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Abstract

Introduction. The QuantiFERON-TB Gold Plus (QFT-Plus) assay, which features two antigen-stimulated tubes
(TB1 and TB2) instead of a single tube used in previous generation interferon-gamma release assays (IGRAS),
was launched in 2016. Despite this, data regarding the assay’s performance in the paediatric setting remain
scarce. This study aimed to determine the performance of QFT-Plus in a large cohort of children and adolescents
at risk of tuberculosis (TB) in a low-burden setting.

Methods. Cross-sectional, multi-centre study at healthcare institutions participating in the Spanish Pediatric TB
Research Network, including patients <18 years who had a QFT-Plus performed between September 2016 and
June 2020.

Results. Of 1726 patients (52.8% male; median age: 8.4 years), 260 (15.1%) underwent testing during contact
tracing, 288 (16.7%) on clinical/radiological suspicion of TB disease (TBD), 649 (37.6%) during new-entrant
migrant screening and 529 (30.6%) prior to initiation of immunosuppressive treatment. Overall, the sensitivity of
QFT-Plus for TBD (n=189) and for latent TB infection (LTBI; n=195) was 83.6% and 68.2%, respectively. The
agreement between QFT-Plus TB1 and TB2 antigen tubes was excellent (98.9%; k=0.961). Only 5 (2.5%)
patients with TBD had discordance between TB1 and TB2 results (TB1+/TB2-, n=2; TB1-/TB2+, n=3).
Indeterminate assay results (n=54; 3.1%) were associated with young age, lymphopenia and elevated C-reactive

protein concentrations.

Conclusions. Our non-comparative study indicates that QFT-Plus does not have greater sensitivity than previous
generation IGRAs in children, in both TBD and LTBI. In TBD the addition of the second antigen tube, TB2,

does not enhance the assay’s performance substantially.

What is the key question?

Does QuantiFERON-TB Gold Plus perform better than previous interferon-gamma release assays in children and
adolescents at risk of tuberculosis in a low-endemic setting?

What is the bottom line?

QuantiFERON-TB Gold Plus performed very similarly to previous interferon-gamma release assays, and the
second antigen tube did not significantly increase the assay sensitivity in the diagnosis of active tuberculosis.
Why read on?

We report the findings of the currently largest multi-center study on the performance of QuantiFERON-TB Gold

Plus in 1726 children and adolescents investigated for tuberculosis infection in Spain.



INTRODUCTION

Tuberculosis (TB) is the leading cause of death from an infectious disease worldwide.[1,2] It is estimated that
1.1 million children develop tuberculosis disease (TBD) anually.[2,3] In paediatric patients, microbiological
confirmation of TBD is difficult to achieve, due to the its paucibacillary nature and difficulties in obtaining
sputum in young children.[4,5] Therefore, the diagnosis of TBD in children is often based on a combination of
clinical and radiological findings, epidemiologic risk factors and a positive tuberculin skin test (TST) or

interferon-gamma release assay (IGRA) result.[6]

IGRAs are in vitro immunoassays based on the detection of interferon-gamma produced by T cells in response to
stimulation with Mycobacterium tuberculosis-specific peptides.[7] In resource-rich countries, IGRAs are widely
used for LTBI screening and as adjunctive tools in the diagnostic work-up of suspected TBD.[8] The main
advantage of IGRAs compared to TST lies in their greater specificity, with less potential confounding by prior

bacillus Calmette-Guérin (BCG) vaccination and non-tuberculous mycobacterial infections.[9]

In Europe, QuantiFERON-TB assays (QFT; Cellestis/Qiagen, Hilden, Germany) are more commonly used than
T-SPOT.TB assays (Oxford Immunotec, Abingdon, UK).[8] In 2016, the QuantiFERON-TB Gold Plus (QFT-
Plus) assay was launched, replacing the previous-generation QuantiFERON-TB Gold in-Tube (QFT-GIT) assay.
QFT-Plus assays require an extra millilitre of blood and comprise of 4 tubes (vs. 3 tubes in QFT-GIT): a
negative-control (nil) tube, a positive-control (mitogen) tube and two antigen tubes (TB1 and TB2). TB1,
intended to elicit CD4+ T cell responses, contains the original QFT ESAT-6 and CFP-10 antigens but lacks
TB7.7, which was included in QFT-GIT. TB2 is a new tube that contains the same two mycobacterial peptides
and additional shorter peptides aimed at eliciting CD8+ T cell responses.[10,11]

In adults, a large meta-analysis estimated the pooled sensitivity of QFT-Plus in the diagnosis of TBD to be
93%,[12] and head-to-head comparisons between QFT-Plus and QFT-GIT did not identify clinically-relevant
differences between the two assays.[13,14] Recent data suggest that QFT-Plus assay performance is not impaired
in HIV-infected adults, but patients with immune-mediated inflammatory diseases show decreased interferon-
gamma responses when compared to healthy controls.[15,16] However, currently data on the performance of
QFT-Plus in children remain scarce, and no meta-analysis has been performed yet.[17-21]

We recently reported that QFT-Plus is no more sensitive or specific than previous QFT assays in children and
adolescents with TBD.[20,22] In this study, we aimed to determine the performance of QFT-Plus in a large
cohort of paediatric patients at risk of TB in a low-burden country, by including children undergoing latent TB
infection (LTBI) screening as part of contact tracing, migrant screening and screening prior to initiation of

immunosuppressive medication.

