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Nonconventional and new methods in the

diagnosis of tuberculosis: feasibility and

applicability in the field
J.C. Palomino

ABSTRACT: Tuberculosis (TB) remains one of the major causes of death from a single infectious

agent worldwide. Of great concern for TB control is the emergence of drug resistance. Since there

is no cure for some multidrug-resistant strains of Mycobacterium tuberculosis, there is concern

that they may spread around the world, stressing the need for additional control measures, such

as new diagnostics, better drugs for treatment, and a more effective vaccine.

Pulmonary TB can be diagnosed by its symptoms, chest radiography, sputum smear

microscopy and by cultivation of M. tuberculosis, which is considered as the gold standard.

Recent advances in molecular biology and molecular epidemiology, and a better understanding of

the molecular basis of drug resistance in TB, have provided new tools for rapid diagnosis;

however, the high cost of most of these techniques, and their requirement for sophisticated

equipment and skilled personnel have precluded their implementation on a routine basis,

especially in low-income countries.

Other nonconventional diagnostic approaches proposed include the search for biochemical

markers, detection of immunological response and early detection of M. tuberculosis by methods

other than colony counting.

In the present article, some of these approaches will be reviewed and the feasibility for their

implementation in diagnostic laboratories will be discussed.
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T
uberculosis (TB) remains one of the major
causes of death from a single infectious
agent worldwide. A total of 99% of the

estimated two million deaths and 95% of the
more than eight million new cases each year
occur in middle- and low-income countries. The
World Health Organization (WHO) report [1]
estimated, for the year 2002, a global incidence of
8.8 million new cases, including 3.9 million
smear-positive subjects. The 22 high-burden
countries concentrated 80% of these cases. This
situation is worsened by the HIV pandemic, since

the risk of death in HIV-infected patients with TB
is twice that of HIV-infected patients without TB
[2]. It is estimated that 12 million patients are
coinfected with HIV and Mycobacterium tuber-
culosis as of 2000, with the majority living in sub-
Saharan Africa and Southeast Asia.

Of great concern for the control of the disease is
the emergence of drug resistance (DR) since there
is no cure for some multidrug-resistant (MDR)
strains of M. tuberculosis, and there is concern that
they may spread rapidly around the world. DR

CORRESPONDENCE

J.C. Palomino

Mycobacteriology Unit

Institute of Tropical Medicine

Nationalestraat 155

2000 Antwerp

Belgium

Fax: 32 32476333

E-mail: palomino@itg.be

Received:

April 26 2005

Accepted:

April 28 2005

SUPPORT STATEMENT

Financial support was provided by

the EC INCO Programme (Contract

No. ICA4-CT-2001-10087), EC

LIFESCIHEALTH-3 (Contract No.

516028), Damien Foundation

(Brussels, Belgium) and Fund for

Scientific Research (Flanders,

Belgium).

European Respiratory Journal

Print ISSN 0903-1936

Online ISSN 1399-3003

Previous articles in this series: No. 1: Cardona P-J, Ruiz-Manzano J. On the nature of Mycobacterium tuberculosis-latent bacilli. Eur Respir J 2004; 24:

1044–1051. No. 2: Rieder H. Annual risk of infection with Mycobacterium tuberculosis. Eur Respir J 2005; 25: 181–185. No. 3: Mitchison DA. Drug resistance in

tuberculosis. Eur Respir J 2005; 25: 376–379. No. 4: Kim SJ. Drug-susceptibility testing in tuberculosis: methods and reliability of results. Eur Respir J 2005; 25:

564–569. No. 5: Dlodlo RA, Fujiwara PI, Enarson DA. Should tuberculosis treatment and control be addressed differently in HIV-infected and -uninfected

individuals? Eur Respir J 2005; 25: 751–757. No. 6: Caminero JA. Management of multidrug-resistant tuberculosis and patients in retreatment. Eur Respir J 2005;

25: 928–936. No. 7: Dasgupta K, Menzies D. Cost-effectiveness of tuberculosis control strategies among immigrants and refugees. Eur Respir J 2005; 25: 1107–

1116. No. 8: Martı́n C. The dream of a vaccine against tuberculosis; new vaccines improving or replacing BCG? Eur Respir J 2005; 26: 162–167.

EUROPEAN RESPIRATORY JOURNAL VOLUME 26 NUMBER 2 339

Eur Respir J 2005; 26: 339–350

DOI: 10.1183/09031936.05.00050305

Copyright�ERS Journals Ltd 2005

c



has been found in all countries and regions surveyed,
particularly in Eastern Europe, and new areas with high
prevalence of MDR-TB include China and Iran [3]. Directly-
observed treatment short course (DOTS), the treatment
strategy endorsed by the WHO, is effective in preventing the
emergence of DR; however, in practice, only 27% of TB patients
actually receive DOTS [4], stressing the need for additional
control measures, such as new diagnostic tools, more effective
drugs, or even a more effective vaccine.

Pulmonary TB, the most important type of TB from the public
health point of view, can be diagnosed by its symptoms, chest
radiography, sputum smear microscopy, and by cultivation of
M. tuberculosis. A percentage of patients, however, are not
confirmed bacteriologically and are only diagnosed on the
basis of high clinical suspicion and response to anti-TB drugs
[5].

