
LSHTM Research Online

Aggerbeck, Henrik; Ruhwald, Morten; Hoff, Soren T; Borregaard, Bettine; Hellstrom, Elizabeth;
Malahleha, Mookho; Siebert, Mirna; Gani, Mashra; Seopela, Vincent; Diacon, Andreas; +3 more...
Lourens, Madeleine; Andersen, Peter; Dheda, Keertan; (2018) C-Tb skin test to diagnose Mycobac-
terium tuberculosis infection in children and HIV-infected adults: A phase 3 trial. PLOS ONE, 13
(9). ISSN 1932-6203 DOI: https://doi.org/10.1371/journal.pone.0204554

Downloaded from: http://researchonline.lshtm.ac.uk/id/eprint/4655770/

DOI: https://doi.org/10.1371/journal.pone.0204554

Usage Guidelines:

Please refer to usage guidelines at https://researchonline.lshtm.ac.uk/policies.html or alternatively
contact researchonline@lshtm.ac.uk.

Available under license: http://creativecommons.org/licenses/by/2.5/

https://researchonline.lshtm.ac.uk

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by LSHTM Research Online

https://core.ac.uk/display/286270579?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://researchonline.lshtm.ac.uk/id/eprint/4655770/
https://doi.org/10.1371/journal.pone.0204554
https://researchonline.lshtm.ac.uk/policies.html
mailto:researchonline@lshtm.ac.uk
https://researchonline.lshtm.ac.uk


RESEARCH ARTICLE

C-Tb skin test to diagnose Mycobacterium

tuberculosis infection in children and HIV-

infected adults: A phase 3 trial

Henrik AggerbeckID
1*, Morten Ruhwald2, Søren T. Hoff2, Bettine Borregaard1,

Elizabeth Hellstrom3, Mookho Malahleha4, Mirna Siebert5, Mashra Gani6,

Vincent Seopela7, Andreas Diacon8, Madeleine Lourens8, Peter Andersen2,

Keertan Dheda9

1 Department of Vaccine Development, Statens Serum Institut, Copenhagen, Denmark, 2 Department of

Infectious Diseases Immunology, Statens Serum Institut, Copenhagen, Denmark, 3 Be Part Yoluntu Centre,

Paarl, South Africa, 4 Setshaba Research Centre, Pretoria, South Africa, 5 Tiervlei Trial Centre, Cape Town,

South Africa, 6 Global Clinical Trials, Port Elizabeth, South Africa, 7 Synexus Stanza Bopape Clinic, Pretoria,

South Africa, 8 TASK, Cape Town, South Africa, 9 UCT, Cape Town, South Africa

* hea@ssi.dk

Abstract

Background

C-Tb, an ESAT-6/CFP-10-based skin test, has similar sensitivity for active TB compared to

tuberculin skin test (TST) and QuantiFERON-TB-Gold-In-Tube (QFT). However, data are

limited in children and HIV-infected persons.

Methods

Asymptomatic South African contacts <5 years (n = 87; HIV-uninfected), or symptomatic

individuals of all ages presenting to clinics with suspected TB (n = 1003; 30% HIV-infected)

were recruited from eight South African centres. C-Tb and TST were allocated to either fore-

arm double blinded. Samples for QFT were collected in parallel, and test-positivity rates

were compared.

Results

In participants with microbiologically confirmed TB (n = 75; 45% HIV-infected) sensitivity of

C-Tb, TST and QFT were similar (72% versus 75% versus 73%; p>0.5). All 3 tests had simi-

lar positivity rates in HIV-infected participants with active TB, however, positivity rates were

reduced when CD4 counts were <100 cells/μL. In participants where active TB was

excluded (n = 920), C-Tb (41%), TST (43%), and QFT (44%) also had similar test-positivity

rates. Among asymptomatic contacts aged below five, 32% (28/87) tested positive with C-

Tb and 32% (28/87) with TST (concordance 89%). Overall, C-Tb and TST showed a similar

safety profile.
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Conclusion

C-Tb was safe and showed similar test-positivity rates, compared to TST and QFT, in chil-

dren and HIV-infected persons with active or latent M. tuberculosis infection. These data

inform the utility of C-Tb in clinical practice.

Trial registration

ClinicalTrials.gov NCT01642888.

EudraCT 2011-005078-40.

Introduction

In contrast to active TB, which can be microbiologically proven, latent M. tuberculosis infec-

tion (LTBI) can only be inferred indirectly by the detection of an antigen-specific immune

response, either in the skin through the tuberculin skin test (TST) using purified protein deriv-

ative (PPD), or in vitro using a blood-based interferon-γ release assay (IGRA) [1,2].

One strategy to decrease the burden of TB in low and high TB-burden settings is to

systematically test those with LTBI, at highest risk of progressing to active disease, but are

willing to accept treatment. Risk groups include people living with HIV, and adult and

childhood contacts of active cases of pulmonary TB (PTB) [1,3–5]. However, there are sev-

eral drawbacks of the currently approved tests. The TST may give false-positive reactions

from cross-reactivity with non-tuberculous mycobacteria and previous Bacillus Calmette–

Guérin (BCG) vaccination especially if BCG is administered after infancy [6–8]. In HIV

co-infection, the cut-point may need adjustment to mitigate for lower sensitivity. More

recently, the IGRAs QuantiFERON-TB Gold In Tube (QFT; Qiagen, Hilden, Germany) and

T-SPOT.TB (Oxford Immunotec, Abingdon, UK) have become routine tests to diagnose

presumed M.tb infection in low-burden countries, either alone or in combination with TST

[9,10]. The IGRAs are more specific and require only a single visit for phlebotomy. How-

ever, a second visit may often be needed to clarify the result, complete symptom screening

for active TB, and to start LTBI treatment. The IGRAs also have several drawbacks, includ-

ing the need for complex laboratory and sample-transport infrastructure, higher costs,

within person variability, and a high proportion of indeterminate results in advanced HIV

and very young children [11].

C-Tb (Statens Serum Institut, Copenhagen, Denmark) is a highly specific skin test for the

diagnosis of LTBI designed to address some of the drawbacks of TST and IGRAs [12]. C-Tb is

applied and read in the same way as TST, but is based on the antigens ESAT-6 and CFP-10

that are also included in the IGRAs. Due to high specificity, C-Tb uses a universal 5 mm cut-

point induration irrespective of the status of BCG, HIV, or both [13]. In a recent contact trac-

ing trial that included groups with various degrees of exposure to cases of PTB, C-Tb test-posi-

tivity rates were concordant with increasing exposure to TB, and were very highly concordant

with QFT [14].

