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One-third of the global population is
believed to be infected with bacteria 
of the Mycobacterium tuberculosis
complex, the causative agent of
tuberculosis. More than 8 million new
cases of tuberculosis occur annually
leading to 2 million deaths. Mortality 
is particularly high in those coinfected
with HIV and where the bacteria 
are multiple-drug-resistant strains—ie,
strains resistant to at least isoniazid and
rifampicin. Early diagnosis of tuberculosis
and drug resistance improves survival
and by identifying infectious cases
promotes contact tracing, imple-
mentation of institutional cross-infection
procedures, and other public-health
actions. This review addresses significant
advances made in the diagnosis of
infection, clinical disease, and drug
resistance over the past decade. It
proposes operational criteria for a
modern diagnostic service in the UK (as a
model of a low-incidence country) and
explores some of the economic issues
surrounding the use of these techniques.

Lancet Infect Dis 2003; 3: 141–47

The 20th century saw many advances in
the battle against tuberculosis but still this
disease kills between 2 and 3 million
people worldwide annually, and is
resurgent in regions of the world where it
was once thought to be conquered. It has
been estimated that one-third of the
world’s population—almost 2 billion
people—is infected with the causative
bacterium, Mycobacterium tuberculosis. The emergence of drug
resistance, especially multiple drug resistance, and increasing
coinfection with HIV has fuelled the current pandemic.

The incidence of M tuberculosis began to decline rapidly
from the start of the 20th century in developed countries with
improvements in sanitation and housing. These trends were
accelerated by the introduction of BCG vaccination and 
the discovery of antimicrobials such as streptomycin, 
which were used in effective combinations established in 
a series of landmark trials by the British Medical Research
Council, the USA Public Health Service, and their partners.1

The development of these standardised short-course drug
regimens of 6–8 months supported by accurate 
quality-assured laboratory services is at the core of 
modern tuberculosis-control programmes.

Here we review recent advances in the diagnosis of
tuberculosis, clinical infection, and drug resistance, and
propose a scheme for a modern diagnostic service in a low-
incidence country (figure).
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Microscopic examination
In 1882, Robert Koch demonstrated his microscopic staining
technique for M tuberculosis. In spite of modern advances,
microscopy remains a cornerstone of tuberculosis control
because it identifies sputum-smear-positive (most
infectious) cases and is rapid and cheap, although has a
limited specificity. Fluorescent-staining methods offer
higher specimen throughput and possibly greater sensitivity.

Modern rapid automated mycobacterial liquid
culture systems
Traditionally, culture has been grown on solid and liquid
media such as Löwenstein-Jensen (LJ), or Kirchner and the
various Middlebrook formulations (7H9, 7H10, and 7H11).
The time to detection of growth of a mycobacterial species can
be shortened significantly with the use of an automated or
semi-automated liquid culture system. Radiometric liquid
culture using a broth with radiolabelled 14C-palmitate as its
sole carbon source has been available for many years.2 The
widespread adoption of semi-automated rapid liquid culture
systems was frustrated by the demands on staff time and the
difficulties associated with the disposal of radioisotopes. 

New fully automated systems that rely on non-radiometric
detection of growth have been developed such as the MB/BacT
(Biomerieux), BACTEC 9000 (Becton Dickinson), and the
Mycobacterial Growth Indicator Tube (MGIT; Becton
Dickinson). Many studies have compared the different culture

systems available.3–8 These systems measure changes in gas
pressure, carbon dioxide production, or oxygen consumption
either fluorimetrically or colorimetrically. And need no
further operator input (after loading) until the system signals
positive. In general, studies have shown that mycobacteria
from smear-positive sputa become detectable in roughly 
14 days and most mycobacteria are isolated within 21 days. 

Major recent studies are summarised in table 1. Hanna et
al,8 for example, did a multicentre evaluation of Bactec 460
tuberculosis, Bactec MGIT 960, and solid culture media for
the isolation of mycobacteria. Their findings were that solid
media (LJ slopes and Middlebrook 7H11 plates) gave recovery
rates of 79% with mean time to detection of M tuberculosis of
24·1 days, whereas Bactec 460 tuberculosis had a mean time to
detection of 15·2 days, and Bactec MGIT 960 14·4 days. The
greatest isolation rates were obtained from a combination of
solid media and Bactec 460, giving overall recovery rates of
97%. Solid media allows prolonged and inexpensive
incubation of cultures. The importance of skilled and
experienced staff cannot be overemphasised. Contamination
rates have been high when inexperienced and untrained staff
have used these systems.

