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ABSTRACT
Introduction Interferon γ release assays (IGRAs) are
increasingly used for tuberculosis (TB) infection, but their
incremental value beyond patient demographics, clinical
signs and conventional tests for active disease has not
been evaluated in children.
Methods The incremental value of T-SPOT.TB was
assessed in 491 smear-negative children from two
hospitals in Cape Town, South Africa. Bayesian model
averaging was used to select the optimal set of patient
demographics and clinical signs for predicting culture-
confirmed TB. The added value of T-SPOT.TB over and
above patient characteristics and conventional tests was
measured using statistics such as the difference in the
area under the receiver operating characteristic curve
(AUC), the net reclassification improvement (NRI) and
the integrated discrimination improvement (IDI).
Results Cough longer than 2 weeks, fever longer than
2 weeks, night sweats, malaise, history of household
contact and HIV status were the most important
predictors of culture-confirmed TB. Binary T-SPOT.TB
results did not have incremental value when added
to the baseline model with clinical predictors, chest
radiography and the tuberculin skin test. The AUC
difference was 3% (95% CI 0% to 7%). Using risk
cut-offs of <10%, 10–30% and >30%, the NRI was
7% (95% CI −8% to 31%) but the CI included the null
value. The IDI was 3% (95% CI 0% to 11%), meaning
that the average predicted probability across all possible
cut-offs improved marginally by 3%.
Conclusions In a high-burden setting, the T-SPOT.TB
did not have added value beyond clinical data and
conventional tests for diagnosis of TB disease in smear-
negative children.

INTRODUCTION
The diagnosis of pulmonary tuberculosis (PTB) in
children may be challenging.1 2 Microbiological
confirmation with culture is often unavailable due
to the difficulty of specimen collection; even when
specimens are obtained, smear results are usually
negative due to paucibacillary disease. The diagno-
sis therefore relies on clinical and radiological find-
ings and evidence of TB infection as measured by
the tuberculin skin test (TST).3

Interferon γ release assays (IGRAs) have been
developed to replace the TST for diagnosis of TB
infection. Meta-analyses of IGRA performance in
children show that they have higher specificity but
similar sensitivity compared with the TST for

active TB, although IGRA sensitivity is lower in
high-incidence versus low-incidence settings.4 5

While the intended use of IGRAs is not for active
TB, they may be helpful in providing evidence for a
rapid diagnosis in children when combined with
other routine clinical and laboratory investigations.
If conventional tests such as smears are negative,
then a T-SPOT.TB (Oxford Immunotec, Abingdon,
UK) result could add diagnostic information while
culture results are pending. Two published studies
on the incremental value of IGRAs in adult patients
showed limited utility of IGRAs for active TB
disease.6 7

Our study aim was to investigate the incremental
value of T-SPOT.TB beyond patient demographics,
clinical signs and conventional tests in the diagnos-
tic workup of hospitalised children being evaluated
for PTB in a high-burden setting. Using a multivari-
able approach, the incremental value was measured
by the difference between the area under the
receiver operating characteristic curve (AUC), net
reclassification improvement (NRI) and integrated
discrimination improvement (IDI).

Key messages

What is the key question?
▸ Interferon γ release assays (IGRAs) are used for

diagnosis of tuberculosis (TB) infection, but
their incremental value beyond patient
demographics, clinical signs and conventional
tests for active disease has not been evaluated
in children.

What is the bottom line?
▸ Our study shows that the T-SPOT.TB does not

have added value beyond patient
demographics, clinical signs and conventional
tests for diagnosis of active pulmonary TB (PTB)
in smear-negative children.

Why read on?
▸ Our findings have great relevance for paediatric

clinical practice in high-burden, low-resource
settings and are consistent with the WHO
recommendation against the use of IGRAs for
diagnosis of active PTB in low and middle
income countries.
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METHODS
Study enrolment
The study enrolment process has been previously described.8

Briefly, hospitalised children ≤15 years with suspected PTB were
consecutively enrolled from two hospitals in Cape Town from
February 2009 to July 2011. To be eligible, a child had to
present with cough >2 weeks and at least one of the following:
exposure to a household TB case within the past 3 months,
weight loss or failure to thrive within the past 3 months, posi-
tive TST result or chest radiography (CXR) suggestive of PTB.
After the parent or legal guardian provided informed consent,
the child underwent a physical examination and extensive diag-
nostic testing. The study was approved by the Faculty of Health
Sciences, Research Ethics Committee at the University of Cape
Town.

