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The evaluation of diagnostic accuracy of new in vitro diagnostic
assays for tuberculosis infection has been hampered by the lack
of a standard reference test. The aim of this study was to compare
sensitivity and specificity of interferon gamma assays for latent
tuberculosis infection by assessing the association of test results
with tuberculosis occupational exposure and by using latent
class analysis. We analysed data from 115 healthcare workers on
whom tuberculin skin test (TST) and the following in vitro tests
were performed: in-house ELISPOT for RD1 proteins, T.SPOT-TB
and Quantiferon-TB Gold. Results of all tests were associated
with increased occupational risk of exposure to Mycobacterium
tuberculosis, but only TST was associated with Bacillus Calmette-
Guérin (BCG) vaccination. Sensitivity/specificity (95% confidence
intervals) estimated by a latent class model were: 99.9%/64.2%
(53.0-74.1) for TST, 95.3% (61.8-99.6)/87.5% (78.0-93.2)
for in-house ELISPOT, 96.7% (69.3-99.7)/85.6% (75.3-92.0)
for T.SPOT-TB, and 76.3% (55.9-89.1)/93.6% (85.4-97.3)
for Quantiferon. The estimated specificity of in vitro assays was
higher than that of TST also among individuals who were not BCG-
vaccinated. In conclusion, when used in healthcare workers, in
vitro assays may provide a significant increase of specificity for
tuberculosis infection compared to TST, even among non vaccinated
individuals, at the cost of some sensitivity.

Introduction

Identification and treatment of individuals with latent
tuberculosis infection is an important component of tuberculosis
elimination strategies in low incidence countries, and may
contribute to the global tuberculosis control efforts [1-4]. In
this context, healthcare workers represent an important target
population for latent tuberculosis infection screening programmes
[5]. The effectiveness of these programmes, however, has been
limited by the fact that the standard tool used to diagnose latent
tuberculosis infection, the tuberculin skin test (TST), has a limited
diagnostic accuracy, mainly because it relies on the use of protein

purified derivative (PPD), which is a mixture of antigens shared
by many pathogenic and non-pathogenic mycobacteria, including
Bacillus Calmette-Guérin (BCG) strains used for vaccination [6].

Recently, new immunologic tests have been introduced for
diagnosing tuberculosis infection [7,8]. These tests, often referred
to as interferon gamma release assays (IGRAs) are based on
the detection of in vitro response to proteins encoded by genes
located within the region of difference 1 (RD1) of M. tuberculosis
genome, the early secreted antigenic target 6 protein (ESAT-6)
and the culture filtrate protein 10 (CFP-10), that are not shared
with BCG strains or most environmental mycobacteria [9,10].
Two of these tests have been made commercially available. Both
measure interferon gamma released in vitro in response to RD1-
encoded antigens, although they use different antigen preparations
(overlapping peptides spanning the entire length of these proteins)
and different assay formats (ELISA and ELISPOT) [11,12]. Recent
guidelines recommend that these tests be used instead of [1,2] or
in addition to [13] TST.

A number of studies have evaluated IGRA, in comparison to
TST, as a tool for screening latent tuberculosis infection among
healthcare workers [14-19]. To our knowledge, however, no study
has compared different IGRAs in this population group.

The lack of a gold standard for the diagnosis of latent tuberculosis
infection has hampered the assessment of the diagnostic accuracy
of IGRAs. Different strategies have been used so far to address
this issue, including the evaluation of the proportion of positive
tests among individuals with active tuberculosis (as a proxy
for sensitivity), and of the proportion of negative tests among
individuals at low risk for tuberculosis infection (as a proxy for
specificity) [1,2,7]. Another approach that has been proposed
for the validation of IGRAs is based on the assessment of the
association of test results with risk factors for tuberculosis infection
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[11,20]. Finally, latent class analysis, a statistical method which
has been proposed for the assessment of diagnostic tests in the
absence of a gold standard, could be used in this context [21]. In
the frequentist statistical approach used in the present study, this
analysis requires availability of results from at least three different
diagnostic tests on the same individual, and it is based on the
concept that different tests for the same disease are influenced
by a common latent variable, the disease status, which cannot be
measured directly [21-23].

