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Tuberculosis is transmitted from person to per-
son by respiratory droplets. Although some people
develop active tuberculosis disease after infection,
almost all tuberculosis infections are asymptomatic
and remain latent. Latent tuberculosis infection
(LTBI) itself progresses to active disease in approx-
imately 5% to 10% of infected persons. The rate of
progression is much greater in immunocompromised
individuals. The estimated 2 billion people living with
LTBI represent a vast reservoir of potential cases of
tuberculosis around the world. This reservoir of LTBI
is therefore a major barrier to the ultimate control and
elimination of tuberculosis.

Strategies to combat tuberculosis in regions that
are resource-rich aim, first, to identify and treat per-
sons who have active disease; second, to find and
treat contacts of cases of active disease who develop
LTBI, and, third, to screen high-risk populations and
treat LTBI [1]. Diagnosis and treatment of LTBI are
crucial in this effort. In most of the world, however,
resources are devoted exclusively to the highest pri-
orities of tuberculosis control: identification and treat-
ment of active disease [1]; for lack of resources, LTBI
is neither diagnosed nor treated.

Diagnostic testing for both LTBI and active dis-
ease has changed little during the last century. Be-
cause of limitations in available tests, there has long
been a clear need for better diagnostic tests. LTBI,
until very recently, has been diagnosed exclusively by
the tuberculin skin test (TST). The TST is fraught
with problems including relatively poor sensitivity
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and specificity. Newer tests for LTBI offer the prom-
ise of greatly improved diagnostic accuracy.

Tools for the diagnosis of active disease include
clinical suspicion, response to treatment, chest radio-
graphs, staining for acid-fast bacilli (AFB), culture
for mycobacteria, and, more recently, nucleic acid
amplification (NAA) assays. AFB smears lack both
sensitivity and specificity, and culture is very slow to
produce results, limiting the ability to diagnose active
disease effectively. NAA assays and several other
experimental diagnostic tools can add significantly
to the active disease diagnostic armamentarium. The
suitability of newer diagnostic tests in a given popu-
lation varies according to the resources available to
pay for and implement those tests, however [2].

In resource-poor countries, where options are lim-
ited, current approaches, such as relying almost ex-
clusively on the sputum smear for the diagnosis of
active disease, leave a significant number of cases
undetected [3—6]. This approach may be the only
economically feasible strategy given the initial costs
involved in the widespread use of other diagnostic
modalities. Although smear-positive cases are the
most infectious, neglecting smear-negative disease
(approximately half of cases overall) increases the
morbidity and mortality of the disease in those pa-
tients and does not account for the significant burden
of transmission attributable to these smear-negative
cases (17% of all transmission in one study using
molecular epidemiology techniques) [6]. The in-
creased likelihood of smear-negative tuberculosis in
HIV patients, particularly those who have advanced
immunosuppression [7], makes this diagnostic
approach especially problematic, because the regions
most afflicted by tuberculosis are similarly inundated
with HIV infection.
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Meanwhile, in resource-rich countries, under-
diagnosis is less an issue than overdiagnosis with
its attendant costs (the production of specimens, the
surveillance of cultures—most of which will ulti-
mately be negative—use of isolation rooms, empiric
therapy for tuberculosis, and expensive or invasive
diagnostic testing) [8]. In part, the need is for more
rapid diagnosis, allowing for earlier treatment of
cases, decreased transmission of active disease, and
decreased expenditure of resources. There is also a
need for increased sensitivity of testing so that cases
do not go unrecognized, and for increased specificity
and negative predictive value to decrease the cost of
having a high suspicion for this disease.

An ideal test for active tuberculosis would
produce rapid results (available within 1 day), would
have high sensitivity and specificity, low cost, and
robustness (ability to provide reproducible results in
a variety of settings), would be highly automated
or easily performed without the need for excessive
sample preparation or technical expertise, and would
be able to provide drug-susceptibility data. Ideally,
such a test would also be able to distinguish between
LTBI and active disease. For LTBI, such a test would
distinguish true infection from bacille Calmette-
Guerin (BCG) vaccination and infection with non-
tuberculous mycobacteria (NTM). In cases of active
disease, it would be valuable to be able to determine
infectiousness, follow response to therapy, distinguish
Mycobacterium tuberculosis from NTM in AFB-
positive specimens and obtain drug-susceptibility
information. No test performs all these functions at
present, but several new tests are being used or are
currently under study that incorporate many of these
features and offer the possibility of improved diag-
nosis of LTBI and of active disease.
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Tests for latent tuberculosis infection
The tuberculin skin test

Tuberculin, a broth culture filtrate of tubercle
bacilli, was first described in detail by Robert Koch
in 1891, a year after he introduced it as a potential
cure for tuberculosis [9]. Although its purported
curative properties proved unfounded, Koch observed
that subcutaneous inoculation of tuberculin led to
a characteristic febrile reaction in patients who had
tuberculosis but not in those who did not have
tuberculosis, giving rise to its use in the diagnosis of
the disease. The technique was refined over the next
2 decades so that cutaneous or intradermal inocu-
lation restricted the reaction to the skin. Subse-
quently, a standardized version of tuberculin, the
purified protein derivative (PPD), was introduced in
1934 [9]. In 1939, the batch of PPD known as PPD-S
was produced by Seibert and Glenn [3]. This batch
remains the international standard for PPD to this day.

In the early years of the TST, the assumption that
tuberculin reactions resulted solely from tuberculo-
sis infections went virtually unchallenged [9]. By the
mid-1930s, however, mounting evidence suggested
that tuberculin reactions might not be restricted to
such infections. In addition, investigators noted that if
the dose of PPD were increased enough, almost
everyone tested positive, including infants unlikely to
have been exposed to tuberculosis [9]. These findings
called into question the specificity of the TST, high-
lighting its limitations for the first time.

The current state of knowledge about the utility of
tuberculin skin testing derives in large measure from
a series of trials performed in epidemiologically well-
defined populations of persons who have known
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Fig. 1. Cumulative frequency of reactors responding to increasing doses of tuberculin among healthy children and patients
with tuberculosis. TU, tuberculin units. (From Reider H. The epidemiologic basis of tuberculosis control. Paris: International
Union Against Tuberculosis and Lung Disease; 1999. p. 32; with permission.)
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Fig. 2. Frequency distribution of skin test reaction with 5-TU PPD-S (solid line) and 2-TU PPD RT 23 (dotted line) among
Eskimo children and United States Navy recruits. TU, tuberculin units. (From Reider H. The epidemiologic basis of tuberculo-
sis control. Paris: International Union Against Tuberculosis and Lung Disease; 1999. p. 33; with permission.)

tuberculosis disease, those at extremely low like-
lihood of having latent infection, and those likely
to be close contacts of persons who have active
tuberculosis. Reider [10] has described these trials
in detail.

The dosing of tuberculin for use in skin testing
was determined in studies such as one done in Ohio,
in which skin testing was performed on tuberculosis
patients and a group of children in orphanages who
had little chance of tuberculosis exposure. At a dose
of 107% mg of tuberculin, a clear distinction could be
made between the two groups (Fig. 1). Refinements
in dosing and criteria for positivity were achieved by
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using standardized preparations of PPD made by the
Statenseruminstitut in Amsterdam and testing them in
groups of Eskimo children (a group that has a high
likelihood of latent infection acquired from close
contact with active cases and very little exposure to
environmental mycobacteria) and US Navy recruits
who have little chance of contact with active tuber-
culosis but have frequent exposure to environmental
mycobacteria (Fig. 2). Testing of 5440 tuberculosis
patients revealed a normal distribution of extent of
induration, with a mean of 16 to 17 mm (Fig. 3).
Finally, a massive survey of more than 700,000 US
military recruits, of whom 400,000 had no known
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Fig. 3. Frequency distribution of tuberculin skin test results (5—tuberculin unit PPD S) among 5544 tuberculosis patients in
the United States. (From Reider H. The epidemiologic basis of tuberculosis control. Paris: International Union Against

Tuberculosis and Lung Disease; 1999. p. 35; with permission.)
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Fig. 4. Frequency distribution of tuberculin skin test results in United States Navy recruits with (dashed line) or without (dotted
line) tuberculosis. The solid line shows the difference between the two groups. (From Reider H. The epidemiologic basis of
tuberculosis control. Paris: International Union Against Tuberculosis and Lung Disease; 1999. p. 36; with permission.)

contact with tuberculosis patients and 10,000 had
definite contacts, provided meaningful data on which
to base recommendations for interpretation of skin
tests that are still useful today (Fig. 4).

Although the TST has been in widespread use for
a century and is the only universally accepted test for
the diagnosis of LTBIL it suffers from significant
inherent limitations. To understand these limitations,
it is useful to review the mechanism of the TST.
Infection with M. tuberculosis results in a cell-
mediated immune response giving rise to sensitized
T lymphocytes (both CD4" and CD8" [11]) targeted
to M. tuberculosis antigens. Stimulation by M. tu-
berculosis antigens causes these T cells to release
interferon-gamma (IFN-~). The TST functions by
eliciting this response in previously sensitized indi-
viduals. In such individuals, an intradermal injection
of PPD evokes a delayed-type hypersensitivity re-
sponse mediated by sensitized T cells and results in
cutaneous induration. PPD, however, is a precipitate
of M. tuberculosis culture supernatant which contains
roughly 200 antigens, many of which are shared by
other mycobacteria including many NTM and
M. bovis BCG [12,13]. A response to PPD may sig-
nify infection with M. tuberculosis or, just as readily,
infection with NTM [14—18] or vaccination with
BCG [18-22]. This cross-reactivity seriously limits
the specificity of the TST in many populations [23].

Given that one quarter to one half of the burden
of tuberculosis in developed countries is found in
foreign-born immigrants from high-prevalence coun-
tries, and this population is made up precisely of
those who are likely to be BCG-vaccinated and to
have been exposed to NTM, the TST is least reliable
in those most in need of screening. Specificity is a
major shortcoming of the TST. In addition, sensitiv-
ity of the TST may also be poorest in patients at high

risk for developing tuberculosis. Anergy caused by
an immunocompromised state (especially with HIV
infection or medication-induced immunosuppression)
may lead to false-negative results [24]. False-negative
results also may occur up to about 10 weeks after
infection with M. tuberculosis [25—27]. False nega-
tives, particularly in the HIV population where the
implications of active disease are most pressing
[3,28,29], greatly limit the utility of this test.

The exact sensitivity and specificity of the TST
for LTBI is impossible to know with certainty, given
the lack of a reference standard for diagnosis. In that
context, estimates of the global burden of LTBI are
especially problematic. Estimates indicate that the
problem is enormous, but these estimates are based
on the performance of the TST, and such estimates,
particularly in developing countries, are notoriously
unreliable [30,31]. Studies of the prevalence of LTBI
in India, for instance, have yielded prevalence rates
ranging from 9% [32] to more than 80% in various
populations [33]. A more accurate epidemiologic tool
would greatly facilitate a better estimation of the true
scope of the problem.

The TST is limited further by the subjectivity of
its interpretation [34], in particular, by problems with
interreader and intrareader reliability [25,35—37] and
digit preference [38,39]. Also, the existence of the
booster phenomenon [24,25,39—41], poor standardi-
zation of PPD preparations [31], and, logistically, the
need for a return visit to have the test read make the
TST a highly imperfect diagnostic tool. That it does
not distinguish between LTBI and active disease also
limits its usefulness.

Whether the extent of induration resulting from
tuberculin skin testing can predict the development of
tuberculosis in a linear (or at least dependent fashion)
has also been the subject of considerable discussion
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and investigation. Recently, Horsburgh [42] has pro-
vided a well-reasoned and -supported data set that
gives guidance in this area.

Alternatives to the TST are lacking. Serologic
tests for the diagnosis of M. tuberculosis have been
disappointing [43,44]. Although an antibody re-
sponse to M. tuberculosis antigens occurs, there is
great individual variability in the number and type
of serologically reactive antibodies [44], making this
diagnostic tool too unreliable. Because no serologic
tests for tuberculosis are remotely good enough to be
used clinically at present, they are not discussed fur-
ther in this article.

Despite its many limitations, the TST by neces-
sity remains in widespread use. In 2000, the Centers
for Disease Control and Prevention (CDC), the
American Thoracic Society (ATS), and the Infectious
Disease Society of America (IDSA) issued updated
guidelines for the use of the TST in screening for
LTBI [24]. These guidelines stress that in general one
should not place a TST unless treatment would be
offered in the event of a positive test. In addition,
cut-off points of induration (5, 10, or 15 mm) for
determining a positive test vary by the pretest risk
category into which a patient falls. This approach
may further decrease the specificity of the test, but
it increases the sensitivity for capturing those at
highest risk for developing active disease in the short
term. Continued focus on this century-old test high-
lights its continued importance, but the need for a
more accurate diagnostic tool is evident.

Beyond the tuberculin skin test

Development of novel diagnostic tests for LTBI
is hampered by the lack of a true reference standard
for diagnosis. Without such a standard, the best ap-
proach might be to apply a new test to a population in
a controlled study, observe all patients positive by the
novel and reference tests, and determine which test
more accurately predicts the development of active
disease. This approach, however, is limited by ethical
and practical considerations.

Demonstrating that any test is better than the TST
is therefore difficult. Studies of the magnitude of
those cited by Reider [10] for the development of
tuberculin skin testing are unlikely to be repeated.
What approach, then, might be taken? It is well do-
cumented that the greater the proximity to the
source case of active disease and the greater the
duration of exposure to that case, the more likely it is
that a person will develop LTBI. Although the risk of
LTBI cannot be precisely quantified for all degrees of

contact, the risk of LTBI may be expressed as an
increasing likelihood of infection with increasing ex-
posure to the source case or increasing amounts of
high-risk behavior. It is against this standard that the
sensitivity of any new diagnostic test must be
compared with the TST itself. A test that is superior
to the TST in sensitivity would be more likely to be
positive given a greater degree of contact with the
source case. Specificity must similarly be gleaned
from the expectation that only infection with
M. tuberculosis and not with NTM or M. bovis BCG
would give a positive result. A test would be superior
in specificity if its results seemed to be independent
of NTM exposure and BCG vaccination status.

Recently, a new generation of tests for LTBI has
been developed. They are the QuantiFERON-TB and
QuantiFERON-TB Gold (QFN-Gold) tests (Cellestis
Limited, St. Kilda, Australia) and the T SPOT-TB test
(Oxford Immunotec, Oxford, UK) The basis of these
tests is the detection in serum of either the release of
IFN-~ on stimulation of sensitized T cells by
M. tuberculosis antigens in vitro (QuantiFERON) or
detection of the T cells themselves (T SPOT-TB). In
1990, Wood and colleagues [45] developed a whole-
blood assay for the detection of IFN-~ in response to
a specific antigen, PPD, intended for diagnosing
bovine tuberculosis. Later that year, Rothel and col-
leagues [46] introduced a sandwich enzyme immuno-
assay for bovine IFN-~ that streamlined the assay,
making it more practical for widespread testing. This
assay was shown to be both sensitive and specific in
field comparisons with the intradermal tuberculin test
[46—48] and later was accredited in Australia for use
in the diagnosis of bovine tuberculosis [49]. In 1995,
the test was successfully used in the diagnosis of
M. tuberculosis and M. avium complex infection in
humans [50,51].