The gold standard for TB diagnosis is the cultivation of
M. tuberculosis. It can be performed on a variety of specimens,
such as sputum and bronchial washings, and also other
nonpulmonary samples. It is much more sensitive than
microscopy and it allows the recovery of the bacteria for other
studies, such as drug susceptibility testing and genotyping. In
some cases, the diagnosis of TB becomes even more proble-
matic due to several factors associated with immunosuppre-
sion in patients as it occurs in HIV infected persons or in the
case of latent infection or extrapulmonary TB. Due to its
nonspecific clinical presentation, diagnosis of TB is also
problematic in children.

Recent advances in the field of molecular biology and progress
in the understanding of the molecular basis of DR in
M. tuberculosis have provided new tools for its rapid diagnosis
by molecular methods [6]. However, the high cost of most of
these techniques, and their requirement for sophisticated
equipment or highly skilled personnel, have precluded their
implementation on a routine basis, especially in low-income
countries [7]. Other nonconventional approaches recently
proposed include the search for biochemical markers, detec-
tion of immunological response and early detection of
M. tuberculosis by methods other than colony counting. In the
present article, some of these approaches will be reviewed and
the feasibility for their implementation in diagnostic labor-
atories will be discussed.

NEW METHODS FOR THE DETECTION OF TB INFECTION
Since one-third of the worlds population is infected with
M. tuberculosis, it would be important to be able to predict
who among the latently infected will develop the disease, so as
to treat them before active TB is developed. The only available
test to detect infection was, until recently, the tuberculin
skin test (TST). However, alternative in vitro T-cell-based
methods have been proposed recently [8–10]. The interferon
(IFN)-c assays are based on the fact that T-cells sensitised
with tuberculous antigens will produce IFN-c when they are
re-exposed to mycobacterial antigens. A high amount of IFN-c
production is then presumed to correlate with TB infection
[11]. The first IFN-c assays made use of purified protein
derivative (PPD) as the stimulating antigen; more recent
assays, use antigens that are specific to M. tuberculosis, such
as the early secretory antigen target 6 (ESAT6), and the culture

filtrate protein 10 (CFP10) [8]. These protein antigens are
coded by genes located in the region of difference 1 (RD1)
of the M. tuberculosis genome and are much more specific
than PPD, since they are not shared with M. bovis bacillus
calmette-guerin (BCG) or most nontuberculous mycobacteria
(NTM) with the exception of M. marinum, M. sulzgai and
M. kansassi.

There are currently two commercial IFN-c assays, the
QuantiFERON-TB assay (Cellestis Ltd., Carnegie, Australia)
and the T SPOT-TB test (Oxford Immunotec, Oxford, UK).
These tests measure the production of IFN-c by T-cells in
response to TB antigens by ELISA and enzyme-linked
immunospot, respectively. The QuantiFERON-TB, a whole-
blood assay, initially used PPD as antigen, and the enhanced
version, the QuantiFERON-TB Gold, uses ESAT6 and
CFP10. In contrast, the T SPOT-TB assay uses peripheral
blood mononuclear cells and ESAT6 and CFP10 as antigens
to measure the number of T-cells producing IFN-c. Also,
some noncommercial in-house methods have been proposed
[12].

In general, the studies performed have shown that IFN-c
assays using RD1 antigens have some advantages over TST,
such as a higher specificity, a better correlation with previous
exposure to M. tuberculosis, and low cross-reaction due to BCG
vaccination or previous exposure to NTM. Also, it has been
found that IFN-c assays that use cocktails of antigens rather
than individual antigens have a better accuracy [13]. More
studies are needed, however, to assess the usefulness of these
tests in the management of immunocompromised individuals,
in children and in those with extrapulmonary TB.

NONCONVENTIONAL AND NEW METHODS OF
BACILLOSCOPY
In many countries diagnosis of TB is performed by microscopic
examination of a stained sputum smear by the Ziehl-Neelsen
(ZN) method. Although easy to perform and specific, it lacks
sensitivity, requiring o10,000 bacilli?mL-1 of sputum to
become positive. Several studies have been performed to
assess the usefulness of adding a chemical reagent, such as
sodium hypochlorite, to liquefy and then concentrate the
sputum by further centrifugation to increase sensitivity. In
most of these studies, a statistically significant improvement
in the proportion of positive smears or sensitivity was
obtained; however, for several reasons, sodium hypochlorite,
also known as the ‘‘bleach’’ method is not used routinely in
many settings [14]. The use of auramine as a fluorescent
method to detect mycobacteria in sputum was proposed
many years ago and re-evaluated later using a combination
of auramine-O and rhodamine [15]. This fluorescent method
is associated with a higher rate of detection, since slides can
be examined at lower magnifications. In a recent proficiency
testing study performed in 167 laboratories, the auramine and/
or the auramine/rhodamine method performed better than
the ZN staining or its Kinyoun modification [16]. It is,
therefore, usually accepted that the fluorescent method should
be given preference over the ZN and Kinyoun methods. In
general, the fluorescent method should be used by laboratories
with large specimen numbers. It is, however, more expensive
than the conventional ZN staining requiring a fluorescent
microscope [17].
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NONCONVENTIONAL AND NEW METHODS OF CULTURE
Cultivation of M. tuberculosis from clinical samples is the
gold standard for the diagnosis of active TB. It can detect
100 bacilli?mL-1 of sputum in comparison with 5,000–
10,000 bacilli?mL-1 needed for microscopy [18]. It also provides
material for further identification and drug susceptibility
testing. Conventional methods of culture have relied on egg-
based and agar-based media, such as the Löwenstein-Jensen
(LJ) medium and Middlebrook agar [19, 20]. Following
decontamination and liquefaction procedures, sputum sam-
ples are inoculated and incubated for morphological growth,
which usually occurs after several weeks of incubation.
Identification of M. tuberculosis is done by performing several
further biochemical tests [19, 21]. However, it is laborious and
time consuming requiring from 3–8 weeks to obtain the results.