METHODS
We performed a cross-sectional study within the Spanish Pediatric TB Research Network (pTBred),[23] which

currently includes 83 participating centers. Data were collected using REDCap tools, hosted at Instituto de



Investigacion Sanitaria Gregorio Marafion in Madrid.[24] Approval for pTBred was obtained from the Hospital
Carlos 111 Ethics Committee (Madrid, ref. P13/12). Informed consent was obtained from parents/guardians and
assent from adolescents >11 years-of-age at inclusion. In Spain, the incidence of TBD has continuously been
decreasing over the last 20 years. In 2019, the incidence was 9.3 cases per 100,000 persons in the general
population, and 4.2 per 100,000 in children <15 years-of-age.[25] BCG vaccination has not been part of the
routine immunisation program in Spain since 1980, except for the Basque Country, where neonatal BCG

vaccination continued until 2013.

For this study, we enrolled patients <18 years-of-age who underwent a QFT-Plus assay at a pTBred participating
center between September 2016 and June 2020 due to any of the following indications: i) contact tracing (CTR),
i) clinical or radiological suspicion of TBD (CRS), iii) new-entrant migrant screening (NMS) or iv) prior to
initiation of immunosuppressive treatment (1IT). Some participating centres recruited all eligible patients
consecutively, while others used convenience sampling. Patients with a previous history of TBD or LTBI were
excluded from participation.

All QFT-Plus assays were performed in fully-accredited diagnostic laboratories at each participating institution,
and their results interpreted according to manufacturer’s instructions.[26] In brief, the test result was considered
positive when TB1 or TB2 antigen tube minus nil tube interferon-gamma concentrations were >0.35 1U/ml and
>25% of the nil tube concentration; negative when they were <0.35 1U/ml; and indeterminate when the nil tube
concentration was >8 IU/ml (i.e. failed negative-control) and/or when the mitogen tube minus nil tube

concentration was <0.5 IU/ml (i.e. failed positive-control).

TSTs were performed by intradermal injection of 2 tuberculin-units of purified protein derivative (PPD RT23;
Statens Serum Institut; Copenhagen, Denmark), with results read after 48-72 hours. The cut-offs for a positive
TST result were based on national guidelines: >10 mm induration in NMS children and >5 mm in all other

groups, irrespective of BCG vaccination status.[27]

For the purpose of the study, haemoglobin concentrations and lymphocyte counts were classified as low, normal
or high as previously described.[28] In addition, data on C-reactive protein (CRP; normal value <15 mg/l) and
erythrocyte sedimentation rate (ESR; normal value <15 mm) at the time when the QFT-Plus was performed were
collected if available.

Patients were categorised according to their final diagnosis regarding TB infection, as follows: a) TB-uninfected:
patients without signs or symptoms consistent with TBD and with a negative QFT-Plus and a negative TST
result (if performed), b) LTBI: patients without signs or symptoms consistent with TBD and a positive QFT-Plus
and/or positive TST result, and ¢) TBD. In pTBred, the diagnosis of TBD is based on epidemiological, clinical,
radiological, and microbiological findings according to published consensus criteria,[29] independent of TST

and IGRA results. TBD was further classified as i) microbiologically-confirmed or unconfirmed, ii) intrathoracic



or extrathoracic, and iii) severe or non-severe, based on published consensus definitions.[30] Some of the TBD

cases (n=158) included in the present study had been included in previous reports.[20,22]

Quantitative variables are reported as medians and interquartile ranges (IQR), and categorical variables as
proportions with 95% confidence intervals (95%CI). Missing data were handled with the complete case analysis
method. Sensitivity was calculated based on the proportion of positive QFT-Plus results; indeterminate results
were considered negative for those calculations. Bivariate analysis was performed using Chi-square and Fisher’s
exact tests for categorical variables, and Student t and ANOVA tests for quantitative variables. Non-normally
distributed variables were compared with Mann-Whitney U and Kruskal-Wallis tests. Spearman rho test was
used to analyse relationships between quantitative data. Binary logistic regression modelling was used for
multivariate analysis to test the effect of covariates as risk factors for determinate (i.e. positive or negative)
versus indeterminate QFT-Plus results. The results are presented as unadjusted odds ratios (OR) and adjusted
odds ratios (aOR) with 95%Cls.

Total percentage agreement and Cohen kappa coefficient (k) with standard error (SE) were used to quantify
concordance between QFT-Plus and TST results, and between qualitative TB1 and TB2 results; patients with
indeterminate results were excluded from those analyses. Strength of agreement was defined as poor (k<0.2), fair
(0.2<k<0.4), moderate (0.4<x<0.6), good (0.6<k<0.8) and excellent (x>0.8). All statistical analyses were
performed using SPSS V24 (IBM; Armond, NY), with statistical significance defined as a p-value <0.05. Graphs
were generated with SPSS and Prism 8 (GraphPad; San Diego, CA).