Similar to the TST, the QuantiFERON-TB test
detects cell-mediated immunity to tuberculin. In con-
trast to intradermal injection of PPD, however, whole
blood is incubated overnight with PPD from
M. tuberculosis, and the IFN-~ that is released from
sensitized lymphocytes is subsequently quantified by
ELISA [38]. As discussed previously, PPD antigens
are shared across mycobacterial species, including
M. bovis BCG [13,52]. A positive response to the
whole-blood IFN-~ assay for PPD therefore, like the
TST itself, lacks specificity for M. tuberculosis infec-
tion and may reflect infection with NTM or vacci-
nation with BCG [18]. Early studies were nonetheless
encouraging [38,49,53—56], demonstrating decreased
false-positive results relative to the TST in BCG-
vaccinated individuals [38] and those exposed to
NTM [38], with equal or better apparent sensitivity
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and specificity than the TST in multiple studies
[38,49,53,56], including in populations of intrave-
nous drug users and HIV-positive patients [54,55].
Few studies purported to demonstrate the superiority
of the TST for LTBI [57,58].

The discovery of M. tuberculosis—specific anti-
gens opened the way to improving the specificity of
the assay. In 1986, Harboe and colleagues [59] re-
ported the first M. tuberculosis—specific antigen,
MPB-64 (later known as MPT-64). In 1995, Ander-
sen and colleagues [60] reported the highly immuno-
genic antigen target of the cellular immune response
to tuberculosis in mice, known as the early secreted
antigenic target 6 (ESAT-6). Subsequently, in 1998,
Berthet and colleagues [61] described culture filtrate
protein (CFP-10) [61], another highly immuno-
genic antigen. MPT-64 has been studied extensively
[62—66], but, because it is present in some strains of
BCG and is a less potent target of the immune re-
sponse, it has limited utility [62,63,67]. On the other
hand, ESAT-6 [61-64,68—70] and CFP-10 [61,71]
have demonstrated great potential.

In 1998, the complete genome sequence of
M. tuberculosis was determined [72]. An earlier com-
parison of the M. tuberculosis genome with the ge-
nomic composition of M. bovis and M. bovis BCG in
1996 by subtractive genomic hybridization [68] and,
subsequently, in 1999, by comparative hybridiza-
tion experiments on a DNA microarray [73] led to
the identification of a genomic region known as
RD1. The gene products of RD1 are found only in
M. tuberculosis, in pathogenic M. bovis strains [64,
68,73], and in four NTM (M. kansasii, M. szulgai,
M. flavescens, and M. marinum) [69,70]. Because, of
these, only M. kansasii overlaps clinically with
M. tuberculosis, and because M. kansasii infection
is uncommon, the RD1 region encodes antigens that
are essentially specific to M. tuberculosis. Among
these antigens are, of course, ESAT-6 and CFP10, as
well as MPT-64. ESAT-6 and CFP-10 are secreted by
M. tuberculosis into the extracellular environment
and are potent targets of the cell-mediated immune
response [61—63,71,74]. ESAT-6, which has been
shown to be highly immunogenic in animals [66,
75-78], readily discriminated between bovine tuber-
culosis and cattle sensitized to environmental myco-
bacteria [75]. CFP-10 also has demonstrated utility in
diagnosing bovine tuberculosis because of its sig-
nificant specificity [78].

The melding of the ELISA-based QuantiFERON-
TB test and the RD1 antigens, ESAT-6 and CFP-10,
led to a more specific test, now known as the QFN-
Gold. Similarly, the T SPOT-TB test employs the
RDI antigens but links them to an ELISPOT assay

that identifies ESAT-6— or CFP-10—specific [FN-—
secreting CD4" T cells.

Studies of the IFN-~ release assays employing
ESAT-6 or CFP10 in humans have been promising
[79-88]. ESAT-6 is a major target of the cellular
immune response in humans [62,63]. Early on, assays
employing ESAT-6 were shown to be more specific
although less sensitive than PPD-based assays for
active disease [79,82,89—91]. This improved speci-
ficity over PPD with loss of sensitivity was later
shown by Arend and colleagues [80,81] to hold true
in LTBI as well. More importantly, they also dem-
onstrated improved specificity over the TST. They
reported loss of sensitivity with respect to the TST,
but, because the TST was used as the reference
standard for LTBI, this result probably reflected the
improved specificity rather than poorer sensitivity
[80]. The improved specificity over the Quanti-
FERON-TB assay for PPD and over the TST was
confirmed in a study by Johnson et al [79] of 60 Aus-
tralian medical students who did not have BCG
vaccination or known exposure to M. tuberculosis or
NTM. The specificity of both the QuantiFERON-TB
for PPD and the TST were reduced after BCG vac-
cination was administered to the students, but the
QuantiFERON-TB for ESAT-6 was unaffected [79].
Brock and colleagues [85] also demonstrated im-
proved specificity for both the ESAT-6 and CFP-10
over PPD in BCG-vaccinated versus nonvaccinated
subjects. Recently, Brock and colleagues [88] pub-
lished an outbreak study based on a case of active
disease in a Danish high school student and the
student’s mostly non—BCG-vaccinated contacts. The
TST was used as the reference standard for LTBI in
this population, and there was excellent agreement
between the TST and the QuantiFERON-TB ESAT-6/
CFP-10 assay (94%) [88]. Superiority of the assay
could not be established in this study, because the
TST was itself the reference standard. Nonetheless,
significant specificity with regard to BCG status was
suggested by the findings in subjects who were BCG-
vaccinated. Of these, 50% in the high-exposure
group had a positive assay, compared with 53% of
high-exposure subjects who did not have BCG vacci-
nation. In the low-exposure group, 5% of BCG-
vaccinated persons were assay positive, similar to the
6% of those who did not have BCG vaccination [88].
Finally, Mori and colleagues [87] studied a group of
216 Japanese student nurses who had no identified
risk for M. tuberculosis exposure, all of whom had
been vaccinated with BCG [87]. In this group 64.6%
of the subjects had a TST response measuring 10 mm
or more, yielding a specificity of 35.4% for the TST if
it is assumed that none had true LTBI using exposure
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history as the reference standard. The QuantiFERON-
TB ESAT-6/CFP-10 assay, on the other hand, yielded
a specificity of 98.1% in this group, far superior to
the TST. The sensitivity of the assay, 89.0%, was
determined in a separate group of patients who had
culture-proven active disease. Extrapolating the sen-
sitivity for LTBI from the sensitivity for active dis-
ease is problematic, however, because both IFN-y
activity and TST reactivity are reduced in active
disease; extrapolation probably underestimates the
sensitivity for LTBI [12,92,93].

Ajit Lalvani and colleagues [94] have adapted the
ELISPOT technique, an ex vivo T-cell-based assay
for the detection of cell-mediated immunity, for use in
detecting M. tuberculosis. The technique detects and
enumerates peripheral blood IFN-~—secreting T cells
that respond to ESAT-6 or CFP-10. In 2001, Lalvani
and colleagues [94] established a sensitivity of 96%
in active disease (100% in the subpopulation that had
extrapulmonary tuberculosis) as compared with 69%
sensitivity for the TST. In healthy BCG-vaccinated
controls, the ELISPOT was not confounded by BCG.
In TST-positive household contacts of a case of ac-
tive disease (expected cases of LTBI), 85% were
ELISPOT positive, suggesting a sensitivity for LTBI
of 85% if the TST is taken to be the reference
standard [94].

In 2001, Pathan and colleagues [92] also exam-
ined a low-exposure population of mostly BCG-
vaccinated subjects. None of the 32 healthy controls
were positive on ELISPOT. That year, Lalvani and
colleagues [95] also reported on an outbreak study
[95]. The odds ratio (OR) of a positive ELISPOT with
increasing proximity and duration of exposure to the
index case was 9.0, whereas the OR of a positive TST
(by Heaf test, a less well-standardized approach
to skin testing than the tuberculin test) was only
1.9. Another study published in 2001 by Lalvani
and colleagues [12] looked at 40 healthy controls in
the United Kingdom, 82% of whom were BCG-
vaccinated and all of whom were ELISPOT negative.
Another study in the United Kingdom similarly found
that none of 40 healthy controls were ELISPOT
positive [96].

In 2003, Ewer and colleagues [97] published a
meticulously investigated outbreak study that evalu-
ated the ESAT-6/CFP-10—based ELISPOT assay for
LTBI. Two years earlier, in the United Kingdom, a
secondary school student had been diagnosed with
sputum smear—positive cavitary pulmonary tuber-
culosis. The health authority screened 1128 students
at the school with the TST (HEAF test). Screening
detected 69 cases of active disease and 254 cases of
LTBI, 87% of whom had been vaccinated with BCG.

Five hundred thirty-five representative students
were enrolled in the study and underwent ELISPOT
testing. The significance of the study derives from
the detailed contact information available for each
student by virtue of their mandatory, scheduled daily
activities. Degree of exposure to the source case
could be readily quantified and grouped as (1) same
class, same year, with regularly shared lessons;
(2) same year with only weekly shared events; and
(3) other years. Using ORs, the authors provide an es-
timate of the increase in odds of a positive ELISPOT
for each increase in level of exposure. The ELISPOT
correlated significantly better than the TST with
increasing exposure across each group. The relative
risk (RR) of direct exposure to the index case if one
was both TST and ELISPOT positive was 17.6. If one
was ELISPOT positive but TST negative, it was 11.7.
If one was ELISPOT negative and TST positive, the
RR was only 2.97. Also, TST positivity was sig-
nificantly associated with BCG vaccination status
and with birth in a region of high prevalence for
NTM, whereas no significant association was found
for the ELISPOT. The superior correlation with de-
gree of exposure strongly suggests improved sensi-
tivity with the ELISPOT. The lack of confounding
by BCG or NTM suggests improved specificity with
the ELISPOT.

The role of IFN-y— or T-cell-based assays in the
diagnosis of LTBI is being defined. These tests show
promise as replacements for the TST in diagnosing
LTBI among persons at risk for infection in the
developed world. Both the QFN-Gold and T SPOT-
TB tests are approved for diagnostic use throughout
the European Union. In addition, the QFN-GOLD
was approved by the United States Food and Drug
Administration (FDA) in December 2004. Clinical
experience with these tests should accumulate rap-
idly. The less accurate original QuantiFERON-TB
is approved for use in the United States by the FDA,
but guidelines for its use are confusing, and the test
has not been widely adopted in clinical settings.

The improved sensitivity of these tests over the
TST would capture a cohort of patients who other-
wise would go without treatment of LTBI. Within that
cohort, those that would have progressed to active
disease would be spared the attendant morbidity and
mortality. The future contacts of those destined to
progress to active disease would likewise be spared.
This cohort would be overrepresented by those most
likely to have false-negative TST results, namely im-
munosuppressed individuals. This population is
precisely the one in which it is most important to
identify LTBI because of their increased risk for
developing active disease [3]. Unanswered is whether
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there is something different about this cohort that
gives positive results on these assays and negative
results on the TST and whether their risk for de-
veloping active disease is less than that of those who
are also TST positive. The TST has predictive value
for the subsequent development of active disease in
both HIV-negative [9,25] and HIV-positive patients
[98]: a stronger skin test response indicates an in-
creased risk of developing active disease [99,100].
Longitudinal studies linking positive assays with risk
for development of active disease are ongoing and
are crucial to demonstrating the true role of these
tests. If they demonstrate a high degree of accuracy,
treatment of LTBI might, under the right conditions,
become a viable strategic component of tuberculosis
control efforts in high- and low-prevalence countries
[97]. One small study of 24 healthy household con-
tacts of persons who had smear-positive pulmonary
tuberculosis in Ethiopia looked at QuantiFERON-TB
ESAT-6 responses at the initial visit and approxi-
mately 2 years later. The subjects were not treated for
LTBI. Seven of 24 patients went on to develop pul-
monary active disease. The subjects who responded
to ESAT-6 at study entry were significantly more
likely to develop active disease than those who were
not responsive [101].

The improved specificity would decrease unnec-
essary treatment in those who are not truly infected,
thereby avoiding the costs to the health care system
for medication, follow-up, and management of com-
plications. It would also spare the individual patient
these same costs.

Costs would also likely be reduced by the in-
creased capture of cases of LTBI, because their
identification would eliminate the future—much
greater—costs of treating an outbreak of active
disease. Costs also might be reduced by the decreased
number of clinic visits required, because the TST
requires a follow-up visit for reading the TST and
may require a second skin test to overcome the
booster phenomenon.

At present, LTBI is neither diagnosed nor treated
in most high-burden, resource-poor countries, except
in certain situations, such as young children who are
close contacts of active cases. The expense of a novel
diagnostic test must be justified in terms of the cost
savings realized from treating LTBI. Such savings
could accrue by reducing the number of cases of
active disease that develop from the vast reservoir of
LTBI that exists in the developing world.

Overall, the potential advantages of the IFN-v—
release and T-cell-based assays over the TST in
diagnosing LTBI seem to include improved specific-
ity (lack of confounding by BCG and NTM) and

improved sensitivity. Operator bias and inter- and
intrareader variability are significantly reduced.
Only a single patient visit is required. There is no
booster effect. The results are obtained rapidly, within
24 hours. There may well be cost savings to the
health care system. The assays have proven to be
robust in different populations and in different
settings, in both the developed and developing
worlds. The technology for running the assays has
improved so that requirements for equipment and
technical expertise are reasonable.

Further study is needed. Longitudinal data, as
mentioned previously, are critical. To date there are
no large-scale trials of these assays, and few studies
have employed the Mantoux test while using current
ATS/CDC/IDSA criteria for a positive TST. Study of
the effect of treatment on assay results in LTBI may
provide the data necessary to monitor therapy for
LTBI, allowing the clinician, for example, to distin-
guish response to therapy from lack of response
caused by noncompliance or isoniazid resistance.
Another area of interest would be the ability to
distinguish past exposure to M. tuberculosis without
ongoing infection from true ongoing LTBI. It may
be that detection of T cells specific for ESAT-6 or
CFP-10 suggests that tubercle bacilli continue to
secrete these antigens [12]. Identification of an anti-
gen that is expressed either during LTBI or during
active disease, but not during both, and that could
distinguish these two states would greatly enhance
the role of the assays in active disease and would
increase the specificity for LTBI. Finally, the point
after infection at which the RD1 antigens become
detectable has yet to be defined precisely and has
significant implications for testing in contact inves-
tigations and for reducing false-negative results soon
after infection with M. tuberculosis.

Tests for tuberculosis disease

The reference standard for diagnosing active dis-
ease remains largely clinical: documented response
to appropriate therapy. Of course, establishing a mi-
crobiologic diagnosis is preferable. AFB smear,
mycobacterial culture, and NAA assays may all be
used in confirming a diagnosis of active disease (both
pulmonary and extrapulmonary). In the case of pul-
monary tuberculosis, the method of obtaining a
sample greatly affects the sensitivity of testing. Ex-
trapulmonary tuberculosis frequently poses a diag-
nostic challenge because specimens may be difficult
to obtain. After identifying M. tuberculosis, the most
pressing issue is drug-susceptibility testing, in which
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traditional culture techniques are giving way to more
advanced technologies that produce rapid results.