Identification of cultures
The genus mycobacterium includes the M tuberculosis
complex (M tuberculosis, Mycobacterium bovis, Mycobacterium
africanum, Mycobacterium microti, and Mycobacterium
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Table 1. Major studies of commercial systems for the rapid detection in culture of M tuberculosis

Study Number Respiratory Non- Systems Recovery Recovery Recovery  TTD TTD TTD 
of respiratory rates rate rate all M tb NTM all
specimens (M tb) NTM mycobacteria
(% +ve)

Chew 603 ·· ·· MGIT 92 ·· 93 22 ·· 22
et al 19985 (12·8%) Bactec 460 TB 97 ·· 95 14 ·· 14

LJ 95 ·· 87 27 ·· 27
7H11 76·0 27·3
Bactec 460 TB 90 50 75 15·2 ·· 12·5
Solid media 79 67 69 Not given ·· ··

Pfyffer 3095 2643 452 Bactec 9000 83·5 58·7 75 12·2(+)18·1(-) 15·1 15·9
et al 19973 (14·6%) Bactec 460 91·9 76·1 86·5 9·3(+) (15·6(-) 17·3 15·4

Solid 85·5 33·6 67·6 28·4(+) 28·5(-) 31·3 27·2
Piersimoni 1766 ·· ·· MB/BacT alert 3D 91·3 51·6 78·8 11·5(+) 19·9 (-) 19·6 ··
et al 20019 (10·1%) BACTEC 97·8 67·7 87·1 8·3 (+) 16·8 (-) 16·6 ··

LJ 78·3 47·1 64·2 11·7 (+) 21·3 (-) 27·8 ··
Rohner 1078 633 445 MB/BacT 93·6 16·6 86·3 ·· ·· 17·5
et al 199710 (6·7%) BACTEC 12B ·· 33·3 91·8 ·· ·· 14·3

Egg-based media Bactec 460 TB 84·1 50 79·5 ·· ·· ··
Somoskovi 377 339 38 MGIT 960 96·4 100 96·5 12·6 (+) 15·8 (-) ·· 13·2
et al 200011 (15%) BACTEC 460 TB 92·7 100 93·0 13·8 (+) 17·7 (-) ·· 16·8

LJ 81·8 50 80·7 20·1 (+) 42·2 (-) ·· 36·2
Tortoli  2673 1682 991 ESP culture system II 85·3 70 79 19·0 ·· 9·33
et al 199812 (8·2%) BACTEC 460 TB 97·7 77 89 18·6 ·· 17·77
(multicentre) LJ 82·9 37·8 64·4 28·6 27·78
Tortoli 2567 1770 797 MGIT 960 88 61·2 80 14·3 ·· 13·34
et al 199913 (9·2%) BACTEC 460 92 71·6 85 14·9 ·· 14·8
(multicentre) LJ 74 64 71 25·0 ·· 25·67
Williams-Bouyer 3151 1774 1377 MGIT 960 84·6 66·4 63·9 12·8 ·· 13·1
et al 200014 (7·3%) ESP culture system II 73·8 68 71·2 18·7 ·· 16·9

Middlebrook 7H11 87·7 55·2 61·8 19·2 ·· 19·2
Van Griethuysen 2005 ·· ·· Bactec 9000 96·7 79·5 91·6 7·5 12·6 8·7
et al 199615 (10·1%) Septi-chek AFB 81·5 76·9 80·2 14·2 12·1 13·6

LJ 83·5 57·0 79·9 10·7 18·9 12·2

TTD=time to detection (days); Mtb=M tuberculosis; NTM=non-tuberculous mycobacteria; (+)=smear positive; (–)=smear negative
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canetti), which can all cause tuberculosis in human beings, and
other environmental and opportunistic pathogens such as
Mycobacterium avium, Mycobacterium intracellulare, and
Mycobacterium kansasi. Non-tuberculous-mycobacteria
(NTM) usually cause disease in certain groups, particularly the
immunocompromised. Mycobacterial cultures are typically
identified by microscopic appearance, growth characteristics,
and biochemical tests. More rapid identification of 
M tuberculosis complex can avoid unnecessary isolation of
patients with NTM and implementation of costly and toxic
treatment regimes. 