The introduction of the BACTEC radiometric system (BACTEC
TB-460; Becton Dickinson, Sparks, MD, USA) in the 1980s was
a breakthrough since it allowed the detection of M. tuberculosis
in a few days compared with weeks in the conventional culture
media [22]. However, the use of radioisotopes and the cost of
the equipment precluded its use on a routine basis, except in
reference laboratories predominantly in developed countries.
A few years ago Becton Dickinson proposed another system
based on fluorescence detection of mycobacterial growth [23].
The Mycobacteria growth indicator tube (MGIT) system is
based on a glass tube containing a modified Middlebrook 7H9
broth together with a fluorescence quenching-based oxygen
sensor embedded at the bottom of the tube. When inoculated
with M. tuberculosis, consumption of the dissolved oxygen
produces fluorescence when illuminated by a UV lamp. The
MGIT system has been thoroughly evaluated in clinical
settings for the detection and recovery of mycobacteria.
BADAK et al. [24] compared the MGIT system with the
BACTEC TB-460 and LJ culture medium in 1,441 clinical
specimens. Out of 178 isolates recovered, 30 (17%) were
M. tuberculosis with the MGIT system recovering 28 (93%)
compared with 25 (83%) recovered with the LJ medium. In
another multicentre study, PFYFFER et al. [25] analysed 1,500
clinical specimens detecting a total of 180 mycobacterial
species comprising 113 M. tuberculosis complex isolates. The
combination of MGIT and BACTEC detected 171 (95%) of all
isolates with a time to detection of M. tuberculosis of 9.9 days
compared with 9.7 days with BACTEC and 20.2 days with
solid medium proving that MGIT was a valuable alternative to
the radiometric system [25].

More recently the MGIT system has been fully automated and
turned into the BACTEC MGIT 960 system, which is a
nonradiometric, noninvasive system with the tubes incubated
in a compact system that reads them automatically. In a
multicentre study the BACTEC MGIT 960 system was
compared with the radiometric BACTEC TB-460 system and
LJ medium. Analysing 2,576 specimens, the best yield was
obtained with BACTEC TB-460 (201 isolates), compared with
190 isolates with BACTEC MGIT 960 and 168 isolates with LJ
medium [26]. In another study IDIGORAS et al. [27] compared the
BACTEC MGIT 960 system for sensitivity and time to detection
of mycobacteria with solid medium, and microscopy on solid
media. Sensitivity of each media compared with all media
combined for growth of M. tuberculosis was 93%, 76%, 79% and
75% for MGIT 960, Middlebrook 7H11, LJ and Coletsos,

respectively. The time to detection with the MGIT 960 system
was 12.7 days compared with .20 days with the solid media.
In general, both the automated and manual MGIT systems
have shown similar results that are comparable to those
obtained previously with the BACTEC radiometric method.
Operational and cost-effectiveness studies that assess the real
impact of these systems in low- and middle-income countries
are still lacking.

Other recent developments for the rapid detection of myco-
bacteria include manual methods like the MB-Redox (Heipha
Diagnostika Biotest, Heidelberg, Germany) based on the
reduction of a tetrazolium salt indicator in liquid medium
[28], and automated equipment-based methods like the MB/
BacT system (Organon Teknika, Boxtel, Holland) based on the
colorimetric detection of carbon dioxide produced by myco-
bacterial growth in a closed system [29], and the ESP culture
system II (Trek Diagnostics, Inc., Cleveland, OH, USA) based
on the detection of pressure changes in the culture medium of
a sealed vial during mycobacterial growth [30]. These systems
have not gained widespread use outside laboratories in
industrialised countries.

Another recent and interesting development is the phage-
based assay that relies on the ability of M. tuberculosis to
support the growth of an infecting mycobacteriophage. The
number of endogenous phages, representing the original
number of viable M. tuberculosis, is then determined in a
rapidly-growing mycobacteria, such as M. smegmatis [31]. The
FASTPlaque TB assay (BIOTEC, Ipswich, Suffolk, UK), a
commercial test based on this technology, has been proposed
as a test that if used in conjunction with smear microscopy
could increase the diagnosis of TB [32]. Several studies have
been made to assess this technology. ALBERT et al. [32] in a
comparative study with auramine smear microscopy and
LJ medium in 1,692 sputum specimens found that the
FASTPlaque TB test detected TB in 75% of culture-
confirmed cases and 70% of cases with a clinical diagnosis of
TB, with a specificity of 98.7% and 99.0% , respectively. In
contrast, the concentrated auramine smear microscopy had
a sensitivity of 63.4% and 61.3% and a specificity of 97.4%
and 97.3% in culture- confirmed and all cases, respectively
[32].

