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Background. Treatment of recent tuberculosis infection in children aged !2 years is essential, because of high
risk of progression to disease, but diagnosis is hindered by the inaccuracy of the tuberculin skin test (TST). More-
accurate T cell–based tests of infection could enhance diagnosis by optimizing interpretation of the TST results.

Methods. A total of 979 child tuberculosis contacts in Istanbul underwent the TST and enzyme-linked im-
munospot assay. Using enzyme-linked immunospot test results as a reference standard, we assessed the effect of
age and bacille Calmette-Guérin (BCG) vaccination on the sensitivity and specificity of the TST, and we computed
the optimal TST cutoff points, using receiver operating characteristic curves.

Results. With a TST cutoff point of �10 mm, the sensitivity of the TST was 66% for children aged !2 years,
which was lower than that for older children ( ). Specificity was 75% for BCG-vaccinated children,P p .006
compared with 92% for unvaccinated children ( ). Optimal cutoff points improved TST specificity forP p .001
children with 1 BCG scar, with little loss of sensitivity. Despite the use of optimal cutoff points, TST sensitivity
remained !70% for children aged !2 years, specificity remained !87% for BCG-vaccinated children aged �2 years,
and overall accuracy was low for children with 11 BCG scar.

Conclusions. Negative results of the TST cannot exclude tuberculosis infection for child tuberculosis contacts
aged !2 years, which supports the use of preventive therapy regardless of the TST results for this age group. In
children aged �2 years, the accuracy of the TST can be improved by adjustment of cutoff points for BCG-
vaccinated children but remains poor for children with 11 BCG scar. This methodology can define optimal TST
cutoff points for diagnosis of tuberculosis infection tailored to target populations.

Children with Mycobacterium tuberculosis infection are

at high risk of developing active tuberculosis [1, 2].

Infected children aged !2 years have a �20% risk of

progression to active disease, which increases to 50%

for infants [2]. The risk decreases among children aged
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�2 years and is ∼5% for children aged 2–5 years [2].

Given that isoniazid therapy prevents progression to

tuberculosis [3], rapid and accurate diagnosis of child-

hood M. tuberculosis infection is a global public health

priority.

However, routine diagnosis of M. tuberculosis infec-

tion is based on the tuberculin skin test (TST), which

handicaps management of childhood tuberculosis in-

fection. Prior bacille Calmette-Guérin (BCG) vaccina-

tion may affect the specificity of the TST [4], and some

countries adjust TST cutoff points for vaccinated chil-

dren. However, there is no consensus as to whether or

how much the TST cutoff point should be increased

[5, 6].

The sensitivity of the TST for young children is un-
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Figure 1. Distribution of tuberculin skin test (TST) indurations, stratified
by results of enzyme-linked immunospot assay (ELISPOT). A, TST indu-
rations for all child tuberculosis contacts ( ). B, TST indurationsn p 979
for ELISPOT-negative contacts. C, TST indurations for ELISPOT-positive
contacts. Stratification by ELISPOT results revealed that the bimodal na-
ture of the overall distribution of TST indurations arises through com-
bination of 2 distinct distributions with different modal values, reflecting
the infected and uninfected subgroups.

known; therefore, guidelines for the management of child tu-

berculosis contacts vary widely. Some national tuberculosis con-

trol programs recommend preventive therapy with isoniazid

for young children, on the basis of TST results [5, 7], whereas

others recommend it for all child tuberculosis contacts younger

than a certain age, regardless of TST results [6, 8–11].

T cell–based IFN-g release assays (IGRAs) represent a sig-

nificant advancement from the TST [12–15], and, in this study,

the IFN-g enzyme-linked immunospot assay (ELISPOT) was

used. Although further research is required, much published

evidence indicates that, for adults, ELISPOT is more specific

and more sensitive than is the TST [16–28]. Although there

are fewer studies involving children, the available evidence

shows that ELISPOT is more sensitive than is the TST for

children with active tuberculosis [29–31]. In addition, although

there is no reference standard test for latent tuberculosis in-

fection, ELISPOT appears to be more sensitive than the TST

for contact investigations among children and infants [17, 30,

32–34]. Thus, available evidence suggests that ELISPOT is more

specific and more sensitive than the TST for detection of latent

tuberculosis infection in children.

