range of within-subject variability of +/- 0.24 IU/ml, 95% of subjects will demonstrate
variability between 0.11 IU/ml and 0.59 IU/ml. Thus, the ‘low positive’ zone (grey shading) is defined as the interval (0.35
IU/ml-0.59 TU/ml) within which a positive result could be expected to revert to negative on retest based solely on the
inherent variability of the test. Measured TB response greater than 0.59 IU/ml would be unlikely to be associated with an
estimated true mean TB response less than 0.35 IU/ml, and thus should be considered to indicate a true positive value.

The repeatability of QFT-GIT assays were assessed using a linear mixed effects model fit to the numerical IFN-y values.

Borderline TB response was defined as IFN-y concentration 0.25 IU/ml-0.80 IU/ml; the manufacturer-recommended cut
point (0.35 IU/ml) is demonstrated as a dashed line.

Figure Ela. Bland-Altman Plot for Quantitative TB Response

Bland-Altman analysis for first repeated measurement (Test 1 vs. Test 2) across full range of test values showed a mean
difference of 0.013 IU/mL and 1.96 standard deviations (1.96 SD) of + 0.826 IU/ml. The lower and upper limits of
agreement (mean difference + 1.96 SD) are -0.814 IU/mL and +0.839 IU/mL, respectively.

Figure E1b. Bland-Altman Plot for Borderline Quantitative TB Response

Bland-Altman analysis for first repeated measurement (Test 1 vs. Test 2) for borderline test values (0.25-0.8 IU/ml) showed

a mean difference of 0.02 IU/mL and 1.96 standard deviations (1.96 SD) of + 0.27 IU/ml. The lower and upper limits of
agreement (mean difference + 1.96 SD) are -0.24 IU/mL and +0.29 IU/mL, respectively.
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Chapter 3 Supplementary Material. Test Variability of the Quantiferon-TB Gold In-Tube Assay
in Clinical Practice

Figure Ela. Bland-Altman Plot for Quantitative TB Response

Difference (Test 2 - Test 1) (IU/ml)
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Bland-Altman analysis for first repeated measurement (Test 1 vs. Test 2) across full range of test values showed a
mean difference of 0.013 IU/mL and 1.96 standard deviations (1.96 SD) of + 0.826 IU/mL. The lower and upper limits
of agreement (mean difference + 1.96 SD) are -0.814 IU/mL and +0.839 IU/mL, respectively.
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Figure E1b. Bland-Altman Plot for Borderline Quantitative TB Response
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Bland-Altman analysis for first repeated measurement (Test 1 vs. Test 2) for borderline test values (0.25-0.80 IU/ml)
showed a mean difference of 0.02 [U/mL and 1.96 standard deviations (1.96 SD) of + 0.27 IU/mL. The lower and upper

limits of agreement (mean difference + 1.96 SD) are -0.24 IU/mL and +0.29 IU/mL, respectively.
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Chapter 4. Use of Microscopic-observation Drug Susceptibility Assay among Drug-Resistant
Tuberculosis Suspects in Harare, Zimbabwe

Abstract

Introduction: Limited data exist on use of the microscopic-observation drug-susceptibility (MODS)
assay among MDR-TB suspects in a high HIV-prevalence setting.

Methods: We retrospectively reviewed available clinical and drug susceptibility data for drug-resistant
TB suspects referred for culture and drug-susceptibility testing between April 1, 2011 and March 1,
2012. The diagnostic accuracy of MODS was estimated against a reference standard including
Lowenstein-Jensen (LJ) media and manual liquid (BACTEC MGIT) culture. The accuracy of MODS
drug-susceptibility testing (DST) was assessed against a reference standard absolute concentration
method.

Results: One hundred thirty-eight sputum samples were collected from 99 drug-resistant TB suspects;
in addition, six previously cultured MDR strains were included for assessment of DST accuracy.
Among persons with known HIV status, 39/59 (66%) were HIV-infected. Eighty-six percent of
patients had prior TB treatment history, and 80% of individuals were on antituberculous treatment at
the time of sample collection. M. tuberculosis was identified among 34/98 (35%) MDR-TB suspects
by reference standard culture. Overall MODS sensitivity for M. tuberculosis detection was 85% (95%
CI, 69-95%) and specificity was 93% (95% CI, 84-98%); diagnostic accuracy did not statistically
differ by HIV status. The median time to positivity was significantly shorter for MODS (7 days; IQR
7-15 days) than MGIT (12 days; IQR 6-16 days) or LJ (28 days; IQR 21-35 days; p<0.001). Of 33
specimens with concurrent DST results, sensitivity of the MODS assay for detection of resistance to
isoniazid, rifampin, and MDR-TB was 88% (95% CI, 68-97%), 96% (95% CI, 79—100%), and 91%
(95% CI, 72-99%), respectively; specificity was 89% (95% CI, 52-100%), 89% (95% CI, 52-100%),
and 90% (95% CI, 56-100%), respectively.