Diagnostic testing
Two sequential induced sputum8 and two nasopharyngeal aspir-
ate specimens9 were collected, after which concentrated fluores-
cent acid-fast smear microscopy and liquid culture were
performed. A definite TB case was defined by at least one posi-
tive culture for Mycobacterium tuberculosis in any specimen.

An anterio-posterior and lateral CXR, taken on enrolment,
were evaluated by a single experienced reviewer, blinded to
other test results. The results were reported as consistent, incon-
sistent or inconclusive for PTB. When the result was inconclu-
sive, a second reviewer read and classified the CXR; a third
reviewer evaluated the radiograph when there was disagreement.
The TST was performed using the Mantoux technique with 2
tuberculin units of purified protein derivative (PPD RT23,
Statum Serum Institute) and read by a trained nurse at 48–72 h.
The cut-off value for a positive TSTwas ≥5 mm in HIV-infected
children and ≥10 mm for others. A HIV rapid test was per-
formed on all children and confirmed by HIV ELISA in children
≥18 months or PCR in children <18 months.

The T-SPOT.TB was performed according to the manufac-
turer’s guidelines. All of the tests were run within 3–4 h of a
blood specimen taken by a single trained technologist.
Peripheral blood mononuclear cells were separated, and the cell
concentration was adjusted to 2.5×106 cells/ml. To each of four
interferon γ capture antibody precoated wells, the following
were added: 50 μl of Positive Control, Panel A (ESAT6), Panel B
(CFP10), and Nil control. Then, 100 μl of cell suspension was
added to each well. This was incubated overnight at 37°C in 5%
CO2. The test result was positive if Panel A minus Nil control
and/or Panel B minus Nil control ≥6 spots. The test result was
negative if both Panel A minus Nil control and Panel B minus
Nil control ≤5 spots. A Nil control >10 spots was considered
Indeterminate. Two observers, who were blinded to all other
test results, reported the number of spots, and the mean
number was used in the analysis. Indeterminate results were
excluded from analysis. Physicians were blinded to the T-SPOT.
TB results and did not use them in the clinical decision-making.

Estimation of incremental value
We used Bayesian model averaging (BMA) to identify the most
parsimonious set of predictors in a logistic regression model for
the outcome of culture-confirmed TB. Predictors for patient
demographics and clinical signs were determined a priori and
included passive smoke exposure, HIV status, history of house-
hold contact, weight for age Z score, night sweats, cough
>2 weeks, fever >2 weeks, malaise, loss of appetite and weight
loss. We used the BMA programme in the statistical software

package R that considers all possible combinations of predictors.
This programme performs a model selection procedure based
on the Bayesian information criterion.10 The advantage of this
approach is that it does not lead to overfitting.11 Predictors that
were in the top six models, which together had an 88% prob-
ability of being the best model, were included in the clinical
model.

Since children with positive smears are diagnosed with defin-
ite TB and started on treatment, the incremental value of
T-SPOT.TB was evaluated only in smear-negative children. To
reflect the diagnostic workup for active TB in children in our
hospital setting, the clinical model was extended by the CXR
result (consistent or inconsistent with PTB) and the TST result
(positive or negative according to the recommended cut-off
depending on HIV status). The clinical predictors, CXR and
TST formed the baseline model. This model was further
extended by the T-SPOT.TB result (positive or negative accord-
ing to the manufacturer’s recommended cut-off) to determine
its incremental value. We also performed the same extension
using the quantitative log-transformed spot-forming cells (SFCs)
rather than the binary result. In the primary analysis using con-
firmed TB as the outcome, all culture-negative children were
considered non-TB cases, even if they were clinically diagnosed
with TB and started on treatment. In a secondary analysis, we
estimated the incremental value of T-SPOT.TB using the children
placed on empirical treatment for TB as the outcome.