However, IGRAs are not yet suitable for all populations,

because they are expensive and require a blood sample and

laboratory equipment. Therefore, most children may not ben-

efit from this important medical advance. We reasoned that

IGRAs might be used to inform and improve the interpretation

and diagnostic accuracy of the TST. In the absence of a reference

standard, we used ELISPOT as a surrogate reference standard

for testing for latent tuberculosis infection, to optimize the use

of the TST for children with recent tuberculosis exposure. ELI-

SPOT was applied in parallel with the TST for 979 child house-

hold contacts in Istanbul, Turkey, which has an intermediate

prevalence of tuberculosis (40 cases per 100,000 persons) [35],

a very low prevalence of HIV infection among children [36],

and a policy of universal childhood BCG vaccination. We clas-

sified ELISPOT-positive children as infected and ELISPOT-neg-

ative children as uninfected and then assessed the effects of

young age and BCG vaccination on the sensitivity and speci-

ficity of the TST.

MATERIALS AND METHODS

Study participants. All adults who received a diagnosis of

sputum smear–positive pulmonary tuberculosis at the 7 gov-

ernment-funded tuberculosis clinics in east Istanbul from Oc-

tober 2002 through May 2004 and who had children living in

the household were invited to participate in the study, as de-

scribed elsewhere [30]. Ethics approval was granted by the In-

stitutional Review Board of Marmara University School of

Medicine, Istanbul; The Turkish Ministry of Health, Ankara;

and the World Health Organization Steering Committee on

Research Involving Human Subjects, Geneva.

The Turkish Ministry of Health guidelines for BCG vacci-

nation are as follows: all children are vaccinated intradermally

with BCG Pasteur 1173-P2 (Serum Institute of India) at age

2–3 months, and a booster vaccination is administered during

the first year of primary school, at age 6–7 years. The BCG

vaccination coverage rate among Turkish children was 79% in

2004 [37].

Clinical evaluation. A total of 1024 child contacts of the

443 index patients with sputum smear–positive pulmonary tu-

berculosis were enrolled at the Paediatric Infectious Diseases

Clinic, Marmara University School of Medicine, where medical
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Figure 2. Sensitivity and specificity of the tuberculin skin test (TST)
for different cutoff points, with enzyme-linked immunospot assay (ELI-
SPOT) as the reference standard test for latent tuberculosis infection
among tuberculosis contacts. Filled diamonds, sensitivity; open circles,
specificity. Sensitivity was calculated as the cumulative proportion of
ELISPOT-positive contacts with indurations equal to or larger than the
TST cutoff point; specificity was calculated as the cumulative proportion
of ELISPOT-negative contacts with indurations smaller than the TST cutoff
point.

Figure 3. Observed receiver operating characteristic (ROC) curves of
tuberculin skin test (TST) performance, compared with that of enzyme-
linked immunospot assay. A, Observed ROC curves stratified by age group.
Solid line, children aged !2 years ( ); dashed line, children agedn p 130
2–5 years ( ); dotted line, children aged 6–16 years ( ).n p 275 n p 574
B, Observed ROC curves stratified by bacille Calmette-Guérin (BCG) vac-
cination status. Solid line, children with no BCG scar ( ); dashedn p 209
line, children with 1 BCG scar ( ); dotted line, children with 11n p 652
BCG scar ( ). Values in boxes indicate TST thresholds inn p 118
millimeters.

histories were taken, physical examination and investigations

were performed, and demographic data were recorded, as de-

scribed elsewhere [30]. Complete demographic, clinical, ELI-

SPOT, and TST data were available for 979 of the total of 1024

children enrolled, as described elsewhere [30].

TST. The TST was administered by the Mantoux method,

as described elsewhere [30]. For interpretation and analysis of

TST induration, 3 different universal cutoff points of indura-

tion were used to define a positive result of TST: �5 mm, �10

mm, and �15 mm.