Conclusion: In a high HIV-prevalence setting, MODS diagnosed TB and drug-resistant TB with high
sensitivity and shorter turnaround time compared with standard culture and DST methods.
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Background

The World Health Organization (WHO) estimates a global prevalence of 650,000 cases of multidrug-
resistant tuberculosis (MDR-TB), contributing to 150,000 annual deaths.[1] Despite these staggering
figures, only 6% of worldwide cases are detected. [2] In particular, the emergence of MDR/XDR-TB
in the southern Africa region has been associated with high mortality, [3,4] and may be seriously
underestimated. [5-7]

Accurate, timely, and affordable drug susceptibility testing (DST) for surveillance and patient
management in high burden countries is urgently needed. In a recent review of global MDR-TB trends,
only 18 of 46 countries from the WHO African Region had nationwide drug resistance data, and only
five had reported data since 2002. [6] The microscopic-observation drug-susceptibility (MODS) assay
is an accurate, inexpensive, liquid culture-based diagnostic test that has been endorsed by the WHO for
rapid screening of patients suspected of having MDR-TB. [8,9] Despite calls for an expanded role for
use of the MODS assay in high HIV-prevalence regions, [10] data among HIV-infected TB and MDR-
TB suspects [11,12] remain limited.

In order to examine the diagnostic accuracy of the MODS assay for M. tuberculosis detection and
direct DST among MDR-TB suspects in a high HIV-prevalence region, we examined test results
against a solid and liquid culture reference standard.

Methods

Study Population

We retrospectively reviewed available clinical and drug susceptibility data for drug-resistant TB
suspects referred for culture and drug-susceptibility testing between April 1, 2011 and March 1, 2012.
Drug-resistant tuberculosis suspects were defined by either (1) history of prior treatment (> 1 month,
classified according to World Health Organization criteria [1]) or (2) contact to an individual with
known or suspected drug-resistant TB. Samples were obtained from patients undergoing routine work-
up and from participants of ongoing clinical studies. In addition, six previously cultured MDR isolates
were included for assessment of DST accuracy. Participants of ongoing clinical studies provided
written informed consent, and ethical approval was obtained from the Medical Research Council of
Zimbabwe, the Institutional Review Board of the Biomedical Research and Training Institute, and the
UCSF Human Research Protection Program. De-identified data from patients not participating in
ongoing clinical studies and seen in the course of routine medical practice did not meet the definition
for human subjects, and were exempt from ethics review.

Laboratory Methods

The Biomedical Research and Training Institute (BRTI) Tuberculosis Laboratory within the National
Microbiology Reference Laboratory (NMRL) is a center for Trials of Excellence in Southern Africa
(TESA). BRTI collaborates with the Ministry of Health and Child Welfare (MOHCW) in laboratory
capacity building, and regularly undergoes External Quality Assurance (EQA) of DST for first-line
anti-TB drugs. The most recent Centre for American Pathology (CAP) assessment in 2012
demonstrated 100% agreement for isoniazid, rifampicin, ethambutol, and streptomycin.
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Sputum specimens were transported to the BRTI Tuberculosis Laboratory for standard culture, DST,

and MODS testing within 48 hours of collection. Each sample was divided into two aliquots: the first
aliquot underwent sputum AFB smear examination, decontamination, culture, and DST according to

published guidelines, [13] and the second aliquot underwent MODS testing.

In preparation for reference standard culture and DST, the first aliquot was digested using the 4%
sodium hydroxide method. The resuspended sediment was used to make a concentrated smear and
inoculated onto Lowenstein-Jensen (LJ) media and in BBL™ MGIT™ Mycobacterial Growth
Indicator Tubes (Becton Dickinson, Sparks, MD). MGIT broth tubes were continuously monitored for
40 days for M. tuberculosis growth by use of a manual MGIT reader. [14] Ziehl-Neelsen staining was
used to confirm growth of Mycobacteria in all test positive tubes. MGIT cultures that had a mixture of
mycobacteria and other bacterial contamination from 21 to 40 days were re-decontaminated and re-
cultured. All positive cultures by MGIT were identified as M. tfuberculosis complex by MPT64 antigen
detection, [15] or by growth at different temperatures if rapid kit ID was negative. LJ media were
monitored for M. tuberculosis growth weekly for eight weeks.

Indirect DST was performed on all positive isolates using absolute concentration measurement (MIC)
on LJ media to determine susceptibility to isoniazid (0.2 and 1 ug/ml); rifampicin (32 and 64 ug/ml);
ethambutol (2.8 and 4 ug/ml); and streptomycin (8 and 16 ug/ml). [16] Time to detection of growth
and contamination rates were recorded for each type of culture medium.