Evaluating incremental value involves comparing prediction
models, with and without the new test as a covariate. The differ-
ence in AUC for the two models is the most familiar statistic for
estimating added value. The AUC is formally defined as the
probability that for each randomly selected pair, consisting of
one individual with and one without the event, the predicted
probability of disease will be higher for the individual who has
the event.12

More recently, Pencina and colleagues proposed the NRI and
IDI statistics for comparing prediction models.13 Both measures
are based on quantifying appropriate reclassification by the add-
ition of a new test to an existing model, or higher probability
for patients with the event and lower probability for those
without the event.

The NRI is the net proportion of individuals with the
event who are reclassified into a higher risk category, plus
the net proportion of individuals without the event who
are reclassified into a lower risk category: NRI=(pup,events −
pdown,events)+(pdown,nonevents − pup,nonevents), where lower-case
p is the proportion of upward or downward movement into
predefined risk categories. We used the risk categories of
<10%, 10–30% and >30% based on the probability distribu-
tion of our models and the categories used by Metcalfe et al.7

The IDI, a continuous form of the NRI across all risk thresh-
olds from 0% to 100%, is the sum of the increase in probability
among patients with the event and the decrease in probability
among patients without the event. It is formally defined
by: IDI ¼ ðPnew;events � Pold;eventsÞ þ ðPold;nonevents � Pnew;noneventsÞ,
where upper-case P is the average predicted probability of the
outcome in the old model and the new extended model with
the additional test.

Tenfold cross validation was performed on the data to avoid
overestimating the incremental value. All 95% CIs for the AUC,
NRI and IDI were obtained using 1000 bootstrap samples. An
interval that did not cross the null value of 0 would represent
statistically significant added value. All incremental value ana-
lyses were performed using the user-written package ‘incrisk’ in
Stata, V.12.14
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RESULTS
Patient characteristics
As shown in figure 1, 557 children with CXR and TST results
had the T-SPOT.TB performed. In 29 (5%) children, the
T-SPOT.TB was indeterminate (all due to high Nil control), and
they were excluded from further analysis. The demographic and
clinical characteristics of the 528 children are summarised in
table 1. The median age was 22 months (IQR 12–53). The
prevalence of HIV infection was 24%, with most children in the
late clinical stages of disease as defined by WHO.15 The median
CD4 cell count was 489 cells/ml (IQR 226–832). Most children
had findings consistent with PTB on CXR, while most were
negative on TST and T-SPOT.TB. Culture-confirmed TB was
diagnosed in 91 (17%) children, while only 37 (7%) were posi-
tive on smear microscopy. Based on clinical judgment, 296
(56%) children were diagnosed with PTB, for which they were
started on treatment.

Incremental value
Predictors that were in the top six models according to the
BMA procedure included cough >2 weeks, fever >2 weeks,
night sweats, malaise, HIV infection, and history of household
contact. These predictors comprised the clinical model. The
Hosmer–Lemeshow goodness-of-fit test indicated no significant
differences between the observed and predicted probability of
TB (χ2=7.84, p=0.45). The cross-validated odds ratios for the
logistic regression models are presented in table 2.

The incremental value analysis was performed in 491 children
with negative smear results. With culture-confirmed TB as the

outcome, the AUC for the baseline model with clinical predic-
tors, CXR and TSTwas 85% (95% CI 80% to 90%). Addition
of T-SPOT.TB to this model did not substantially improve its
discriminatory ability, as the AUC increased only to 88% (95%
CI 85% to 92%) and 87% (95% CI 84% to 92%) when
the binary result or quantitative result was added, respectively
(table 3). When using the NRI measure, binary T-SPOT.TB
results (NRI=7%; 95% CI −8% to 31%) and quantitative SFC
results (NRI=8%; 95% CI −7% to 25%) reclassified patients
appropriately. However, both CIs included the null value.
Table 4 provides a detailed calculation of the NRI for compar-
ing the baseline model with the expanded model with binary
T-SPOT.TB results. The numbers along the diagonal represent
children who remained in the same risk category even after add-
ition of T-SPOT.TB results. In children with confirmed PTB,
the T-SPOT.TB increased the probability of TB in 20% (11/54)
of children, while incorrectly decreasing the probability in 17%
(9/54) of children. Thus, the net improvement for confirmed
PTB cases was 3% (95% CI −10% to 28%). In children without
confirmed PTB, the T-SPOT.TB correctly decreased the prob-
ability of TB in 9% (38/437) of children but increased the prob-
ability in 5% (24/437) of children for a net improvement of 4%
(95% CI −1% to 7%).