Another study performed in Pakistan compared the
FASTPlaque TB with acid-fast smear microscopy and culture
in LJ medium [33]. For the FASTPlaque TB, they found a
sensitivity and specificity of 87.4 and 88.2%, respectively, in
smear-positive specimens and a sensitivity and specificity of
67.1 and 98.4%, respectively, in smear-negative samples. As
discussed by TAKIFF and HEIFETS [34], the most important
finding of these studies was that the FASTPlaque TB was able
to detect mycobacteria in 50–65% of smear-negative specimens
with a specificity of 98% and that a combination of the test with
smear microscopy confirmed the presence of M. tuberculosis in
80–90% of culture-positive specimens. Still, there were about
13% of smear-positive specimens that were not detected by the
FASTPlaque TB test and in smear-negative samples 8–19% of
specimens gave a false-positive result.

More recently, in a comparative study of the FASTPlaque TB
test and the original in-house method performed in Zambia,
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MBULO et al. [35] found that neither method was able to
outperform direct microscopy in sputum samples. Further-
more, contamination rates of 40% were obtained with the
FASTPlaque TB test, concluding that the phage-based assays
offered no advantage for TB diagnosis in that setting. Some
other phage-based technologies have been proposed for the
rapid detection of M. tuberculosis [36, 37]; however, they have
not been thoroughly evaluated in a clinical setting in high-
endemic countries.

NONCONVENTIONAL METHODS AND NEW METHODS
FOR IDENTIFICATION
Mycobacteria identification has been based traditionally on
several biochemical tests and phenotypic characteristics, such
as growth rate and pigmentation, which allow the classifica-
tion of one particular strain to a group of well-defined
mycobacteria. Although simple to perform and without the
need for sophisticated equipment, they are, nonetheless,
laborious and cumbersome to perform, delaying in many
cases prompt and correct mycobacterial identification.
Nevertheless, they remain and constitute the main procedure
for identification in clinical laboratories, especially in low-
resource settings. Mycolic acid profiles of mycobacteria were
also proposed as a rapid alternative for identification. This can
be performed by thin-layer chromatography and by high-
performance liquid chromatography, which has the advantage
that it can be completed in a few hours, it is relatively inexpen-
sive, and can identify a wide range of mycobacterial species.
The initial investment in the cost of the equipment constitutes
its major disadvantage as an identification method [38].

Molecular methods have been more recently introduced for
identification of mycobacteria. The first of such available
methods was the AccuProbe (Gen-Probe, Inc., San Diego, CA,
USA), a commercial method based on species-specific DNA
probes that hybridise to rRNA for the identification of several
important mycobacteria, including the M. tuberculosis complex,
M. avium, M. intracellulare, M. avium complex, M. kansasii, and
M. gordonae. The probes have been extensively evaluated in a
clinical setting, and have shown very good sensitivity and
specificity giving results in ,2 h from culture-positive speci-
mens [39].

Other commercially available methods include the INNO-Lipa
Mycobacteria (LiPA; Innogenetics, Ghent, Belgium) for the
simultaneous detection and identification of mycobacteria,
including the M. tuberculosis complex and based on amplifica-
tion of the 16S–23S spacer region combined with a reverse
hybridisation line-probe assay. It has been evaluated against
DNA probes, conventional biochemical tests, and PCR-
restriction fragment length polymorphism analysis showing
clear-cut results [40, 41]

More recently the GenoType Mycobacterium assay (Hain
Diagnostika, Nehren, Germany) for identification from clinical
samples and liquid cultures has been introduced. It is based on
amplification of the 16S–23S ribosomal DNA spacer region
followed by hybridisation with 16 specific oligonucleotide
probes; it has the advantage of detecting mixed mycobacterial
infections [42].

A commercial system designed primarily for culture confirma-
tion, TB peptide nucleic acid fluorescence in situ hybridisation

(Dako, A/S Glostrup, Denmark) has also been proposed. It is
based on peptide nucleic acid probes that bind to selected
regions of mycobacterial 16S rRNA sequences allowing
distinction between tuberculous and NTM; detection is done
by fluorescence in situ hybridisation followed by microscopic
observation [43]. It has also been tested for the direct detection
of M. tuberculosis on smear-positive sputum samples and on
formalin-fixed, paraffin-embedded biopsies [44].

PCR-based sequencing techniques are now common in many
laboratories for the identification of mycobacteria. They consist
of amplification of mycobacterial DNA with genus-specific
primers followed by sequencing of the amplified products.
Identification is done by comparison of the sequences with
those of reference strains [45, 46]. The most commonly used
target has been the gene coding for the 16S rRNA, although
other target genes have also been characterised [47, 48].