RESULTS

Characteristics of the study population

Of an initial study population of 1736 children and adolescents, 10 patients were excluded due to a previous
diagnosis of TBD (n=6) or LTBI (n=4). Therefore, the final study cohort comprised 1726 patients [52.8% male;
median (IQR) age: 8.4 (4.3-12.8) years; Figure 1]. The indications for performing QFT-Plus were: CTR (n=260,
15.1%), CRS (n=288, 16.7%), NMS (n=649, 37.6%) and IIT (n=529, 30.6%). There was no significant
difference between those 4 patient groups with regards to gender, patient origin and BCG vaccination status, but
the age distribution and family origin differed significantly (Table 1).

The majority of patients were born in Spain (n=1280, 74.2%), but fewer than one third (n=521, 30.2%) of the
families were native. Among the 410 children born outside Spain, the most frequent region of origin was South

America, followed by Northern Africa and Southern Asia (Table 1).

Haemoglobin concentrations, lymphocyte counts, CRP and ESR values were available for 58.8%, 58.6%, 47.0%
and 40.5% of the patients, respectively. Low haemoglobin concentrations were mainly observed in CRS and IIT

patients, while the highest proportion of lymphopenia was observed in IIT patients (Supplementary Table 1).



QFT-Plus test results were negative in 1381 (80.0%) patients, positive in 291 (16.9%), and indeterminate in 54
(3.1%). The final diagnoses were as follows: 1342 (77.8%) patients were categorised as TB-uninfected, 195
(11.3%) as LTBI, and 189 (11.0%) as TBD. The highest rates of TBD were observed in CTR and CRS children;
none of the IIT patients were diagnosed with TBD (Table 1). The highest proportion of patients with LTBI was
observed in the CTR group.



Table 1. Comparison of baseline characteristics of the study participants according to test indication. Data are shown as number (percentage),
except where stated otherwise.

Test indication Contact tracing | Clinical / radiological New-entrant Immunosuppressive Total p-value
suspicion of TB screening treatment screening®

n (%) 260 (15.1) 288 (16.7) 649 (37.6) 529 (30.6) 1726 (100)

Age <5 years 118 (45.4) 107 (37.2) 178 (27.1) 112 (21.2) 515 (29.8) <0.001
> 5 years 142 (54.6) 181 (62.8) 471 (72.6) 417 (78.8) 1211 (70.2)

Sex Male 136 (52.3) 157 (54.3) 348 (53.6) 271 (51.2) 911 (52.8) 0.816
Female 123 (47.5) 132 (45.7) 301 (46.4) 258 (48.8) 815 (47.2)

BCG status Unvaccinated 189 (72.7) 214 (74.3) 476 (73.4) 397 (75.0) 1276 (73.9) 0.567
Vaccinated 53 (20.4) 44 (15.3) 115 (17.7) 91 (17.2) 303 (17.6)
Unknown* 18 (6.9) 30 (10.4) 58 (8.9) 41 (7.8) 147 (8.5)

Patient origin Born in Spain 205 (78.8) 209 (72.6) 478 (73.7) 388 (73.4) 1280 (74.2) 0.119
Born outside Spain? 46 (17.7) 73 (25.3) 157 (24.2) 134 (25.3) 410 (23.8)
Unknown* 9 (3.5) 6 (2.1) 14 (2.1) 7(1.3) 36 (2.1)

Family origin Native 103 (39.6) 108 (37.5) 0(0.0) 310 (58.6) 521 (30.2) <0.001
Non-native® 139 (53.5) 169 (58.7) 633 (97.5) 209 (39.5) 1150 (66.6)
Unknown* 18 (6.9) 11 (3.8) 16 (2.5) 10 (1.9) 55 (3.2)

Final diagnosis | TB-uninfected 95 (36.5) 166 (57.6) 557 (85.8) 524 (99.0) 1342 (77.8) <0.001
LTBI 84 (32.3) 25 (8.7)¢ 81 (12.5) 5 (1.0) 195 (11.3)
TBD 81 (31.2) 97 (33.7) 11 (1.7) 0 (0.0) 189 (11.0)

Abbreviations: BCG = Bacillus Calmette-Guérin; LTBI = latent tuberculosis infection; TBD = tuberculosis disease; TST = tuberculin skin test.

*Not included in the statistical analysis.

Patients’ origins were: South America (104/410, 25.4%), Northern Africa (76/410, 18.5%), Southern Asia (60/410, 14.6%), Eastern Europe (56/410, 13.7%),
South-Saharan Africa (53/410, 12.9%), Far East (26/410, 6.3%), Western Europe (21/410, 5.1%), Middle East (13/410, 3.2%) and North America (1/410, 0.2%).
bFamilies’ origins were: Northern Africa (422/1150, 36.7%), South America (266/1150, 23.1%), Southern Asia (173/1150, 15.0%), South-Saharan Africa
(100/1150, 8.7%), Eastern Europe (91/1150, 7.9%), Far East (49/1150, 4.3%), Western Europe (34/1150, 3.0%), Middle East (14/1150, 1.2%) and North America
(1/1150, 0.1%).