Considering all possible risk categories from 0% to 100%,
the IDI showed that the T-SPOT.TB did not improve the average
probability of TB (IDI=3% (95% CI 0% to 11%) for binary
results and IDI=4% (95% CI 0% to 12%) for quantitative
results). Figure 2 depicts the probability distributions for chil-
dren with and without confirmed TB and the marginal improve-
ments with addition of binary T-SPOT.TB results. As seen in this
figure, adding T-SPOT.TB to the standard workup did not cause
substantial increases in predicted probabilities for confirmed TB
cases (ie, shifts to the right). For non-TB cases, the probabilities
are appropriately concentrated to the left even without the add-
ition of T-SPOT.TB.

When empirical treatment for active TB was used as the
outcome of our model, T-SPOT.TB results increased the AUC
marginally from 84% to 86% (AUC difference=2%; 95% CI
0% to 3%). A similar finding was seen with the IDI, in which
the IDI was 2% (95% CI 1% to 6%) for binary results and 3%
(95% CI 1% to 6%) for quantitative results. When risk categor-
ies were used for the NRI, the magnitude of improvement was
larger in children who were not treated. The T-SPOT.TB cor-
rectly decreased the probability of disease in these children.
However, the CI contained the null value. Overall, T-SPOT.TB
results did not substantially reclassify smear-negative children
into appropriate risk categories (table 3).

DISCUSSION
Although meta-analyses have shown that IGRAs have suboptimal
sensitivity for active PTB in children,4 5 diagnostic tests such as
the T-SPOT.TB are not performed alone. The diagnostic
workup is inherently a sequential process that begins with
patient demographics, then signs and symptoms, followed by
simpler tests, and extending to more expensive and/or invasive
tests. Unfortunately, diagnostic research that evaluates the added
value of new TB tests beyond routinely measured variables and
conventional tests is limited.

Our study is the first incremental value analysis of the IGRA
in children, in whom diagnosis of active TB remains a challenge.
We measured the added value of T-SPOT.TB in a high-burden
setting using the difference in AUC and the NRI and IDI mea-
sures that have been more recently described. Our findings show
that T-SPOT.TB does not have utility in supporting a diagnosis

Figure 1 Flowchart of children included in the study. CXR, chest
radiography; TB, tuberculosis; TST, tuberculin skin test.

862 Ling DI, et al. Thorax 2013;68:860–866. doi:10.1136/thoraxjnl-2012-203086

Tuberculosis



of active PTB in hospitalised smear-negative children beyond
the clinical history and standard tests. When culture-confirmed
TB was used as the outcome in the analysis, T-SPOT.TB did
not increase the discriminatory ability of the model according
to the AUC. Furthermore, it did not correctly reclassify a sub-
stantial number of children, whether using prespecified risk cat-
egories with the NRI or continuous risk probabilities with the
IDI. In a secondary analysis, the findings were similar when
empirical TB treatment based on clinical judgment was used as
the outcome.