However, little is known about the value of C-Tb in other risk groups including young chil-

dren and persons living with HIV [3,15,16]. To address this question, we conducted a phase 3

trial that included participants of all ages (with varying HIV status). Participants included

those with suspected active TB, asymptomatic children <5 years old that were close contacts

of cases with active PTB, and healthy older children served as community-based control

C-Tb in children and HIV-infected persons
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group. As there is no microbiological gold standard for LTBI, as in previously published evalu-

ation studies [11,17], sensitivity was determined in active TB [13], with the presumption that

sensitivity would be similar or possibly better in LTBI (given that active TB is an immunosup-

pressive state).

Materials and methods

Trial design and participants

The trial was a double-blind, split-body design with randomized injections of C-Tb versus

TST in either forearm. The trial was conducted in eight South African sites from September

05, 2012 to September 30, 2014. 1003/1190 of those enrolled were cases with suspected TB (0–

65 years; 30% HIV-infected), while the remainder comprised 87 asymptomatic PTB contacts

aged below five, and 100 healthy controls (5–11 years old; Fig 1). The latter was to infer the

impact of recent exposure on skin test responses using ‘supposedly’ non-exposed children (no

known contact but within a TB endemic environment where the force of infection is high) as a

reference, and to complete safety evaluations over a range of childhood subgroups (children

with active TB, asymptomatic contacts of active cases, and healthy controls that did not have a

definitive history of exposure).

Those with suspected TB between 0 and 65 years of age presented to primary care clin-

ics with TB symptoms (online data supplement S1 Table). These individuals, after inves-

tigation and follow-up for 28 days, were classified as either active TB cases (culture or

Xpert MTB/RIF positivity served as the reference standard) or non-TB. Participants with

clinical symptoms of TB but with a negative microbiology were included in the non-TB

group, because only microbiologically confirmed TB was regarded gold standard to eval-

uate the sensitivity of the tests. The asymptomatic children aged <5 years were close con-

tacts of a smear positive PTB case defined as more than 6 h contact per day for at least

five days. The trial staff also recruited a healthy control group of children with no known

contact with people infected with M.tb and no symptoms or signs of active TB (as out-

lined above). Subjects with confirmed active TB or AIDS defining diagnosis at screening

were excluded.

Trial procedures

Identical appearing vials of C-Tb and PPD RT 23 (both Statens Serum Institut, Copenhagen,

Denmark, (since 2017 PPD RT 23 is a product held by AJ Vaccines) labelled left or right were

randomized in blocks of 10, and 0.1 mL of each agent was randomly injected in separate arms

immediately one after the other according to the Mantoux technique as previously described

[14]. Induration responses for C-Tb and TST were read 48–72 h after intradermal injection

transversely to the long axis of the forearm with the ballpoint method and a ruler, and docu-

mented with digital images. Indurations�1 mm defined a ‘responder’. Samples for Quanti-

FERON-TB-Gold-In-Tube (Qiagen, Hilden, Germany) were collected prior to the skin tests.

The QFT was performed by PathCare (Goodwood, South Africa) according to the manufac-

turer’s instructions. BCG status was determined according to vaccination cards and the pres-

ence of BCG scars. HIV-infection was diagnosed by two alternative positive rapid tests, or one

positive rapid test and a confirmatory ELISA. To limit the amount of blood taken from those

aged<5 years old (as per ethical approval and guidelines), no blood samples for haematology,

biochemistry, QFT or HIV status were collected. The HIV-test result obtained immediately

after birth was used.

C-Tb in children and HIV-infected persons
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Safety assessment

Local and systemic adverse events (AE) were assessed by the trial staff through medical assess-

ments 30 minutes after intradermal injection and at the follow-up visits. Diaries were provided

Fig 1. Overview of the trial participants. �These were clinic attendees that on follow-up segregated into those with microbiologically confirmed active

TB and non-TB participants. Efficacy data are presented as number of test positives/n (%).

https://doi.org/10.1371/journal.pone.0204554.g001
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for recording of all AEs experienced until Day 28. Injection site reactions (ISRs) were assigned

to the respective agent, whereas systemic AEs were assigned to both agents.

Objectives and outcomes

The primary trial objective was to assess the performance of C-Tb in children and HIV-

infected persons and to confirm the safety profile. The primary outcome was the test-positivity

rate defined by indurations�5 mm for C-Tb and 5 or 15 mm for TST (5 mm if HIV-infected)

[10,12,13]. Secondary outcomes were comparisons of C-Tb, TST, and QFT test positivity. As

there is no gold standard for diagnosing LTBI, we provided comparative test positivity data for

C-Tb, QFT, and TST.

Statistical analysis

Given the lack of a microbiological definition of LTBI, sensitivity was determined in partici-

pants with active TB. In those without active TB (non-TB), C-Tb test-positivity rates were

compared to QFT and TST. Differences in number of test positives were assessed by McNe-

mar’s test for marginal heterogeneity, and in unpaired analyses with Fisher’s exact test or χ2

test. Agreement between tests was assessed with Cohen’s κ coefficient. Given that this trial

addressed patient safety and used within-person randomisation the results have been pre-

sented within the context of the Consort Guidelines. Further details are provided in the online

supplement.

Ethics

The trial was conducted according to the principles expressed in the Declaration of Helsinki.

Written informed consent form were obtained from adult participants and from parents or

legal guardians of children, with additional assent form provided in older children. The trial

was approved by Pharma-Ethics (No. 12024740), University of Cape Town Human Research

Ethics Committee (No. 222/2012), and the Medicines Control Council (No. 20120120). The

trial was part of an agreed Paediatric Investigation Plan, which is in accordance with EU

regulations.

Results

Participants and final diagnosis

During the observation period of 28 days following skin testing, active TB was confirmed

among 75/1003 (7%) with TB symptoms, while 928/1003 (93%) had no microbiological evi-

dence of active TB (non-TB but this included 44 participants with symptoms who were test

negative but empirically treated for TB).

Out of the 928 non-TB cases, two did not receive C-Tb, and six participants were either lost

to follow-up, withdrew consent, or died; thus no induration measurements were recorded in

these participants. None of the three reported deaths were related to the skin tests. Among the

enrolled participants�5 years old, 38 (4%) had missing QFT result, and among the remaining

916, 131 (14%) were indeterminate (all due to low IFN-γ levels in the positive control).

Both genders were equally distributed with the median age of 17 years (Table 1). The major-

ity of the trial population was of Black African descent (55–87%). The healthy control group

inadvertently included participants only of mixed race (91%) and of European descent (9%).

There was almost full BCG vaccination coverage among young children. HIV-infection was

mainly observed in adults. Participants with unknown HIV status were all�5 years of age.

Median CD4 count in HIV-infected adults was 314 cells/μL (IQR 164–502 cells/μL).

C-Tb in children and HIV-infected persons
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Test performance

Overall. C-Tb showed a positivity rate of 40% (95% CI 38–43%, n = 1182), similar to the

positivity rate of TST (41% [39–44%], n = 1184, p = 0.3456) and the results were concordant in

84% of the participants. QFT was not done in children <5 years old; for those�5, QFT

showed a positivity rate of 43% ([40–46%], n = 916), including 131 (14%) indeterminate

results. C-Tb and QFT showed no significant difference among those subjected to dual testing

and the results were concordant in 624 (83%) of the 750 participants with a determinate test

result (p = 0.1987). The impact of age on test readouts is outlined in the online supplement.