°Most common diseases requiring immunosuppressive treatment comprised: malignancies [n=225, 42.5%; most common diagnoses: neuroblastoma (n=53),
leukaemia (n=51), central nervous system tumor (n=40) and lymphoma (n=28)], rheumatologic diseases [n=129, 24.4%; mainly juvenile idiopathic arthritis
(n=95)], inflammatory bowel disease (n=52, 9.8%), dermatological diseases [n=51, 9.6%; mainly atopic dermatitis (n=23) and psoriasis (n=18)], and COVID-19
(n=13, 2.5%).

dpatients with incidental diagnosis of LTBI comprised: community-acquired pneumonia (n=6), self-limiting fever (n=4), self-limiting cough (n=3), self-limiting
hemoptysis (n=2), reactive lymphadenopathy (n=2), and non-tuberculous mycobacterial lymphadenitis, synovitis, Hodgkin’s lymphoma, sickle-cell anemia,
bacterial otitis externa, traumatic bone fracture, autoimmune uveitis and self-limiting sacroiliitis (n=1, each).




Assay performance in patients with TBD and LTBI

The overall sensitivity of QFT-Plus in children with TBD was 83.6% (95%CI: 77.5-88.6). In subgroup analyses
(Table 2), QFT-Plus sensitivity was significantly higher in TST-positive [90.4% (84.4-94.7)] than in TST-
negative TBD cases [40.7% (22.4-61.2); p<0.001]. Furthermore, the assay sensitivity was higher in patients with
microbiologically-confirmed disease [90.1% (81.5-95.6)] than in cases with unconfirmed disease [78.7% (69.8-
86.0); p=0.036]. No significant differences in sensitivity were observed between patient subgroups based on
disease severity and disease location. Compared with TB-uninfected patients, TBD cases were younger, more
often born abroad and more commonly born to immigrant families. The latter also had significantly higher ESR

values and higher rates of lymphocytosis (Table 3).

The overall sensitivity of QFT-Plus in children with LTBI was 68.2% (61.2-74.7) (Supplementary Table 2). The
sensitivity was significantly higher in children born in Spain [76.0% (64.8-85.1)] than in those born outside
Spain [57.0% (46.7-66.9); p=0.009], and higher in BCG-unvaccinated children [84.2% (72.1-92.5)] than in
BCG-vaccinated children [46.0% (35.2-57.0); p<0.001]. Compared to TB-uninfected children, patients with
LTBI were older, more commonly male, and more commonly BCG-vaccinated (Table 3). In addition, the latter

were more commonly born abroad and born to a non-native family.

Correlation between QFT-Plus and tuberculin skin test results
TSTs were performed in 1188 (68.8%) patients, of whom 296 (24.9%) had a positive result. After excluding
indeterminate QFT-Plus results, the agreement between QFT-Plus and TST was good in the entire cohort
[91.6%; «(SE)=0.766(0.022)], but only moderate in patients with TBD [86.0%; «(SE)=0.472(0.092)]. TST and
QFT-Plus results were concordant in only 88 (54.7%) of 161 LTBI patients, while 61 (37.9%) had TST+/QFT-
Plus- discordance and 12 (7.5%) had TST-/QFT-Plus+ discordance.

In patients diagnosed with TBD, the sensitivity of TST was 84.4% (78.1-89.5), very similar to the sensitivity
observed with QFT-Plus (83.6%; p=0.837). In patients with LTBI, the sensitivity of TST was 92.6% (87.4-96.1),
significantly higher than that of QFT-Plus (68.2%; p<0.001).

QFT-Plus antigen and mitogen responses

Categorical results (positive/negative) of individual QFT-Plus TB1 and TB2 antigen tubes results were available
for 1666 of 1672 (99.6%) patients with a determinate QFT-Plus result (54 patients with indeterminate results
excluded). Overall, the agreement of categorical results between TB1 and TB2 tubes was excellent [98.9%;
K(SE)=0.961(0.009)]. Among children with a positive QFT-Plus result, categorical TB1 and TB2 results were
concordant in 267 (93.7%) of 284 patients. Eighteen (6.3%) children showed discordant results: 8 had a
TB1+/TB2- and 10 a TB1-/TB2+ constellation. Only 5 of those 18 patients had TBD (TB1+/TB2-, n=2; TB1-
/TB2+, n=3) (Supplementary Table 3). Sex, age, reason for assessment, BCG status and final diagnosis did not

differ significantly between those two discordant subgroups (data not shown).



Table 2. Subgroup analysis of the sensitivity of QFT-Plus in patients with TB disease based on demographic variables, test results and disease
manifestation. Indeterminate QFT-Plus results were considered negative for this analysis. Data are shown as number (percentage), except where stated otherwise.