The second sputum aliquot underwent MODS testing in accordance with published standard operating
procedures. (28) All MODS test results were interpreted without knowledge of the results of the
reference standard. Briefly, the sample was decontaminated using a Sodium hydroxide- Sodium
citrate-NaCl solution and inoculated into Middlebrook 7H9 liquid broth containing OADC and
PANTA. 900pl of this sample-broth mixture was aliquoted into each of four well columns in a 24
microtitre well plate; for each patient sample, the first two wells were drug-free, the third well
contained 100ul isoniazid at 0.4 ug/ml concentration, and the fourth well contained rifampicin at 1
ug/ml. Plates were incubated at 37°C. MODS cultures were examined using an inverted light
microscope at 340 magnification every day from day 4 through Day 21 and weekly up to the end of 40
days incubation. Positive MODS cultures were identified by presence of characteristic cord formation
in the drug-free control wells at time of detection of growth in drug-free wells.

During the study period, the lab transitioned from standard MODS to use of the TB MODS Kit™
(Hardy Diagnostics, Santa Maria, CA USA). Briefly, specimens were decontaminated as for standard
MODS and inoculated into commercially prepared vials of Middlebrook 7H9 liquid broth containing
OADC to which 100ul of PANTA was added prior to sample inoculation. Direct patient samples were
inoculated into two drug-free plate wells, one plate well containing isoniazid at 0.4 ug/ml
concentration, and one plate well containing rifampicin at 1 ug/ml, with examination performed as
with standard MODS. Validation reports from the manufacturer document a diagnostic accuracy
similar to or greater than standard MODS. [17]

Statistical Analysis

We calculated proportions with exact binomial 95% confidence intervals (CI) for the primary analyses
of sensitivity, specificity, positive predictive value, and negative predictive value. A positive reference
result for M. tuberculosis detection was defined as a positive culture on either LJ or MGIT culture.

Time to positivity (TTP) was defined as the time from inoculation of the specimen in the laboratory to
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report of test positivity. For calculation of sensitivity, we included indeterminate or contaminated
MODS results in the denominator if they occurred in individuals with culture-positive TB; for
specificity calculation, indeterminate or contaminated MODS results were excluded from analysis. For
categorical variables, we compared proportions using chi-square tests. For continuous variables, we
compared medians using the Wilcoxon rank-sum test. TAT was determined using survival analysis
techniques, with treatment arms compared using the log-rank test. All P values were two-sided with
alpha = 0.05 as the significance level. Data analysis was performed using Stata 12.1 (Stata
Corporation, College Station, Texas).

Results

Patients and Samples

One hundred thirty-eight sputum samples were collected from 99 drug-resistant TB suspects, of whom
23 (40%) were female and the median age was 37 years (interquartile range [IQR]: 27-44).
Retreatment category was available for 86 (87%) patients; 12 (14%) had no prior TB history but were
contacts to known or suspected MDR-TB cases (Table 1). Among persons with known HIV status,
39/59 (66%) were HIV-infected. One patient was excluded from further analysis due to insufficient
sample quantity for MODS (Figure 1).

M. tuberculosis detection

M. tuberculosis was identified in 34/98 (35%) clinical samples from either solid or liquid culture. Of
these, 19/34 (56%) were MDR, 9/34 (27%) were drug-susceptible, 1/34 (3%) was rifampin-
monoresistant, and 5/34 (15%) identified M. tuberculosis but were contaminated prior to finalization of
DST. Eighteen percent (n=6/34) of cases were smear-negative. Overall MODS sensitivity for M.
tuberculosis detection was 85% (95% CI, 69-95%) and specificity was 93% (95% CI, 84-98%) when
compared with the reference standard of solid or manual liquid culture (Table 2). Negative predictive
value for excluding TB among drug-resistant TB suspects was 92% (95% CI, 82-97%). In an analysis
stratified by HIV status, neither sensitivity (85% for HIV-positive, 86% for HIV-negative; p=0.53) nor
specificity (92% for HIV-positive, 100% for HIV-negative; p=0.31) demonstrated statistically
significant differences.

Among the five TB cases not detected by the MODS assay (i.e., “false-negatives”), one was MODS
indeterminate with mixed M. tuberculosis/nontuberculous mycobacteria (NTM) noted on manual
MGIT culture, one was MODS contaminated, two were smear-negative with growth detected by
MGIT following prolonged incubation (>21 days), and one was sputum smear-positive. Among four
reference standard-negative, MODS-positive samples (i.e., “false-positives”), two were MODS-
positive following prolonged incubation (>21 days), and one was proven to be multidrug resistant upon
manual MGIT culture of a separately collected patient specimen.