Healthcare workers remain at risk for tuberculosis infection also in
countries with low tuberculosis incidence [24]. However, especially
in countries such as Italy where until recently BCG vaccination has
been widely used in healthcare workers, surveillance of tuberculosis
infection has been hampered by the low specificity of TST. In the
present paper, we analysed data on healthcare workers in lItaly
who were tested by TST and by three in vitro interferon gamma
tests, an in-house ELISPOT assay based on RD1 proteins [25], a
commercial ELISPOT assay and a commercial whole blood ELISA
using RD1 peptides. To validate the use of these tests in this
population group, we assessed their association with occupational
tuberculosis risk and estimated their sensitivity and specificity by
using a latent class analysis.

Methods

Study design and participants

We conducted a cross-sectional study in 2004-2005 at two
tertiary care hospitals in Rome, Italy, which include wards that
routinely treat pulmonary tuberculosis patients. Healthcare workers
at these institutions who had had a routine periodic health check
in 2004 or 2005 were considered for inclusion, if they had a
positive TST result in the 12 months, or a negative TST result in
the three months before we did the in vitro tests. There was no
formal calculation of the sample size prior to the study. No incentive
was offered for participation. The study was approved by the ethics
committees at participating institutions and study participants gave
written informed consent.

For each individual enrolled in the study, the following data
were abstracted from personal charts: age, sex, place of birth, job
category, ward or service of present and past employment, BCG
vaccination, household tuberculosis contacts. Ward or service of
employment were classified either as high risk if more than one
patient with tuberculosis was cared for per year, or as low risk if
that was not the case.

Diagnostic assays

The TST was administered by trained nurses at participating
institutions by the Mantoux procedure using 5 |U of PPD (Chiron).
Results were read after 48 to 72 hours. For the purpose of the
present analysis an induration of at least 10 mm was scored as a
positive response [1,2].

The in-house ELISPOT assay based on ESAT-6 and CFP-10
proteins (Lionex) was performed as previously described [25], and
results were scored positive if the average number of spot-forming
cells (SFCs) in cultures stimulated with these antigens was at
least three-fold higher than the average number of SFCs in the
control. Interferon gamma values are presented as number of SFCs
per million PBMC, after subtraction of the appropriate control
according to the described criteria.

The commercial ELISPOT assay used was the T-SPOT.TB (Oxford
Immunotec) and it was performed as previously described [11].
Responses were scored positive if the test wells contained a mean
of at least six spot-forming cells more than the mean of the negative
control wells, and if this number was at least twice the mean of
the negative control wells.

The commercial ELISA assay was the enhanced ‘in-tube’ version
of QuantiFERON-TB Gold (QFT-G, Cellestis Limited).This assay is
based on peptides spanning the entire sequences of ESAT-6 and
CFP-10 as well as another peptide representing a portion of the
TB7.7 antigen [12]. It involves two stages: incubation of whole
blood with the antigens, and measurement of interferon gamma
production in harvested plasma by ELISA. As recommended by
the manufacturer, the cut-off value for a positive test was 0.35
interferon gamma [U/ml.

All blood test were performed on the same blood sample. For
47 individuals (45.3%), the blood sample was taken on the day
the TST was performed, while for the remaining individuals, it was
taken eight to 365 days after the TST. ELISA and ELISpot were
performed at the study site, and all assays met quality control
standards.

Statistical methods

Standard univariable methods were used to describe the
association between participant characteristics and results of
diagnostic assays.

The association of test results with risk factors for tuberculosis
infection was studied by fitting four multivariable logistic regression
models, one for each diagnostic test, with the same covariates, and
results were shown as odds ratios (OR) with the associated 95%
confidence intervals (Cl). Risk factors introduced in the models
were age (as a continuous variable), sex and all variables that were
significant in the univariable anlaysis for at least one diagnostic
test. Whether the association with each risk factor varied by type
of diagnostic assay was assessed by testing the hypothesis of
homogeneity of the relative odds ratios. The test was performed
using seemingly unrelated regression that takes into account the
correlation between diagnostic test results of the same participant.