Mode of diagnosis of pulmonary tuberculosis

Is there a role for the tuberculin skin test in the
diagnosis of active disease?

The TST was originally a test for active disease
[9]. It is unsuited for that purpose because its
specificity is limited by cross reactions with NTM
and M. bovis BCG, and, more importantly, by its
detection of LTBI itself, and by alterations in general
immune responsiveness that may occur in cases of
active tuberculosis. The sensitivity of the TST for
active disease varies considerably, from 65% to 94%
[31,34,58,87,89,94]. A study of 3600 hospitalized
patients done by the World Health Organization in
the 1950s found a sensitivity of 93% for reactions of
10 mm or more and a sensitivity of 78% when a
cut-off of 14 mm or more was used [31]. The sen-
sitivity is decreased in certain populations (eg, to less
than 50% in critically ill patients who have dissemi-
nated tuberculosis) [25]. Lacking both specificity
and sensitivity for active disease, the TST is not par-
ticularly useful in this setting.

Sputum-based diagnosis

To establish a diagnosis of pulmonary tuber-
culosis, respiratory samples are submitted to the
laboratory for microscopy (AFB smear) and for my-
cobacterial culture. NAA assays may also be used in
the diagnostic algorithm, as discussed later.

The technique used to obtain the respiratory
sample strongly influences the ability to detect pul-
monary tuberculosis. Expectorated sputum is gener-
ally the starting point. Three samples are collected on
three separate days and stained for AFB [102,103].
Although, the utility of collecting three samples has
been questioned [104], the overall yield for smear and
culture is superior to collecting fewer specimens
[105,106]. Samples are generally sent simultaneously
for smear and culture, because culture data are es-
sential for confirmation of the diagnosis. In resource-
poor countries, the cost of culture is often too great,
resulting in reliance solely on AFB smears.

The sensitivity of sputum AFB smears for de-
tecting pulmonary tuberculosis is limited by the need
for 5000 to 10,000 bacilli per milliliter to be present
in a specimen to allow detection [3]. The sensitivity

of expectorated sputum ranges from 34% to 80%
[3-5,104,107—116]; the sensitivity tends to be high-
est in patients who have cavitary disease and lowest
in patients who have weak cough or less advanced
disease. In no way does a negative sputum smear
eliminate the diagnosis of active tuberculosis, particu-
larly if the clinical suspicion is high. Instituting ther-
apy in such cases often is warranted while awaiting
culture results. If a patient is suspected of having
pulmonary tuberculosis but is smear negative on ex-
pectorated sputum or is unable to produce sputum for
testing (30% of patients in one series [117]), further
diagnostic testing may be warranted. The options
include sputum induction (SI), fiberoptic bronchos-
copy (FOB), and perhaps gastric washings (GW).
The following discussion refers specifically to patients
who are expectorated sputum smear negative or who
cannot produce an expectorated sputum sample.

Sputum induction

SI in the diagnosis of active disease was first de-
scribed in 1961 by Hensler and colleagues [117].
They adapted an earlier technique used to obtain
sputum for cytology in diagnosing lung cancer. Early
studies compared SI with the well-established method
of gastric aspiration [117—119]. In patients unable to
expectorate or who had smear-negative sputum
samples, SI was superior to GW in obtaining a suit-
able sample for culture, although the two techniques
were noted to be complementary [119]. GW probably
adds to overall diagnosis, and, according to one au-
thor, its value has been underestimated in recent years
[120]. The role of GW in adults is probably quite
limited, however. SI, on the other hand, has proven
effective in patients clinically suspected of having
pulmonary tuberculosis who are either unable to pro-
duce sputum or are sputum smear negative.

SI has performed well in resource-poor countries
with little added cost [121—123]. In South Africa, SI
performed on 51 patients yielded a suitable sample in
36 [123]. Fifteen of the 36 patients (42%) were smear
positive, 12 of whom were ultimately culture positive
as well. In Malawi, Parry and colleagues [122] were
able to obtain SI specimens in 73 of 82 patients.
Eighteen of the 73 (25%) were smear positive, and
30 of 73 (42%) were culture positive. Similarly, of
1648 patients in China, 558 (34%) were smear posi-
tive on SI samples. The direct cost per SI in that study
was 37 cents [121]. In these studies, SI provided
appropriate samples for diagnosis and increased the
carly diagnostic yield significantly. SI also seems to
be cost-effective in the resource-poor setting.
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Conversely, in a retrospective review of 114 pa-
tients who had culture-positive M. tuberculosis in-
fection at an urban hospital in New York, SI added
little to overall diagnosis and was deemed costly by
the investigators [124]. In 1 year, they performed
1566 Sls yielding only 16 positive smears in 10 pa-
tients. At a cost of $28.65 per SI, the annual cost of
$45,000 would indeed be difficult to justify [124]. A
study in the United Kingdom confirmed a low yield
but suggested there might be a role for SI [125].

Is there a role for SI in resource-rich countries?
A large, prospective study from Montreal, Canada,
assessed 500 patients who were either smear negative
(5%) or could not produce sputum (95%) with re-
peated SI [126]. An adequate sample was obtained
in 99.8% of patients. The cumulative yield of SI for
smear-positive samples with successive attempts was
64%, 81%, 91%, and, after four inductions, 98%. The
culture yield also increased with each attempt from
70% to 91% to 99% to 100%. This study suggests
that the use of repeated SI has a high yield in this
setting and that repeated SI should be considered
seriously in this subset of patients [126].

Sputum induction versus fiberoptic bronchoscopy

How does SI compare with FOB in the diagnosis
of pulmonary tuberculosis in expectorated-sputum
smear-negative patients or patients unable to produce
sputum? A study by McWilliams and colleagues
[127] from New Zealand compared repeated SI with
FOB, which was performed if at least two SIs were
smear negative. They prospectively studied 129 pa-
tients who underwent both procedures. Each succes-
sive SI, up to three in total, increased the yield for
culture-positive samples significantly. SI was per-
formed without difficulty in 96% of patients and had
an overall yield of 96.3% after three tests, confirm-
ing the utility of repeated SIs. By contrast, the yield
of FOB was only 51.9%, making SI significantly
more sensitive in this population. The authors also
noted that the overall cost of FOB was three times
that of doing three SIs. They offered several strategies
for diagnosis: FOB alone was too insensitive, whereas
SI alone was sensitive (missed only one case) and cost
effective. Although the combination of SI and FOB
would have captured all culture-confirmed cases of
pulmonary tuberculosis, it would have done so at four
times the cost. The preferred strategy, according to
the authors, would employ SI followed by FOB only
in patients who were negative on SI but had features
of pulmonary tuberculosis on chest radiograph. This
strategy missed no cases and was only 2.5 times
the cost of SI alone [127]. This strategy may be

worthwhile in resource-rich settings but may be less
applicable in resource-poor settings where repeated
SI alone would diagnose most of the cases at a
substantially reduced cost.

Anderson [128] prospectively compared SI and
FOB with bronchoalveolar lavage (BAL) in 101 pa-
tients who had suspected pulmonary tuberculosis
in Montreal. SI yielded a positive smear in 19% of
cases; the yield of FOB smear was 12%. The yield
was much higher in obtaining culture-positive sam-
ples: 87% with SI, as compared with 73% for FOB.
Overall, SI performed better than FOB, and direct
costs of FOB were more than eight times those of
ST [128].

A Brazilian study compared SI with FOB in
HIV-positive and HIV-negative patients [129]. One
hundred forty-three patients were diagnosed with pul-
monary tuberculosis, 17% of whom were HIV posi-
tive. The sensitivity of SI smear was 33.8%, and
that of FOB was 38.1% in HIV-negative patients. In
HIV-positive patients, the sensitivities were similar:
36% for SI smear and 40% for FOB smear. SI
produced an adequate sample in 97% of patients in
this study [129].

SI performs well in both resource-poor and
resource-rich countries, is useful in HIV-positive
and -negative patients and compares favorably with
FOB in diagnostic yield and cost. Some authors argue
that neither SI nor FOB should be performed unless
absolutely necessary, given the risk of exposure of
health care workers and other patients to the aerosol-
generating procedures [130]. This warning, however,
applies mostly to environments where proper respi-
ratory protective equipment and exhaust ventilation
devices or appropriate isolation rooms are in short
supply [130].

The role of fiberoptic bronchoscopy

FOB encompasses BAL, bronchial washings
(BW), bronchial brushings (BB), transbronchial
biopsy (TBB), and postbronchoscopy sputum collec-
tion (PBS). FOB has been studied by several inves-
tigators (although usually in relatively small studies)
in pulmonary tuberculosis suspects who are smear
negative or unable to produce a sputum sample. The
utility of FOB (or SI) in this setting is twofold. First,
generating a sample in patients who do not have
spontaneous sputum creates the potential for making
a diagnosis. Second, rapid diagnosis (by positive
smear or histopathology) in either subset of patients
provides the potential for earlier intervention and
treatment while awaiting culture results.
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In 1988, Chawla and colleagues [131] at the
University of Delhi in India prospectively studied
50 pulmonary tuberculosis suspects who were smear
negative or unable to produce sputum. Overall, cul-
tures of M. tuberculosis from FOB were positive in
90%. More significantly, a rapid diagnosis was made
in fully 72% of cases. Smear-positive samples were
obtained in 28% of PBS specimens, 24% of BW
specimens, and 56% of BB specimens. In the case of
BB specimens, 10 patients (20% of those studied)
were rapidly diagnosed exclusively by this means.
PBS and BW each provided the exclusive diagnosis
for 6% of patients. TBB was performed in 30 pa-
tients, and histopathology was positive in 9 (3 were
exclusively diagnosed on biopsy). The authors com-
ment that the high yield from the BB smears was a
result of brushing caseous material in the bronchi
when visible [131].

In a study from Hong Kong in 1982, So and
colleagues [132] also prospectively examined the
capability of FOB for rapid diagnosis. They per-
formed FOB in 65 pulmonary tuberculosis suspects.
Overall, rapid diagnosis was achieved in 42 of 65
(65%). TBB gave a rapid diagnosis in 33 of the
57 patients in whom it was performed (58%) and was
the exclusive means of rapid diagnosis in 12% [132].

Willcox and colleagues [133] conducted a study
in Cape Town, South Africa, in 1982 that looked at
275 pulmonary tuberculosis suspects. Seventy-nine
were diagnosed with pulmonary tuberculosis. FOB
made the culture diagnosis in 60 of 79 (76%). BB
gave a rapid diagnosis in 33%, and TBB did so in
43%. Similarly, Sarkar and colleagues [134] prospec-
tively performed FOB in 30 pulmonary tuberculosis
suspects in Rajasthan, India. Rapid diagnosis was
made in 22 of 30 persons (73%).

In a retrospective review of 41 patients who had
culture-proven pulmonary tuberculosis and under-
went FOB, a rapid diagnosis was obtained in 34% of
patients [135]. Finally, Mehta and colleagues [112]
looked retrospectively at 30 patients who had culture-
positive pulmonary tuberculosis and a negative spu-
tum smear or no sample. FOB (BW and BB) made a
rapid diagnosis in 18 of 30 patients (60%).

The potential utility of BAL and TBB for rapid
diagnosis in HIV-positive and HIV-negative patients
was demonstrated in a study by Kennedy and col-
leagues [136]. They retrospectively reviewed 67 HIV-
positive and 45 HIV-negative patients who had
culture-proven pulmonary tuberculosis. Of those
who had smear-negative sputum, BAL provided a
rapid diagnosis in 24% of HIV-positive and 8% of
HIV-negative patients. BAL was the exclusive means
of diagnosis in seven HIV-positive patients and in one

HIV-negative patient. TBB yielded a rapid diagnosis
in 16% of HIV-positive and 42% of HIV-negative
patients. Overall, TBB provided the exclusive early
diagnosis in 10% of patients [136].

Although not all studies report such high yields
from FOB [137—142], it definitely has utility [103].
The ability to achieve rapid diagnosis—a crucial step
in the management of pulmonary tuberculosis—with
FOB generally ranges from around 30% to 70%, and
the overall yield of culture from FOB specimens is
much higher [112,113,131,132,134-136,143—147].
Although the yield of the different techniques varied
significantly among studies, each one clearly con-
tributed to the overall yield of FOB.

The most productive use of FOB is in pulmonary
tuberculosis suspects who produce no sputum or
who are smear negative and in patients in whom there
is considerable diagnostic uncertainty, where lung
biopsy may produce an alternative diagnosis. These
benefits must always be weighed against the costs of
the procedure, concerns regarding infection control,
and the risk of TBB in any given patient.

Cultures

Cultures of mycobacteria require only 10 to
100 organisms to detect M. tuberculosis. As a result,
the sensitivity of culture is excellent, ranging from
80% to 93% [3,107]. Moreover, the specificity is quite
high, at 98% [3]. Cultures increase the sensitivity for
diagnosis of M. tuberculosis and allow speciation,
drug-susceptibility testing, and, if needed, genotyping
for epidemiologic purposes [3]. Therefore, all speci-
mens should be cultured.

There are three types of culture media: solid
media, which includes egg-based media (Lowenstein-
Jensen) and agar-based media (Middlebrook 7H10
and 7H11), and liquid media (Middlebrook 7H12 and
other broths). Solid media, long the standard for
culturing mycobacteria, are slower than liquid media,
which now are widely used alongside solid media to
increase sensitivity and decrease recovery time [148,
149]. In fact, Lowenstein-Jensen 7H10 and 7HI11
media may detect mycobacteria in less than 4 weeks
[148,150,151], but they require incubation for as
long as 6 to 8 weeks before they can be classified as
negative. In contrast, broth media combined with
DNA probes for rapid species identification typically
provide results in less than 2 weeks with smear-
positive samples and somewhat longer with smear-
negative samples [148,151,152]. Broth media
formulations include both manual and automated
systems using radiometric or colorimetric methods for
detection of mycobacteria. Examples of broth media
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include the BACTEC 460TB and BACTEC MB9000
radiometric methods, the Mycobacterial Growth
Indicator Tube or MGIT nonradiometric method, and
the manual Septi-Chek AFB system (all from Becton
Dickinson Microbiology Systems, Franklin Lakes,
NJ), the MB/Bac T (Biomerieux, Durham, NC), Extra
Sensing Power (ESP) and Myco-ESPculture System
II (Trek Diagnostic Systems, Cleveland, OH), and
BacT/ALERT MB Susceptibility Kit (Organon
Teknika, Durham, NC).

Broth media also may allow more rapid determi-
nation of drug susceptibilities, particularly if direct
susceptibility testing is used. Direct susceptibility
testing may be done with smear-positive samples that
are simultaneously inoculated into bottles lacking and
containing antibiotics. With this technique, drug
susceptibilities can be known at the same time as
culture results.

Newer culture technologies are in development.
One such product is TK Medium (Salubris, Inc.,
Cambridge, MA). TK Medium uses multiple-color
dye indicators to identify M. tuberculosis rapidly. It
can also be used for drug-susceptibility testing and
can differentiate a contaminated specimen. Informa-
tion is available at www.salubrisinc.com.