Sensitivity, positivity rates and the impact of HIV

Based on the 75 cases with microbiologically confirmed active TB, C-Tb showed a sensitivity

of 72% (95% CI 61–81%), similar to the sensitivity of TST (75% [64–83%], p = 0.8026) and

results were concordant in 59 (79%) of the participants (Table 2, S2 Table). Forty-five percent

(34/75) of the confirmed cases were co-infected with HIV, even though HIV-infection only

constituted 30% (299/1003) of the participants with TB symptoms (Table 1). The sensitivity of

QFT was influenced by five missing results and 14/70 (20%) indeterminate results, mainly (9/

14, 64%) in the HIV-infected group (S2 Table). Seventy-one percent (10/14) of the participants

Table 1. Demographics of the trial population.

ALL Symptomatic Asymptomatic Healthy

controlDiagnosed with active TB� Non-TB PTB contact

Trial participants 1190 75 928 87 100

Age (years)

Median (range) 17 (0–65) 32 (0–62) 25 (0–65) 2 (0–4) 8 (5–11)

<5 236 (20) 2 (3) 147 (16) 87 (100) 0 (0)

5–17 366 (31) 13 (17) 253 (27) 0 (0) 100 (100)

�18 588 (49) 60 (80) 528 (57) 0 (0) 0 (0)

Sex

Male 589 (49) 40 (53) 465 (50) 43 (49) 53 (53)

Female 601 (51) 35 (47) 463 (50) 44 (51) 47 (47)

Ethnicity

African descent 909 (76) 55 (73) 806 (87) 48 (55) 0 (0)

Other 291 (24) 20 (27) 122 (13) 39 (45) 100 (100)

BCG status

Vaccinated 882 (74) 45 (60) 655 (71) 86 (99) 96 (96)

Not vaccinated 264 (22) 25 (33) 234 (25) 1 (1) 4 (4)

Unknown 44 (4) 5 (7) 39 (4) 0 (0) 0 (0)

HIV

Uninfected 730 (61) 40 (53) 566 (61) 24 (28) 100 (100)

Unknown 161 (14) 1 (1) 97 (10) 63 (72) 0 (0)

Infected 299 (25) 34 (45) 265 (29) 0 (0) 0 (0)

CD4 (HIV-infected) †

<100 40 (14) 12 (35) 28 (11) N.A. N.A.

�100 246 (86) 22 (65) 224 (89) N.A. N.A.

Data are presented as n, median (range) or n (%).

�Microbiologically confirmed during the trial after skin testing.
†13 missing CD4 count.

https://doi.org/10.1371/journal.pone.0204554.t001
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with indeterminate QFT result tested positive with C-Tb, and 79% (11/14) tested positive with

TST. Based on those tested, QFT showed a sensitivity of 59% (41/70), increasing to 73% (41/

56%) if indeterminate results were excluded (Table 2, S2 Table).

In symptomatic non-TB participants, C-Tb showed a positivity rate of 41% (39–44%), simi-

lar to the rate of TST (43% [39–46%], p = 0.298) and QFT (44% [40–47%], p = 0.1105), and

with a concordance of 83% and 79%, respectively (Table 3, S3 Table). All three tests showed

similar positivity rates in HIV-uninfected individuals. However, application of a 5 mm cut-

point for TST in HIV-infected participants was associated with a significantly higher test posi-

tivity rate of 40% (34–46%) compared to C-Tb (34% [29–40%], p = 0.0180) and QFT (26%

[21–32%], p = 0.0004). QFT showed a high number of indeterminate results (111/741 [15%]),

mainly 68/111 (61%) in HIV-infected participants (S3 Table).

In the 245 HIV-infected non-TB participants with available QFT test results, 81 (33%)

tested positive with C-Tb and only 65 (27%) tested positive with QFT (p = 0.0412, Table 3, S3

and S4 Tables). Excluding indeterminate results, QFT positivity rate increased from 27% (65/

245) to 37% (65/177), which was similar to the positivity rate of C-Tb (37% [66/177], S3

Table).

Excluding the 44 participants who were empirically treated for TB from the 920 included in

the non-TB group reduced the C-Tb test positive rate by only 2% points (data not shown).

CD4

All three tests showed reduced test-positivity rates in HIV infected participants with CD4

counts <100 cells/μL (Fig 2). This was observed in both those diagnosed with active TB and

those without active TB (S5 and S6 Tables). For QFT, the rate of indeterminate results reached

a maximum of 65% (17/26) at CD4 counts <100 cells/μL.

Table 2. Sensitivity of C-Tb versus TST (top) and QFT (bottom) in microbiologically confirmed active TB cases.

All HIV-uninfected HIV

co-infected

C-Tb versus TST

N 75 41 34

C-Tb pos. (%) 72.0

(60.9–81.0)

75.6

(60.5–86.4)

67.7

(50.8–81.0)

TST pos. (%) 74.7

(63.7–83.2)

73.2

(57.9–84.4)

76.5

(59.8–87.8)

p-value� 0.8026 1.0000 0.3711

C-Tb versus QFT

N 70 38† 32‡

C-Tb pos. (%) 70.0

(58.4–79.5)

73.7

(57.8–85.2)

65.6

(48.2–79.7)

QFT pos. (%) 58.6

(46.9–69.4)

68.4

(52.5–81.0)

46.9

(30.9–63.6)

p-value� 0.1175 0.7518 0.1138

Data are presented as % (95% CI). Cut-point for TST was 5 mm in HIV-infected individuals and 15 mm in HIV-

uninfected.

�McNemar’s test. In an intention to diagnose principle, QFT indeterminate results were included as negative.
†3 missing QFT. 5/5 QFT indeterminate results were C-Tb positives.
‡2 missing QFT. 5/9 QFT indeterminate results were C-Tb positives.

https://doi.org/10.1371/journal.pone.0204554.t002
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Table 3. Test positive results of C-Tb versus TST (top) and QFT (bottom) in non-TB participants.

All HIV-uninfected HIV-

infected

C-Tb versus TST

N 920 658† 262

C-Tb pos. (%) 41.0

(37.8–44.2)

43.6

(39.9–47.4)

34.4

(28.9–40.3)

TST pos. (%) 42.5

(39.3–45.7)

43.5

(39.7–47.3)

40.1

(34.3–46.1)

p-value� 0.2980 1.0000 0.0180

C-Tb versus QFT

N 741 496‡ 245§

C-Tb pos. 46.6

(43.0–50.2)

53.2

(48.8–57.6)

33.1

(27.5–39.2)

QFT pos. 43.7

(40.2–47.3)

52.2

(47.8–56.6)

26.5

(21.4–32.4)

p-value
�

0.1105 0.6935 0.0412

Data are presented as % (95% CI). Cut-point for TST was 5 mm in HIV-infected individuals and 15 mm in HIV-

uninfected.