To estimate sensitivity and specificity of different diagnostic
tests we performed a latent class analysis [21-23,26] a family of
statistical models based on the concept of ‘latent variable’, that
can simply be thought as an unobservable random variables. LCA
is appropriate to study situations in which categorical responses
are observed on n subjects and these responses are dependent by
a categorical unobservable characteristic of the subject. Briefly,
parameters of interest were estimated by modelling the relations
between an unobservable (latent) and observable variables. In this
respect, the observed results of the diagnostic tests are considered
as a measure, prone to error, of an unobservable dichotomous latent
variable, the true disease status. From these imperfect measures we
can estimate a ‘consensus’ gold standard used, in turn, to evaluate
sensitivity and specificity of the tests as well as the prevalence of
the disease [22].

Let us assume that D represents the unknown disease status
for each subject (1 for diseased and O for not diseased) and 6,
(d=0,1) its probability. Moreover let tj be the observed result of
our jth test (j=0,...,p) that can take on the values O, negative,
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or 1, positive. If we denote with T the conditional probability of
a positive response at the jth test given D=d, the parameters of
interest for our study, i.e. the sensitivity and specificity of each
test, are m and l-njo, respectively. Each subject i (i=1,.....,n) will
have a vector of observed responses, Ti=(t1,...,tp), and the marginal
probability of T, that follows a multivariate Bernoulli distribution
is given by

PrTi= 36PN [D=d) (1),

Assuming for each subject the independence between responses
to the p tests, given the true disease status, equation (1) can be
written as:

1 P
Py = 36, [Imai-m)™ (2.
d= j=1
Both 8, and m,, were modelled on a log odds, or logit, scale and
we could also account for the effect of covariates using the usual

approach of logistic model. The equations describing prevalence
and conditional probabilities of positive response were as follows:

Lagit{H, | w)=a
Logit(ma | X) =4 + e + X'B (),

where:

(3) and

1. Xx was a vector of covariates for the ith subject, with their
relatives vectors of parameters [3;

2. n, was the (random) effect, common for all tests, exerted
by the unknown true disease status;

3. A were the factor loadings that allow the effect of nd to
differ between tests and

4.y, represented the (fixed) effect of each test on conditional
probability [22,26].

In order to make a latent class model estimable, the number p
of diagnostic tests used on the same study sample must provide
at least as many degrees of freedom as the number of parameters
to be estimated, in other words the condition (2P-1)>(2p+1) has to
be satisfied and this imply that at least three tests are requested
for our study. Prevalence as well as sensitivity and specificity were
modeled as logit (log odds). We included BCG as a covariate in the
model for sensitivity and specificity. The fit of the model without
covariates was assessed by using the Pearson’s chi-squared statistic
(the sum of squared difference between observed and expected
frequencies over the expected). Nested models were compared
using the log-likelihood ratio (LR) test [27-29].

The significance of the difference in accuracy between pairs
of diagnostic assays was evaluated by using Wald test for fixed
coefficients of the latent class model.

In traditional latent class analysis, it is assumed that the results
of each individual for a given disease status are independent (the
so-called conditional independence) or, in other words, that the
observed associations between tests are explained only by the
latent variable. In our study this condition could not be satisfied,
regarding the similarities in technological characteristics of assays.
To verify whether a lack of conditional independence between tests
could have influenced our estimates, we introduced in the equation
(4) an additional subject-specific random variable z with Gaussian
distribution to take into account the correlation between the assays

that was not due to the disease status [27,29]. The results from
the traditional latent class analysis were then compared with those
from the model with random effect using the Akaike Information
Criterion (AIC) and Pearson’s statistic.

Statistical analyses were performed with Stata, Release 9 (Stata
Corp). The programme “gllamm” in Stata [30] and “randomLCA”
package for R [31] were used to fit latent class analysis models.

Results

Study population

Included in the present analysis were 115 healthcare workers.
Of these, 39 (33.9%) were currently employed in wards in which
the risk of being exposed to tuberculosis was high (such as wards
for infectious diseases and respiratory diseases), and 76 (66.1%)
were employed in hospital services in which the risk of exposure to
tuberculosis was low (such as paediatrics, internal medicine and
hospital epidemiology). Of those currently employed in low-risk
services, seven had worked in services with high exposure risk in
the past. The median age of the participants was 41 years and the
majority were female. BCG vaccination was documented for 43
participants (37.4%).