Total Positive Negative | Indeterminate Sensitivity (95%ClI) p-value

n (%) 189 (100) 158 (83.6) 29 (15.3) 2(11) 83.6 (77.5-88.6)

Age <5 years 89 (47.1) 72 (80.9) 16 (18.0) 1(1.1) 80.9 (71.2-88.5) 0.344
> 5 years 100 (52.9) 86 (86.0) 13 (13.0) 1(1.0) 86.0 (77.6-92.1)

Sex Male 94 (49.7) 76 (80.9) 17 (18.1) 1(1.1) 80.9 (71.4-88.2) 0.310
Female 95 (50.3) 82 (86.3) 12 (12.6) 1(1.1) 86.3 (77.7-92.5)

BCG status Unvaccinated 139 (73.5) 115 (82.7) 23 (16.5) 1(0.7) 82.7 (75.4-88.6) 0.596
Vaccinated 33 (17.5) 26 (78.8) 6 (18.2) 1(3.0) 78.8 (61.1-91.0)
Unknown* 17 (9.0) 17 (100) 0 (0.0) 0 (0.0 100 (80.5-100)

Patient origin Born in Spain 138 (73.0) 115 (83.3) 21 (15.2) 2(1.5) 83.3(76.1-89.1) 0.913
Born outside Spain 50 (26.5) 42 (84.0) 8 (16.0) 0(0.0) 84.0 (70.9-92.8)
Unknown* 1(0.5) 1 (100) 0 (0.0) 0 (0.0 100 (2.5-100)

Family origin Native 43 (22.8) 39 (90.7) 4(9.3) 0 (0.0 90.7 (77.9-97.4) 0.137
Non-native 137 (72.5) 111 (81.0)| 24 (17.5) 2 (1.5) 81.0 (73.4-87.2)
Unknown* 9 (4.8) 8(88.9) 1(11.1) 0 (0.0 88.9 (51.8-99.7)

TST result Negative 27 (14.3) 11 (40.7) 15 (55.6) 1(3.7) 40.7 (22.4-61.2) <0.001
Positive 146 (77.2) 132 (90.4) 13(8.9) 1(0.7) 90.4 (84.4-94.7)
Not done* 16 (8.5) 15 (93.8) 1(6.3) 0 (0.0) 93.8 (69.8-99.8)

Test indication Contact tracing 81 (42.9) 64 (79.0) 16 (19.8) 1(1.2) 79.0 (68.5-87.3) 0.315
Clinical / radiological suspicion 97 (51.3) 84 (86.6) 13 (13.4) 0(0.0) 86.6 (78.2-92.7)
New-entrant migrant screening 11 (5.8) 10 (90.9) 0 (0.0) 1(9.1) 90.9 (58.7-99.8)

Disease location Intrathoracic only 147 (77.8) 121 (82.3) 24 (16.3) 2(14) 82.3 (75.2-88.1) 0.372
Extrathoracic +/- intrathoracic 42 (22.2) 37 (88.1) 5(11.9) 0(0.0) 88.1 (74.4-96.0)

Disease severity Non-severe 128 (67.7) 103 (80.5) 23 (18.0) 2 (1.6) 80.5 (72.5-86.9) 0.130
Severe 57 (30.2) 51 (89.5) 6 (10.5) 0 (0.0) 89.5 (78.5-96.0)
Unknown* 4(2.1) 4 (100) 0 (0.0) 0 (0.0) 100 (39.8-100)

Microbiological No 108 (57.1) 85 (78.7) 21 (19.4) 2 (1.9 78.7 (69.8-86.0) 0.036

confirmation Yes 81 (42.9) 73 (90.1) 8(9.9) 0 (0.0) 90.1 (81.5-95.6)

Abbreviations: BCG = Bacillus Calmette-Guérin; Cl = confidence interval; TST = tuberculin skin test. *Not included in the statistical analysis
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Table 3. Comparison of demographic characteristics and test results between TB-uninfected children, patients with latent TB infection (LTBI) and TB

disease (TBD). Data are shown as number (percentage) or median (IQR).

TB-uninfected, LTBI TBD TBD vs. TB- LTBI vs. TB-
n=1342 (77.8) n=195 (11.3) n=189 (11.0) uninfected uninfected

Age <5 years 403 (30.0) 23 (11.8) 89 (47.1) <0.001 <0.001
> 5 years 939 (70.0) 172 (88.2) 100 (52.9)

Sex Male 687 (51.2) 130 (66.7) 94 (49.7) 0.708 <0.001
Female 655 (48.8) 65 (33.3) 95 (50.3)

BCG status Unvaccinated 1080 (80.5) 57 (29.2) 139 (73.5) 0.106 <0.001
Vaccinated 183 (13.6) 87 (44.6) 33 (17.5)
Unknown* 79 (5.9) 51 (26.2) 17 (9.0)