�McNemar’s test. In an intention to diagnose principle, QFT indeterminate results were included as negative.
†Including 97 participants (�5 years of age) with unknown HIV status.
‡Excluding 162 with missing QFT. 15/43 QFT indeterminate results were C-Tb positives.
§17 with missing QFT. 15/68 QFT indeterminate results were C-Tb positives.

https://doi.org/10.1371/journal.pone.0204554.t003

Fig 2. Test positivity rate according to HIV status and CD4 count. The data shown excludes participants with unknown HIV status and healthy

control group. Error bars indicate 95% CI. Cut-point for TST was 5 mm in HIV-infected and 15 mm in others. C-Tb: N = 921 (625 HIV-uninfected, 296

HIV-infected). TST: N = 923 (627 HIV-uninfected, 296 HIV-infected). QFT: N = 818 (126 indeterminate, 538 HIV-uninfected, 280 HIV-infected). Data

specific to the active and non-TB groups are shown in S2–S4 Tables. �HIV-uninfected versus HIV-infected p<0.05. †CD4 counts�100 cells/μL versus

counts<100 cells/μL in HIV-infected; p<0.05.

https://doi.org/10.1371/journal.pone.0204554.g002
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Children

In children <5 years old TST results are used to guide treatment for active TB. In the present

trial tuberculosis was diagnosed in 12/148 (8%) symptomatic children <5 years old, two of

them were confirmed microbiologically and ten diagnosed according to symptoms or signs of

TB (S7 Table). The two participants diagnosed with active TB both showed indurations�15

mm with both skin agents, the youngest at four months of age. Both were close contacts with a

PTB case and presented with cough >2 weeks and drenching night sweats. Those diagnosed

according to clinical symptoms all had TST indurations�14 mm, and all but three tested posi-

tive with C-Tb. Of note, 12 children presenting with similar symptoms and positive C-Tb

results were not diagnosed with TB (S6 Table). Four of those had no TST induration.

In the asymptomatic group of children with PTB contacts, 38% (33/87) tested positive with

C-Tb or TST, 23 being positive with the two tests and five positive with either (p = 0.7518, con-

cordance 89%, Table 4).

The youngest participant testing positive with C-Tb had an induration of 11 mm at 71 days

of age, and the youngest responder to TST had an induration of 9 mm at 53 days of age.

C-Tb showed an increasing test positivity rate with age (S8 Table) and with exposure (Fig

3). Thus, 17% (17/100) in the healthy control group tested positive with C-Tb, increasing to

32% (28/87) of the PTB contacts and 87% (13/15) in those with active TB (p<0.0001). Similar

results were found for TST (S9 and S10 Tables).

Induration size

To explore the impact of age and HIV status on skin test performance we compared the indu-

ration sizes of C-Tb and TST responders (defined as skin test induration�1 mm) and the

number of non-responders (bimodal distribution). C-Tb showed a minor but significantly

decreased induration from median 21 to 19 mm in HIV-infected participants aged 5–65 years

(p = 0.0148), whereas TST showed a median of 20 mm irrespective of HIV status (S1 Fig). The

number of non-responding active and non-TB participants (5–65 years) increased significantly

from 43% (238/550) in HIV-uninfected to 57% (169/296) in HIV-infected for C-Tb, and from

32% (178/551) to 51% (152/296) for TST (p<0.005). Also age had little influence on the

Table 4. Test positive results of C-Tb versus TST in children<5 years.

Group Age

(years)

N C-Tb pos. (%) TST pos. (%) p-value�

Asymptomatic contacts <5 87 32.2

(23.3–42.6)

32.2

(23.3–42.6)

0.7518

0–1 30 23.3

(11.5–41.2)

23.3

(11.5–41.2)

0.6171

2–4 57 36.8

(25.5–49.9)

36.8

(25.5–49.9)

0.6831

Symptomatic

active† and non-TB

<5 148 14.2

(9.4–20.8)

17.6

(12.2–24.6)

0.3320

0–1 69 10.1

(4.7–19.8)

7.3

(2.8–16.2)

0.7237

2–4 79 17.7

(10.7–27.7)

26.6

(18.0–37.3)

0.0455

Data are presented as % (95% CI). Cut-point for TST was 15 mm.

�McNemar’s test.
†Active TB was diagnosed in two, one in each age group 0–1 and 2–4 years.

https://doi.org/10.1371/journal.pone.0204554.t004
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medians (S2 Fig). However, symptomatic children aged below two showed a significantly

reduced median of 4 mm (C-Tb, p<0.0001, One Way ANOVA) and 10 mm (TST, p<0.0001)

respectively, indicating that indurations were influenced by symptoms in the youngest chil-

dren (S2 Fig and S10 Table). Further, the positivity rates for both agents were significantly

lower in symptomatic children <5 years old compared to asymptomatic children (Table 4, χ2,

p<0.05). Of note, the median C-Tb induration among TB symptomatic responders was 20

Fig 3. Test positivity rates in different subgroups of children comparing TST and C-Tb along an exposure

gradient. Healthy control group (5–11 years, n = 100), asymptomatic PTB contacts<5 years (n = 87) and active TB

cases<18 years (n = 15, no HIV-infected). Error bars indicate 95% CI.

https://doi.org/10.1371/journal.pone.0204554.g003

Table 5. Injection site reactions in the full analysis set.

C-Tb (N = 1188) TST (N = 1190)

All reactions 282 (23.7) 290 (24.4)

Pruritus 210 (17.7) 221 (18.6)

Pain 90 (7.6) 81 (6.8)

Rash 58 (4.9) 63 (5.3)

Vesicles 24 (2.0) 24 (2.0)

Induration� 15 (1.3) 8 (0.7)

Swelling 5 (0.4) 4 (0.3)

Erythema† 3 (0.3) 3 (0.3)

Observations are presented as n (%). N = total number of injections.

�Induration�50 mm.
†Erythema�80 mm.

https://doi.org/10.1371/journal.pone.0204554.t005
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mm irrespective of race (394 of Black African ancestry; 111 mixed European/African,

p = 0.4520). TST showed a median of 20 mm in participants of Black African ancestry

(n = 483), and was significantly reduced to 17 mm in participants of mixed ancestry (n = 128,

p = 0.0335), which was associated with the higher BCG vaccination coverage of 85% in the

mixed race group compared to 70% in the group with Black African ancestry.

Safety

No serious AEs related to either of the skin tests were observed by the investigators. More than

95% were of mild-moderate intensity. A quarter of the participants experienced at least one

ISR from both agents (Table 5).