Ex vivo IFN-g ELISPOT. ELISPOT was performed as de-

scribed elsewhere [30, 32]. This assay has subsequently been

developed into the regulatory agency–approved, commercially

available T-SPOT.TB assay (Oxford Immunotec), which uses

the same ESAT-6 and CFP-10 peptides. Our predefined cutoff

point is the standard used in all previous studies based on this

assay, amounting to 9 studies and 1916 participants [16, 17,

19, 20, 22, 29, 32, 38, 39]. The specificity and sensitivity of this

assay are described in these studies [16, 17, 19, 20, 22, 29, 32,

38, 39] and in recent reviews [13, 14, 34, 40].

Statistical methods. Determinants of disease prevalence

and test sensitivity and specificity were identified using logistic

regression modeling, and the significance of each factor was

assessed using likelihood-ratio and Wald tests. Observed re-

ceiver operating characteristic (ROC) curves were plotted for

each subgroup, the areas under the ROC curves were estimated

using the trapezoidal rule, and the significance of the differences

in areas under the ROC curves was tested.

Smoothed ROC curves were constructed to minimize ran-

dom error and to remove digit preference, before optimal cutoff

points (OCPs) were identified. ROC curves were fitted using

the maximum-likelihood latent-scale binormal model of Dorf-

man and Alf [41], and fitted values of sensitivity and specificity

were obtained at each observed cutoff point. Estimates of the

probability of false-negative diagnosis (Prob(FN)) and the

probability of false-positive diagnosis (Prob(FP)) that ac-

counted for disease prevalence were computed for each cutoff

point as follows:

Prob(FN) p (1 � sensitivity) � prevalence

Prob(FP) p (1 � specificity) � (1 � prevalence) .
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Table 1. Sensitivity and specificity of the tuberculin skin test (TST), with enzyme-linked immunospot assay as a
reference standard, stratified by age and bacille Calmette-Guérin (BCG) vaccination status.

TST cutoff point,
stratification
and/or group Sensitivity, % (95% CI)

No. of
children P Specificity, % (95% CI)

No. of
children P

15 mm
All participants 88.9 (85.5–91.8) 416 60.6 (56.4–64.6) 563
Age group, years

!2 78.1 (60.0–90.7) 32 59.2 (48.8–69.0) 98
2–5 89.5 (82.3–94.4) 114 .099a 65.8 (58.0–73.1) 161 .282a

6–16 90.0 (85.8–93.3) 270 .051a 58.2 (52.5–63.8) 304 .867a

2–5 and 6–16 combined 89.8 (86.4–92.7) 384 .049a 60.9 (56.3–65.3) 465 .758a

BCG vaccination status
No BCG scar 89.1 (81.7–94.2) 110 88.9 (81.0–94.3) 99
1 BCG scar 87.4 (82.6–91.2) 253 .641b 59.7 (54.7–64.5) 399 !.001b

11 BCG scar 96.2 (87.0–99.5) 53 .146b 23.1 (13.5–35.2) 65 !.001b

110 mm
All participants 83.7 (79.7–87.1) 416 73.5 (69.7–77.1) 563
Age group, years

!2 65.6 (46.8–81.4) 32 79.6 (70.3–87.1) 98
2–5 82.5 (74.2–88.9) 114 .044a 77.6 (70.4–83.8) 161 .711a

6–16 86.3 (81.6–90.2) 270 .004a 69.4 (63.9–74.5) 304 .053a

2–5 and 6–16 combined 85.2 (81.2–88.6) 384 .006a 72.3 (67.9–76.3) 465 .137a

BCG vaccination status
No BCG scar 84.5 (76.4–90.7) 110 91.9 (84.7–96.4) 99
1 BCG scar 81.8 (76.5–86.4) 253 .529b 74.9 (70.4–79.1) 399 .001b

11 BCG scar 90.6 (79.3–96.9) 53 .297b 36.9 (25.3–49.8) 65 !.001b

115 mm
All participants 78.6 (74.3–82.5) 416 88.3 (85.3–90.8) 563
Age group, years

!2 62.5 (43.7–78.9) 32 98.0 (92.8–99.8) 98
2–5 77.2 (68.3–84.5) 114 .098a 91.3 (85.8–95.2) 161 .048a

6–16 81.1 (75.9–85.6) 270 .014a 83.6 (78.9–87.5) 304 .002a

2–5 and 6–16 combined 79.9 (75.6–83.8) 384 .024a 86.2 (82.8–89.2) 465 .005a

BCG vaccination status
No BCG 83.6 (75.4–90.0) 110 97.0 (91.4–99.4) 99
1 BCG scar 75.5 (69.7–80.7) 253 .088b 90.5 (87.2–93.2) 399 .047b

11 BCG scar 83.0 (70.2–91.9) 53 .921b 61.5 (48.6–73.3) 65 !.001b

a P value for comparison with group aged !2 years.
b P value for comparison with group with no BCG scar.