Patient origin Born in Spain 1067 (79.5) 75 (38.5) 138 (73.0) 0.026 <0.001
Born outside Spain 260 (19.4) 100 (51.3) 50 (26.5)
Unknown* 15 (1.1) 20 (10.3) 1(0.5)

Family origin Native 438 (32.6) 40 (20.5) 43 (22.8) 0.012 0.011
Non-native 883 (65.8) 130 (66.7) 137 (72.5)
Unknown* 21 (1.6) 25 (12.8) 9(4.8)

QFT-Plus result Negative 1291 (96.2) 61 (31.3) 29 (15.3) <0.001 <0.001
Positive 0 (0.0) 133 (68.2) 158 (83.6)
Indeterminate 51 (3.8) 1(0.5) 2 (1.1

TST result ** Negative 853 (100) 12 (7.4) 27 (15.6) <0.001 <0.001
Positive 0 (0.0) 150 (92.6) 146 (84.4)

Haemoglobin level Low 219 (31.7) 20 (13.8) 44 (24.4) 0.112 <0.001
Normal 441 (63.9) 116 (80.0) 130 (72.2)
High 30 (4.3) 9(6.2) 6 (3.3)

Lymphocyte count Low 103 (15.0) 4(2.8) 6 (3.4 <0.001 <0.001
Normal 502 (73.1) 126 (86.9) 137 (76.5)
High 82 (11.9) 15 (10.3) 36 (20.1)

C-reactive protein (mg/L) 2.4 (0.5-23.5) 0.7 (0.3-3.7) 4.7 (1.5-37.9) 0.775 <0.001

Erythrocyte sedimentation rate (mm) 4.0 (2.0-14.0) 5.0 (2.0-13.0) 16.0 (5.0-39.5) <0.001 0.748

Abbreviations: BCG = Bacillus Calmette-Guérin; IS = immunosuppressive; LTBI = latent tuberculosis infection; TBD = tuberculosis disease; TST = tuberculin skin test.
*Not included in the statistical analysis.

** TST was only performed in 853 TB-uninfected, 162 LTBI and 173 TBD patients.
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Quantitative data for all four assay tubes were available in 999 patients (57.9%), and TB1-nil and TB2-nil results
in 1367 (79.2%). In patients with positive QFT-Plus results and available quantitative data (n=284), median
(IQR) background-corrected TB1 responses were 4.62 1U/ml (2.33-7.13) in TBD cases and 5.17 1U/ml (1.67-
7.38) in LTBI cases (p=0.741); median TB2 responses were 4.68 IU/ml (2.26-7.39) and 5.05 IU/ml (1.83-7.33),
respectively (p=0.612). There was a strong positive correlation between background-corrected TB1 and TB2
responses (r=0.931, p=0.001; Figure 2A). There was also a weak association between background-corrected
TB1 and TB2 responses and TST induration diameters (Figures 2B&2C), but no association between antigen

responses and CRP or ESR (data not shown).

Background-corrected mitogen (positive control) responses showed a statistically significant positive association
with age and a significant inverse relationship with CRP concentrations and ESR (Supplementary Figure 1A-
1C). Haemoglobin or lymphocyte levels had no impact on quantitative QFT-Plus results, neither on antigen nor

on mitogen responses (data not shown).

Indeterminate QFT-Plus results

Overall, 54 patients (3.1%) had an indeterminate QFT-Plus result. In 50 patients the indeterminate result was due
to insufficient mitogen responses, while only one patient had that result due to an elevated nil tube interferon-
gamma concentration (quantitative data not available in n=3). The group of patients with indeterminate results
mainly comprised children classified as TB-uninfected (n=51); one child had LTBI, and two had TBD (both

unconfirmed).

The bivariate analyses showed that patients with an indeterminate result were on average younger than those
with determinate test results (Table 4). Additionally, the analyses showed that the proportion of indeterminate
results was highest in children in the CRS and IIT groups. Furthermore, indeterminate results were associated

with low haemoglobin concentrations and lymphopenia, as well as elevated CRP and ESR levels.
In the logistic regression model, in which all variables with a p-value <0.1 in the bivariate analysis were

included, age <5 years, lymphopenia, and elevated CRP concentrations remained significantly associated with
indeterminate QFT-Plus results (Table 4).
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Table 4. Bivariate statistical analysis and multivariate regression analysis of potential risk factors associated with indeterminate QFT-Plus results.