Association of results in the four diagnostic assays with

participants characteristics

Overall 61 individuals (53.0%) were TST-positive, 40 (38.4%)
were positive by in-house ELISPOT, 42 (36,5%) by T-SPOT.TB
and 29 (25,2%) by QFT-G . The results of the different diagnostic
assays by participant characteristics are shown in Table 1. A higher
proportion of positive tests was observed among those who had
at one point been employed in high-risk services, compared to
those employed only in other hospital services. This difference was
statistically significant for all tests except for the QFT-G test. In
addition, older study participants were more likely to be positive
in all tests. A positive result in the TST only was associated with
a previous BCG vaccination. Physicians had the lowest prevalence
of positive results in all tests, but this difference was significant
for QFT-G only. Surprisingly, the prevalence of positive results in
the three in vitro assays was not elevated among those reporting
household tuberculosis contact, and differences were not
statistically significant.

As shown in Table 2, 40 individuals (34.8%) were negative in
all the four tests, while 75 (65.2%) individuals were positive in at
least one test. Of those 75, 22 (19.1%) were positive in all the four
tests. Nineteen individuals (16.5%) were positive only in the TST.

In a multivariable analysis (Table 3), having worked in high-risk
tuberculosis services increased the probability of a positive result
for all diagnostic tests (homogeneity test: p=0.52), although the
effect was significant only for the T-SPOT.TB and the in-house
ELISPOT. Sex was not significantly associated with the probability
of a positive result and the odds ratios were not significantly
different among diagnostic tests (p=0.41). Older individuals,
however, had a significantly higher probability of a positive result
for all tests. The effect of BCG vaccination was not homogeneous
among diagnostic tests (p=0.001) and significant only for the TST,
with a higher odds ratio for a positive result for BCG-vaccinated
compared to not vaccinated subjects. Physicians were at a lower
risk of a positive result compared to nurse assistants; this result
was significant for TST and QFT-G.
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TABLE 1

Results of diagnostic tests for tuberculosis infection by characteristics of healthcare workers in Rome, Italy (n=115)

Tuberculin skin test In-house RD1 ELISPOT T-SPOT.TB QuantiFERON TB Gold
no. of positives (%) no. of positives (%) no. of positives (%) no. of positives (%)

Characteristic (no.)

Ward/service
Low TB risk (69) 30 (44) 17 (25) 18 (26) 16 (23)
High TB risk* (46) 31 (67) t 23 (50) t 24 (52) t 13 (28)
Sex
Male (48) 22 (46) 17 (35) 19 (40) 11 (29)
Female(67) 35 (52) 23 (34) 23 (34) 18 (27)
Place of birth
EU (110) 57 (53) 38 (35) 40 (37) 26 (24)
Non-EU (5) 3 (60) 1 (20) 1 (20) 2 (40)
BCG vaccination
No (72) 30 (42) 26 (36) 24 (33) 22 (31)
Yes (43) 31 (72) t 14 (32) 18 (42) 7 (16)
Household TB contact
No (102) 53 (52) 37 (36) 40 (39) 27 (27)
Yes (13) 8 (62) 3 (23) 2 (15) 2 (15)
Job category
Physician (18) 6 (33) 4 (22) 6(33) 1 (5.6)
Nurses (67) 40 (60) 24 (36) 23 (34) 16 (24)
Nurse assistant (30) 15 (50) 12 (40) 13 (43) 12 (40) t
Age (years)
<41 (59) 41 (36) 11 (19) 12 (20) 8 (14)
>41 (56) 40 (71) 1 29 (52) t 30 (54) 1 21 (38) t

BCG: Bacillus Calmette-Guérin; EU: European Union; TB: tuberculosis.
* currently or in the past
t p<0,05

TABLE 2

Response patterns to four different diagnostic tests for tuberculosis infection observed among healthcare workers in Rome,
Italy, and predicted by a latent class analysis model with and without a random effect (n=115)