OCPs were computed using prevalence of infection estimates

obtained from the logistic regression model for each subgroup.

The criteria for the first OCP minimized total diagnostic

error, identifying the cutoff point at which the sum of the

probabilities of false-positive and false-negative diagnoses of

latent tuberculosis infection was lowest, which allowed prev-

alence of infection to be taken into account. We also report

the range of cutoff points for which the probability of diagnostic

error was within 2% of this minimum value, to describe the

sensitivity of overall performance to cutoff-point selection. A

second OCP was defined as the cutoff point at which the con-

sequences of diagnostic error were minimized. Although it is

clear that the consequences of false-negative diagnoses (i.e.,

missing a case of latent tuberculosis infection) are greater than

those of false-positive diagnoses (i.e., incorrectly diagnosing

latent tuberculosis infection and giving unnecessary treatment),

the relative disutility of these consequences is not known. We

created a disutility score as follows:

Disutility score p Prob(FP) + [k � Prob(FN)] ,

where k was given values of 2, 5, and 10, corresponding to

assumptions of the consequences of false-negative results being

2, 5, and 10 times more catastrophic than the consequences of
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Figure 4. Distribution of tuberculin skin test (TST) indurations, stratified by results of enzyme-linked immunospot assay (ELISPOT) and bacille Calmette-
Guérin (BCG) vaccination status. A, B, and C, TST indurations among ELISPOT-positive children. D, E, and F, TST indurations among ELISPOT-negative
children. A and D, TST indurations among children who were unvaccinated. B and E, TST indurations among children with 1 BCG scar. C and F, TST
indurations among children with 11 BCG scar. Dashed line, uniform TST cutoff point of �10 mm. Distributions of TST indurations among ELISPOT-
positive children (A, B, and C were similar, indicating that an increased number of BCG scars does not affect the sensitivity of the TST. In contrast,
results for ELISPOT-negative children (D, E, and F) revealed a substantial decrease in the percentage of children with 0-mm indurations and an increase
in the percentage of children with indurations �10 mm with an increasing number of BCG scars, resulting in lower specificity. The percentage of
ELISPOT-negative contacts with TST indurations 10 mm who had no BCG scar, 1 scar, and 11 scar were 14%, 46%, and 82%, respectively
( ; ). The percentage of ELISPOT-negative contacts with positive results of TST as defined by the cutoff point of �10 mm, were2x p 73.3 P ! .001trend

8%, 25%, and 63% for children with no BCG scar, 1 scar, and 11 scar, respectively ( ; ).2x p 59.3 P ! .001trend

false-positive results, and we identified the cutoff points at

which the score was minimized. Results are presented for a k

value of 2. We report ranges of cutoff points with disutility

values within 2% (relative to the maximum theoretical score)

of the OCP score.

Analyses were undertaken using Stata, version 9.0 (Stata Cor-

poration), with the roccomp and rocfit commands, and using

Excel (Microsoft).

RESULTS

Demographic and clinical characteristics of study

participants. The median age of the 979 child tuberculosis

contacts was 7 years (interquartile range [IQR], 3–11 years),

50.2% were male, and the average number of contacts per

household was 2.5. A total of 770 contacts (78.7%) were vac-

cinated with the BCG vaccine, on the basis of presence or
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Figure 5. Fitted receiver operating characteristic curves of tuberculin
skin test (TST) performance, compared with results of enzyme-linked
immunospot assay, stratified by bacille Calmette-Guérin (BCG) vacci-
nation status among patients aged !2 years (A) and 2–16 years
(B). Solid lines, children with no BCG scar; dashed lines, children with
1 BCG scar; dotted lines, children with 11 BCG scar. Values in boxes
indicate TST thresholds in millimeters.

absence of a BCG scar, including 115 contacts with 2 scars and

3 contacts with 3 scars.