Bivariate analysis Multivariate regression analysis
Odds ratio 95%ClI p-value | Adjusted odds ratio 95%ClI p-value
Age <5 years 1.924 1.11-3.33 0.019 3.392 1.26-9.17 0.016
Male sex 1.674 0.95-2.95 0.075 3.101 1.07-8.96 0.037
BCG-vaccinated 1.112 0.54-2.31 0.776 - - -
Patient born in Spain 1.125 0.59-2.16 0.723 - - -
Spanish family origin 1.646 0.94-2.88 0.081 2.117 0.74-6.03 0.160
Reason for assessment - - - - - -
New-entrant migrant screening Ref. - - Ref. - -
Clinical/radiological suspicion of TBD 9.097 3.36-24.62 <0.001 0.114 0.01-1.62 0.114
Contact tracing 0.998 0.192-5.18 0.999 - - -
Prior to immunosuppressive treatment 7.198 2.76-18.78 <0.001 0.268 0.03-2.81 0.272
Low haemoglobin level” 5.855 3.05-11.26 <0.001 1.137 0.39-3.31 0.814
Low lymphocyte count? 6.184 3.22-11.86 <0.001 4.881 1.64-14.50 0.004
CRP level (per 5 mg/L increase) 1.065 1.05-1.09 <0.001 1.067 1.03-1.10 <0.001
ESR level (per 1 mm increase) 1.025 1.01-1.04 <0.001 1.013 0.99-1.03 0.196

Abbreviations: BCG = Bacillus Calmette-Guérin; Cl = confidence interval; CRP = C-reactive protein; ESR = erythrocyte sedimentation rate; TBD = tuberculosis disease.
#Haemoglobin concentrations and lymphocyte counts were dichotomized (low values vs. normal/high values) for this analysis.
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DISCUSSION

To our knowledge, this is the largest study to date to evaluate QFT-Plus assays in children and adolescents at
risk of TB, facilitated by a well-established collaborative paediatric TB research network. Our study was
conducted in a real-life clinical setting and included patients assessed for TB infection for the four most common

screening indications in low-burden countries.

Our cohort includes a substantial number of children with TBD. TBD was more common in young children, in
patients assessed due to recent TB contact or clinical/radiological suspicion, and in those born abroad or to an
immigrant family, as expected.[31] In TBD the sensitivity of QFT-Plus was only 83.6%, equivalent to that of
TST (84.4%) in our study. Importantly, this figure is also very similar to the estimates reported for previous
generation IGRAs in children, including QFT-GIT 83% (95%CI: 75-92) and T-SPOT.TB 84% (95%Cl: 63-10)
assays,[7] indicating that the new assay design has not resulted in enhanced sensitivity in TBD patients, as has
been claimed.[26] This aligns with data from adult studies that performed head-to-head comparisons of QFT-
GIT and QFT-Plus in adult TBD patients, reporting nearly identical sensitivities for both assays.[13] While it
would have been desirable to include a direct head-to-head comparison with previous generation IGRAS in our
study, few paediatric IGRA studies include such comparisons due to the technical difficulties in obtaining large
enough blood samples from young children. One paediatric study in Eswatini, which included only 12 children
with TBD, directly compared QFT-GIT and QFT-Plus, and reported identical sensitivities.[17]

To date, the data on the performance of QFT-Plus in children with TBD remain very limited, despite the assay
having been released for routine clinical use in 2016. The two largest published paediatric studies in Europe,
which included 43 children with suspected TBD and 84 children with microbiologically-confirmed TBD,
reported test sensitivities of 83.3% and 82.9%, respectively.[19,20] Concerningly, one paediatric study in
Vietnam, a high TB prevalence setting, reported that while the sensitivity of QFT-Plus was 84.2% in patients
with isolated pulmonary TBD (n=19), it was only 14.3% in patients with extrapulmonary TBD (n=14).[18]

Subgroup analyses showed that the sensitivity of QFT-Plus was significantly higher in microbiologically-
confirmed than in unconfirmed TBD cases. Although the underlying mechanism is uncertain, it is tempting to
hypothesise that this may have resulted from the former patient group having more advanced disease and higher
antigenic loads, leading to greater induction of MTB-specific T cells, and thereby higher interferon-gamma
responses in the QFT-Plus assay. This hypothesis aligns with previous adult data indicating that there is a
relationship between antigenic load and the magnitude of interferon-gamma responses.[32] Nevertheless, it is
possible that some children in our study who lacked microbiological confirmation had an alternative diagnosis
and were incorrectly diagnosed with TBD. We also found that the sensitivity of QFT-Plus was significantly
higher in TST-positive than in TST-negative TBD cases, which is not unexpected, as both tests are based on the

detection of immune responses to mycobacterial antigens.

According to the manufacturer, the second QFT-Plus antigen tube (TB2), which was absent from previous assay

versions, is intended to preferentially induce MTB-specific CD8+ T cell responses to improve the assay’s
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sensitivity specifically in patients with TBD (rather than LTBI).[26] Only 5 (2.6%) of 189 children with TBD in
our cohort had discordance between categorical TB1 and TB2 results, and only 3 (1.6%) of those had a TB1-
/TB2+ result constellation, showing that the contribution of the second antigen tube to the assay’s sensitivity in
paediatric TBD is negligible. Importantly, the disadvantages of having an additional antigen tube include the
need to obtain a larger volume of blood, which can be challenging in young children, and a substantial increase
in costs due to the need to run an additional sample for every patient in the QFT ELISA. In contrast to the TST,
all IGRASs require a complex laboratory infrastructure, which is a challenge in low-resource, high TB incidence
countries. Notably, recent data suggest that skin tests based on ESAT-6 and CFP-10, which are likely to have
greater specificity than the TST that uses a mixture of poorly-defined mycobacterial antigens, may be a viable

alternative in settings with limited infrastructure.[33]