PCR-restriction fragment length polymorphism analysis (PRA)
of the gene coding for the heat shock protein hsp65 has also
been used for the rapid identification of mycobacteria,
including M. tuberculosis [49]. In several recent studies PRA
has performed well compared with conventional methods [50,
51].

More recently, DNA microarrays or high-density oligonucleo-
tide arrays have been applied for species identification of
mycobacteria. The method is based on hybridisation of
fluorescently-labelled PCR amplified products obtained from
mycobacterial colonies to DNA arrays containing nucleotide
probes [52, 53].

In general, molecular methods offer several advantages over
conventional techniques for the rapid detection and identifica-
tion of M. tuberculosis, such as the turnaround time for results,
reliability, reproducibility and the possibility to improve
patient management. However, due to the requirement of
additional equipment and trained personnel, most of these
methods have not yet gained easy access to the routine
procedures performed in the clinical mycobacteriology labora-
tory especially in low-income countries where TB is a more
important health problem.

NONCONVENTIONAL AND NEW METHODS FOR DRUG
SUSCEPTIBILITY TESTING
Drug susceptibility testing (DST) methods include the propor-
tion method, the absolute concentration method, and the
resistance ratio method [19, 54]. With the introduction of the
BACTEC radiometric system, and its adaptation to perform
DST of M. tuberculosis [22, 55], these four methods were
considered as the gold standard. [56]. The long turnaround
time (TAT) and laboriousness of these methods stimulated the
search for alternative and faster techniques. These new
methods can be differentiated into genotypic and phenotypic
methods.

Genotypic methods
These methods search for the genetic determinants of
resistance rather than the resistance phenotype. In general,
they have two basic steps: a molecular nucleic acid amplifica-
tion step, such as PCR to amplify sections of the M. tuberculosis
genome, known to be altered in resistant strains and a second
step of assessing the amplified products for specific mutations
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correlating with resistance. These methods have several
advantages: a faster TAT (days instead of weeks), no need
for growth of the organism, the possibility for direct applica-
tion to clinical specimens, reduction of biohazard risks, and
feasibility for automation. Unfortunately, they also have
disadvantages, including problems with inhibitors when
applying these methods directly to clinical samples.

DNA sequencing of PCR-amplified products has been the most
widely used method, becoming the gold standard. It has been
performed by both manual and automated procedures
although the latter has been the most commonly used [57–
59]. It has been thoroughly used for characterising mutations in
the rpoB gene in rifampicin-resistant strains and to detect
mutations responsible for resistance to other anti-TB drugs [57,
60, 61]. Several other genotypic methods have been proposed
to detect resistance to antibiotics, such as PCR-single strand
conformation polymorphism [57], PCR-heteroduplex forma-
tion [62], and solid-phase hybridisation assays. Moreover, the
Line Probe Assay (LiPA-Rif) based on the hybridisation of
amplified DNA from cultured strains or clinical samples to ten
probes encompassing the core region of the rpoB gene of
M. tuberculosis, immobilised on a nitrocellulose strip [63], and
the GenoType mycobacterium tuberculosis test (MTB) DR
(Hain, Germany), a commercial system for the detection of the
M. tuberculosis complex and its resistance to rifampicin and
isoniazid from culture samples based on the detection of the
most common mutations in the rpoB and katG genes,
respectively. The LiPA-Rif assay has been evaluated in
different settings giving encouraging results [64].

DNA microarrays and real-time PCR techniques have also
been proposed as alternative methods for drug resistance
detection; the former still beyond the reach of clinical
diagnostic laboratories, and the latter being increasingly
evaluated with promising results [65, 66].

Phenotypic methods
New phenotypic methods assess inhibition of M. tuberculosis in
the presence of antibiotics by detecting earlier signs of growth
using various technologies, for example, the measurement of
metabolism with the aid of colour indicators, or oxygen
consumption, by early visualisation of micro-colonies, and by
the use of phages.

The MGIT system, in its manual or automated version and
based on the measurement of oxygen consumption, has been
thoroughly evaluated for DST of M. tuberculosis to first- and
second-line drugs showing a good concordance with the gold
standard proportion method [67–69].

The E-test, another commercial system (AB BIODISK, Solna,
Sweden), based on strips with impregnated gradients of
antibiotics for the determination of drug susceptibility allows
the reading of minimal inhibitory concentrations directly on
agar plates. Several studies have evaluated this test in
comparison with the proportion method finding an agreement
of .90 % [70]. Two other commercial and automated methods
for DST are the MB/BacT system (Organon Technika) and the
ESP culture system II (Accumed International, Chicago, IL,
USA). Both systems rely on heavy equipment and have also
been evaluated in several studies [71, 72].

Among the in-house methods of recent application for DST of
M. tuberculosis, three types of methods deserve a mention: 1)
phage-based assays; 2) colorimetric methods; and 3) the nitrate
reduction assay.

Application of phage-based assays for DST, either as the
original in-house method [73] or as a commercial assay [74],
is being applied for detecting rifampicin resistance of
M. tuberculosis both in culture samples and directly from
sputum. Results are available, on average, in 2 days with a
concordance of .95% when compared with the gold standard
proportion method.