C-Tb showed similar types and frequencies of ISRs as TST, of which pruritus, pain, and

rash were the most common. Injection site reactions appeared most frequently among

responders, indicating that the reactions were inevitable parts of the delayed-type hypersensi-

tivity reaction. Hence, adults showed more ISRs than children, and HIV-uninfected more than

HIV-infected (not shown). No haematoma were reported with C-Tb.

A total of 338 (28%) participants reported 550 systemic AEs, of which headache (107

[9.0%]) and pyrexia (29 [2.4%]) were the most common.

Discussion

In this phase III trial we found that C-Tb had similar sensitivity compared to the TST and

QFT, both in children and HIV co-infected persons with active TB. C-Tb also had similar test-

positivity compared to QFT and TST in those with presumed LTBI (i.e. non-TB). These results

support the cut-point of C-Tb determined in adults [12,13] may also be applied in children

and in HIV-infected individuals. Separate dose-finding and sensitivity trials from the outset

(initial phase 1, 2 and 3 trials) would not have been feasible in infants and children due to the

paucibacillary nature of TB, their inability to expectorate, and frequent occurrence of extrapul-

monary TB [18]. Hence, the need for the current trial in these vulnerable, and often neglected

subgroups of patients. Indeed, one of the strategies strongly recommended by WHO to elimi-

nate TB worldwide is systematic testing and treatment of LTBI in people living with HIV, in

children, and now also in adolescents and adults, who are in close contact with PTB cases

[3,19]. The major potential advantages of C-Tb in endemic countries would be: (i) lack of the

need for laboratory facilities equipped with plate readers; these are in short supply and where

they exist there is no additional capacity; (ii) lack of the need for additional technicians which

are already in short supply; (iii) lack of the need for phlebotomy which is a major hurdle in

children; (iv) lack of the need for a transport infrastructure which is already overburdened;

(iv) easier test operation by existing health care workers; (v) substantially lower cost (although

not yet finalised the tiered pricing for C-Tb will be competitive with TST; current cost of an

IGRA to the privately paying end user in South Africa is ~US$ 77 and ~ US$ 10 for the TST

[20]).

In keeping with earlier preliminary findings [13], all three tests showed reduced sensitivities

in those with CD4 T cell counts below 100 cells/μL, reflecting that the tests relies on competent

immune function. The cut-points of TST (5 mm in HIV-infected, 15 mm in others) and C-Tb

(5 mm applied in the present trial) were validated in earlier trials [12,13] and in a separate trial

that will report a sensitivity of C-Tb similar to TST and QFT (Aggerbeck, in preparation). In

the present trial, the positivity rate of C-Tb was similar to TST and QFT except in HIV-

infected non-TB participants where C-Tb appeared more sensitive than QFT (but less sensitive

than TST) due to a high number of indeterminate results. The reasons for this observation

remain unclear but may be related to incubation time with antigen (higher with skin tests) and

C-Tb in children and HIV-infected persons
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antigen diversity and load (higher with TST). TST showed the same median induration among

HIV-infected and HIV-uninfected responders (induration�1 mm), indicating that a reduced

positivity rate among HIV-infected persons is driven by the increased number of non-

responders. These non-responders would have remained test-negative even if a 5 mm cut-

point was applied, however the specificity (63%) would be reduced, as reported previously

[8,12,21].

One third of the asymptomatic childhood contacts of PTB aged<5 years old tested positive

with C-Tb and TST; it is likely that these children may benefit from LTBI treatment [3]. QFT

was not done in this age group and in accordance with WHO recommendations and the reluc-

tance by this group to accept phlebotomy [22–24]. Among symptomatic children <5 years old

the test-positivity rate of C-Tb and TST was significantly reduced compared to asymptomatic

children. Furthermore, the median induration size was reduced, especially in children aged

below two. This may be due to the immune-suppressive effect of TB itself, highlighting the

need to carefully interpret a negative test result. Consequently, although not investigated in the

present trial, in some cases, a repeat test may be considered after 2–3 months on treatment for

active TB when the severe illness has resolved [15]. We have previously shown that a repeat

test with C-Tb may be feasible [25].

There are several limitations to our trial, including the inherent difficulties in diagnosing

active TB in children resulting in misclassification bias (a limitation in all diagnostic trials in

children). Indeed, among all paediatric cases reported from 2000 to 2009 in the EU region,

only 17% were culture-confirmed [26]. In this trial, QFT had a high percentage (14%) of inde-

terminate results, resulting in a low test positivity rate in HIV-infected persons. However, a

pooled rate of 15% indeterminate results have been reported from high burden countries [27],

and high indeterminate rates have been associated with low CD4 counts [28]. Moreover, the

test was done by an ISO 15189 certified laboratory, and with a stringent quality assurance sys-

tem. For example, date and time when samples were collected and received at the laboratory

were recorded in addition to incubation conditions as part of the laboratory standard operat-

ing procedures. This revealed five cases incubated at an elevated temperature (these results

were recorded as missing), and five samples were delayed during transport. It is well known

that delays in incubation or a problem in one of the other steps may contribute to the number

of indeterminate results [11]. Of note, both skin tests classified one third of the 125 QFT inde-

terminate results as M.tb infected cases, indicating that simple skin tests may be more suitable

than laboratory-dependent tests in resource constrained settings. High QFT sensitivity has

been reported in low TB endemic countries [29,30].

We measured sensitivity in active TB. However, as there is no reference standard to diag-

nose LTBI, sensitivity can only be measured in active TB, and only comparative descriptive sta-

tistics (comparing positivity of C-Tb, QFT, and TST) provided in those with non-TB.

Alternatively, in the absence of a gold standard, the sensitivity and the specificity of any two

tests may be estimated from groups with different prevalence using a latent class model

[31,32], although such estimates may be biased if the tests have different sensitivities in the var-

ious subgroups as reported here. Moreover, such an approach is still an approximation and

can never compensate fully for lack of a gold standard. Although we could not detect any dif-

ference in test positivity rates between C-Tb and QFT (excluding indeterminate results), it is

possible that small but significant differences could have been missed given the limited sample

size. However, the study was primarily powered to detect rare adverse events and not small but

potentially significant inter-group differences. Finally, if it is hypothesized that C-Tb (contain-

ing RD-1 antigens only) is a more specific test than TST, then positivity rates of C-Tb in the

non-TB group should be lower than TST (which was not the case). We believe this is due to

the lack of a BCG confounding effect when given at birth. Indeed, a systematic review

C-Tb in children and HIV-infected persons
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involving over 240 000 participants enrolled in 24 trials found that the effect of BCG vaccina-

tion on TST, when given at birth (the South African practice), was minimal at the 15 mm cut-

point [8,33,34].

There was significant racial disparity in the healthy control group (none were Black Afri-

can); this inadvertently arose due to the population distribution of the sites where the healthy

controls were recruited. However, in all the children (excluding the healthy controls) the C-Tb

induration size was similar in those of Black African and mixed ancestry. A higher number of

responders (but lower median TST induration) was observed in participants of mixed race,

which could reflect the higher BCG vaccination coverage in participants of mixed race (85%)

compared to Black Africans (70%) [6].