TST and ELISPOT results. On the basis of positive results

of ELISPOT, 416 (42.5%) of the children were infected with

M. tuberculosis. The percentages of TST-positive children were

60.5%, 50.8%, and 40.1% with use of the cutoff points �5

mm, �10 mm, and �15 mm, respectively.

TST indurations for ELISPOT-negative children (figure 1B)

were smaller than those for ELISPOT-positive children (figure

1C) (median size [IQR], 0 mm [0–10 mm] vs. 20 mm [16–23

mm]; , by Mann-Whitney U test).P ! .001

Sensitivity and specificity of the TST, relative to ELISPOT.

With a cutoff point of �1 mm, the relative specificity of the

TST remained 150%, and specificity reached a plateau in the

cutoff range 25–30 mm. The relative sensitivity of the TST

started at 89.4% and decreased gradually to 78.6% at the cutoff

of 15 mm and more steeply with greater cutoffs thereafter

(figure 2).

Impact of age on sensitivity and specificity of the TST, rel-

ative to ELISPOT. The shape of the ROC curve for children

aged !2 years was different from that for older children (figure

3A). With a cutoff point of �15 mm, the relative sensitivity

of the TST decreased from 80% for children aged 2–16 years

to 63% for children aged !2 years ( ) and from 85%P p .024

to 66%, respectively, with a cutoff point of �10 mm (P p

) (table 1). The cutoff point of �5 mm yielded the best.006

relative sensitivity of 78.1% for children aged !2 years, which

was significantly lower than that for older children ( ),P p .049

at a cost of a very low relative specificity of 59.2% (table 1).

Thus, at all cutoff points, the relative sensitivity of the TST was

lower for children aged !2 years, and even with the cutoff point

of �5 mm, 7 infected infants would have been missed, because

of false-negative results of TST.

Table 1 shows a trend toward lower relative specificity for

older children, which remained significant after adjustment for

BCG vaccination status ( , by test for trend across ageP p .013

categories with a cutoff point of �15 mm). Despite the strong

relationships of relative TST sensitivity and specificity with age,

the area under the ROC curve, a measure of overall test ac-

curacy, did not significantly differ among the 3 age groups (0.81,

0.87, and 0.87 for children aged !2 years, 2–5 years, and 6–16

years, respectively; , by test for difference), as can occurP p .54

when the relationships act in contrasting directions.

Impact of BCG on sensitivity and specificity of the TST,

relative to ELISPOT. The area under the ROC curve became

significantly smaller with an increasing number of BCG scars

(0.93, 0.86, and 0.79 for 0 BCG scars, 1 BCG scar, and 11 BCG

scar, respectively; , by test for difference) (figure 3B),P p .003

indicating a reduction in overall test accuracy. The number of

BCG scars significantly adversely affected TST specificity at all

cutoff points but did not affect sensitivity (table 1). To inves-

tigate this further, we stratified the distribution of TST indu-

rations by ELISPOT results and the number of BCG scars (fig-

ure 4).

Optimization of TST cutoff points to minimize diagnostic

error, relative to ELISPOT. OCPs that minimized the sum of

the probabilities of false-positive and false-negative diagnoses,

with prevalence of infection taken into account, were identified

from smoothed ROC curves generated for groups defined by

age (aged !2 years vs. 2–16 years) and BCG scar status (0 scars

vs. 1 scar vs. 11 scar) (figure 5 and table 2). The age groups

of 2–5 years and 6–16 years were combined because there was

no significant difference in prevalence of infection or TST per-

formance between the groups (table 1 and figure 3A).
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Table 2 shows the OCPs for prevalences of infection esti-

mated from the observed data. Results are presented for 2

different analytical strategies (see “Statistical methods” in the

Materials and Methods). The estimated performance of the

TST, relative to ELISPOT, at these OCPs and the range of cutoff

points adjacent to the OCPs with similar overall performance

is shown in table 2.

Among unvaccinated children aged �2 years, for whom rel-

ative TST specificity and the prevalence of infection are high

(table 2), the probability of false-positive results is low. Opti-

mization, therefore, computed a low cutoff point of �2 mm,

to minimize the summed probabilities of false-negative and

false-positive results.