Two studies have been published thus far on the incremental
value of IGRAs in smear-negative adult patients using culture-
confirmed TB as the gold standard.6 7 Both studies evaluated
the QuantiFERON-TB (QFT, Cellestis/Qiagen, Australia) assay
in adults. Metcalfe and colleagues found that quantitative inter-
feron γ results significantly improved discrimination according
to the AUC and appropriately reclassified patients using the NRI
when added to patient demographic and clinical characteristics
in a low-incidence setting.7 The added value of the QFT,
however, was lower when predictors based on subjective clinical
judgment of risk (low, medium or high) were incorporated into
their model. In the second study, Rangaka and colleagues evalu-
ated the use of the QFT to screen for active TB in HIV-infected
adults before starting isoniazid preventive therapy.6 According
to the AUC, the QFT had less added value compared with TST
for improving upon a baseline clinical model. Based on evidence
from these incremental value studies and those based on test
accuracy,16 WHO recommended against the use of IGRAs for
diagnosing active TB disease in low and middle income coun-
tries.17 Our findings are supportive of this negative recommen-
dation in high-burden settings for children as well.

Strengths and limitations
In our methodological approach, we used a BMA procedure
that considers all possible combinations of predictors. This
model selection process and the cross-validation step avoid
developing an overly optimistic model that would have worse
performance when applied to other data. Furthermore, we
assessed the incremental value using two newer measures that

Table 1 Demographic and clinical characteristics of 528 children at enrolment

Characteristic
Frequency (%) in all children
(n=528)

Frequency (%) in culture-confirmed
children (n=91)

Frequency (%) in treated children
(n=296)

Median age in months (IQR) 22 (12 to 53) 28 (16 to 62) 25 (13 to 61)
Male 292 (55) 54 (59) 164 (55)
BCG vaccinated (based on presence of scar and
vaccination records)

447 (85) 60 (66) 240 (81)

Night sweats 275 (52) 54 (59) 159 (54)
Malaise 245 (46) 56 (62) 153 (52)
Fever >2 weeks 85 (16) 24 (26) 59 (20)
Cough >2 weeks 169 (32) 45 (49) 118 (40)
History of household TB contact 321 (61) 61 (67) 185 (63)

HIV positive 124 (24) 15 (17) 71 (24)
WHO clinical stage 1 11 (9) 0 2 (3)
WHO clinical stage 2 35 (28) 5 (33) 15 (21)
WHO clinical stage 3 50 (40) 6 (40) 31 (44)
WHO clinical stage 4 28 (23) 4 (27) 23 (32)

Median CD4 cell count in HIV-positive children
(IQR)*

489 (226 to 832) 333 (112 to 485) 471 (152 to 832)

Median weight for age Z score (IQR) −1.56 (−2.84 to −0.56) −1.62 (−3.07 to −0.78) −1.61 (−3.01 to −0.68)
Median height for age Z score (IQR)† −1.23 (−2.33 to −0.30) −1.11 (−2.33 to −0.60) −1.17 (−2.34 to −0.33)
Median weight for height Z score (IQR)‡ −0.66 (−2.06 to 0.42) −1.39 (−3.05 to −0.48) −0.77 (−2.40 to 0.23)

CXR consistent with pulmonary TB 372 (71) 81 (89) 217 (73)
TST positive (recommended cut-offs)§ 213 (40) 68 (74) 193 (65)
T-SPOT.TB positive (manufacturer’s cut-off ) 175 (33) 75 (82) 157 (53)
Median number of SFCs on T-SPOT.TB (IQR) 3 (1 to 13) 25 (7 to 67) 7 (2 to33)
Smear positive 37 (7) 37 (41) 37 (13)

*CD4 cell count not available for nine HIV-positive children.
†Data available for 430 children.
‡Data available for 385 children.
§5 mm for HIV-infected children; 10 mm for others.
CXR, chest radiography; SFC, spot-forming cell; TB, tuberculosis; TST, tuberculin skin test.