Initial contamination (including specimens that were later successfully decontaminated) was similar
for the MODS assay (n=9/138 (6.5%) specimens), manual MGIT (n=15/138 (10.9%), and LJ culture
(n=8/138 (5.8%); p=0.81). Although power was limited, no difference in contamination was noted with
use of the TB MODS Kit™ (6%) versus standard MODS (6%; p=0.43 for difference).

Drug Susceptibility Testing
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Of 29 specimens positive by both MODS and reference standard solid or manual MGIT culture, two
were absolute concentration method-indeterminate due to contamination of sub-culture. Therefore, 27
directly inoculated patient specimens and six previously cultured specimens had concurrent MODS
isoniazid and rifampin wells for comparison with the absolute concentration method. Among directly
inoculated samples, resistance to isoniazid was detected in 18/27 (67%), to rifampin in 18/27 (67%),
and to both isoniazid and rifampin (i.e., MDR-TB) in 17/27 (63%) by the reference standard. Overall
sensitivity of the MODS assay for detection of resistance to isoniazid, rifampin, and MDR-TB was
88% (95% Cl, 68-97%), 96% (95% CI, 79—-100%), and 91% (95% Cl1, 72-99%), respectively;
specificity was 89% (95% CI, 52-100%), 89% (95% CI, 52—-100%), and 90% (95% CI, 56—-100%),
respectively (Table 3).

Time to Positivity for Detection of M. Tuberculosis and Drug Resistance

Overall, the median time to culture positivity was significantly shorter for MODS than for the manual
MGIT liquid or LJ cultures (MODS 7 days [IQR 7-15 days] vs. MGIT 12 days [IQR 6-16 days] vs. LJ
28 days [IQR 21-35 days]; p<0.001) (Figure 2). Median time to positivity for MODS MDR-TB
diagnosis (7 days [IQR 7-15 days]) was significantly shorter than that for the absolute concentration
method (71 days [IQR 51-75 days]; p<0.001).

Discussion

This operational study evaluated the performance of the MODS assay among drug-resistant TB
suspects living in a high HIV-prevalence setting. MODS detected M. tuberculosis and M. tuberculosis
drug resistance with high sensitivity and shorter time to positivity compared with reference standard
culture and DST methods. Given the expanding global syndemic of HIV and MDR-TB and continued
lack of an affordable, accurate, and rapid point-of-care test, these findings have implications for other
limited-resource settings. [18,19]

Zimbabwe has the fourth highest TB incidence per capita (782/100,000) in the world, [2] with up to
80% of active TB cases occurring among individuals co-infected with HIV. [20] Although dramatic
reductions in HIV prevalence have occurred, 16% of the adult population remains HIV-infected. [21]
The World Health Organization estimates the prevalence of MDR-TB in Zimbabwe among patients
with a prior history of TB treatment to be 8.3% (95% CI, 3-20%),[1] though these data originate from
a national drug-resistance survey undertaken in 1995, and the true extent of drug resistant-TB in
Zimbabwe is unknown. That MDR-TB incidence has increased in the country in the context of severe
economic destabilization, challenges to tuberculosis control, and population displacement has been
suggested, [22] though evidence in support of this are lacking.

Expanded capacity to perform DST in high burden settings is a critical need. In countries where
mycobacterial culture is not routinely utilized, failure of one or more regimens of TB drugs is typically
a prerequisite for referral for DST, and 12 or more months often elapse from clinical presentation to
MDR-TB diagnosis. Given high early mortality [23] and the potential for ongoing transmission, [24]
expedited diagnosis and early institution of effective therapy is life-saving and a critical public health
mandate. Although debate continues with regards to the best scale-up option for DST in resource
limited settings, [25] the high accuracy, low cost, ability to discern both isoniazid and rifampicin
resistance, relative ease of operational implementation and short turnaround time should make MODS
a strong consideration.
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Consistent with the single other study assessing MODS diagnostic accuracy among TB suspects in a
high-HIV prevalence region, [11] we found somewhat lower sensitivity for M. tuberculosis detection
than that reported from other settings. [26] In our study, most false-negative specimens either required
prolonged incubation prior to positivity, or were considered false-negative due to MODS
contamination. Although culture contamination in our study was not dissimilar to that reported by
other investigators, [8,26] contamination of liquid mycobacterial cultures is a known challenge for
routine laboratories in Sub-Saharan Africa. [27] Sensitivity for detection of isoniazid and rifampicin
drug resistance was similar to previously reported studies, [8] though negative predictive value was
less optimal due to the high prevalence of drug resistance noted among MDR-TB suspects in this high
burden setting. The sensitivity for detection of isoniazid resistance could be increased through use of a
lower MIC (0.1ug/ml) cutpoint in MODS, including within the commercial kits. [28] Of note, in
addition to the chosen reference standard, the reported accuracy of drug resistance detection is
dependent upon choice of denominator for analysis. With a denominator including all patients with
reference standard culture-positive disease, MODS sensitivity and negative predictive value for
detection of drug resistance would be marginally lower.