The analyses of quantitative antigen-induced interferon-gamma responses revealed a strong positive correlation
between TB1 and TB2 responses, and only a weak relationship between antigen-induced interferon-gamma
responses and TST indurations. Importantly, the magnitude of TB1 and TB2 responses did not differ
significantly between LTBI and TBD cases, showing that the assay is not suited to differentiating between those
infection states. We observed a positive correlation between age and the magnitude of mitogen responses, a
phenomenon that has also been reported in QFT-GIT.[34] Furthermore, we found that there was an inverse
relationship between mitogen responses and CRP concentrations and ESRs, indicating that pro-inflammatory

states can have an adverse impact on positive control responses.[35]

LTBI was diagnosed in 195 patients in our cohort, most often among children assessed during CTR and NMS.
The sensitivity of QFT-Plus for LTBI was 68.2% overall, and was significantly higher in BCG-unvaccinated
children and those born in Spain, likely reflecting result discordance between TST and QFT-Plus in BCG-
vaccinated patients. Importantly, comparisons between studies investigating the performance of diagnostic tests
for LTBI are hampered by the lack of a gold standard and the presence of varying TB risk factors in the
populations assessed.[36] However, we recently reported a similar sensitivity estimate (72.2%) for the QFT-GIT

assay in the diagnosis of LTBI among children <5 years-of-age.[37]

The proportion of indeterminate assay results (3.1%) was very similar to that reported by a recent meta-analysis
on previous-generation IGRAs in children (4%),[38] and those results were almost universally due to low
mitogen (positive-control) responses. We found that indeterminate QFT-Plus results were associated with young
age, a phenomenon previously also reported in QFT-GIT assays.[34,37,39] Multivariate analysis additionally
identified lymphopenia and elevated CRP as significant risk factors for indeterminate QFT-Plus results. The
former is to be expected, as IGRAs require a sufficient number of functional T cells in order to generate
adequate interferon-gamma responses, and - in contrast to the T-SPOT.TB assay - cell numbers are not being
adjusted prior to antigenic stimulation in QFT assays. Interestingly, recent data suggest that CRP at
physiological concentrations can inhibit intracellular expression of various cytokines, including IL-2 and

interferon-gamma, which may explain the latter observation.[35]
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One of the key strengths of this study lies in its sample size, allowing us to generate precise sensitivity estimates
with narrow confidence intervals. Another strength is that the study was conducted in a routine clinical setting,
as diagnostic studies conducted under highly-controlled conditions tend to overestimate test performance.
However, our study has limitations, including the absence of direct head-to-head comparisons with other IGRA
assays and missing data (including TST results, haematological results and inflammatory markers) in a
substantial number of patients. Also, we did not collect data on the precise timing of the TST and blood
sampling for QFT-Plus; while data from early studies suggested that performing a TST prior to an IGRA may
result in a boosting phenomenon, this has subsequently been shown not to be the case.[40-42] In common with
all previous studies, our estimates of test performance related to the diagnosis of LTBI are limited by the lack of

a universally-agreed gold standard, and the definition of LTBI used may have led to incorporation bias.

In summary, our results show that in children and adolescents at risk of TB in a low TB prevalence setting the
QFT-Plus assay does not perform better than the previous-generation IGRAs or the long-established TST,
consistent with the data of the largest meta-analysis in adults to date.[43] Close to one in five children with TBD
had false-negative QFT-Plus results, highlighting that the assay can not be used as a rule-out test in children with
suspected TBD. Furthermore, our data show that the new antigen tube, TB2, only makes a negligible
contribution to assay sensitivity. Multivariate analysis identified young age, lymphopenia and elevated CRP
concentrations as risk factors for indeterminate test result. Further studies are needed to determine whether QFT -

Plus assays perform better than previous generation IGRAs in children in high TB prevalence settings.
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Figures legends

Figure 1. Flow-chart showing the indications for TB screening, as well as QFT-Plus assay results and the final
diagnoses regarding TB. Abbreviations: LTBI = latent tuberculosis infection; QFT-Plus = QuantiFERON-TB
Gold Plus; TB = tuberculosis; TBD = tuberculosis disease.

Figure 2. Relationship between (A) background-corrected interferon-gamma concentrations in TB1 antigen-
stimulated samples (TB1-nil) and TB2 antigen-stimulated samples (TB2-nil) in 284 patients with a positive
QFT-Plus result in whom quantitative data were available; (B) tuberculin skin test diameter and background-
corrected interferon-gamma concentrations in TB1 antigen-stimulated samples (TB1-nil); and (C) tuberculin skin
test diameter and background-corrected interferon-gamma concentrations in TB2 antigen-stimulated sample
(TB2-nil). All graphs show a fitted linear regression line (solid line) and the corresponding 95% confidence
interval (interrupted lines). The values shown are Spearman correlation coefficients (r) and their corresponding

p-value.
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