Table 2 Cross-validated ORs (95% CIs) for culture-confirmed TB
for the baseline model with clinical predictors, CXR and TST and the
expanded model with binary T-SPOT.TB results (n=491)

Predictor
Baseline model
without T-SPOT.TB

Expanded model with
T-SPOT.TB (binary)

Night sweats 1.42 (0.72 to 2.80) 1.32 (0.66 to 2.69)
Malaise 1.82 (0.94 to 3.53) 2.08 (1.03 to 4.18)
Fever >2 weeks 1.90 (0.83 to 4.35) 1.86 (0.78 to 4.48)
Cough >2 weeks 1.52 (0.73 to 3.16) 1.42 (0.67 to 3.03)
History of TB contact 0.84 (0.43 to 1.65) 0.61 (0.29 to 1.25)
HIV positive 0.43 (0.14 to 1.34) 0.64 (0.19 to 2.14)
CXR consistent with TB 5.53 (2.03 to 15.03) 4.62 (1.65 to 12.94)
TST positive 19.30 (7.32 to 50.91) 7.54 (2.56 to 22.20)
T-SPOT.TB – 5.93 (2.39 to 14.73)

CXR, chest radiography; TB, tuberculosis; TST, tuberculin skin test.
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are based on risk probabilities. One major criticism of the AUC
as an overall measure of model performance has been its lack of
direct clinical interpretation to individual patients. The NRI and
IDI are more informative than the AUC in that they calculate
the increase in appropriate reclassification separately for events
and non-events.

Our study also had several limitations. Only results from one
reader were used for most CXRs, so that a consensus read was
not possible. Furthermore, we could not evaluate specific radio-
logical findings, such as lobar consolidation or lymphadenopathy,
in our analysis. In the secondary analysis in which empirical TB
treatment based on clinical judgment was used as the outcome of
the model, incorporation bias may be an issue. This type of bias
would generally overestimate the performance of tests that are
also used in assigning the final outcome. This problem is difficult
to avoid in the context of childhood TB, as the absence of an
adequate reference standard requires that the entire clinical
picture be taken into account when making a final diagnosis.

Our study recruited children from secondary and tertiary-care
hospitals, where disease is more severe and treating physicians
are highly specialised and/or more prone to overtreatment.
Thus, our findings may not be applicable to primary-care facil-
ities with less experienced clinicians or in community and ambu-
latory settings where children would present with milder form
of disease. Furthermore, the availability of resources in our hos-
pital setting may not be representative of other settings in which
certain diagnostic tests are not standard of care. In fact, smear
microscopy is being phased out as the first-line diagnostic test in
South Africa with the nationwide rollout of the rapid Xpert
MTB/RIF test (Cepheid, USA).18 Further analysis will be
required to determine the incremental value of T-SPOT.TB in
children in whom Xpert MTB/RIF is negative. Moreover, our
study findings may not be generalisable to settings with low
prevalence of HIV coinfection.

The lack of a gold standard to confirm the diagnosis further
complicates conducting research studies for childhood TB.
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Table 4 Reclassification tables to calculate the NRI for binary
T-SPOT.TB results in smear-negative children with and without
culture-confirmed TB, using the risk categories <10%, 10–30% and
>30%*

Clinical+CXR+TST+T-SPOT.TB
(expanded model)

Clinical+CXR+TST (baseline model) <10% 10–30% >30% Total

Confirmed TB (N=54)

<10% 4 5 0 9
10–30% 4 9 6 19
>30% 1 4 21 26
Total 9 18 27 54

Not confirmed TB (N=437)
<10% 318 12 0 330
10–30% 26 29 12 67
>30% 2 10 28 40
Total 346 51 40 437

Numbers in bold indicate correctly-reclassified patients that are used to calculate the
NRI.
*The risk categories are based on the predicted probabilities from the logistic
regression model. The T-SPOT.TB correctly reclassified 3% of culture-confirmed cases
(11/54 above the diagonal minus 9/54 below the diagonal). The T-SPOT.TB correctly
reclassified 4% of non-confirmed cases (38/437 below the diagonal minus 24/437
above the diagonal). Thus, the overall NRI is 7%.
CXR, chest radiography; NRI, net reclassification improvement; PTB, pulmonary
tuberculosis; TST, tuberculin skin test.
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Recently, efforts have been made to develop practical reference
standards based on consensus clinical case definitions19 and to
suggest a standardised approach for reporting findings so that
results are comparable across studies.20 Thus, these are import-
ant steps forward for facilitating the inclusion of children in
diagnostic studies that will target this important group as a pri-
ority for new TB technologies.
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