Nucleic acid amplification assays

NAA assays amplify M. tuberculosis—specific
nucleic acid sequences using a nucleic acid probe.
NAA assays enable direct detection of M. tuber-
culosis in clinical specimens. Such assays comple-
ment the conventional laboratory approach to the
diagnosis of active disease. Whereas AFB smears are
rapid but lack sensitivity and specificity, and culture
is both sensitive and specific but may take from 2 to
8 weeks to produce results, NAA assays allow rapid,
sensitive, and specific detection of M. tuberculosis.
The sensitivity of the NAA assays currently in
commercial use is at least 80% in most studies, and
these assays require as few as 10 bacilli from a given
sample under research conditions [3]. Although the
sensitivity of these assays in AFB smear-negative
samples is lower than for smear-positive samples,
newer assays perform much better in this regard than
earlier versions, increasing the sensitivity for smear-
negative specimens as well as overall sensitivity
[4,108]. NAA assays are also quite specific for
M. tuberculosis, with specificities in the range of
98% to 99%.

At present two FDA-approved NAA assays are
widely available for commercial use: the AMPLI-
COR M. tuberculosis (Roche Diagnostic Systems,

Inc., Branchburg, NJ), and the Amplified Mycobate-
rium Tuberculosis Direct (MTD) Test (Gen-Probe,
Inc., San Diego, CA).

The AMPLICOR assay uses DNA polymerase
chain reaction (PCR) to amplify nucleic acid targets.
The FDA approved its use in smear-positive respira-
tory specimens in December 1996. The COBAS
AMPLICOR is an automated version of the AMPLI-
COR MTB. The MTD assay is an isothermal strategy
for detection of M. tuberculosis TRNA. The FDA
approved its use for use with smear-positive respira-
tory specimens in December 1995. A reformulated
MTD (AMTDII or E-MTD, for enhanced MTD) was
approved by the FDA in May 1998 for smear-positive
specimens and in September 1999 for detection of
M. tuberculosis in both smear-positive and smear-
negative respiratory specimens.

In clinical and laboratory studies, the original
MTD assay ranged in sensitivity from 83% to 98% for
smear-positive respiratory samples [107,153—-160]
and from 70% to 81% for smear-negative respiratory
samples. In a recent study in Zambia (one of rela-
tively few studies in a resource-poor country), the sen-
sitivity was only 64% [116]. The specificity in these
studies was 98% to 99%. The AMPLICOR assay
performed similarly. The sensitivity was 74% to 92%
for smear-positive respiratory samples [5,107,109,
157,161-166] and 40% to 73% for smear-negative
samples [5,107,161,164—166]. Specificity ranged
from 93% to 99%. In Switzerland, Laifer and col-
leagues [167] recently tested the AMPLICOR assay
in 3119 war refugees from Kosovo and found a sen-
sitivity of only 64% for pulmonary tuberculosis
[167]. They noted, however, that the negative pre-
dictive value of three consecutive PCRs (in two sputa
and one BAL) was 100%. In studies where MTD
and AMPLICOR have been compared directly,
MTD has consistently had a small advantage [107,
157,159].

The E-MTD brings with it an improved sensitivity
[4,108,153,168], especially in smear-negative speci-
mens [4,108]. Bergmann and colleagues [4] inves-
tigated the E-MTD in a 1999 study of Texas prison
inmates [4]. One thousand four respiratory specimens
from 489 inmates tested with E-MTD were compared
with culture, smear, and clinical course. Twenty-two
inmates were diagnosed with pulmonary tuberculosis
(10 smear-positive and 12 smear-negative.) Overall,
the E-MTD had a sensitivity of 95.2% and a
specificity of 99.1%. In smear-positive patients, the
sensitivity and specificity were both 100%. In smear-
negative patients, the sensitivity was 90.2%, and the
specificity was 99.1% [4]. A 1999 study from the
Central Public Health Laboratory in Etobicoke,
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Ontario, looked at 823 specimens (616 respiratory)
over a l-year period [108]. Using clinical diagnosis
as the reference standard, the specificity approxi-
mated 100%, and the sensitivity for either smear-
positive or smear-negative respiratory samples was
100%, an exceptionally high value, especially for the
smear-negative specimens. Specimens that were
smear negative were preselected for testing with the
E-MTD based on a clinical determination that the
patients were at high risk for tuberculosis. Preselec-
tion no doubt contributed to the high sensitivity and
specificity in this study, but results indicate there is
great utility in selecting appropriate patients for
testing [108].

An investigation of the E-MTD with particular
clinical relevance was undertaken by Catanzaro and
colleagues [169] who evaluated the performance of
the E-MTD in a multicenter, prospective trial. In
this study, the E-MTD was evaluated against the
backdrop of a patient’s clinical suspicion for pul-
monary tuberculosis, which was stratified into low,
intermediate, or high risk as determined by physi-
cians who had expertise in evaluating patients for
tuberculosis. Clinical investigators determined the
risk for 338 patients. The specificity of the E-MTD
was high in all groups. The sensitivities were 83%,
75%, and 87% respectively. The positive predictive
value, however, was low in the low-risk group
(59%, as compared with 100% in the other two
groups). The negative predictive value was espe-
cially high in the low-risk group (99%) and
remained high (91%) in the intermediate- and
high-risk groups. These results compared favorably
with the AFB smear, which had positive predictive
values of 36% (low), 30% (intermediate), and 94%
(high), respectively, and negative predictive values
of 96% (low), 71% (intermediate), and 37% (high),
respectively. This study demonstrates the clear
utility of the E-MTD test and suggests that it may
be particularly helpful for confirming disease in
intermediate- and high-risk patients and for exclud-
ing cases in low-risk patients [169].

Other NAA assays have been tested, such as a
ligase chain-reaction—based test (LCx test; Abbott
Diagnostics Division, Abbott Park, IL), and the
strand displacement amplification (SDA) test known
as the BDProbeTec ET Mycobacterium tuberculo-
sis Complex Direct Detection Assay (DTB) (Becton
Dickinson Biosciences, Sparks, MD). DTB is a
I-hour assay that couples SDA to a fluorescent
energy-transfer detection system. DTB performs
similarly to the E-MTD [170,171]. A variety of less
standardized PCR assays have been developed and
tested [172—175]. Real-time PCR assays have com-

pared favorably with AMPLICOR [174,175] and
E-MTD [173]. None of these tests has been approved
for use in the United States.

In 2000, the CDC updated its recommendations
for use of NAA tests for the diagnosis of active
disease [176]. The CDC now recommends that AFB
smear and NAA be performed on the first sputum
smear collected. If smear and NAA are both positive,
pulmonary tuberculosis is diagnosed with near
certainty. If the smear is positive and the NAA is
negative, the statement recommends testing the
sputum for inhibitors by spiking the sputum sample
with an aliquot of lysed M. tuberculosis and repeating
the assay. If inhibitors are not detected, the process
is repeated on additional specimens. If the sputum
remains smear positive without inhibitors and NAA
negative, the patient can be assumed to have NTM.
If a sputum sample is smear negative but E-MTD
positive (only the E-MTD is approved for smear-
negative specimens), the CDC recommends testing
additional samples. If further samples are E-MTD
positive, the patient can be assumed to have pul-
monary tuberculosis. If both the smear and E-MTD
are negative, an additional specimen should be tested
by E-MTD. If negative, the patient can be assumed
not to have infectious pulmonary tuberculosis. The
recommendations conclude by noting that clinicians
must always rely on clinical judgment and that, ulti-
mately, definitive diagnosis rests on response to
therapy and culture results [176]. Although they have
a certain logic, these recommendations are expensive
and based on few published data.

Overall, a reasonable use of NAA assays for rapid
diagnosis of pulmonary tuberculosis is as follows:
NAA assays should be used to confirm that a positive
AFB smear does indeed represent M. tuberculosis. If
both smear and NAA are positive, pulmonary tuber-
culosis is diagnosed with near certainty. If the smear
is positive and the NAA is negative, testing the
sputum for inhibitors and repeating the assay is war-
ranted [177]. If inhibitors are not detected, and the
process is repeated on additional specimens and is
negative, the patient can be presumed to have NTM.
If smears are negative, but clinical suspicion is inter-
mediate or high (based on the impression of expe-
rienced observers [169,178,179]), NAA should be
performed on a sputum sample, and a presumptive
diagnosis of tuberculosis is made if the test is posi-
tive. NAA should not be performed on sputum sam-
ples from cases in which the AFB smear is negative
and the clinical index of suspicion is low [169,
179,180]. Testing should also be limited to those
who have not been treated recently for active dis-
ease [177].
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Cost is the main consideration limiting the use of
the NAA assays, particularly in the developing world.
A study in Nairobi, Kenya, compared the cost-
effectiveness of AMPLICOR and that of an AFB
smear [181]. The AFB smear was 1.8 times as cost-
effective. The authors, however, concluded that
AMPLICOR could be cost-effective if “the largest
contributing component, the costs of the PCR-kit, can
be reduced substantially.” A cost-effectiveness analy-
sis conducted in Finland in 2004 showed that the
addition of COBAS AMPLICOR PCR to smear and
culture was not cost-effective unless limited to smear-
positive specimens [182]. Extending this assay to
smear-negative specimens may be possible when g
the E-MTD is used, however, because of its superior
sensitivity in smear-negative patients who have pul-
monary tuberculosis. Furthermore, centralized labo-
ratories offer the ability to invest in technology,
conduct batch testing, develop expertise, and bene-
fit from economies of scale. In such settings, regu-
lar NAA testing may be economically feasible
[108,183].

A major limitation of NAA tests is that they give
no drug-susceptibility information. In addition, they
are able to detect nucleic acids from both living and
dead organisms and may be falsely positive for ac-
tive disease in patients who have a recent history
of infection and have been adequately treated [156,
184—186]. In contrast to NAAs that employ DNA or
rRNA, the use of an assay to detect M. tuberculosis
mRNA, with a half-life of only minutes, offers an
indicator of the viability of M. tuberculosis. Assays
that detect mRNA remain positive only while viable
mycobacteria persist and therefore are useful as
sensitive indicators of adequate treatment and for
rapid determination of drug susceptibility [187]. This
technology is under study.

Extrapulmonary tuberculosis

Diagnosing extrapulmonary tuberculosis presents
the clinician with many challenges. In most cases, the
samples are paucibacillary, decreasing the sensitivity
of diagnostic tests. Testing for extrapulmonary tuber-
culosis follows the same principles as for pulmonary
tuberculosis, but, because accuracy of diagnosis is
attenuated in extrapulmonary tuberculosis, clinicians
must rely more heavily on clinical judgment and
response to treatment to diagnose extrapulmonary
tuberculosis. Meanwhile, the increased incidence of
extrapulmonary tuberculosis in HIV patients makes it
all the more urgent to improve diagnostic strategies
for this entity.

AFB smear and culture are used but generally are
less sensitive in nonrespiratory samples. Respiratory
samples are sometimes of benefit in extrapulmonary
tuberculosis. In the case of pleural tuberculosis, the
finding of M. tuberculosis in the sputum is diagnostic
of tuberculosis in patients who have an effusion. Such
patients may not easily give expectorated sputum
samples, however. In this setting, IS has been shown
to have a sensitivity of 52% for M. tuberculosis
[188], compared with the 60% to 80% sensitivity of
the more invasive pleural biopsy [189].

In the case of miliary tuberculosis, sputum smears
are warranted, but if smears are negative, FOB may
play a significant role. FOB was performed in
41 patients who had miliary tuberculosis and smear-
negative sputum [190]. Diagnosis was obtained in
34 patients (83%). BB captured 57% of cases, and
TBB was diagnostic in 73% of cases. A rapid di-
agnosis was made in 27 of 34 patients [190]. In a
separate study, 22 patients who had smear-negative
miliary tuberculosis underwent FOB with brushings,
aspirate, and TBB. Tuberculosis was diagnosed in
16 of the 22 patients (73%). A rapid diagnosis was
made in 14 of 16, from brush smears alone in
3 patients, aspirate alone in 1, and biopsy alone in
7 [191]. Sampling multiple sites may also be of
benefit in miliary tuberculosis.

There is clearly a role for NAA assays in the
diagnosis of extrapulmonary tuberculosis, although
this role needs to be better defined. The overall sen-
sitivity in nonrespiratory specimens for the MTD or
E-MTD ranges from 67% to 100% [108,153—155,
160,168,170,192]. In smear-negative samples, the
sensitivity was 52% in one study [160] and 100%
in another [108]. The AMPLICOR had a similar
sensitivity [162,193], and the specificity of both
assays remains high in nonrespiratory samples. The
assays do not perform equally well in all sample
types; for example, they are much more sensitive in
cerebrospinal fluid [192,194] than in pleural fluid
[154]. The sensitivities vary significantly among
studies, as shown in recent meta-analyses of the use
of NAA tests in tuberculous meningitis [195] and
tuberculous pleuritis [196]. In one study, the combi-
nation of AFB smear and MTD in cerebrospinal fluid
had a sensitivity of 64%, which increased to 83% by
the third sample tested [197]. The DTB system
delivers sensitivity similar to the E-MTD in non-
respiratory samples [170,198,199].

The use of adenosine deaminase (ADA) levels,
especially in pleural fluid samples, to diagnose extra-
pulmonary tuberculosis has shown great promise. A
recent meta-analysis of 40 studies investigating ADA
for the diagnosis of tuberculous pleuritis yielded the
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summary measure of test characteristics derived from
the receiver operator characteristic curve where sen-
sitivity equaled specificity at 92.2% [200]. Similarly,
a meta-analysis of 31 studies on ADA in pleural
tuberculosis yielded a joint sensitivity and specificity
of 93% [201]. The performance of ADA in diagnos-
ing pleural tuberculosis is inconsistent across studies,
however. In one study, the sensitivity and specificity
were both 55% [202]; in another, they were 88% and
85.7%, respectively [203]. Some authors report the
need to combine ADA determination with PCR
analysis, yielding a combined sensitivity of 87.5%
[204], but others argue that ADA alone is superior to
ADA combined with PCR [205].

ADA use outside the pleural space has been
explored as well. ADA may be of limited value
in diagnosing tuberculous meningitis [206] but
was sensitive for tuberculous pericarditis in one
study [207].

Another test that has received some attention for
the diagnosis of pleural and pericardial tuberculosis
is pleural or pericardial fluid IFN-~, which has proven
comparable to or even better than ADA in some
studies [201,203,207]. Finally, there may be a role for
the serum IFN-~ assays, discussed earlier, in the di-
agnosis of extrapulmonary tuberculosis [81,208].

Rapid detection of drug resistance

Multidrug-resistant (MDR) tuberculosis poses a
major public health problem in many parts of the
world. Traditional methods of drug-susceptibility
testing rely on cultures of M. tuberculosis inoculated
with antibiotics and can take weeks for results to be
known. The ability to detect drug resistance rapidly
would be vitally important to tuberculosis-control ef-
forts, enabling expeditious administration of appro-
priate treatment and a decrease in transmission of the
MBDR strain. The detection of rifampin resistance may
be used as a surrogate for uncovering multidrug
resistance, because most rifampin-resistant isolates
are also isoniazid-resistant [209,210]. Rifampin re-
sistance signals the need for treatment with second-
line drugs. It is currently feasible to detect rifampin
resistance rapidly. One approach takes advantage
of genotypic abnormalities by identifying mutations
primarily in the region of the M. tuberculosis rpoB
gene associated with most rifampin-resistant strains
of M. tuberculosis. Coupling a variety of assays that
identify genetic mutations (line probe assays and
molecular beacons, for instance) to PCR or related
technologies allows rapid detection of the drug-
resistant mutations from smear-positive respiratory

specimens or from culture specimens [209,211-215].
Another approach detects actual phenotypic resis-
tance seen as persistence of the organism in a
rifamycin-containing medium (eg, luciferase reporter
phage assays.)