Colorimetric methods are based on the reduction of a coloured
indicator added to the culture medium after M. tuberculosis has
been exposed in vitro to different antibiotics. Resistance is
detected by a change in the colour of the indicator, which is
directly proportional to the number of viable mycobacteria in
the medium [75]. Different indicators have been evaluated for
DST of first- and second-line drugs giving comparable results
and are in agreement with the gold standard proportion
method [76–78].

The nitrate reduction assay is a very simple technique based on
the capacity of M. tuberculosis to reduce nitrate to nitrite, which
is detected by adding a chemical reagent to the culture
medium. M. tuberculosis is cultivated in the presence of the
antibiotic and its ability to reduce nitrate is measured after 10
days of incubation. Resistant strains will reduce the nitrate
revealed by a pink-red colour in the medium, while susceptible
strains will loose this capacity as they are inhibited by the
antibiotic, leaving the medium colourless [79]. The test has
been recently evaluated for DST to first- and second-line drugs
with good results [80, 81]. It has the added advantage of using
the same format and culture medium as used in the standard
proportion method.

In their current format, colorimetric methods seem more
appropriate for reference laboratories with the facilities and
biosafety conditions to manipulate small volumes of liquid
cultures in a microplate format. The phage-based assay can be
implemented in mycobacteriology diagnostic laboratories with
the appropriate trained personnel, while the nitrate reduction
assay is ideal for implementation in the TB diagnostic
laboratories routinely performing DST.

Table 1 shows the major DST methods in terms of accuracy,
cost, ease of use and drugs evaluated.

NUCLEIC ACID AMPLIFICATION METHODS
A significant improvement in the diagnosis of TB was the
development of several nucleic acid amplification (NAA)
techniques, such as PCR, that has been extensively evaluated
for the rapid diagnosis of TB. Several in-house PCR methods
have been developed and tested in the last years and multiple
studies have been published on the application of PCR for the
diagnosis of TB [82, 83]. Those studies found that lack of
specificity was more of a problem than lack of sensitivity, and
it was not associated with the use of any particular method. It
was also found that many laboratories did not use adequate
quality controls [84, 85].

There are currently two approved commercial NAA methods:
the amplified M. tuberculosis direct test (AMTD) (Gen-Probe)
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and the Amplicor M. tuberculosis test (Amplicor; Roche
Diagnostic Sytems, Inc., NJ, USA). The MTD is based on a
method described by KWOH et al. [86] using amplification of
16S ribosomal transcripts, which are detected with a DNA
probe [87]. The Amplicor is a DNA-based test which amplifies
the 16S rRNA gene using genus-specific primers and detected
in a colorimetric reaction [88]. Both methods have been
approved for the direct detection of M. tuberculosis in smear-
positive respiratory specimens. More recently, an enhanced
MTD has also been approved for smear-negative respiratory
specimens of suspect patients [89]. Several studies have
evaluated both tests for the detection of M. tuberculosis in
clinical samples [90]. Compared with culture and the clinical
status, these methods have a high sensitivity and specificity in
smear-positive specimens, but lower values are obtained in
smear-negative specimens precluding their use as a screen to
rule out the disease. For this reason, it has been recommended
that molecular methods should always be interpreted in
conjunction with the patient’s clinical data [91].

Two other methodologies recently introduced for TB diagnosis
involve real-time PCR and strand-displacement amplification
methods. The real-time PCR technology is based on hybridisa-
tion of amplified nucleic acids with fluorescent-labelled probes
spanning DNA regions of interest and monitored inside
thermal cyclers [92]. The fluorescent signal increases in direct
proportion to the amount of amplified product in the reaction
tube.

Real-time PCR has been evaluated in several studies in culture
material and more recently in clinical samples. The sensitivity
in these studies has ranged from 71–98%, with specificity close
to 100% [93]. The main advantage of real-time PCR is its speed
in giving results, 1.5–2 h after DNA extraction, and the
decrease in the risk of contamination since both reaction and
detection occurs in a single tube. Further studies are necessary
to confirm the real value of this new methodology in the
clinical setting.

The strand-displacement amplification technique is used by the
BDProbe Tec MTB test, a semi-automated system developed

by Becton Dickinson for the rapid detection of M. tuberculosis in
respiratory samples. It is based on the enzymatic replication of
target sequences of the insertion sequence IS6110 and the 16S
rRNA gene. The amplified products are detected with a
luminometer [94]. The BDProbe Tec MTB test has been
evaluated in several studies; PFYFFER et al. [95], in a study with
799 respiratory specimens, obtained an overall sensitivity of
97.6% and a specificity of 95%. The major drawbacks, however,
have been the presence of false-positive results, that were
reduced after the personnel gained experience with the
technique, and the time required for sample preparation being
o2 h. An improved version of this system, the BDProbe Tec ET
(Becton Dickinson), has been recently evaluated in respiratory
specimens in a clinical setting [96]. Studies including more
positive TB patients are needed to confirm these preliminary
results. Table 2 shows sensitivity and specificity values of the
main NAA tests.