In conclusion, C-Tb has a similar sensitivity compared to TST and QFT in adults and chil-

dren with active TB or presumed LTBI using a universal 5 mm cut-point. In HIV-infected per-

sons C-Tb appeared more sensitive than QFT. These informative data could be valuable for

clinical practice in the future, suggesting that C-Tb may be a useful tool to guide LTBI-specific

treatment as outlined in the WHO End TB Strategy [3,16].

Supporting information

S1 File. Methods.

(DOCX)

S1 Fig. Median induration in symptomatic participants (5–65 years) according to HIV sta-

tus. Line within boxes are medians of responders (induration�1 mm), boundaries of boxes

represents 25th to 75th percentiles, and error bar 90th percentiles. �p<0.05. C-Tb: HIV-unin-

fected: n = 312, HIV-infected: n = 127. TST: HIV-uninfected: n = 373, HIV-infected: n = 144.

(TIF)

S2 Fig. Median induration according to age, symptoms, and HIV. Ctr is control group (5–

11 years). Line within boxes are medians of responders (induration�1 mm), boundaries of

boxes represents 25th to 75th percentiles, and error bar 90th percentiles. �: p<0.05. C-Tb:

Asymptomatic PTB contacts <5 years: n = 30; Control 5–11 years: n = 17. Symptomatic HIV-

uninfected: <5 years: n = 37; 5–11 years: n = 63; 12–65 years: n = 249. HIV-infected: n = 127.

TST: Asymptomatic PTB contacts <5 years: n = 30; Control 5–11 years: n = 28. Symptomatic

HIV-uninfected: <5 years: n = 56; 5–11 years: n = 67; 12–65 years: n = 306. HIV-infected:

n = 144

(TIF)

S1 Table. Symptoms and signs of TB. Data are presented as n (%). �Sweat that requires the

patient to change clothes. †Failure to gain weight, and loss of appetite (only children).

(DOCX)

S2 Table. Result of C-Tb versus TST and QFT in microbiologically confirmed cases of

active TB according to HIV status. Left: C-Tb versus TST. Middle: C-Tb versus QFT. Right:

TST versus QFT. �McNemar’s test. Cut-point for TST was 5 mm for HIV-infected and 15 mm

for others. In an intention to diagnose principle, QFT indeterminate results were regarded as

negative (arrows). †Excluding 3 with missing QFT. ‡Excluding 2 with missing QFT.

(DOCX)

S3 Table. Results of C-Tb versus TST and QFT in non-TB participants according to HIV

status. Left: C-Tb versus TST. Middle: C-Tb versus QFT. Right: TST versus QFT. �McNemar’s

test. Cut-point for TST was 5 mm for HIV-infected and 15 mm for others. In an intention to

diagnose principle, QFT indeterminate results were regarded as negative (arrows). †Excluding

C-Tb in children and HIV-infected persons

PLOS ONE | https://doi.org/10.1371/journal.pone.0204554 September 24, 2018 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s006
https://doi.org/10.1371/journal.pone.0204554


162 (161) with missing QFT. ‡Excluding 17 with missing QFT.

(DOCX)

S4 Table. Results of C-Tb versus TST and QFT in active and non-TB participants accord-

ing to HIV status. Left: C-Tb versus TST. Middle: C-Tb versus QFT. Right: TST versus QFT.
�McNemar’s test. Cut-point for TST was 5 mm for HIV-infected and 15 mm for others. In an

intention to diagnose principle, QFT indeterminate results were regarded as negative (arrows).
†Excluding 165 (166) with missing QFT. ‡Excluding 19 with missing QFT.

(DOCX)

S5 Table. Sensitivity in HIV co-infected active TB cases according to CD4 count. Data are

presented as % (95% CI). Cut-point for TST was 5 mm. �Fishers Exact test. †Based on those

tested including 5 with indeterminate results. ‡2 missing QFT but including 4 with indetermi-

nate results.

(DOCX)

S6 Table. Test positive result of C-Tb, TST, and QFT in non-TB, HIV-infected participants

according to CD4 count. Data are presented as % (95% CI). Cut-point for TST was 5 mm.
�Excluding 10 with missing CD4 count. †χ2 test. ‡Excluding 2 with missing QFT test, but

including 17 with indeterminate results. §Excluding 13 with missing QFT test, but including

48 with indeterminate outcome.

(DOCX)

S7 Table. Symptoms and TB in children aged below 5. The table shows all children below

five with microbiologically confirmed TB, those diagnosed according to clinical symptoms,

and those with a positive C-Tb result but no TB diagnosis.

(DOCX)

S8 Table. Results of C-Tb, TST, and QFT in 704 active and non-TB participants according

to age. Data are presented as n (%). Cut-points defining positive results were 5 mm (C-Tb)

and 15 mm (TST). �Excluding 299 HIV-infected participants due to an uneven distribution in

the various age groups. †Median (IQR) among responders with induration�1 mm.

(DOCX)

S9 Table. Results of C-Tb versus TST and QFT in healthy control group aged 5–11 years.
�McNemar’s test. Cut-point for TST was 15 mm. In an intention to diagnose principle, QFT

indeterminate results were regarded as negative (arrows). †2 missing QFT.

(DOCX)

S10 Table. Results of C-Tb versus TST in asymptomatic and symptomatic children <5

years. �McNemar’s test. Cut-point for TST was 15 mm. †Including two with active TB.

(DOCX)

Acknowledgments

We would like to express gratitude to the volunteers and their families for their participation

in the trial. We wish to thank the trial staff and Henrik Wachmann for help with the trial and

to thank the Data Safety Monitoring Board: Pernille Ravn, Peter Donald, and Juan Ruiz-Man-

zano. KD is supported by the EDCTP and South African MRC.

Author Contributions

Conceptualization: Henrik Aggerbeck, Søren T. Hoff, Bettine Borregaard, Keertan Dheda.

C-Tb in children and HIV-infected persons

PLOS ONE | https://doi.org/10.1371/journal.pone.0204554 September 24, 2018 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0204554.s013
https://doi.org/10.1371/journal.pone.0204554


Formal analysis: Henrik Aggerbeck, Morten Ruhwald, Søren T. Hoff, Peter Andersen, Keer-

tan Dheda.

Investigation: Elizabeth Hellstrom, Mookho Malahleha, Mirna Siebert, Mashra Gani, Vincent

Seopela, Andreas Diacon, Madeleine Lourens, Keertan Dheda.

Project administration: Henrik Aggerbeck, Bettine Borregaard, Keertan Dheda.

Writing – original draft: Henrik Aggerbeck.