Although upfront costs are higher relative to standard, noncommercial MODS ($3.50 per test at low-
income country negotiated price versus $1.48 for standard MODS) [26] and FDA-approval has not yet
been obtained, it has been anticipated that use of the TB MODS Kit™ (Hardy Diagnostics, Santa
Maria, CA USA) will improve biologic security, attention to published standard operating procedures,
and adherence to quality assurance systems. While validation data reported by the manufacturer is
excellent, [17] diagnostic accuracy studies by independent investigators are underway.

A strength of our study is its operational, real-world nature. However, threats to internal or external
validity include the following. First, as in many settings, routine DST of retreatment TB cases in
Harare, Zimbabwe is policy but not yet standard practice, and our sample must be regarded as one of
convenience. Further, due to our role as a routine clinical laboratory, we were unable to standardize
specimen collection and processing, and some false-negative results may have been due to suboptimal
quality in these areas. Second, power was limited to detect meaningful differences in our HIV-
stratified analysis. However, that our point estimates are similar to a recent adequately powered study
from a similar setting [11] lends confidence to our results. Third, we were unable to undertake a
comprehensive microbiologic, molecular, and epidemiologic investigation into discordant cases. Our
use of a reference standard including both solid and liquid culture methods and, often, multiple
samples per patient allowed for rigorous definition of true positive results. Lastly, diagnostic accuracy
is a surrogate for patient-important outcomes such as time to treatment initiation and mortality, and we
were unable to assess these directly.

In conclusion, MODS detected M. tuberculosis and M. tuberculosis drug resistance with high
sensitivity and more rapid time to positivity compared with standard culture and DST methods.
Further, no detectable differences in diagnostic accuracy were noted for HIV-infected individuals.
Prompt treatment of patients with MDR-TB and screening of their contacts will be essential to prevent
further spread of drug-resistant M. tuberculosis; that this will occur within the context of continued
socioeconomic stabilization and improved health service delivery is a strong hope. Studies focused on
patient-important outcomes, along with population-based sampling methods to generate valid estimates
of the prevalence and incidence of MDR-TB in modern-era Zimbabwe, are urgently needed.
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Figure 1. Study Flow Diagram
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referred for culture and
DST between April 1,
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MODS=microscopic-observation drug-susceptibility.
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" Six additional previously cultured isolates of known MDR status were included for analysis of drug susceptibility testing
and are not included here; all were MODS-positive.
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Figure 2. Kaplan-Meier Curves of Time to M. tuberculosis Detection
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Table 1. Characteristics of the Study Population

Characteristic Total, n=99
Age, years, median (IQR) 37 (27-44)
Male, % 60
HIV-infected,* % 66

CD4+ T-cell count, median cells/uL. (IQR)’

160 (84-285)

Site of referral, %

Outpatient clinic 73

Inpatient ward 27
Reason for referral, %

Default 6

Relapse 20

Treatment failure, Category I 20

Treatment failure, Category I1 13

Contact with known/suspected MDR case | 10

Other Retreatment 12

Unknown/Not Recorded 19
TB treatment (any) at time of sample 80
collection, %
Sputum AFB smear result, %

AFB smear-negative 70

AFB smear-positive 30
Number of samples collected, %

One 82

> Two 18
MODS testing format, %

Standard MODS 64

TB MODS Kit™ * 36

Values are percentages unless otherwise stated. All categories are mutually exclusive. The denominator for each

characteristic excludes missing or unknown values unless otherwise stated.
Definition of abbreviations: MODS, microscopic-observation drug-susceptibility assay.

* Among persons with known HIV status (n=59/99 (60%))

" Available for n=27/59 (46%) HIV-infected persons

i Hardy Diagnostics, Santa Maria, CA USA
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Table 2. Comparison of the Microscopic-observation Drug-Susceptibility (MODS) Assay with

Reference Standard Culture for Detection of M. tuberculosis

MODS Assay

Reference Standard Culture

No. of samples positive for M. tuberculosis by
reference standard method (%)

34 (35)

All directly inoculated samples (n=98)

Sensitivity, % (95% CI) 85 (69-95)

Specificity, % (95% CI) 93 (84-98)

Positive predictive value, % (95% CI) 88 (72-97)

Negative predictive value, % (95% CI) | 92 (82-97)
HIV-positive (n=39)"

Sensitivity, % (95% CI) 85 (55-98)

Specificity, % (95% CI) 92 (73-99)

Positive predictive value, % (95% CI) 85 (55-98)