Line probe assays

Line probe assays use PCR and reverse hybridi-
zation with specific oligonucleotide probes fixed to
nitrocellulose strips in parallel lines. These assays
may be used for the detection and identification
of mycobacterial species or for rapid identification
of mutations in the rpoB gene. The INNO-LiPA
MYCOBACTERIA v2 (Innogenetics, Ghent, Bel-
gium) and GenoType Mycobacterium (Hain Diag-
nostika, Nehren, Germany) are line probe assays for
the simultaneous detection and identification of
mycobacteria; both are very sensitive [216]. The
INNO-LiPA Rif. TB assay detects M. tuberculosis and
is very sensitive for detecting rifampin resistance
[213-215,217,218].

Molecular beacons

Molecular beacons are nucleic acid hybridiza-
tion probes. They are designed to bind to target
DNA sequences in regions, such as the rpoB, where
resistance mutations are known to occur. Molecular
beacons fluoresce only when bound to their targets,
so that a mutation—even a single-nucleotide sub-
stitution—prevents fluorescence. A PCR assay using
molecular beacons can identify drug resistance in
sputum samples in less than 3 hours and is both
sensitive and specific [219]. Lin and colleagues [211]
designed a set of molecular beacons for the detection
of isoniazid- and rifampin-resistant mutations in
M. tuberculosis organisms from both culture-
and smear-positive respiratory specimens [211]. The
sensitivity and specificity for detection of isoniazid
resistance were 82.7% and 100%, respectively, and
for rifampin resistance were 97.5% and 100%,
respectively. Piatek et al [220] previously reported
similar findings.

Phage amplification

Phage amplification uses a bacteriophage to detect
M. tuberculosis in a given sample within 48 hours.
FASTPlaqueTB (Biotec, Ipswich, Suffolk, UK) uses
phage amplification technology to detect viable M. fu-
berculosis in sputum samples and has had mixed
results with excellent specificity (96%—99%) but
lesser overall sensitivity (70%—87%) [116,221-223].
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It detected 48.8% of smear-negative cases in one
study [223]. The FASTPlaqueTB-MDRi or FAST-
PlaqueTB-RIF uses the phage amplification technol-
ogy to determine rifampin resistance in culture or
sputum specimens. Albert and colleagues [224]
demonstrated a sensitivity of 100% and a specificity
of 97% for identifying rifampicin-resistant strains in
solid culture media and in a separate study demon-
strated similar results using a liquid culture system
[210]. A more recent study by Albert and colleagues
[225] showed a 100% sensitivity and specificity for
determining rifampin resistance directly from smear-
positive sputum, with results also available within
48 hours.

Luciferase reporter phages

Firefly luciferase catalyzes the reaction of lucif-
erin with ATP to generate photons efficiently and
thereby emit light. Mycobacteriophages expressing
the firefly luciferase gene may be introduced into
viable mycobacteria [226]. The presence of cellular
ATP in viable mycobacteria causes visible light to
be emitted when exogenous luciferin is added. The
emitted light is measured by a luminometer or on
film (eg, with the Bronx box [227,228]). In the
presence of adequate antimycobacterial therapy, my-
cobacteria are rendered nonviable, and the light
is extinguished. Drug-resistant strains of M. fuber-
culosis continue to produce light in the presence of
antimycobacterial therapy, revealing their resistance.
This method can determine drug susceptibility in 1 to
4 days, and it is also a sensitive and specific means
for identifying M. tuberculosis [228-232].

Cost and the need for advanced technology and
laboratory skills limit the applicability of most of
these technologies. Efforts to reduce costs and sim-
plify the technology may make these tests practical
for widespread use in the near future in resource-rich
and, perhaps, even in resource-poor countries.

Summary

Diagnostic testing for tuberculosis remained un-
changed for nearly a century, but newer technologies
hold the promise of a true revolution in tuberculo-
sis diagnostics. The IFN- release and T-cell—based
assays may well supplant the TST in diagnosing
LTBI in much of the world. NAA assays are proving
their worth in more rapidly diagnosing both pulmo-
nary and extrapulmonary tuberculosis with great
sensitivity and specificity. The role of line probe as-
says, molecular beacons, phage amplification, and

luciferase reporter phages in diagnosing tuberculosis
and rapidly detecting drug resistance is still being
defined. These tests are likely to play an ever-
increasing role in the coming years. Ultimately, the
appropriate and affordable use of any of these tests
depends on the setting (low or high prevalence of
active disease, low or high clinical suspicion in a
given patient, available resources, and laboratory
capabilities) in which they are employed.

References

[1] Centers for Disease Control and Prevention. Screen-

ing for tuberculosis and tuberculosis infection in

high-risk populations. Recommendations of the Ad-
visory Council for the Elimination of Tuberculosis.

MMWR Morb Mortal Wkly Rep 1995;44(RR-11):

19-34.

Foulds J, O’Brien R. New tools for the diagnosis of

tuberculosis: the perspective of developing countries

[see comments]. Int J Tuberc Lung Dis 1998;2(10):

778-83.

Diagnostic Standards and Classification of Tuber-

culosis in Adults and Children. This official statement

of the American Thoracic Society and the Centers for

Disease Control and Prevention was adopted by the

ATS Board of Directors, July 1999. This statement

was endorsed by the Council of the Infectious Disease

Society of America, September 1999. Am J Respir

Crit Care Med 2000;161(4 Pt 1):1376-95.

Bergmann JS, Yuoh G, Fish G, et al. Clinical

evaluation of the enhanced Gen-Probe Amplified

Mycobacterium Tuberculosis Direct Test for rapid

diagnosis of tuberculosis in prison inmates. J Clin

Microbiol 1999;37(5):1419-25.

[5] Cohen RA, Muzaffar S, Schwartz D, et al. Diagnosis
of pulmonary tuberculosis using PCR assays on
sputum collected within 24 hours of hospital ad-
mission. Am J Respir Crit Care Med 1998;157(1):
156-61.

[6] Behr MA, Warren SA, Salamon H, et al. Trans-

mission of Mycobacterium tuberculosis from patients

smear-negative for acid-fast bacilli. Lancet 1999;

353(9151):444-9.

Haramati LB, Jenny-Avital ER, Alterman DD. Effect

of HIV status on chest radiographic and CT findings

in patients with tuberculosis. Clin Radiol 1997;52(1):

31-5.

Griffiths RI, Hyman CL, McFarlane SI, et al.

Medical-resource use for suspected tuberculosis in

a New York City hospital [see comments]. Infect

Control Hosp Epidemiol 1998;19(10):747-53.

Edwards PQ, Edwards LB. Story of the tuberculin test

from an epidemiologic viewpoint. Am Rev Respir

Dis 1960;81(1)Pt 2:1-47.

[10] Reider H. Epidemiologic basis of tuberculosis con-

2

—

[3

—

[4

=

[7

—

(8

—_—

[9

—



THE DIAGNOSIS OF TUBERCULOSIS 263

trol. Paris: International Union Against Tuberculosis
and Lung Disease; 1999.

[11] Lalvani A, Brookes R, Wilkinson RJ, et al. Human

cytolytic and interferon gamma-secreting CD8 + T

lymphocytes specific for Mycobacterium tuberculo-

sis. Proc Natl Acad Sci U S A 1998;95(1):270-5.

Lalvani A, Nagvenkar P, Udwadia Z, et al. Enu-

meration of T cells specific for RD1-encoded antigens

suggests a high prevalence of latent Mycobacterium
tuberculosis infection in healthy urban Indians.

J Infect Dis 2001;183(3):469—77.

Harboe M. Antigens of PPD, old tuberculin, and

autoclaved Mycobacterium bovis BCG studied by

crossed immunoelectrophoresis. Am Rev Respir Dis
1981;124(1):80-7.

Judson FN, Feldman RA. Mycobacterial skin tests

in humans 12 years after infection with Mycobac-

terium marinum. Am Rev Respir Dis 1974;109(5):

544-17.

von Reyn CF, Williams DE, Horsburgh Jr CR, et al.

Dual skin testing with Mycobacterium avium sensi-

tin and purified protein derivative to discriminate

pulmonary disease due to M. avium complex from
pulmonary disease due to Mycobacterium tuber-
culosis. J Infect Dis 1998;177(3):730—6.

Kwamanga DO, Swai OB, Agwanda R, et al. Effect

of non-tuberculous Mycobacteria infection on tuber-

culin results among primary school children in

Kenya. East Afr Med J 1995;72(4):222-7.

[17] Bosman MC, Swai OB, Kwamanga DO, et al.

National tuberculin survey of Kenya, 1986—1990.

Int J Tuberc Lung Dis 1998;2(4):272—80.

Black GF, Weir RE, Floyd S, et al. BCG-induced

increase in interferon-gamma response to mycobacte-

rial antigens and efficacy of BCG vaccination in

Malawi and the UK: two randomised controlled

studies. Lancet 2002;359(9315):1393—401.

Snider Jr DE. Bacille Calmette-Guerin vaccinations

and tuberculin skin tests. JAMA 1985;253(23):

3438-9.

[20] Menzies R, Vissandjee B. Effect of bacille Calmette-
Guerin vaccination on tuberculin reactivity. Am Rev
Respir Dis 1992;145(3):621-5.

[21] Wang L, Turner MO, Elwood RK, et al. A meta-

analysis of the effect of bacille Calmette Guerin

vaccination on tuberculin skin test measurements.

Thorax 2002;57(9):804-9.

Jasmer RM, Nahid P, Hopewell PC. Clinical practice.

Latent tuberculosis infection. N Engl J Med 2002;

347(23):1860—6.

Fine PE, Bruce J, Ponnighaus JM, et al. Tuberculin

sensitivity: conversions and reversions in a rural Afri-

can population. Int J Tuberc Lung Dis 1999;3(11):

962-175.

American Thoracic Society. Targeted tuberculin test-

ing and treatment of latent tuberculosis infection.

This official statement of the American Thoracic

Society was adopted by the ATS Board of Direc-

tors, July 1999. Joint statement of the American

[12

—

[13

[t}

[14

=

[15

—

(16

—

(8

[}

[19

—

—
N
S

—

[23

—

[24

[y

Thoracic Society (ATS) and the Centers for Disease
Control and Prevention (CDC) endorsed by the
Council of the Infectious Diseases Society of
America. (IDSA), September 1999, and the sections
of this statement. Am J Respir Crit Care Med 2000;
161(4 Pt 2):S221.

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

[26] Wallgren A. The time-table of tuberculosis. Tubercle
1948;29:245-51.

[27] Poulsen A. Some clinical features of tuberculosis. 1.
Incubation period. Acta Tuberc Scand 1950;24(3—4):
311-46.

[28] Markowitz N, Hansen NI, Wilcosky TC, et al.
Tuberculin and anergy testing in HIV-seropositive
and HIV-seronegative persons. Pulmonary complica-
tions of HIV infection study group. Ann Intern Med
1993;119(3):185-93.

[29] Graham NM, Nelson KE, Solomon L, et al. Preva-
lence of tuberculin positivity and skin test anergy in
HIV-1-seropositive and -seronegative intravenous
drug users. JAMA 1992;267(3):369—73.

[30] Dye C, Scheele S, Dolin P, et al. Consensus
statement. Global burden of tuberculosis: estimated
incidence, prevalence, and mortality by country.
WHO Global Surveillance and Monitoring Project.
JAMA 1999;282(7):677-86.

[31] Rieder HL. Methodological issues in the estimation
of the tuberculosis problem from tuberculin surveys.
Tuber Lung Dis 1995;76(2):114-21.

[32] Mayurnath S, Vallishayee RS, Radhamani MP, et al.
Prevalence study of tuberculous infection over fifteen
years, in a rural population in Chingleput district
(south India). Indian J Med Res 1991;93:74-80.

[33] Narain R, Kirishnamurthy MS, Anantharaman DS.
Prevalence of non-specific sensitivity in some parts
of India. Indian J Med Res 1975;63(8):1098—109.

[34] Chaparas SD, Vandiviere HM, Melvin I, et al.
Tuberculin test. Variability with the Mantoux proce-
dure. Am Rev Respir Dis 1985;132(1):175-7.

[35] Bearman JE, Kleinman H, Glyer VV, et al. A study of
variability in tuberculin test reading. Am Rev Respir
Dis 1964;90:913-9.

[36] Reichman LB. A scandalous incompetence contin-
ued. Chest 1998;113(5):1153—4.

[37] Pouchot J, Grasland A, Collet C, et al. Reliability of
tuberculin skin test measurement. Ann Intern Med
1997;126(3):210—-4.

[38] Mazurek GH, LoBue PA, Daley CL, et al. Com-
parison of a whole-blood interferon gamma assay
with tuberculin skin testing for detecting latent
Mycobacterium tuberculosis infection. JAMA 2001;
286(14):1740—7.

[39] Comstock GW. False tuberculin test results. Chest
1975;68(3 Suppl):465-9.

[40] Lifson AR, Grant SM, Lorvick J, et al. Two-step
tuberculin skin testing of injection drug users
recruited from community-based settings. Int J
Tuberc Lung Dis 1997;1(2):128-34.



264

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

BRODIE & SCHLUGER

Gordin FM, Perez-Stable EJ, Reid M, et al. Stability
of positive tuberculin tests: are boosted reactions
valid? Am Rev Respir Dis 1991;144(3 Pt 1):560-3.
Horsburgh Jr CR. Priorities for the treatment of latent
tuberculosis infection in the United States. N Engl J
Med 2004;350(20):2060—7.

Andersen P, Munk ME, Pollock JM, et al. Specific
immune-based diagnosis of tuberculosis. Lancet
2000;356(9235):1099—-104.

Lyashchenko K, Colangeli R, Houde M, et al.
Heterogeneous antibody responses in tuberculosis.
Infect Immun 1998;66(8):3936—40.

Wood PR, Corner LA, Plackett P. Development of
a simple, rapid in vitro cellular assay for bovine tu-
berculosis based on the production of gamma inter-
feron. Res Vet Sci 1990;49(1):46—9.

Rothel JS, Jones SL, Corner LA, et al. A sandwich
enzyme immunoassay for bovine interferon-gamma
and its use for the detection of tuberculosis in cattle.
Aust Vet J 1990;67(4):134-7.

Wood PR, Corner LA, Rothel JS, et al. Field
comparison of the interferon-gamma assay and the
intradermal tuberculin test for the diagnosis of bovine
tuberculosis. Aust Vet J 1991;68(9):286—-90.

Wood PR, Corner LA, Rothel JS, et al. A field
evaluation of serological and cellular diagnostic tests
for bovine tuberculosis. Vet Microbiol 1992;31(1):
71-9.