Response pattern Observed Predicted LCA Predicted LCA with random effect
Tuberculin Skin test In-house RD1 ELISPOT T- SPOT.TB QuantiFERON TB Gold  No. % No. No.
- - - - 40 34.8 37.8 39.9
+ + + + 22 19.1 21.8 21.9
+ - - - 19 16.5 21.1 19.4
+ + + - 7 6.1 7.3 7.1
+ - + - 7 6.1 3.9 4.7
- + - - 5 4.3 5.4 4.6
- - - + 4 3.5 2.6 2.1
+ + - - 3 2.6 3.2 3.9
- - + - 3 2.6 6.4 5.3
- + + - 2 1.7 0.9 1.0
+ + - + 1 0.9 1.0 0.9
+ - + + 1 0.9 1.3 1.3
+ - - + 1 0.9 1.5 1.8
- + + + 0 0.0 0.1 0.2
- + - + 0 0.0 0.4 0.3
- - + + 0 0.0 0.4 0.5

LCA: latent class analysis.
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Estimation of the accuracy of the assays hy latent class analysis In the latent class analysis (Table 4), TST had the highest
The tuberculosis infection prevalence in the population  estimated sensitivity but a very low specificity. The two ELISPOT-
estimated in the latent class analysis model was 26.9% (95%  based tests, the in-house ELISPOT and the T-SPOT.TB, both had a
Cl: 18.1% to 35.7%). The predicted frequencies for the patterns  sensitivity close to that of the TST, while their estimated specificity
of response to the four tests (Table 2) showed a good fit with the  was still high. QFT-G had a very high estimated specificity, although
observed data (Pearson’s statistic p-value=0.25). its sensitivity was lower than that of the other three tests. When

TABLE 3

Multivariable odds ratios (95% confidence intervals) of a positive result for selected risk factors by diagnostic test among healthcare workers
in Rome, Italy (n=115)

Diagnostic test assumed as outcome variable

Tuberculin Skin test In-house RD1 ELISPOT T-SPOT.TB QuantiFERON TB Gold
MOR# MOR# MOR# MOR# .
(95% CI) (95% CI) (95% CI) (95% CI) P
Ward/service
Low TB risk 1.00 1.00 1.00 1.00
High T8 risk (0.927'-458.35] (1.532'-85?91) [1.232;-1248] (0.613.38.49] 0-518
p* 0.472 0.681 0.491
BCG Vaccination
No 1.00 1.00 1.00 1.00
fes (1.5213121.95) (0.203'—612.57) [o.sls'f.sl) (0.1%?11.23] 0.001
p 0.001 0.060 <0.001
Gender
Male 1.00 1.00 1.00 1.00
Female [0.723'—15.21) (0.415-233.26) [0.5%.-2??26] [0.2%—822.31) 0-413
p* 0.449 0.401 0.107
Age (per five years 1.86 1.69 1.56 1.50 0.485
increase) (1.39-2.48) (1.29-2.22) (1.21-2.02) (1.16-1.95)
p* 0.599 0.231 0.215
Job category
Physician (0.0?;'?892) (0.0%'?15.23) (0.0%—33.53) {0.0%%.70) 0.480
p** 0.758 0.393 0.377
Nurses (0.419'?:.51] (0.318;-231.87) (0.2%—627.04) [0.201.—613.91) 0-211
p* 0.721 0.159 0.156
Nurse assistant 1.00 1.00 1.00 1.00

BCG: Bacillus Calmette-Guérin; CI: Confidence Interval; MOR: multivariable odds ratio. TB: tuberculosis.

# Adjusted for all the variables in the table by fitting a logistic regression model.

* p-value for the hypothesis of no difference among OR, obtained by fitting a seemingly unrelated regression model.

**p-value for the hypothesis of no difference to the OR for tuberculin skin test, obtained by fitting a seemingly unrelated regression model.