Because of the serious adverse clinical consequences of false-

negative results for children aged !2 years, we calculated OCPs

for disutility multipliers of and (see “Statisticalk p 5 k p 10

methods” in the Materials and Methods). For vaccinated chil-

dren aged !2 years, at the observed population infection prev-

alence of 22%, OCPs with disutility multipliers of andk p 5

were �13 mm and �11 mm, respectively. For unvac-k p 10

cinated children aged !2 years, a disutility multiplier of k p

gave an OCP of �4 mm, which amounted to a cutoff of10

any observed response (because 4 mm was the smallest ob-

served response in this group); even this OCP yielded a relative

diagnostic sensitivity of only 81%. If the disutility multiplier

exceeded 10.7, treatment given to all patients would be a pref-

erable strategy than use of this lowest cutoff point, given the

observed study prevalence.

However, even with computed OCPs, the overall error rate

of the TST, relative to ELISPOT, increased from 10% for un-

vaccinated children aged �2 years to �20% for children with

11 BCG scar (table 2).

OCPs were also calculated for the 5 groups with use of ar-

bitrary prevalences of 5%, 20%, and 40%. Cutoff-point selec-

tion for children aged !2 years was unaffected by the prevalence

of infection, whereas OCP selection for children aged �2 years

was related to prevalence (see table 2 note).

DISCUSSION

The lack of a reference standard for latent tuberculosis infection

greatly complicates the interpretation of TST results, which in

turn represents a substantial obstacle to improvement of tu-

berculosis control. Setting cutoff points, therefore, has relied

on empirical comparison of TST indurations in presumptively

infected and uninfected populations. Such analyses have hith-

erto been based on population distributions of TST results for

patients with active tuberculosis or hypothetical distributions

of TST results computed by subtracting the distribution of TST

results among unexposed individuals from that among tuber-

culosis contacts [42, 43]. We used ELISPOT results as a sur-

rogate reference standard for child tuberculosis contacts, to

assess the effect of BCG vaccination and young age on the

specificity and sensitivity of the TST and to optimize TST cutoff

points.

The lower relative sensitivity of the TST for children aged

!2 years suggests that the delayed-type hypersensitivity response

to M. tuberculosis infection in infants is weaker than that in

older children [44]. However, ELISPOT can detect very low

levels of T cell responses to M. tuberculosis infection. This ex-

plains its high diagnostic sensitivity, relative to the TST, for

infants [17, 33] and young children [29], who have immature

cellular immune systems, and for HIV-infected individuals [12,

22, 29].

Our analysis to minimize diagnostic error assumed that the

consequences of false-positive and false-negative results were

equal, but in practice, the clinical consequences of not treating

infected children aged !2 years are more severe than those of

treating uninfected children, because of the high risk of pro-

gression to tuberculosis and its attendant high morbidity and

mortality [1, 45, 46]. To account for how different clinical

outcomes affect clinicians’ interpretation of diagnostic test re-

sults, we computed an alternative set of OCPs that minimized

a disutility score. This weighted the cutoff-point selection pro-

cess in favor of minimizing false-negative results and generated

cutoff points that were equal to or lower than the cutoff points

generated with minimization of the diagnostic error score, be-

cause relative TST sensitivity was maximized at the cost of

relative specificity. Given the imperative for early treatment of

tuberculosis infection in very young children, our results sug-

gest that the TST lacks sufficient sensitivity to reliably rule out

a diagnosis of tuberculosis infection among household contacts

in this age group. Some national guidelines recommend that

child contacts aged !2 years should receive preventive therapy

isoniazid on the basis of positive TST results [5]. Our results

lend greater support to a policy of giving universal preventative

therapy to all child tuberculosis contacts aged !2 years, re-

gardless of TST results.

For children aged 2–5 years, the sensitivity of the TST, relative

to ELISPOT, was not significantly different from that for chil-

dren aged 16 years. Therefore, given that children aged �2

years are at substantially lower risk of primary progression to

active disease than are younger children [2] and given that the

relative sensitivity of the TST did not increase further with

increasing age, 2 years may be a suitable age threshold above

which TST results can be used to guide targeting of isoniazid

preventive therapy to child contacts.