MOLECULAR EPIDEMIOLOGY TECHNIQUES
DNA fingerprinting techniques include the restriction frag-
ment length polymorphism (RFLP) typing as the most
commonly used method in the study of the epidemiology
and pathogenesis of TB. It is based on the insertion sequence
IS6110 present in M. tuberculosis and is accepted as the
standard typing method [97]. RFLP has been used to differ-
entiate strains of M. tuberculosis, for monitoring transmission,
to define strain clusters within populations, to differentiate
between exogenous re-infection and relapse, to identify
laboratory cross-contaminations, to study molecular evolution
at the species level and for better understanding the patho-
genesis of the disease.

Another molecular typing technique widely used is the spacer
oligotyping or spoligotyping, which is a simple method
allowing simultaneous detection and typing of M. tuberculosis
in clinical samples. It is based on polymorphism of the
chromosomal DR locus that contains a variable number of
short direct repeats interspersed with nonrepetitive spacers.
Most clinical isolates show unique patterns of hybridisation,
while strains from a cluster share the same pattern [98].

TABLE 1 Characteristics of several drug susceptibility testing methods

Method Accuracy % Cost Skills/equipment Coverage

Proportion method .95 Low No All drugs

BACTEC radiometric .95 High Yes Most drugs

Manual MGIT .90 Medium No Several drugs

Automated MGIT 960 .90 High Yes R, H, E, S

E-Test .90 Medium No R, H, E, S

DNA sequencing .90 (for R) High Yes Several drugs

Solid-phase hybridization test .95 High Yes R

FastPlaque TB .90 Low/medium Some skill R, H

MB/BacT .95 High Yes R, H, E, S

ESP System II .93 High Yes R, H, E, S

Colorimetric methods .95 Low No Most drugs

Nitrate reduction assay .95 Low No Most drugs

MGIT: mycobacteria growth indicator tube; TB: tuberculosis; R: rifampicin; H: isoniazid; E: ethambutol; S: streptomycin.
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Polymorphic GC-rich repetitive sequence (PGRS) typing has
also been used for this purpose [99]. PGRS is the most
abundant repetitive element in the M. tuberculosis complex that
is present in numerous copies and consists of tandem repeats
of a 96 base pair (bp) GC-rich sequence. PGRS typing is mostly
used as a secondary typing method of strains with a low copy
number of IS6110.

More recently, two other PCR-based techniques have been
developed for molecular typing: genomic deletion analysis and
mycobacterial interspersed repetitive units (MIRU) typing
[100, 101]. Genomic deletion analysis uses DNA microarrays
to detect genomic deletions relative to a reference strain of
M. tuberculosis. It can be used to provide insights into the
epidemiology, genomic evolution, and population structure of
M. tuberculosis.

The MIRU typing is based on the variability in the numbers of
tandem repeats that are 40–100 bp elements dispersed in
intergenic regions of the M. tuberculosis genome; a total of 41
loci have been identified in M. tuberculosis with 12 of them
showing polymorphism. This typing technique has been
compared with RFLP typing and spoligotyping producing
more distinct patterns [102]. It is currently accepted that MIRU-
based techniques will eventually replace classical IS6110 RFLP
typing once a standardised protocol has been developed [103].

SEROLOGICAL DIAGNOSIS OF TB
An important issue for the control of TB is the ability for
diagnosis and treatment of latent infection. The traditional
method to assess this has been the TST. The PPD utilised in the
TST has been used for 50 yrs to diagnose TB in the clinic and
for screening in TB control programmes for epidemiological
purposes [8]. PPD is a crude mixture of antigens with the
limitation that some of them are shared among M. tuberculosis,
M. bovis BCG and some NTM. Due to this, TST has a low
specificity in BCG-vaccinated populations and those pre-
viously exposed to NTM [11]. Sensitivity can also be low in
immunosuppresed individuals, such as those infected with
HIV.

Different types of blood tests have been proposed for serologic
diagnosis of TB [5, 104, 105]. The first studies using partially
purified antigens allowed the detection of anti-mycobacterial
antibodies in TB patients, but the tests showed poor specificity
[106]. The use of highly purified native or recombinant
antigens increased specificity, but decreased sensitivity. It
has also been found that the degree of humoral response to TB

is heterogeneous [107]; for this reason, the use of serodiagnos-
tic tests based on mixtures of multiple M. tuberculosis antigens
has been proposed [108]. However, until now, none of these
tests have shown to be predictive enough to warrant their
routine use as diagnostic tests for TB.

OTHER NON-MICROBIOLOGICAL DIAGNOSTIC
TECHNIQUES
Among the non-microbiological diagnostic techniques applied
for tuberculosis, the detection of adenosine deaminase (ADA)
has received most attention as an indirect method of diagnosis.
ADA is an enzyme present in most cells, but has been found to
be increased in tuberculous pleural effusions (TPE). Diagnosis
of TPE is difficult due to the low sensitivity of direct
microscopy and culture. Furthermore, lymphocytic exudates
can occur in other diseases, such as malignancy and systemic
lupus erythematosus [109]. Determination of ADA levels has
been praised as a promising marker since it can be performed
easily, rapidly and at a low cost by a colorimetric method. LEE

et al. [110] have shown that ADA levels found in other groups
of patients did not exceed the diagnostic cut-off level for TPE.
Other studies have assessed the usefulness of measuring ADA
levels in cerebrospinal fluid for diagnosis of tuberculous
meningitis, and in serum for diagnosis of pulmonary TB.
These studies showed that measuring ADA levels was not a
good marker for diagnosis [111, 112].