TABLE 4

Specificity and sensitivity of four diagnostic assays for tuberculosis infection estimated among 115 healthcare workers in
Rome, Italy by a latent class analysis model

Specificity [%] Sensitivity [%]
Estimate 95% confidence interval Estimate 95% confidence interval
Tuberculin skin test 64.2 53.0 4.1 99.9 NC NC
In-house RD1 ELISPOT 87.5 78.0 93.2 95.3 61.8 99.6
T-SPOT.TB 85.6 75.3 92.0 96.7 69.3 99.7
QuantiFERON TB Gold 93.6 85.4 97.3 76.3 55.9 89.1

NC: not computable.
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the tests were compared in pairs to evaluate differences in their
diagnostic accuracy, statistically significant differences were
recorded for the comparison between TST and the other three
tests (p=0.003, p=0.005 and p<0.001, respectively, for the
comparison with in-house ELISPOT, T-SPOT.TB and QFT-G ), while
the difference between the T-SPOT.TB and QFT-G was of borderline
statistical significance (p=0.057).

To explore the impact of BCG vaccination on the diagnostic
accuracy of the TST, we also fitted a latent class analysis models
solely for those subjects who had not been vaccinated against BCG.
In this analysis, the estimated prevalence of tuberculosis infection
was 26.3%. As shown in Table b, the sensitivity of the TST was
similar to that estimated for the entire population. In contrast,
an increased specificity was estimated for TST among not BCG-
vaccinated subjects (79.1%), although it remained lower than that
estimated for the in vitro assays. The estimated accuracy of IGRAs
did not vary markedly in this analysis, except for QFT-G sensitivity
which increased from 76.3 to 94.8.

Finally, we compared the traditional latent class analysis model
to a model with a subject-specific random effect in order to assess
whether the removal of conditional independence assumption
among tests had an impact on the results. The estimate of
tuberculosis infection prevalence in the latter model was 25.0%,
and the predicted frequencies for the patterns of response to the
four tests were similar to the former model with a slight worsening
of the AIC (476.97 and 477.77 in the latent class analysis and
the model with subject-specific random effect, respectively), and
an equally slight improvement in Pearson’s statistic (p=0.267).
The estimates of diagnostic accuracy were remarkably similar in
the two models (Table 6).

TABLE 5

Discussion

We compared the results obtained in the TST and three in
vitro assays for tuberculosis infection in healthcare workers. We
found that positive results in all four assays were associated with
increased occupational risk of exposure to M. tuberculosis, but only
the TST was correlated with BCG vaccination. Taking advantage
of the fact that the results of four different assays for tuberculosis
infection were available for the same groups of individuals, we
provided an estimate of the diagnostic accuracy of these assays
by using a latent class analysis model. In this analysis, the in vitro
tests were found to be more specific for tuberculosis infection than
the TST, even among non-vaccinated individuals, at the cost of
some sensitivity. Moreover, our data suggest that ELISPOT-based
tests may differ in accuracy from the ELISA-based test.

Previous studies conducted among healthcare workers in
countries with low and high tuberculosis incidence [14-17] have
shown an association between QFT-G results and occupational
exposure to patients with active tuberculosis. Our results are
consistent with these findings and show an even stronger association
with occupational exposure for ELISPOT-based assays, although no
statistically significant differences were recorded when association
coefficients for the four different tests were compared. Moreover,
as in previous studies [32,33], we found that TST results were
associated with previous vaccination, while this was not the case
for in vitro assays.

We also used latent class analysis to estimate and compare
the sensitivity and specificity of different tests for tuberculosis
infection. Latent class analysis allows addressing a major issue in
the evaluation of diagnostic tests, i.e. the estimation of diagnostic
accuracy when a gold standard test is not available, and for this
reason it has been used in different infectious conditions in which a

Comparison of specificity and sensitivity of four diagnostic assays for tuberculosis infection estimated among 72 not BCG-
vaccinated healthcare workers by a latent class analysis model

Specificity % Sensitivity %
Estimate 95% confidence interval Estimate 95% confidence ‘interval
Tuberculin skin test 79.1 65.9 88.1 100.0 N.C. N.C.
In-house RD1 ELISPOT 84.6 72.2 92.1 94.4 65.8 99.3
T-SPOT.TB 90.4 78.4 96.1 100.0 N.C. N.C.
QuantiFERON TB Gold 92.3 81.3 97.1 94.8 63.1 99.5

NC: not computable.