Negative predictive value, % (95% CI) | 92 (73-99)
HIV-negative (n=20)*

Sensitivity, % (95% CI) 86 (42-100)

Specificity, % (95% CI)

100 (74-100)

Positive predictive value, % (95% CI)

100 (54-100)

Negative predictive value, % (95% CI)

93 (64-100)

* Among persons with known HIV status (n=59/98 (60%)).
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Table 3. Drug-Susceptibility Test Results from the MODS Assay

Isoniazid + Rifampin
Isoniazid Rifampin (multidrug resistance)
No. of samples* 33 33 33
No. resistant (prevalence) 18/27 (67%) | 18/27 (67%) 17/27 (63%)
Sensitivity, % (95% CI) 88 (68-97) 96 (79-100) 91 (72-99)
Specificity, % (95% CI) 89 (52-100) | 89 (52-100) 90 (56-100)
Positive predictive value, % (95% CI) 96 (77-100) | 96 (79-100) 96 (77-100)
Negative predictive value, % (95% CI) 73 (39-94) 89 (52-100) 82 (48-98)

* Analysis limited to samples with positive microscopic-observation drug-susceptibility and reference

standard culture.

" Among directly inoculated patient specimens.

61



John Metcalfe
Division of Epidemiology, University of California, Berkeley

Chapter 5. Evaluation of Multidrug Resistant Tuberculosis Suspects in Zimbabwe

Abstract

The extent of the MDR-TB epidemic in Sub-Saharan Africa is poorly characterized. Zimbabwe has
among the highest TB incidence in the world, yet surveillance for drug resistant tuberculosis has not
been undertaken since 1995. We determined that the prevalence of MDR-TB among retreatment TB
cases in Zimbabwe is 19% (95% CI 13-26%), higher than the regional average. A large proportion of
retreatment cases in this high HIV-burden setting have no microbiologic evidence of TB.
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The emergence of multidrug resistant (MDR) tuberculosis (TB) (TB caused by Mycobacterium
tuberculosis resistant to at least isoniazid and rifampin) in sub-Saharan Africa has been associated with
high mortality and ongoing transmission, [1] is likely underestimated, [2, 3] and poses a major risk of
further destabilizing regional TB control programs. Despite these concerns, less than half of the 46
countries in the World Health Organization (WHO) African Region have provided representative drug
resistance data, and only ten have reported data since 2000. [4]

Zimbabwe ranks 17" among the world’s high TB burden countries, and 4™ according to incidence per
capita (782/100,000). [S] 15.6% of the adult population between 15-49 years is estimated to be HIV
positive, and 80% of active TB cases occur in individuals co-infected with HIV. [6] Although
Zimbabwe is not currently classified as a high MDR-TB burden country, the WHO annual estimated
number of MDR-TB cases (970; 95% CI 406-1,980) [7] exceeds that for many of the countries in this
classification. Current WHO prevalence estimates for MDR-TB among new (1.9%; 95% CI 1.0-3.3%)
and retreatment (8.3%; 95% CI 3-22%) patients in Zimbabwe are based on a 1995 sub-national drug
resistance survey, in which three of 36 patients tested were found to have MDR-TB. Formal national
surveillance for drug resistant tuberculosis is a current leading priority for the Ministry of Health and
Child Welfare (MOHCW).

It is likely that the prevalence of MDR-TB has increased in Zimbabwe. High and increasing rates of
MDR-TB have been documented in neighboring southern Africa countries: South Africa, with the
highest prevalence of MDR-TB in the continent and fourth highest in the world; Mozambique, one of
only four African nations reporting an MDR-TB prevalence above 3% among new cases; and
Botswana, where the incidence of MDR-TB appears to be rising faster than the incidence of drug-
sensitive TB. [8] Zimbabweans living in these countries have been steadily returning home since the
formation of the Unity Government in February 2009. Moreover, economic destabilization and
population displacement have presented significant challenges to tuberculosis control, possibly
increasing the prevalence of MDR-TB. [9] Yet, to date no recent data beyond anecdotal reports of
MDR-TB cases among returnees from surrounding countries are available to quantify this burden. [10]