Writing – review & editing: Morten Ruhwald, Søren T. Hoff, Bettine Borregaard, Elizabeth

Hellstrom, Mookho Malahleha, Mirna Siebert, Mashra Gani, Vincent Seopela, Andreas

Diacon, Madeleine Lourens, Peter Andersen, Keertan Dheda.

References
1. Dheda K, Barry CE III, Maartens G. Tuberculosis. Lancet 2015 Sep 13; 387(10024):1211–26. https://

doi.org/10.1016/S0140-6736(15)00151-8 PMID: 26377143

2. Mack U, Migliori GB, Sester M, Rieder HL, Ehlers S, Goletti D, et al. LTBI: latent tuberculosis infection

or lasting immune responses to M. tuberculosis? A TBNET consensus statement. Eur Respir J 2009

May; 33(5):956–73. https://doi.org/10.1183/09031936.00120908 PMID: 19407047

3. World Health Organization. Guidelines on the management of latent tuberculosis infection. 2015.

Report No.: WHO/HTM/TB/2015.01.

4. Comstock GW, Livesay VT, Woolpert SF. The prognosis of a positive tuberculin reaction in childhood

and adolescence. Am J Epidemiol 1974 Feb; 99(2):131–8. PMID: 4810628

5. Lawn SD, Bekker LG, Middelkoop K, Myer L, Wood R. Impact of HIV infection on the epidemiology of

tuberculosis in a peri-urban community in South Africa: the need for age-specific interventions. Clin

Infect Dis 2006 Apr 1; 42(7):1040–7. https://doi.org/10.1086/501018 PMID: 16511773

6. Huebner RE, Schein MF, Bass JB Jr. The tuberculin skin test. Clin Infect Dis 1993; 17(6):968–75.

PMID: 8110954

7. Mancuso JD, Mody RM, Olsen CH, Harrison LH, Santosham M, Aronson NE. The Long-term Effect of

Bacille Calmette-Guerin Vaccination on Tuberculin Skin Testing: A 55-Year Follow-Up Study. Chest

2017 Aug; 152(2):282–94.

8. Seddon JA, Paton J, Nademi Z, Keane D, Williams B, Williams A, et al. The impact of BCG vaccination

on tuberculin skin test responses in children is age dependent: evidence to be considered when screen-

ing children for tuberculosis infection. Thorax 2016 Oct; 71(10):932–9. https://doi.org/10.1136/thoraxjnl-

2015-207687 PMID: 27335104

9. Denkinger CM, Dheda K, Pai M. Guidelines on interferon-gamma release assays for tuberculosis infec-

tion: concordance, discordance or confusion? Clin Microbiol Infect 2011 Jun; 17(6):806–14. https://doi.

org/10.1111/j.1469-0691.2011.03555.x PMID: 21682801

10. Turkova A, Welch SB, Paton JY, Riordan A, Williams B, Patel SV, et al. Management of paediatric

tuberculosis in leading UK centres: unveiling consensus and discrepancies. Int J Tuberc Lung Dis 2014

Sep; 18(9):1047–56. https://doi.org/10.5588/ijtld.14.0094 PMID: 25189551

11. Pai M, Denkinger CM, Kik SV, Rangaka MX, Zwerling A, Oxlade O, et al. Gamma interferon release

assays for detection of Mycobacterium tuberculosis infection. Clin Microbiol Rev 2014 Jan; 27(1):3–20.

https://doi.org/10.1128/CMR.00034-13 PMID: 24396134

12. Aggerbeck H, Giemza R, Joshi P, Tingskov PN, Hoff ST, Boyle J, et al. Randomised Clinical Trial Inves-

tigating the Specificity of a Novel Skin Test (C-Tb) for Diagnosis of M. tuberculosis Infection. PLoS ONE

2013; 8(5):e64215. https://doi.org/10.1371/journal.pone.0064215 PMID: 23691171

13. Hoff ST, Peter JG, Theron G, Pascoe M, Tingskov PN, Aggerbeck H, et al. Sensitivity of C-Tb: a novel

RD-1-specific skin test for the diagnosis of tuberculosis infection. Eur Respir J 2015 Dec 17; 47(3):919–

28. https://doi.org/10.1183/13993003.01464-2015 PMID: 26677940

14. Ruhwald M, Aggerbeck H, Gallardo RV, Hoff ST, Villate JI, Borregaard B, et al. Safety and efficacy of

the C-Tb skin test to diagnose Mycobacterium tuberculosis infection, compared with an interferon

gamma release assay and the tuberculin skin test: a phase 3, double-blind, randomised, controlled trial.

Lancet Respir Med 2017 Jan 31; 5(4):259–68. https://doi.org/10.1016/S2213-2600(16)30436-2 PMID:

28159608

15. World Health Organization. Guidance for national tuberculosis programmes on the management of

tuberculosis in children - 2nd ed. 2014. Report No.: WHO/HTM/TB/2014.03.

C-Tb in children and HIV-infected persons

PLOS ONE | https://doi.org/10.1371/journal.pone.0204554 September 24, 2018 15 / 16

https://doi.org/10.1016/S0140-6736(15)00151-8
https://doi.org/10.1016/S0140-6736(15)00151-8
http://www.ncbi.nlm.nih.gov/pubmed/26377143
https://doi.org/10.1183/09031936.00120908
http://www.ncbi.nlm.nih.gov/pubmed/19407047
http://www.ncbi.nlm.nih.gov/pubmed/4810628
https://doi.org/10.1086/501018
http://www.ncbi.nlm.nih.gov/pubmed/16511773
http://www.ncbi.nlm.nih.gov/pubmed/8110954
https://doi.org/10.1136/thoraxjnl-2015-207687
https://doi.org/10.1136/thoraxjnl-2015-207687
http://www.ncbi.nlm.nih.gov/pubmed/27335104
https://doi.org/10.1111/j.1469-0691.2011.03555.x
https://doi.org/10.1111/j.1469-0691.2011.03555.x
http://www.ncbi.nlm.nih.gov/pubmed/21682801
https://doi.org/10.5588/ijtld.14.0094
http://www.ncbi.nlm.nih.gov/pubmed/25189551
https://doi.org/10.1128/CMR.00034-13
http://www.ncbi.nlm.nih.gov/pubmed/24396134
https://doi.org/10.1371/journal.pone.0064215
http://www.ncbi.nlm.nih.gov/pubmed/23691171
https://doi.org/10.1183/13993003.01464-2015
http://www.ncbi.nlm.nih.gov/pubmed/26677940
https://doi.org/10.1016/S2213-2600(16)30436-2
http://www.ncbi.nlm.nih.gov/pubmed/28159608
https://doi.org/10.1371/journal.pone.0204554


16. World Health Organization. Recommendation on 36 months isoniazid preventive therapy to adults and

adolescents living with HIV in resource-constrained and high TB- and HIV-prevalence settings. 2015

update. 2015. Report No.: WHO/HTM/TB/2015.15.