Streeton JA, Desem N, Jones SL. Sensitivity and
specificity of a gamma interferon blood test for tuber-
culosis infection [see comments]. Int J Tuberc Lung
Dis 1998;2(6):443—50.

Streeton J. QuantiFERON-TB: clinical applications
of a new laboratory test for tuberculosis [abstract].
Aust N Z J Med 1995;25:435.

Mukherjee S. Evaluation of a gamma interferon (IFN-
gamma) assay in human mycobacterial infection
[abstract]. Aust N Z J Med 1995;25:436.

Barnes PF. Diagnosing latent tuberculosis infection:
the 100-year upgrade. Am J Respir Crit Care Med
2001;163(4):807-8.

Pottumarthy S, Morris AJ, Harrison AC, et al.
Evaluation of the tuberculin gamma interferon assay:
potential to replace the Mantoux skin test. J Clin
Microbiol 1999;37(10):3229-32.

Converse PJ, Jones SL, Astemborski J, et al. Com-
parison of a tuberculin interferon-gamma assay with
the tuberculin skin test in high-risk adults: effect of
human immunodeficiency virus infection. J Infect Dis
1997;176(1):144-50.

Kimura M, Converse PJ, Astemborski J, et al.
Comparison between a whole blood interferon-
gamma release assay and tuberculin skin testing for
the detection of tuberculosis infection among patients
at risk for tuberculosis exposure. J Infect Dis 1999;
179(5):1297-300.

Desem N, Jones SL. Development of a human gam-
ma interferon enzyme immunoassay and comparison
with tuberculin skin testing for detection of Myco-

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

bacterium tuberculosis infection. Clin Diagn Lab
Immunol 1998;5(4):531-6.

Bellete B, Coberly J, Barnes GL, et al. Evaluation
of a whole-blood interferon-gamma release assay
for the detection of Mycobacterium tuberculosis
infection in 2 study populations. Clin Infect Dis
2002;34(11):1449-56.

Fietta A, Meloni F, Cascina A, et al. Comparison
of a whole-blood interferon-gamma assay and tuber-
culin skin testing in patients with active tuberculosis
and individuals at high or low risk of Mycobacte-
rium tuberculosis infection. Am J Infect Control
2003;31(6):347-53.

Harboe M, Nagai S, Patarroyo ME, et al. Properties
of proteins MPB64, MPB70, and MPB80 of Myco-
bacterium bovis BCG. Infect Immun 1986;52(1):
293-302.

Andersen P, Andersen AB, Sorensen AL, et al. Recall
of long-lived immunity to Mycobacterium tuber-
culosis infection in mice. J Immunol 1995;154(7):
3359-72.

Berthet FX, Rasmussen PB, Rosenkrands I, et al.
A Mycobacterium tuberculosis operon encoding
ESAT-6 and a novel low-molecular-mass culture
filtrate protein (CFP-10). Microbiol 1998;144(Pt 11):
3195-203.

Mustafa AS, Amoudy HA, Wiker HG, et al. Compar-
ison of antigen-specific T-cell responses of tuber-
culosis patients using complex or single antigens of
Mycobacterium tuberculosis. Scand J Immunol
1998;48(5):535—43.

Ulrichs T, Munk ME, Mollenkopf H, et al. Dif-
ferential T cell responses to Mycobacterium tuber-
culosis ESAT6 in tuberculosis patients and healthy
donors. Eur J Immunol 1998;28(12):3949-58.
Philipp WJ, Nair S, Guglielmi G, et al. Physical
mapping of Mycobacterium bovis BCG pasteur
reveals differences from the genome map of Myco-
bacterium tuberculosis H37Rv and from M. bovis.
Microbiol 1996;142(Pt 11):3135—-45.

Roche PW, Feng CG, Britton WJ. Human T-cell epi-
topes on the Mycobacterium tuberculosis secreted pro-
tein MPT64. Scand J Immunol 1996;43(6):662—70.
Elhay MJ, Oettinger T, Andersen P. Delayed-type
hypersensitivity responses to ESAT-6 and MPT64
from Mycobacterium tuberculosis in the guinea pig.
Infect Immun 1998;66(7):3454—6.

Roche PW, Winter N, Triccas JA, et al. Expression
of Mycobacterium tuberculosis MPT64 in recombi-
nant Myco. smegmatis: purification, immunogenicity
and application to skin tests for tuberculosis. Clin Exp
Immunol 1996;103(2):226—32.

Mabhairas GG, Sabo PJ, Hickey MJ, et al. Molecular
analysis of genetic differences between Mycobacte-
rium bovis BCG and virulent M. bovis. J Bacteriol
1996;178(5):1274—-82.

Harboe M, Oettinger T, Wiker HG, et al. Evidence for
occurrence of the ESAT-6 protein in Mycobacterium
tuberculosis and virulent Mycobacterium bovis and



[70

[71

[72

[73

[74

[75

[76

[77

[78

[79

[81

[t}

—

—

—

finar)

[}

=

—

=

—

[t

—

THE DIAGNOSIS OF TUBERCULOSIS

for its absence in Mycobacterium bovis BCG. Infect
Immun 1996;64(1):16—-22.

Sorensen AL, Nagai S, Houen G, et al. Purification
and characterization of a low-molecular-mass T-cell
antigen secreted by Mycobacterium tuberculosis.
Infect Immun 1995;63(5):1710—-7.

Dillon DC, Alderson MR, Day CH, et al. Molecular
and immunological characterization of Mycobacte-
rium tuberculosis CFP-10, an immunodiagnostic
antigen missing in Mycobacterium bovis BCG.
J Clin Microbiol 2000;38(9):3285-90.

Cole ST, Brosch R, Parkhill J, et al. Deciphering the
biology of Mycobacterium tuberculosis from the
complete genome sequence [see comments] [pub-
lished erratum appears in Nature 1998;396(6707):
190]. Nature 1998;393(6685):537—44.

Behr MA, Wilson MA, Gill WP, et al. Comparative
genomics of BCG vaccines by whole-genome DNA
microarray. Science 1999;284(5419):1520-3.

Skjot RL, Oettinger T, Rosenkrands I, et al. Com-
parative evaluation of low-molecular-mass proteins
from Mycobacterium tuberculosis identifies members
of the ESAT-6 family as immunodominant T-cell
antigens. Infect Immun 2000;68(1):214-20.

Pollock JM, Andersen P. The potential of the ESAT-6
antigen secreted by virulent mycobacteria for specific
diagnosis of tuberculosis. J Infect Dis 1997;175(5):
1251-4.

Brandt L, Oettinger T, Holm A, et al. Key epitopes on
the ESAT-6 antigen recognized in mice during the
recall of protective immunity to Mycobacterium
tuberculosis. J Immunol 1996;157(8):3527-33.
Pollock JM, Andersen P. Predominant recognition of
the ESAT-6 protein in the first phase of interferon
with Mycobacterium bovis in cattle. Infect Immun
1997;65(7):2587-92.

Vordermeier HM, Whelan A, Cockle PJ, et al. Use of
synthetic peptides derived from the antigens ESAT-6
and CFP-10 for differential diagnosis of bovine
tuberculosis in cattle. Clin Diagn Lab Immunol
2001;8(3):571-8.

Johnson PD, Stuart RL, Grayson ML, et al. Tuber-
culin-purified protein derivative-, MPT-64-, and
ESAT-6-stimulated gamma interferon responses in
medical students before and after Mycobacterium
bovis BCG vaccination and in patients with tuber-
culosis. Clin Diagn Lab Immunol 1999;6(6):934—7.
Arend SM, Engelhard AC, Groot G, et al. Tuberculin
skin testing compared with T-cell responses to
Mycobacterium tuberculosis-specific and nonspecific
antigens for detection of latent infection in persons
with recent tuberculosis contact. Clin Diagn Lab
Immunol 2001;8(6):1089—96.

Arend SM, Andersen P, van Meijgaarden KE, et al.
Detection of active tuberculosis infection by T cell
responses to early-secreted antigenic target 6-kDa
protein and culture filtrate protein 10. J Infect Dis
2000;181(5):1850—4.

[82] van Pinxteren LA, Ravn P, Agger EM, et al.

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

1]

[92]

[93]

[94]

[95]

265

Diagnosis of tuberculosis based on the two specific
antigens ESAT-6 and CFP10. Clin Diagn Lab
Immunol 2000;7(2):155-60.

Ulrichs T, Anding P, Porcelli S, et al. Increased
numbers of ESAT-6- and purified protein derivative-
specific gamma interferon-producing cells in subclini-
cal and active tuberculosis infection. Infect Immun
2000;68(10):6073—6.

Arend SM, Geluk A, van Meijgaarden KE, et al.
Antigenic equivalence of human T-cell responses to
Mycobacterium tuberculosis-specific RD1-encoded
protein antigens ESAT-6 and culture filtrate protein
10 and to mixtures of synthetic peptides. Infect
Immun 2000;68(6):3314-21.

Brock I, Munk ME, Kok-Jensen A, et al. Performance
of whole blood IFN-gamma test for tuberculosis
diagnosis based on PPD or the specific antigens
ESAT-6 and CFP-10. Int J Tuberc Lung Dis 2001;
5(5):462-17.

Wu-Hsieh BA, Chen CK, Chang JH, et al. Long-lived
immune response to early secretory antigenic target 6
in individuals who had recovered from tuberculosis.
Clin Infect Dis 2001;33(8):1336—40.

Mori T, Sakatani M, Yamagishi F, et al. Specific
detection of tuberculosis infection: an interferon-
gamma-based assay using new antigens. Am J Respir
Crit Care Med 2004;170(1):59—64.

Brock I, Weldingh K, Lillebaek T, et al. Comparison
of tuberculin skin test and new specific blood test in
tuberculosis contacts. Am J Respir Crit Care Med
2004;170(1):65-9.

Vekemans J, Lienhardt C, Sillah JS, et al. Tuber-
culosis contacts but not patients have higher gamma
interferon responses to ESAT-6 than do community
controls in The Gambia. Infect Immun 2001;69(10):
6554-17.

Ravn P, Demissie A, Eguale T, et al. Human T cell
responses to the ESAT-6 antigen from Mycobacte-
rium tuberculosis. J Infect Dis 1999;179(3):637—45.
Lein AD, von Reyn CF, Ravn P, et al. Cellular
immune responses to ESAT-6 discriminate between
patients with pulmonary disease due to Mycobacte-
rium avium complex and those with pulmonary
disease due to Mycobacterium tuberculosis. Clin
Diagn Lab Immunol 1999;6(4):606—9.

Pathan AA, Wilkinson KA, Klenerman P, et al. Direct
ex vivo analysis of antigen-specific IFN-gamma-
secreting CD4 T cells in Mycobacterium tuberculosis-
infected individuals: associations with clinical disease
state and effect of treatment. J Immunol 2001;167(9):
5217-25.

Bamnes PF. Diagnosing latent tuberculosis infection:
turning glitter to gold. Am J Respir Crit Care Med
2004;170(1):5-6.

Lalvani A, Pathan AA, McShane H, et al. Rapid
detection of Mycobacterium tuberculosis infection by
enumeration of antigen-specific T cells. Am J Respir
Crit Care Med 2001;163(4):824—8.

Lalvani A, Pathan AA, Durkan H, et al. Enhanced



266

[96]

[97]

[98]

[99]

[100]

[101]

[102

—

[103]

[104]

[105]

[106]

[107

—

[108]

BRODIE & SCHLUGER

contact tracing and spatial tracking of Mycobacte-
rium tuberculosis infection by enumeration of
antigen-specific T cells. Lancet 2001;357(9273):
2017-21.

Chapman AL, Munkanta M, Wilkinson KA, et al.
Rapid detection of active and latent tuberculosis
infection in HIV-positive individuals by enumeration
of Mycobacterium tuberculosis-specific T cells. AIDS
2002;16(17):2285-93.

Ewer K, Deeks J, Alvarez L, et al. Comparison of
T-cell-based assay with tuberculin skin test for
diagnosis of Mycobacterium tuberculosis infection
in a school tuberculosis outbreak. Lancet 2003;
361(9364):1168-73.

Antonucci G, Girardi E, Raviglione MC, et al. Risk
factors for tuberculosis in HIV-infected persons. A
prospective cohort study. The Gruppo Italiano di
Studio Tubercolosi e AIDS (GISTA). JAMA 1995;
274(2):143-8.

Comstock GW. Frost revisited: the modern epidemi-
ology of tuberculosis. Am J Epidemiol 1975;101(5):
363-82.

Sepkowitz KA. Tuberculin skin testing and the health
care worker: lessons of the Prophit Survey. Tuber
Lung Dis 1996;77(1):81-5.

Doherty TM, Demissie A, Olobo J, et al. Immune
responses to the Mycobacterium tuberculosis-specific
antigen ESAT-6 signal subclinical infection among
contacts of tuberculosis patients. J Clin Microbiol
2002;40(2):704—6.

Centers for Disease Control and Prevention. Guide-
lines for preventing the transmission of Mycobacte-
rium tuberculosis in health-care facilities, 1994.
MMWR Recomm Rep 1994;43(RR-13):1-132.
Jacubowiak W. TB manual. National tuberculosis
programme guidelines. Geneva (Switzerland): World
Health Organization; 2001.

Mathew P, Kuo YH, Vazirani B, et al. Are three
sputum acid-fast bacillus smears necessary for dis-
continuing tuberculosis isolation? J Clin Microbiol
2002;40(9):3482—4.

Craft DW, Jones MC, Blanchet CN, et al. Value of
examining three acid-fast bacillus sputum smears for
removal of patients suspected of having tuberculosis
from the “airborne precautions” category. J Clin
Microbiol 2000;38(11):4285-7.

Wu ZL, Wang AQ. Diagnostic yield of repeated
smear microscopy examinations among patients
suspected of pulmonary TB in Shandong province
of China. Int J Tuberc Lung Dis 2000;4(11):1086—7.
Dalovisio JR, Montenegro-James S, Kemmerly SA,
et al. Comparison of the amplified Mycobacterium
tuberculosis (MTB) direct test, Amplicor MTB PCR,
and IS6110-PCR for detection of MTB in respiratory
specimens. Clin Infect Dis 1996;23(5):1099-106
[discussion: 1107—8].

Chedore P, Jamieson FB. Routine use of the Gen-
Probe MTD2 amplification test for detection of
Mycobacterium tuberculosis in clinical specimens in

[109]

[110]

[111]

[112]

[113]

(114

[}

[115

=

(116

=

[117

—

(118

[t

[119]

[120]

21

[122]

a large public health mycobacteriology laboratory.
Diagn Microbiol Infect Dis 1999;35(3):185—-91.
Rajalahti I, Vuorinen P, Nieminen MM, et al.
Detection of Mycobacterium tuberculosis complex
in sputum specimens by the automated Roche Cobas
Amplicor Mycobacterium Tuberculosis Test. J Clin
Microbiol 1998;36(4):975-8.

Murray PR, Elmore C, Krogstad DJ. The acid-fast
stain: a specific and predictive test for mycobacterial
disease. Ann Intern Med 1980;92(4):512-3.
Strumpf 1J, Tsang AY, Sayre JW. Re-evaluation of
sputum staining for the diagnosis of pulmonary tuber-
culosis. Am Rev Respir Dis 1979;119(4):599—-602.
Mehta J, Krish G, Berro E, et al. Fiberoptic bron-
choscopy in the diagnosis of pulmonary tuberculosis.
South Med J 1990;83(7):753-5.