TABLE 6

Comparison of specificity and sensitivity of four diagnostic assays for tuberculosis infection estimated among 115 healthcare
workers by a latent class analysis model with and without a subject-specific random effect

Specificity %

Sensitivity %

LCA LCA with random effect LCA LCA with random effect
Tuberculin skin test 64.2 64.4 99.9 100.0
In-house RD1 ELISPOT 87.5 88.5 95.3 97.5
T-SPOT.TB 85.6 86.9 96.7 98.8
QuantiFERON TB Gold 93.6 94.3 76.3 81.4

LCA: latent class analysis.
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definitive demonstration of the infecting organism was not feasible
[22].

As reported in a recently published systematic review, the
sensitivity of IGRAs for tuberculosis infection has previously been
estimated in a number of studies by calculating the proportion
of positive patients among those diagnosed with culture-proven
tuberculosis [32]. The sensitivity in these studies ranged from
55% to 93% for QFT-G with a pooled estimate of 78% for the first
version of the QFT-G or 70% for the in tube version of this assay,
and from 83 to 100% for T-Spot.TB with a pooled estimate of 90%.
In the studies in which both IGRAs were performed on the same
group of patients, the positivity rate tended to be higher for the
ELISPOT assay. Our estimates of the sensitivity of interferon gamma
tests for latent infection, obtained by latent class analysis, were
above 95% for ELISPOT-based assays and 76.3% for the ELISA
assay, thus consistent with those obtained from patients with active
tuberculosis. Nevertheless, the TST had the highest estimated
sensitivity (99.9%) in our study, which is in contrast to the results of
studies on patients with active tuberculosis, most of which reported
a higher sensitivity for interferon gamma assays compared to the
TST [34]. However, there is evidence that estimates of sensitivity
of TST for active infection may differ from that for latent infection:
On average 10 to 25% of patients with active TB do not respond to
the TST, and reactivity may be restored after initiation of treatment
in most of the patients who were initially negative [35]. In contrast,
sensitivity estimates derived from studies on healthy individuals
may exceed 95% [36]. Moreover, some studies conducted to
assess the accuracy of diagnosis of latent tuberculosis infection
suggest that the sensitivity of interferon gamma tests may indeed
be somewhat lower than or equal to that of the TST [33,37,38].
On the other hand, in a recent study carried out among healthcare
workers in India, in which a Bayesian latent class analysis was
used to compare accuracy of QFT-G and TST, Pai et al. estimated
that the QFT-G had an higher sensitivity than the TST (89.9% and
79.5 %, respectively) [39]. The results reported by Pai et al. are not
directly comparable to those of the present study since a different
statistical approach was used to construct the latent class model
and results from only two different tests were available for each
subject. Moreover, the subjects in the two studies were enrolled in
countries with very different tuberculosis incidence.

In this study, specificity was estimated to be consistently higher
for IGRAs compared to the TST. This finding was not unexpected
since these in vitro assays are based on antigens that, differently
from the PPD antigens used in the TST, are present almost
exclusively in bacteria of the M. tuberculosis complex. Previous
studies included in the aforementioned systematic review [34]
have shown that, among individuals at low risk for tuberculosis
infection, QFT-G is negative in 92-98% of cases (estimated pooled
specificity 99% and 96% in BCG-vaccinated and non-vaccinated
individuals, respectively), and T-SPOT.TB in 85-100% of cases
(estimated pooled specificity 93%). These figures are consistent
with specificity values estimated for IGRAs in our study. Moreover,
there is indirect evidence that these tests have higher specificity
for latent tuberculosis infection than the TST. It has in fact been
shown that, when used in contact tracing studies, these tests yield
a better correlation to the degree of exposure to tuberculosis cases
than the TST, and that their results are not influenced by the BCG
vaccination status [32,33,37]. The specificity of the TST estimated
in our study was quite low. It has been shown that large variations in
the specificity of the TST can be observed when the test is applied

to different populations [38], and in our study, the high prevalence
of previous BCG vaccination among healthcare workers may be one
cause of low specificity. However, TST specificity was estimated to
be low also among non-vaccinated healthcare workers. A similar
finding has been reported for healthcare workers in the United
States, and it has been attributed to infection with non-tuberculous
mycobacteria [40]. In contrast, a higher value for the specificity
of the TST (87.4%) resulted from the application of a Bayesian
latent class model in spite of the fact that 71% of subjects were
BCG-vaccinated [39].