More recently, the combined use of PCR and ADA for the
diagnosis of TPE in a region of high prevalence of TB allowed
confirmation of the disease in 14 out of 16 positive patients. As
recommended, ADA should not be used to replace current
diagnostic methods, but as an extra tool in the diagnosis [113].

IMPLEMENTATION AND PERSPECTIVES FOR NEW
DIAGNOSTIC METHODS
Several new diagnostic approaches have been proposed for TB
and several others will surely appear in the near future. The
most important consideration to take into account for new
diagnostic methods is that they should be as good as or better
than the currently existing tools and, at the same time, be
adequate for low-resource countries where the burden of TB is
more important. For example NAA methods, especially the
commercial kits that have the advantage of being well
standardised and reproducible, have shown to be highly
sensitive and specific in smear-positive samples; however,
these values are much lower in smear-negative samples or in
extrapulmonary specimens where the usefulness of these new

TABLE 2 Sensitivity and specificity of nucleic acid amplification methods in different samples#

Amplicor" AMTD Real-time PCR BDProbeTec+

Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity

Smear positive pulmonary 97 .95 92–100 .95 78 100 90–100 92

Smear negative pulmonary 40–73 .95 40–93 .95 78 100 33–100 83–97

Extrapulmonary 27–98 .95 93 .95 80 100 76 .90

Data are presented as %. AMTD: amplified Mycobacterium tuberculosis direct test. #: adapted from references [22] and [91]; ": Amplicor M. tuberculosis test; +: amplified

M. tuberculosis direct test.
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tools would be much more desirable. The cost is another
important consideration, since at the current prices these
commercial kits are still out of the reach of most TB diagnostic
laboratories in low-resource countries. Other molecular proce-
dures even call for the use of sophisticated expensive
equipment and highly-skilled personnel that are available
only in developed countries or in central laboratory facilities in
TB endemic countries. As long as these constraints are not
properly addressed, expensive commercial kits making use of
NAA techniques will remain restricted to developed countries
or academic and research laboratories with the appropriate
funding, but far away from of the TB control programmes.

Concerning serological approaches for the diagnosis of TB,
none of the several tests proposed until now using a variety of
mycobacterial antigens have shown to be predictive enough to
warrant their routine use as a diagnostic test for TB.
Apparently, tests using a cocktail of antigens, rather than a
single more specific antigen, have given better results. The new
ELISA-based tests like the QuantiFERON-TB test and the T
SPOT-TB assay, which measure the production of IFN-c by
activated T cells, are promising; however, more studies are
needed in different settings to assess their usefulness as a
diagnostic tool in certain populations, such as those subjects
immunosuppresed by HIV infection or other diseases, and in
children. The cost of these tests, since they are also available as
a commercial kit, will have an impact on the feasibility for their
implementation on a routine basis in the future.

The phage-based tests have also been evaluated in different
settings either as a commercial kit or as the in-house method.
The low sensitivity obtained in some of these studies could
have been due to low infectivity of the phages, which also can
be affected by the age and condition of the samples [35]. In
contrast, in the studies where the phage-based methods have
shown an increased sensitivity as compared with direct
microscopy and culture, the volume of sample used was up
to five-times higher than that used for culture. It seems that, in
their current format, the phage-based assays are not ready as a
tool to improve diagnosis of TB. However, they seem to be
appropriate for rapid rifampicin resistance detection [73].

Many studies, in the search for newer and rapid TB diagnostic
methods, are done with the hope of finding the ‘‘magic bullet’’,
allowing diagnosis of TB in a matter of hours or on the spot.
Maybe this should not be the way, and researchers should not
rule out simple and pragmatic approaches that are closer to
what is feasible to be implemented in TB diagnostic labora-
tories in high-endemic countries. For example, a simple
technique as described by MEJIA et al. [114] and based on the
rapid detection of micro-colonies of M. tuberculosis under a
standard microscope, allowed detection of .60% of the
positive samples within the first 10 days, and after 2 weeks
.80% were positive with the micro-colony method compared
to 10% on LJ medium. The same authors, in a report
comprising .1,800 clinical samples, showed a sensitivity of
72% as compared with standard cultivation in LJ medium and
conclude that the simultaneous use of both media increased
sensitivity of detection [115]. Other recent approaches, like the
one described by ANGEBY et al. [79], using the reduction of
nitrate should be explored as a rapid diagnostic tool. Culture
media incorporating potassium nitrate and rifampicin could be

used directly on decontaminated sputum samples to detect not
only M. tuberculosis, but also rifampicin-resistant bacilli at the
same time. The same approach could be used with the recently
described colorimetric methods, incorporating coloured indi-
cators in the medium and inoculating directly with decon-
taminated sputum samples.

A final consideration is that any new method or approach,
sophisticated or not, commercial or in-house, should be
evaluated in well-designed and controlled clinical trials and
tested in high-endemic, low-resource settings where the
implementation and use of these methods are more needed
to contribute to the improvement of tuberculosis control.
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