Baughman RP, Dohn MN, Loudon RG, et al.
Bronchoscopy with bronchoalveolar lavage in tuber-
culosis and fungal infections. Chest 1991;99(1):
92-17.

Kim TC, Blackman RS, Heatwole KM, et al. Acid-
fast bacilli in sputum smears of patients with
pulmonary tuberculosis. Prevalence and significance
of negative smears pretreatment and positive smears
post-treatment. Am Rev Respir Dis 1984;129(2):
264-8.

British Medical Research Council. Sputum-smear-
negative pulmonary tuberculosis: controlled trial of
3-month and 2-month regimens of chemotherapy.
Lancet 1979;1(8131):1361-3.

Mbulo GM, Kambashi BS, Kinkese J, et al. Compari-
son of two bacteriophage tests and nucleic acid
amplification for the diagnosis of pulmonary tuber-
culosis in sub-Saharan Africa. Int J Tuberc Lung Dis
2004;8(11):1342-17.

Hensler NM, Spivey Jr CG, Dees TM. The use of
hypertonic aerosol in production of sputum for
diagnosis of tuberculosis. Comparison with gastric
specimens. Dis Chest 1961;40:639—-42.

Jones Jr FL. The relative efficacy of spontaneous
sputa, aerosol-induced sputa, and gastric aspirates in
the bacteriologic diagnosis of pulmonary tuberculosis.
Dis Chest 1966;50(4):403 8.

Carr DT, Karlson AG, Stilwell GG. A comparison of
cultures of induced sputum and gastric washings in
the diagnosis of tuberculosis. Mayo Clin Proc 1967;
42(1):23-5.

Dickson SJ, Brent A, Davidson RN, et al. Compari-
son of bronchoscopy and gastric washings in the
investigation of smear-negative pulmonary tubercu-
losis. Clin Infect Dis 2003;37(12):1649-53.

Li LM, Bai LQ, Yang HL, et al. Sputum induction to
improve the diagnostic yield in patients with sus-
pected pulmonary tuberculosis. Int J Tuberc Lung Dis
1999;3(12):1137-9.

Parry CM, Kamoto O, Harries AD, et al. The use of
sputum induction for establishing a diagnosis in
patients with suspected pulmonary tuberculosis in
Malawi. Tuber Lung Dis 1995;76(1):72—6.



THE DIAGNOSIS OF TUBERCULOSIS 267

[123] Hartung TK, Maulu A, Nash J, et al. Suspected

pulmonary tuberculosis in rural South Africa—

sputum induction as a simple diagnostic tool? S Afr

Med J 2002;92(6):455-8.

Merrick ST, Sepkowitz KA, Walsh J, et al. Compari-

son of induced versus expectorated sputum for

diagnosis of pulmonary tuberculosis by acid-fast

smear. Am J Infect Control 1997;25(6):463 6.

[125] Bell D, Leckie V, McKendrick M. The role of

induced sputum in the diagnosis of pulmonary

tuberculosis. J Infect 2003;47(4):317-21.

Al Zahrani K, Al Jahdali H, Poirier L, et al. Yield

of smear, culture and amplification tests from

repeated sputum induction for the diagnosis of pul-

monary tuberculosis. Int J Tuberc Lung Dis 2001;

5(9):855-60.

[127] McWilliams T, Wells AU, Harrison AC, et al.

Induced sputum and bronchoscopy in the diagnosis

of pulmonary tuberculosis. Thorax 2002;57(12):

1010—4.

Anderson C, Inhaber N, Menzies D. Comparison of

sputum induction with fiber-optic bronchoscopy in

the diagnosis of tuberculosis. Am J Respir Crit Care

Med 1995;152(5 Pt 1):1570—4.

Conde MB, Soares SL, Mello FC, et al. Comparison

of sputum induction with fiberoptic bronchoscopy in

the diagnosis of tuberculosis: experience at an
acquired immune deficiency syndrome reference
center in Rio de Janeiro, Brazil. Am J Respir Crit

Care Med 2000;162(6):2238—-40.

Larson JL, Ridzon R, Hannan MM. Sputum induction

versus fiberoptic bronchoscopy in the diagnosis of

tuberculosis. Am J Respir Crit Care Med 2001;

163(5):1279—80.

[131] Chawla R, Pant K, Jaggi OP, et al. Fibreoptic
bronchoscopy in smear-negative pulmonary tuber-
culosis. Eur Respir J 1988;1(9):804—6.

[132] So SY, Lam WK, Yu DY. Rapid diagnosis of

suspected pulmonary tuberculosis by fiberoptic bron-

choscopy. Tubercle 1982;63(3):195-200.

Willcox PA, Benatar SR, Potgieter PD. Use of the

flexible fibreoptic bronchoscope in diagnosis of

sputum-negative pulmonary tuberculosis. Thorax
1982;37(8):598—601.

Sarkar SK, Sharma GS, Gupta PR, et al. Fiberoptic

bronchoscopy in the diagnosis of pulmonary tuber-

culosis. Tubercle 1980;61(2):97—-9.

[135] Danek SJ, Bower JS. Diagnosis of pulmonary tuber-
culosis by flexible fiberoptic bronchoscopy. Am Rev
Respir Dis 1979;119(4):677-9.

[136] Kennedy DJ, Lewis WP, Barnes PF. Yield of
bronchoscopy for the diagnosis of tuberculosis in
patients with human immunodeficiency virus infec-
tion. Chest 1992;102(4):1040—4.

[137] Russell MD, Torrington KG, Tenholder MF. A ten-
year experience with fiberoptic bronchoscopy for
mycobacterial isolation. Impact of the Bactec system.
Am Rev Respir Dis 1986;133(6):1069—71.

[138] Palva T, Elo R, Saloheimo M. Bronchoscopy in

[124

[}

[126

=

[128

[}

[129

[}

[130

=

[133

[t}

[134

=

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

pulmonary tuberculosis. Acta Tuberc Scand 1957;
33(3):241-64.

Ip M, Chau PY, So SY, et al. The value of routine
bronchial aspirate culture at fibreoptic bronchoscopy
for the diagnosis of tuberculosis. Tubercle 1989;
70(4):281-5.

Chan HS, Sun AJ, Hoheisel GB. Bronchoscopic
aspiration and bronchoalveolar lavage in the diag-
nosis of sputum smear-negative pulmonary tuber-
culosis. Lung 1990;168(4):215-20.

al-Kassimi FA, Azhar M, al-Majed S, et al. Diag-
nostic role of fibreoptic bronchoscopy in tuberculosis
in the presence of typical X-ray pictures and adequate
sputum. Tubercle 1991;72(2):145-8.

Palenque E, Amor E, Bernaldo de Quiros JC.
Comparison of bronchial washing, brushing and
biopsy for diagnosis of pulmonary tuberculosis. Eur
J Clin Microbiol 1987;6(2):191-2.

Uddenfeldt M, Lundgren R. Flexible fiberoptic
bronchoscopy in the diagnosis of pulmonary tuber-
culosis. Tubercle 1981;62(3):197-9.

Wallace JM, Deutsch AL, Harrell JH, et al. Bronchos-
copy and transbronchial biopsy in evaluation of pa-
tients with suspected active tuberculosis. Am J Med
1981;70(6):1189—-94.

Fujii H, Ishihara J, Fukaura A, et al. Early diagnosis
of tuberculosis by fibreoptic bronchoscopy. Tuber
Lung Dis 1992;73(3):167-9.

Wongthim S, Udompanich V, Limthongkul S, et al.
Fiberoptic bronchoscopy in diagnosis of patients with
suspected active pulmonary tuberculosis. J Med
Assoc Thai 1989;72(3):154-9.

de Gracia J, Curull V, Vidal R, et al. Diagnostic value
of bronchoalveolar lavage in suspected pulmonary
tuberculosis. Chest 1988;93(2):329-32.

Morgan MA, Horstmeier CD, DeYoung DR, et al.
Comparison of a radiometric method (BACTEC) and
conventional culture media for recovery of mycobac-
teria from smear-negative specimens. J Clin Micro-
biol 1983;18(2):384-8.

Sharp SE, Lemes M, Sierra SG, et al. Lowenstein-
Jensen media. No longer necessary for mycobacterial
isolation. Am J Clin Pathol 2000;113(6):770-3.
Ichiyama S, Shimokata K, Takeuchi J. Comparative
study of a biphasic culture system (Roche MB Check
system) with a conventional egg medium for recovery
of mycobacteria. Aichi Mycobacteriosis Research
Group. Tuber Lung Dis 1993;74(5):338—41.
Kanchana MV, Cheke D, Natyshak I, et al. Evaluation
of the BACTEC MGIT 960 system for the recovery
of mycobacteria. Diagn Microbiol Infect Dis
2000;37(1):31-6.

Sharp SE, Lemes M, Erlich SS, et al. A comparison
of the Bactec 9000MB system and the Septi-Chek
AFB system for the detection of mycobacteria. Diagn
Microbiol Infect Dis 1997;28(2):69—74.

Gamboa F, Fernandez G, Padilla E, et al. Compara-
tive evaluation of initial and new versions of the Gen-
Probe Amplified Mycobacterium Tuberculosis Direct



268

[154]

[155]

[156

—

[157

—

[158]

[159]

[160]

[161

—

[162]

[163

—

[164]

[165]

[166]

[167]

BRODIE & SCHLUGER

Test for direct detection of Mycobacterium tuber-
culosis in respiratory and nonrespiratory specimens.
J Clin Microbiol 1998;36(3):684—-9.

Vlaspolder F, Singer P, Roggeveen C. Diagnostic
value of an amplification method (Gen-Probe) com-
pared with that of culture for diagnosis of tuber-
culosis. J Clin Microbiol 1995;33(10):2699—703.
Pfyffer GE, Kissling P, Jahn EM, et al. Diagnostic
performance of amplified Mycobacterium tuberculo-
sis direct test with cerebrospinal fluid, other non-
respiratory, and respiratory specimens. J Clin
Microbiol 1996;34(4):834—41.

Bradley SP, Reed SL, Catanzaro A. Clinical efficacy
of the amplified Mycobacterium tuberculosis direct
test for the diagnosis of pulmonary tuberculosis. Am J
Respir Crit Care Med 1996;153(5):1606—10.
Della-Latta P, Whittier S. Comprehensive evaluation
of performance, laboratory application, and clinical
usefulness of two direct amplification technologies
for the detection of Mycobacterium tuberculosis
complex. Am J Clin Pathol 1998;110(3):301—10.
Pfyffer GE, Kissling P, Wirth R, et al. Direct detection
of Mycobacterium tuberculosis complex in respira-
tory specimens by a target-amplified test system.
J Clin Microbiol 1994;32(4):918-23.

Wang SX, Tay L. Evaluation of three nucleic acid
amplification methods for direct detection of Myco-
bacterium tuberculosis complex in respiratory speci-
mens. J Clin Microbiol 1999;37(6):1932—4.

Coll P, Garrigo M, Moreno C, et al. Routine use of
Gen-Probe Amplified Mycobacterium Tuberculosis
Direct (MTD) test for detection of Mycobacterium
tuberculosis with smear-positive and smear-negative
specimens. Int J Tuberc Lung Dis 2003;7(9):886-91.
Wobeser WL, Krajden M, Conly J, et al. Evaluation
of Roche Amplicor PCR assay for Mycobacterium
tuberculosis. J Clin Microbiol 1996;34(1):134-9.
Carpentier E, Drouillard B, Dailloux M, et al.
Diagnosis of tuberculosis by Amplicor Mycobacte-
rium tuberculosis test: a multicenter study. J Clin
Microbiol 1995;33(12):3106—10.

Dilworth JP, Goyal M, Young DB, et al. Comparison
of polymerase chain reaction for IS6110 and Ampli-
cor in the diagnosis of tuberculosis. Thorax 1996;
51(3):320-2.

Tevere VJ, Hewitt PL, Dare A, et al. Detection of
Mycobacterium tuberculosis by PCR amplification
with pan-Mycobacterium primers and hybridization
to an M. tuberculosis-specific probe. J Clin Microbiol
1996;34(4):918-23.

Lim T. Relationship between estimated pretest proba-
bility and accuracy of automated Mycobacterium
tuberculosis assay in smear-negative pulmonary
tuberculosis. Chest 2000;118:641—7.

Bergmann JS, Woods GL. Clinical evaluation of the
Roche AMPLICOR PCR Mycobacterium tuberculo-
sis test for detection of M. tuberculosis in respiratory
specimens. J Clin Microbiol 1996;34(5):1083-5.
Laifer G, Widmer AF, Frei R, et al. Polymerase chain

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

reaction for Mycobacterium tuberculosis: impact on
clinical management of refugees with pulmonary
infiltrates. Chest 2004;125(3):981—6.

Piersimoni C, Callegaro A, Scarparo C, et al. Com-
parative evaluation of the new Gen-Probe Mycobac-
terium tuberculosis amplified direct test and the
semiautomated Abbott LCx Mycobacterium tuber-
culosis assay for direct detection of Mycobacterium
tuberculosis complex in respiratory and extra-
pulmonary specimens [see comments]. J Clin Micro-
biol 1998;36(12):3601—4.

Catanzaro A, Perry S, Clarridge JE, et al. The role
of clinical suspicion in evaluating a new diagnostic
test for active tuberculosis: results of a multicenter
prospective trial. JAMA 2000;283(5):639-45.
Piersimoni C, Scarparo C, Piccoli P, et al. Perfor-
mance assessment of two commercial amplification
assays for direct detection of Mycobacterium tuber-
culosis complex from respiratory and extrapulmo-
nary specimens. J Clin Microbiol 2002;40(11):
4138-42.

Visca P, De Mori P, Festa A, et al. Evaluation of the
BDProbeTec strand displacement amplification assay
in comparison with the AMTD II direct test for rapid
diagnosis of tuberculosis. Clin Microbiol Infect 2004;
10(4):332-4.

Sperhacke RD, Mello FC, Zaha A, et al. Detection of
Mycobacterium tuberculosis by a polymerase chain
reaction colorimetric dot-blot assay. Int J Tuberc
Lung Dis 2004;8(3):312-7.

Lemaitre N, Armand S, Vachee A, et al. Comparison
of the real-time PCR method and the Gen-Probe
amplified Mycobacterium tuberculosis direct test for
detection of Mycobacterium tuberculosis in pulmo-
nary and nonpulmonary specimens. J Clin Microbiol
2004;42(9):4307-9.

Miller N, Cleary T, Kraus G, et al. Rapid and specific
detection of Mycobacterium tuberculosis from acid-
fast bacillus smear-positive respiratory specimens and
BacT/ALERT MP culture bottles by using fluoro-
genic probes and real-time PCR. J Clin Microbiol
2002;40(11):4143-7.

Cleary TJ, Roudel G, Casillas O, et al. Rapid and
specific detection of Mycobacterium tuberculosis by
using the Smart Cycler instrument and a specific
fluorogenic probe. J Clin Microbiol 2003;41(10):
4783—6.