In unvaccinated children, TST specificity was high but de-

clined progressively as the number of previous BCG vaccina-

tions increased. In ELISPOT-negative children with 11 scar,

indurations of �20 mm were not uncommon. The recom-

mended cutoff points in Turkey, although slightly different from

our OCPs, nonetheless performed within a 2% margin of error,
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compared with the OCPs that were computed to minimize

disutility where .k p 2

The OCPs represent the best possible performance for the

TST in this population, with ELISPOT as the reference stan-

dard; however, even these gave error rates of 10%–27%. The

problem was most pronounced for children with 11 BCG scar.

Several countries (e.g., Turkey and Russia) perform a second

BCG vaccination in children and use the TST to diagnose latent

tuberculosis infection [10]. Previous studies reached contra-

dictory conclusions about the impact of repeated BCG vacci-

nation on the TST [47–49]. Our results indicate that repeated

vaccination has a substantial impact on TST induration, which

renders interpretation of the TST unreliable, and even the use

of OCPs results in a high proportion of false-positive results

among child contacts.

In contrast, TST specificity for children aged !2 years was

high, despite the close proximity in time to BCG vaccination

(table 1). Thus, notwithstanding the poor sensitivity of the TST

for children aged !2 years, its high specificity with use of the

cutoff point of �15 mm makes a positive result of TST a reliable

marker of tuberculosis infection in very young children.

Specificity of the TST varies across different populations and

regions of the world and depends, in part, on the level of

environmental mycobacterial exposure, as well as BCG vacci-

nation status [4, 50]. Thus, although our OCPs have direct

relevance to clinical practice in Turkey, they cannot be extrap-

olated to other populations. Our approach to derivation of

OCPs, however, is generalizable. Where deployment of IGRAs

is not yet possible, testing of sentinel populations by the TST

and IGRA would enable tuberculosis control programs to set

more-accurate TST cutoff points tailored to the whole target

population.

Our approach could improve epidemiological prevalence

surveys by minimizing diagnostic error and avoiding the as-

sumptions about TST induration distributions in presumptively

infected populations [51] that are inherent in mathematical

methods such as mixture analysis and the mirror method.

In contrast to the consistent evidence from countries with

low and medium prevalence of tuberculosis of the correlation

of IGRA results with tuberculosis exposure, a recent Gambian

study that used a variation of our assay, with different thresh-

olds for scoring results, sensitivity, and specificity [52, 53],

found poor correlation; thus, additional work is required for

settings with a high burden of tuberculosis. Although the ELI-

SPOT assay used in our study represents an improvement on

the TST [12, 16–19, 21, 22, 25, 32, 38] and is already rec-

ommended by several national guidelines, it is not a perfect

test of latent tuberculosis infection, and our OCPs have been

based on imperfect diagnoses in a proportion of our

population.

Correlation of baseline TST results with subsequent devel-

opment of tuberculosis over 2 years has recently shown that

children deemed to have positive results of TST by the locally

defined thresholds were not at increased risk of progressing to

tuberculosis, compared with children with negative results of

TST [54]. These cutoff points were within 2% of the OCP from

our cross-sectional analysis. However, children with positive

results of TST defined by a 5-mm induration threshold, a cutoff

point also within 2% of the OCP from our cross-sectional

analysis, were at a higher risk of progression, compared with

children with negative results of TST, although this risk did not

reach statistical significance [55]. The recently established prog-

nostic value of positive ELISPOT results, together with the

lower specificity of the 5-mm threshold means that significantly

more children would need to be given preventive therapy with

isoniazid on the basis of positive TST results than on the basis

of ELISPOT results to prevent a similar number of incident

tuberculosis cases [55].

Our findings could inform tuberculosis control policy. The

low sensitivity of the TST for children aged !2 years supports

the use of preventive therapy with isoniazid regardless of TST

results for these household contacts. For children with 2 BCG

scars, the specificity of the TST was very poor, even after ad-

justment of the cutoff point. Given that a second BCG vacci-

nation confers no additional protection against tuberculosis

disease [56] or infection [30] yet renders the TST almost un-

interpretable, second vaccinations may be impeding tubercu-

losis control efforts. Finally, our study provides a mechanism

through which the scientific advance of T cell–based testing

could be used to improve management of childhood tuber-

culosis infection in resource-limited settings.
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