Materials and Methods. From January 1, 2012 to August 1, 2012 we prospectively recruited a
population-based sample of consecutive individuals suspected of having drug-resistant pulmonary TB
within Harare. Sputum smear-positive or smear-negative TB suspects with either (1) a history of prior
treatment (> 1 month, classified according to World Health Organization criteria) [4] or (2) contact
with an individual with known or suspected drug-resistant TB were considered drug-resistant TB
suspects. Because of the historically centralized organization of TB treatment initiation in Harare
(population 1.6 million), an accurate population-based sample could be obtained from a limited
number of sites in the city; subjects were recruited from Harare’s two central infectious diseases
hospitals and a network of key polyclinics. Ethical approval was obtained from the Medical Research
Council of Zimbabwe, the Institutional Review Board of the Biomedical Research and Training
Institute, and the UCSF Human Research Protection Program. Cultures for mycobacteria were
performed in an external quality assured laboratory using Lowenstein-Jensen (LLJ) media and BBL™
MGIT™ Mycobacterial Growth Indicator Tubes (Becton Dickinson, Sparks, MD). [11] Indirect DST
was performed on all M, tuberculosis isolates using absolute concentration measurement (MIC) on LJ
media to determine susceptibility to isoniazid (0.2 and 1 ug/ml); rifampicin (32 and 64 ug/ml);
ethambutol (2.8 and 4 ug/ml); and streptomycin (8 and 16 ug/ml). [12] Culture for mycobacteria and
direct DST were also performed using the microscopic-observation drug-susceptibility (MODS) assay
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in accordance with published standard operating procedures. [13] Drug resistance, including MDR,
was classified according to results from either direct or indirect DST method. Methods published by
the WHO were used to calculate the prevalence of drug-resistant tuberculosis. [4]

Results

Of 182 recruited patients, 25 (14%) were from outside Harare provincial limits and were not included
in prevalence estimates. Of the remaining 157 patients (Table 1), 85% (n=133) were suspected
retreatment cases and 15% (n=24) were new patients with a history of contact with a known or
suspected MDR-TB case; of those with HIV test results available (148/157, 94%), 71% had HIV
infection. Overall, 16% (n=25; 95% CI 11-23%) of individuals had organisms that were MDR, an
additional 5% (n=8; 95% CI 2-10%) had rifampin or isoniazid-monoresistance, and 36% (n=56; 95%
CI 28-44%) had drug-sensitive TB; 43% (n=68; 35-52%) had no evidence of TB on LJ media, manual
MGIT, or MODS culture. The prevalence of MDR-TB among persons suspected of drug resistance due
to a history of prior TB treatment (excluding new patients) was 19% (95% CI 13-26%). Overall, 32%
(n=50) had a history of travel outside of Zimbabwe in the prior two years, and 2 of 23 (8.7%) MDR-
TB patients with history of prior treatment reported TB treatment in South Africa in the prior year.

Discussion

In this study from the capital and largest city in Zimbabwe, we provide the first assessment of MDR-
TB in the country since 1995. Since that time, the prevalence of MDR-TB has likely increased in
Zimbabwe. Cases of MDR-TB have been contributed to by persons returning from other southern
Africa countries, though the contribution to the overall prevalence of MDR-TB remains uncertain.

Despite a recent World Health Assembly resolution to achieve universal access to diagnosis and
treatment of MDR-TB by 2015, the extent and course of the MDR-TB epidemic in the WHO African
Region, outside of the Republic of South Africa, is poorly understood. Currently, approximately one in
six persons with history of prior TB treatment will have MDR-TB in Zimbabwe, a proportion higher
than the regional average.

Our study focused predominantly upon retreatment TB suspects, among whom MDR-TB cases
represent (1) those with primary MDR organisms who failed their initial treatment, and (2) those who
acquired MDR-TB during the course of treatment of a previous TB episode. We cannot comment on
MDR-TB prevalence among new patients without risk factors for MDR-TB, a group that is thought to
account for the majority of MDR-TB cases (69%) in the WHO African Region. [4] However, a recent
clinical trial recruiting consecutive new patients without a history of prior TB treatment within Harare
found only one case of MDR-TB among xxx recruited cases (Amina Jindani, PI RIFAQUIN, personal
communication). Assuming the prevalence of MDR-TB among new cases has remained low, and
assuming case detection was complete, in 2010, there were 1,273 (95% CI 864-1,714) incident cases of
MDR-TB, somewhat more than current WHO estimates.

Valid drug resistance surveillance data must clearly distinguish new from retreatment cases, emanate
from quality-assured laboratories, and be representative. That a population-based assessment of
retreatment cases in Harare is generalizable to the rest of the country may be plausible because
approximately one-quarter of all notified TB cases occur in Harare, though variation in the prevalence
in rural areas or cities along Zimbabwe’s border may exist. Lack of sampling from these areas is a
limitation of our study. Although drug resistance surveys are typically performed using only sputum
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smear-positive samples, we included both smear-negative and smear-positive TB suspects because (1)
this group more accurately portrays the clinical scenario encountered by health care workers, and (2) it
is ethically questionable to exclude smear-negative subjects in high HIV-burden regions, given the
known poor sensitivity of smear microscopy.

A further unexpected finding of our study was the large proportion of individuals registered as
retreatment TB cases who had no microbiologic evidence of TB (either drug-sensitive or drug-
resistant), despite extensive testing. Chronic lung disease is common among HIV-infected individuals
of all ages, and misclassification (and overtreatment) as TB is likely common in high HIV burden
settings with limited diagnostic capability. This may have substantial implications for TB programs
throughout sub-Saharan Africa.