Centers for Disease Control and Prevention. Update.
Nucleic acid amplification tests for tuberculosis [in
process citation]. MMWR Morb Mortal Wkly Rep
2000;49(26):593 4.

Sloutsky A, Han LL, Werner BG. Practical strategies
for performance optimization of the enhanced Gen-
Probe amplified Mycobacterium tuberculosis direct
test. J Clin Microbiol 2004;42(4):1547-51.
Divinagracia RM, Harkin TJ, Bonk S, et al. Screening
by specialists to reduce unnecessary test ordering in
patients evaluated for tuberculosis [see comments].
Chest 1998;114(3):681—4.



[179]

[180

=

[181]

[182

—

[183]

[184

[y

[185

[}

[186

=

[187

—

[188

[t

[189

—

[190

=

[191

—

[192]

[193]

THE DIAGNOSIS OF TUBERCULOSIS

Lim TK, Mukhopadhyay A, Gough A, et al. Role of
clinical judgment in the application of a nucleic acid
amplification test for the rapid diagnosis of pulmo-
nary tuberculosis. Chest 2003;124(3):902—8.

Van den Wijngaert S, Dediste A, VanLaetham Y,
et al. Critical use of nucleic acid amplification tech-
niques to test for Mycobacterium tuberculosis in re-
spiratory tract samples. J Clin Microbiol 2004;42(2):
837-8.

Roos BR, van Cleeff MR, Githui WA, et al. Cost-
effectiveness of the polymerase chain reaction versus
smear examination for the diagnosis of tuberculosis in
Kenya: a theoretical model. Int J Tuberc Lung Dis
1998;2(3):235-41.

Rajalahti I, Ruokonen EL, Kotomaki T, et al.
Economic evaluation of the use of PCR assay in
diagnosing pulmonary TB in a low-incidence area.
Eur Respir J 2004;23(3):446—-51.

Dowdy DW, Maters A, Parrish N, et al. Cost-
effectiveness analysis of the Gen-Probe amplified
Mycobacterium tuberculosis direct test as used
routinely on smear-positive respiratory specimens.
J Clin Microbiol 2003;41(3):948—53.

Yuen KY, Chan KS, Chan CM, et al. Use of PCR in
routine diagnosis of treated and untreated pulmonary
tuberculosis. J Clin Pathol 1993;46(4):318—-22.
Walker DA, Taylor IK, Mitchell DM, et al. Com-
parison of polymerase chain reaction amplification of
two mycobacterial DNA sequences, IS6110 and the
65 kDa antigen gene, in the diagnosis of tuberculosis.
Thorax 1992;47(9):690—4.

Schluger NW, Kinney D, Harkin TJ, et al. Clinical
utility of the polymerase chain reaction in the
diagnosis of infections due to Mycobacterium tuber-
culosis. Chest 1994;105(4):1116-21.

Hellyer TJ, DesJardin LE, Teixeira L, et al. Detection
of viable Mycobacterium tuberculosis by reverse
transcriptase-strand displacement amplification of
mRNA. J Clin Microbiol 1999;37(3):518-23.
Conde MB, Loivos AC, Rezende VM, et al. Yield of
sputum induction in the diagnosis of pleural tuber-
culosis. Am J Respir Crit Care Med 2003;167(5):
723-5.

Menzies D. Sputum induction: simpler, cheaper, and
safer—but is it better? Am J Respir Crit Care Med
2003;167(5):676—7.

Willcox PA, Potgieter PD, Bateman ED, et al. Rapid
diagnosis of sputum negative miliary tuberculosis
using the flexible fibreoptic bronchoscope. Thorax
1986;41(9):681 4.

Pant K, Chawla R, Mann PS, et al. Fiberbronchos-
copy in smear-negative miliary tuberculosis. Chest
1989;95(5):1151-2.

Lang AM, Feris-Iglesias J, Pena C, et al. Clinical
evaluation of the Gen-Probe amplified direct test for
detection of Mycobacterium tuberculosis complex
organisms in cerebrospinal fluid. J Clin Microbiol
1998;36(8):2191—4.

Shah S, Miller A, Mastellone A, et al. Rapid

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

269

diagnosis of tuberculosis in various biopsy and body
fluid specimens by the AMPLICOR Mycobacterium
tuberculosis polymerase chain reaction test. Chest
1998;113(5):1190—4.

Cloud JL, Shutt C, Aldous W, et al. Evaluation of a
modified Gen-Probe amplified direct test for detec-
tion of Mycobacterium tuberculosis complex organ-
isms in cerebrospinal fluid. J Clin Microbiol 2004;
42(11):5341-4.

Pai M, Flores LL, Pai N, et al. Diagnostic accuracy
of nucleic acid amplification tests for tuberculous
meningitis: a systematic review and meta-analysis.
Lancet Infect Dis 2003;3(10):633—43.

Pai M, Flores LL, Hubbard A, et al. Nucleic acid
amplification tests in the diagnosis of tuberculous
pleuritis: a systematic review and meta-analysis.
BMC Infect Dis 2004;4(1):6.

Thwaites GE, Caws M, Chau TT, et al. Comparison
of conventional bacteriology with nucleic acid ampli-
fication (amplified mycobacterium direct test) for
diagnosis of tuberculous meningitis before and after
inception of antituberculosis chemotherapy. J Clin
Microbiol 2004;42(3):996—1002.

Mazzarelli G, Rindi L, Piccoli P, et al. Evaluation of
the BDProbeTec ET system for direct detection of
Mycobacterium tuberculosis in pulmonary and
extrapulmonary samples: a multicenter study. J Clin
Microbiol 2003;41(4):1779-82.

Johansen IS, Lundgren B, Tabak F, et al. Improved
sensitivity of nucleic acid amplification for rapid
diagnosis of tuberculous meningitis. J Clin Microbiol
2004;42(7):3036—40.

Goto M, Noguchi Y, Koyama H, et al. Diagnostic
value of adenosine deaminase in tuberculous pleural
effusion: a meta-analysis. Ann Clin Biochem 2003;
40(Pt 4):374-81.

Greco S, Girardi E, Masciangelo R, et al. Adenosine
deaminase and interferon gamma measurements for
the diagnosis of tuberculous pleurisy: a meta-analysis.
Int J Tuberc Lung Dis 2003;7(8):777—86.

Nagesh BS, Sehgal S, Jindal SK, et al. Evaluation of
polymerase chain reaction for detection of Mycobac-
terium tuberculosis in pleural fluid. Chest 2001;
119(6):1737—-41.

Villegas MV, Labrada LA, Saravia NG. Evaluation of
polymerase chain reaction, adenosine deaminase, and
interferon-gamma in pleural fluid for the differential
diagnosis of pleural tuberculosis. Chest 2000;118(5):
1355-64.

Lima DM, Colares JK, da Fonseca BA. Combined
use of the polymerase chain reaction and detection
of adenosine deaminase activity on pleural fluid im-
proves the rate of diagnosis of pleural tuberculosis.
Chest 2003;124(3):909-14.

Trajman A, Kaisermann MC, Kritski AL, et al.
Diagnosing pleural tuberculosis. Chest 2004;125(6):
2366 [author reply: 2366—7].

Corral I, Quereda C, Navas E, et al. Adenosine
deaminase activity in cerebrospinal fluid of HIV-



—

—

=

—

[}

—

BRODIE & SCHLUGER

infected patients: limited value for diagnosis of
tuberculous meningitis. Eur J Clin Microbiol Infect
Dis 2004;23(6):471-6.

Burgess LJ, Reuter H, Carstens ME, et al. The use of
adenosine deaminase and interferon-gamma as diag-
nostic tools for tuberculous pericarditis. Chest
2002;122(3):900-5.

Munk ME, Arend SM, Brock I, et al. Use of
ESAT-6 and CFP-10 antigens for diagnosis of ex-
trapulmonary tuberculosis. J Infect Dis 2001;183(1):
175-6.

Fan XY, Hu ZY, Xu FH, et al. Rapid detection of
rpoB gene mutations in rifampin-resistant Mycobac-
terium tuberculosis isolates in shanghai by using the
amplification refractory mutation system. J Clin
Microbiol 2003;41(3):993-7.

Albert H, Trollip AP, Mole RIJ, et al. Rapid
indication of multidrug-resistant tuberculosis from
liquid cultures using FASTPlaqueTB-RIF, a manual
phage-based test. Int J Tuberc Lung Dis 2002;6(6):
523-8.

Lin SY, Probert W, Lo M, et al. Rapid detection of
isoniazid and rifampin resistance mutations in Myco-
bacterium tuberculosis complex from cultures or
smear-positive sputa by use of molecular beacons.
J Clin Microbiol 2004;42(9):4204-8.

Mokrousov I, Otten T, Vyshnevskiy B, et al. Allele-
specific rpoB PCR assays for detection of rifampin-
resistant Mycobacterium tuberculosis in sputum
smears. Antimicrob Agents Chemother 2003;47(7):
2231-5.

Cooksey RC, Morlock GP, Glickman S, et al.
Evaluation of a line probe assay kit for characteri-
zation of rpoB mutations in rifampin-resistant Myco-
bacterium tuberculosis isolates from New York City.
J Clin Microbiol 1997;35(5):1281-3.

Hirano K, Abe C, Takahashi M. Mutations in the
rpoB gene of rifampin-resistant Mycobacterium
tuberculosis strains isolated mostly in Asian countries
and their rapid detection by line probe assay. J Clin
Microbiol 1999;37(8):2663—6.

Marttila HJ, Soini H, Vyshnevskaya E, et al. Line
probe assay in the rapid detection of rifampin-
resistant Mycobacterium tuberculosis directly from
clinical specimens. Scand J Infect Dis 1999;31(3):
269-73.

Padilla E, Gonzalez V, Manterola JM, et al. Com-
parative evaluation of the new version of the INNO-
LiPA Mycobacteria and genotype Mycobacterium
assays for identification of Mycobacterium species
from MB/BacT liquid cultures artificially inoculated
with Mycobacterial strains. J Clin Microbiol 2004;
42(7):3083-8.

Johansen IS, Lundgren B, Sosnovskaja A, et al.
Direct detection of multidrug-resistant Mycobacte-
rium tuberculosis in clinical specimens in low- and
high-incidence countries by line probe assay. J Clin
Microbiol 2003;41(9):4454—6.

[218] Watterson SA, Wilson SM, Yates MD, et al. Compari-

son of three molecular assays for rapid detection of
rifampin resistance in Mycobacterium tuberculosis.
J Clin Microbiol 1998;36(7):1969—73.

El-Hajj HH, Marras SA, Tyagi S, et al. Detection of
rifampin resistance in Mycobacterium tuberculosis in
a single tube with molecular beacons. J Clin Micro-
biol 2001;39(11):4131-7.

Piatek AS, Telenti A, Murray MR, et al. Genotypic
analysis of Mycobacterium tuberculosis in two
distinct populations using molecular beacons: impli-
cations for rapid susceptibility testing. Antimicrob
Agents Chemother 2000;44(1):103—10.

Butt T, Ahmad RN, Kazmi SY, et al. Rapid diagnosis
of pulmonary tuberculosis by mycobacteriophage
assay. Int J Tuberc Lung Dis 2004;8(7):899-902.
Albay A, Kisa O, Baylan O, et al. The evaluation of
FASTPlaqueTB test for the rapid diagnosis of tu-
berculosis. Diagn Microbiol Infect Dis 2003;46(3):
211-5.

Albert H, Heydenrych A, Brookes R, et al. Perfor-
mance of a rapid phage-based test, FASTPlaqueTB, to
diagnose pulmonary tuberculosis from sputum speci-
mens in South Africa. Int J Tuberc Lung Dis 2002;
6(6):529-37.

Albert H, Heydenrych A, Mole R, et al. Evaluation
of FASTPlaqueTB-RIF, a rapid, manual test for the
determination of rifampicin resistance from Myco-
bacterium tuberculosis cultures. Int J Tuberc Lung
Dis 2001;5(10):906—11.

Albert H, Trollip A, Seaman T, et al. Simple, phage-
based (FASTPplaque) technology to determine ri-
fampicin resistance of Mycobacterium tuberculosis
directly from sputum. Int J Tuberc Lung Dis 2004;
8(9):1114-9.

Jacobs Jr WR, Barletta RG, Udani R, et al. Rapid
assessment of drug susceptibilities of Mycobacte-
rium tuberculosis by means of luciferase reporter
phages [see comments]. Science 1993;260(5109):
819-22.

Riska PF, Su Y, Bardarov S, et al. Rapid film-based
determination of antibiotic susceptibilities of Myco-
bacterium tuberculosis strains by using a luciferase
reporter phage and the Bronx Box. J Clin Microbiol
1999;37(4):1144-9.

Hazbon MH, Guarin N, Ferro BE, et al. Photographic
and luminometric detection of luciferase reporter
phages for drug susceptibility testing of clinical
Mycobacterium tuberculosis isolates. J Clin Micro-
biol 2003;41(10):4865-9.

Carriere C, Riska PF, Zimhony O, et al. Conditionally
replicating luciferase reporter phages: improved
sensitivity for rapid detection and assessment of drug
susceptibility of Mycobacterium tuberculosis. J Clin
Microbiol 1997;35(12):3232-9.

Riska PF, Jacobs Jr WR, Bloom BR, et al. Specific
identification of Mycobacterium tuberculosis with the
luciferase reporter mycobacteriophage: use of p-nitro-
alpha-acetylamino-beta-hydroxy propiophenone.
J Clin Microbiol 1997;35(12):3225-31.



THE DIAGNOSIS OF TUBERCULOSIS 271

[231] Banaiee N, Bobadilla-Del-Valle M, Bardarov Jr S, [232] Banaice N, Bobadilla-del-Valle M, Riska PF, et al.
et al. Luciferase reporter mycobacteriophages for Rapid identification and susceptibility testing of
detection, identification, and antibiotic susceptibility Mycobacterium tuberculosis from MGIT cultures
testing of Mycobacterium tuberculosis in Mexico. with luciferase reporter mycobacteriophages. J Med

J Clin Microbiol 2001;39(11):3883 8. Microbiol 2003;52(Pt 7):557—61.






	The Diagnosis of Tuberculosis
	Tests for latent tuberculosis infection
	The tuberculin skin test
	Beyond the tuberculin skin test

	Tests for tuberculosis disease
	Mode of diagnosis of pulmonary tuberculosis
	Is there a role for the tuberculin skin test in the diagnosis of active disease?
	Sputum-based diagnosis
	Sputum induction
	Sputum induction versus fiberoptic bronchoscopy
	The role of fiberoptic bronchoscopy
	Cultures
	Nucleic acid amplification assays

	Extrapulmonary tuberculosis
	Rapid detection of drug resistance
	Line probe assays
	Molecular beacons
	Phage amplification
	Luciferase reporter phages

	Summary
	References



 
 
    
   HistoryItem_V1
   InsertBlanks
        
     Where: after last page
     Number of pages: 1
     same as current
      

        
     1
     1
     13
     567
     271
    
            
       CurrentAVDoc
          

     SameAsCur
     AtEnd
      

        
     QITE_QuiteImposing2
     Quite Imposing 2 2.0c
     Quite Imposing 2
     1
      

   1
  

 HistoryList_V1
 qi2base