17. Mori T, Sakatani M, Yamagishi F, Takashima T, Kawabe Y, Nagao K, et al. Specific detection of tuber-

culosis infection: an interferon-gamma-based assay using new antigens. Am J Respir Crit Care Med

2004 Jul 1; 170(1):59–64. https://doi.org/10.1164/rccm.200402-179OC PMID: 15059788

18. Piccini P, Chiappini E, Tortoli E, de MM, Galli L. Clinical peculiarities of tuberculosis. BMC Infect Dis

2014; 14 Suppl 1:S4.

19. World Health Organization. Latent tuberculosis infection: updated and consolidated guidelines for pro-

grammatic management. Geneva; 2018.

20. Market assessment of tuberculosis diagnostics in South Africa, 2012–2013. Int J Tuberc Lung Dis 2015

Feb; 19(2):216–22. https://doi.org/10.5588/ijtld.14.0565 PMID: 25574922

21. Cobelens FG, Egwaga SM, van GT, Muwinge H, Matee MI, Borgdorff MW. Tuberculin skin testing in

patients with HIV infection: limited benefit of reduced cutoff values. Clin Infect Dis 2006 Sep 1; 43

(5):634–9. https://doi.org/10.1086/506432 PMID: 16886159

22. Sollai S, Galli L, de MM, Chiappini E. Systematic review and meta-analysis on the utility of Interferon-

gamma release assays for the diagnosis of Mycobacterium tuberculosis infection in children: a 2013

update. BMC Infect Dis 2014; 14 Suppl 1:S6.

23. Starke JR. Interferon-gamma release assays for diagnosis of tuberculosis infection and disease in chil-

dren. Pediatrics 2014 Dec; 134(6):e1763–e1773. https://doi.org/10.1542/peds.2014-2983 PMID:

25422024

24. World Health Organization. Use of tuberculosis interferon-gamma release assays (IGRAs) in low- and

middle-income countries. Policy Statement. 2011.

25. Bergstedt W, Tingskov PN, Thierry-Carstensen B, Hoff ST, Aggerbeck H, Thomsen VO, et al. First-in-

man open clinical trial of a combined rdESAT-6 and rCFP-10 tuberculosis specific skin test reagent.

PLoS ONE 2010; 5(6):e11277. https://doi.org/10.1371/journal.pone.0011277 PMID: 20593018

26. Sandgren A, Hollo V, Quinten C, Manissero D. Childhood tuberculosis in the European Union/European

Economic Area, 2000 to 2009. Euro Surveill 2011; 16(12):pii: 19825. PMID: 21457686

27. Santin M, Munoz L, Rigau D. Interferon-gamma release assays for the diagnosis of tuberculosis and

tuberculosis infection in HIV-infected adults: a systematic review and meta-analysis. PLoS ONE 2012;

7(3):e32482. https://doi.org/10.1371/journal.pone.0032482 PMID: 22403663

28. Kwan CK, Ernst JD. HIV and tuberculosis: a deadly human syndemic. Clin Microbiol Rev 2011 Apr; 24

(2):351–76. https://doi.org/10.1128/CMR.00042-10 PMID: 21482729

29. Chiappini E, Bonsignori F, Mazzantini R, Sollai S, Venturini E, Mangone G, et al. Interferon-gamma

release assay sensitivity in children younger than 5 years is insufficient to replace the use of tuberculin

skin test in western countries. Pediatr Infect Dis J 2014 Dec; 33(12):1291–3. https://doi.org/10.1097/

INF.0000000000000432 PMID: 25037039

30. Sali M, Buonsenso D, Goletti D, D’Alfonso P, Zumbo A, Fadda G, et al. Accuracy of QuantiFERON-TB

Gold Test for Tuberculosis Diagnosis in Children. PLoS ONE 2015; 10(10):e0138952. https://doi.org/

10.1371/journal.pone.0138952 PMID: 26439935

31. Walter SD, Irwig LM. Estimation of test error rates, disease prevalence and relative risk from misclassi-

fied data: a review. J Clin Epidemiol 1988; 41(9):923–37. PMID: 3054000

32. Albert PS, Dodd LE. A cautionary note on the robustness of latent class models for estimating diagnos-

tic error without a gold standard. Biometrics 2004 Jun; 60(2):427–35. https://doi.org/10.1111/j.0006-

341X.2004.00187.x PMID: 15180668

33. Farhat M, Greenaway C, Pai M, Menzies D. False-positive tuberculin skin tests: what is the absolute

effect of BCG and non-tuberculous mycobacteria? Int J Tuberc Lung Dis 2006 Nov; 10(11):1192–204.

PMID: 17131776

34. Mancuso JD, Mazurek GH, Tribble D, Olsen C, Aronson NE, Geiter L, et al. Discordance among com-

mercially available diagnostics for latent tuberculosis infection. Am J Respir Crit Care Med 2012 Feb 15;

185(4):427–34. https://doi.org/10.1164/rccm.201107-1244OC PMID: 22161162

C-Tb in children and HIV-infected persons

PLOS ONE | https://doi.org/10.1371/journal.pone.0204554 September 24, 2018 16 / 16

https://doi.org/10.1164/rccm.200402-179OC
http://www.ncbi.nlm.nih.gov/pubmed/15059788
https://doi.org/10.5588/ijtld.14.0565
http://www.ncbi.nlm.nih.gov/pubmed/25574922
https://doi.org/10.1086/506432
http://www.ncbi.nlm.nih.gov/pubmed/16886159
https://doi.org/10.1542/peds.2014-2983
http://www.ncbi.nlm.nih.gov/pubmed/25422024
https://doi.org/10.1371/journal.pone.0011277
http://www.ncbi.nlm.nih.gov/pubmed/20593018
http://www.ncbi.nlm.nih.gov/pubmed/21457686
https://doi.org/10.1371/journal.pone.0032482
http://www.ncbi.nlm.nih.gov/pubmed/22403663
https://doi.org/10.1128/CMR.00042-10
http://www.ncbi.nlm.nih.gov/pubmed/21482729
https://doi.org/10.1097/INF.0000000000000432
https://doi.org/10.1097/INF.0000000000000432
http://www.ncbi.nlm.nih.gov/pubmed/25037039
https://doi.org/10.1371/journal.pone.0138952
https://doi.org/10.1371/journal.pone.0138952
http://www.ncbi.nlm.nih.gov/pubmed/26439935
http://www.ncbi.nlm.nih.gov/pubmed/3054000
https://doi.org/10.1111/j.0006-341X.2004.00187.x
https://doi.org/10.1111/j.0006-341X.2004.00187.x
http://www.ncbi.nlm.nih.gov/pubmed/15180668
http://www.ncbi.nlm.nih.gov/pubmed/17131776
https://doi.org/10.1164/rccm.201107-1244OC
http://www.ncbi.nlm.nih.gov/pubmed/22161162
https://doi.org/10.1371/journal.pone.0204554