A formal national drug resistance survey is needed to produce valid estimates of the incidence of MDR
and XDR-TB among new and retreatment cases in Zimbabwe, although such activity must be
considered in light of directing limited resources towards detection and management of persons with
drug-resistant TB. Assistance from the WHO Green Light Committee initiative has been welcome in
ensuring the availability of second-line treatment regimens, evidence-based medicine, and in-country
experience. Future Zimbabwe National TB Program efforts should be informed by studies examining
both traditional (e.g., previous treatment history, known case contact, institutional exposure,
occupation) and nontraditional (e.g., recent migrant population) risk factors for drug resistant TB, as
well as efforts to further characterize retreatment TB suspects who have no microbiologic evidence of
TB. Prompt treatment and screening of contacts for patients with known MDR-TB in the context of
socioeconomic stabilization and continued improvements in health service delivery will be essential to
prevent further expansion of MDR-TB in Zimbabwe.
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Table 1. Characteristics of Study Participants

Drug-sensitive TB | MDR-TB Not TB
(n=56) (n=25) (n=68)
Age, median (IQR) 35 (28-43) 32 (24-40) 37 (31-45)
Male, n (%) 39 (70) 14 (56) 37 (54)
Previous TB Treatment, n (%) | 48 (86) 23 (92) 56 (82)
Outpatients, n (%) 52 (93) 23 (92) 65 (96)
Sputum Smear-positive, n (%) | 26 (46) 19 (76) 34)
HIV-infection, n (%) 31 (57) 18 (78) 49 (77)
CD4+ T-lymphocytes, 194 (105-295) 146 (75-200) 257 (113-372)
median (IQR)

Note: Eight patients with isoniazid or rifampin monoresistant TB were excluded from tabulation. Drug-sensitive TB is
defined as documented sensitivity to isoniazid and rifampin; multidrug resistance is defined as resistance to at least
isoniazid and rifampin; ‘not TB’ is defined as negative results on solid, liquid, and microscopic-observation drug-
susceptibility (MODS) culture.
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Concluding Remarks

There is hope on the horizon that we may witness the elimination of TB in our lifetime; the
Millennium Development Goal target to slow and begin to reverse the TB epidemic by 2015 has
already been achieved. The work presented here, entailing a range of analytic strategies from
traditional epidemiology to loss-based prediction to repeated measures to meta-analysis, was
formulated with this broader goal in mind, and has served to prepare me for a career focused on global
TB elimination.

Yet, despite recent gains, substantial regional heterogeneity with respect to the success of TB control
efforts continues to exist. The WHO African Region has one-quarter of the total world’s TB cases, and
the highest rates of cases and deaths per capita. In addition, almost 80% of TB cases among people
living with HIV reside in Africa. The intersection of the MDR-TB and HIV epidemic in southern
Africa continues to represent a major threat to regional TB control, signaling in essence a return to the
pre-antibiotic era for many. Through this dissertation, I have come to concentrate substantial energy
into coordinating research in Harare, Zimbabwe. My decision to work in this politically and
economically tumultuous state unites both my personal and academic history. With the fourth highest
TB incidence in the world and an 80% HIV co-infection rate, the needs of the population are palpable
and efforts to address the problem are likely to have a large social benefit. Over the past year, I have
enrolled over 250 persons suspected of drug-resistant TB in Zimbabwe in a prospective cohort, Trap
MDR-TB (Transmission and Pathogenesis of MDR-TB), whose main goal is to minimize diagnostic
delay on the pathway to appropriate MDR-TB treatment. In addition to qualitative work aimed at better
understanding etiologies of patient, diagnostic, and referral delay, we offer comprehensive testing for
MDR-TB using smear microscopy, solid culture, liquid culture (manual MGIT), microscopic-
observation drug-susceptibility (MODS), and Xpert MTB/RIF testing for retreatment TB suspects; we
also undertake household and congregate setting contact investigation, with symptomatic contacts
offered free microbiologic testing and longitudinal follow-up. These studies aim (1) to validate or
improve upon currently accepted international clinical care standards for patients at risk for drug
resistant TB, and (2) to allow for determination of patients most likely to benefit from widely endorsed
molecular drug susceptibility testing. We are also undertaking the first prospective study of the
contribution of microbial and human genomic factors on drug resistant TB transmission in a high HIV
prevalence setting; advanced genotyping methods to fully characterize serial drug resistant strains and
novel statistical procedures to account for time-varying clinical covariates (e.g., treatment regimen,
adherence, and CD4 count) will be used to characterize development of drug resistant TB in real-time.
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