The statistical model we used also allowed an overall comparison
of diagnostic accuracy of the tests analysed. We found that the
diagnostic accuracy of the TST was significantly different from that
of blood tests. This finding is not surprising if it is considered, in
addition to the higher specificity of the antigens used, that the in
vitro tests avoid a series of operational problems that may affect
the accuracy of the TST, including variability in the intradermal
injection of the antigen and in the reading of the response [8].

When the three in vitro tests were compared, we found a
difference of borderline significance between QFT-G and T-SPOT.
TB. The reasons for this difference are unclear. One may speculate
that the ELISPOT technique, thanks to the ability to detect single
cells that secrete interferon gamma in response to specific stimuli,
may provide a higher sensitivity at the cost of some specificity.
The cut-off value used to define positivity could also account for
differences in sensitivity and specificity, at least in part. In fact, a
study in which the commercial T-SPOT.TB and ELISA were used,
has shown that the differences in diagnostic accuracy between the
two tests become negligible when new cut-off points are used that
have been optimised on the same population [41].

Before drawing firm conclusions, it is important to appreciate
the limitations of the statistical method we used [21,22]. Latent
class analysis assumes the existence of a ‘true disease status’ which
influences the results of diagnostic tests, and this mathematically
defined entity does not necessarily have a clear clinical or biological
sense. There is consistent evidence that the TST predicts the
development of active tuberculosis [6]. Thus the presence of latent
tuberculosis infection, as identified by a positive TST, is associated
with an increased risk of active disease. It remains to be determined
if the same meaning could be attributed to the random variable
identified as 'latent tuberculosis infection’ in the present analysis.

Another drawback of the traditional version of latent class
analysis is the assumption of conditional independence, i.e. the
absence of correlation among test results given the disease status.
This is often unrealistic in practice due to similarities among tests.
However, following the approach proposed by Qu et al. [27] to
relax this assumption, we used an additional random effect, with
which it is possible to model all the non-observable factors at the
subject level that could introduce correlation between test results.
The estimates of diagnostic accuracy for the model with subject-
specific random effect were very similar to those obtained in the
traditional latent class analysis, and the measures of goodness of
fit were comparable in the two models as well.

Other limitations of the present study need to be mentioned.
First, all the individuals included were healthy adults, and thus
our results should not be generalised for different populations, in
particular for children or immunocompromised individuals in whom
a significant proportion of indeterminate results may be observed,
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in particular when using ELISA-based assays [40]. Similarly, the
diagnostic accuracy estimated for latent tuberculosis infection is
not necessarily similar to that obtained when using these tests to
diagnose active tuberculosis infection. Second, tuberculin skin
tests have been administered and read by different trained nurses,
and thus inter-reader variability in interpreting the results should
be expected. Third, the confidence intervals around our estimates
of association coefficients and of sensitivity and specificity were
rather wide because of the limited size of the population studied.
Nevertheless, we were able to demonstrate statistically significant
differences in the diagnostic accuracy of the different tests used.

Longitudinal studies comparing the ability of the TST to predict
the risk of active tuberculosis with that of interferon gamma assays
would be needed to establish the usefulness of the new tests for
tuberculosis infection. Preliminary data suggest that positive
IGRAs results may indeed be associated with the risk of active
tuberculosis [42]. However, these studies will be difficult to perform
in populations such as healthcare workers. In this context, the
present study provides further evidence on the advantages in terms
of specificity, and on the potential loss of sensitivity for latent
tuberculosis infection of blood tests in comparison to the TST.
Moreover, it provides comparative estimates of diagnostic accuracy
of different blood tests and thus may contribute to choosing the
strategies for diagnosing tuberculosis infection among heath
careworkers. In particular, our results may suggest the use of IGRAs,
either alone or as confirmatory tests in TST-positive individuals, in
a population with a high prevalence of previous BCG vaccination.
These choices, however, will also need to take other considerations
into account, including the economical and operational aspect, and
the stability of test results over time [43].
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