Probe detection methods, such as Accuprobe (Gen-Probe
Inc) targeting ribosomal RNA, can identify M tuberculosis
complex, M avium, M intracellulare, M avium complex, 
M gordonae, and M kansasii. These methods are rapid and
simple to do, giving results in 1–2 hours with accuracy
estimated to be above 90%, but cover a limited range of
species16 An alternative approach to distinguish the 
M tuberculosis complex and NTM cultures using peptide
nucleic acids has been used with success.17,18

Other commercially available rapid identification tests use
PCR followed by reverse hybridisation to identify the most
clinically significant mycobacteria (eg, LiPA Mycobacteria kit,
Innogenetics, Ghent, Belgium).19 The system proved reliable in
routine evaluations with 100% sensitivity from cultures and
greater than 99% specificity,16,19 but the cost of these kits in
routine use is prohibitive. 

PCR restriction enzyme analysis of the hsp65 gene is a
more complex technique, but it is more economical, flexible,
and can identify mycobacteria from culture in 1–2 days.20,21

Sequencing of the 16S rRNA gene also allows the rapid
identification of mycobacteria, but is relatively labour
intensive and is best suited to the reference laboratory, which
can identify and monitor rare and less clinically significant
mycobacteria as well as typical pathogens.22

The use of rapid identification tests in combination with
rapid culture has greatly reduced overall turn-around times
for mycobacteriology laboratories and is now the system of
choice where funding is possible. In England and Wales all
new cultures submitted to the Public Health Laboratory
Service (soon to become the Health Protection Agency)
Mycobacterium Reference Unit and Regional Centres (PHLS
MRU and RCMs) have been analysed for M tuberculosis using
these systems since 1999.

Drug susceptibility testing 
Drug susceptibility testing (DST) is only of value when it is
quality controlled for accuracy. The UK (as well as European
and World Health Organization) guidelines emphasise the
importance of submitting mycobacterial cultures to the PHLS
MRU and RCMs and Scottish Mycobacterium Reference
Laboratory in Scotland.23 In general, DST analysis should be
done at specialist national and regional centres.

Rapid culture systems are also being applied to
susceptibility testing and have shown potential reductions in
turn-around times from 21 days for LJ-based testing to 9·5
days mean for MGIT-AST24 and 4–12 days for Bactec 960TB.25

Molecular amplification for detection and drug
susceptibility
Direct nucleic acid amplification methods have potential
application in the rapid detection of mycobacteria in
primary specimens, but problems of sensitivity remain.
Major studies are summarised in table 2.26–32

There are two main commercially available nucleic acid
amplification-based kits for the diagnosis of active
tuberculosis that are currently approved by the US Food and
Drug Administration—amplified Mycobacterium tuberculosis
direct test (MTD test, Gen-Probe, approved 199533) and
Amplicor M tuberculosis test (Roche, approved 199634).
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Table 2. Major studies of commercial kits for the molecular detection of M tuberculosis

Study No Source Tests Overall (%) Smear +ve specimens (%) Smear –ve specimens (%)
specimens Sens Spec PPV NPV Sens Spec PPV NPV Sens Spec PPV NPV

Tortoli et al 199726 511 362R LcX 95·5 99·3 97·3 98·8 97·8 100 100 92·3 85·7 99·2 85·7 99·2
147X

Tortoli et al 697 584R Amplicor 75·5 99·8 ·· ·· 94 100 ·· ·· 36 99·8 ·· ··
199927 multicentre 113X LcX 85·7 99·5 ·· ·· 93 100 ·· ·· 70·2 99·4 ·· ··
Eing et al 199828 1681 943R Cobas Amplicor 66·3 99·7 94·4 97·7 87·5 ·· ·· 99·4 56·5 99·7 90·7 97·9

738X In-house 91·1 99·8 97·9 99·4 96·9 ·· ·· 99·4 88·4 99·8 96·8 99·5
IS6110 PCR

Scarparo 486 296R AMTD II (R) 85·7 100 100 90·4 91·7 100 100 95·5 65·5 100 100 94·4
et al 200029 190X (X) 82·9 100 100 95·5 88·0 100 100 98·0 75·0 100 100 96·1

Cobas Amplicor (R) 94·2 100 100 96·0 98·9 100 100 99·4 75·0 100 100 96·6
(X) 85·0 100 100 96·1 95·8 100 100 99·3 68·7 100 100 96·7

Della-Latta 1385 1385R AMTD 97·1 99·5 ·· ·· 100 100 ·· ·· 92·9 99·5 ·· ··
et al 199830 1380 1380R Amplicor 96·7 100 ·· ·· 97·4 100 ·· ·· 95·9 100 ·· ··
Piersimoni 457 273R AMTD II (R) 92·8 99·4 98·5 97 100 100 100 100 85·3 99·4 96·7 97·3
et al 199831 184X (X) 78·6 99·3 95·6 96·2 100 100 100 100 64·7 99·3 91·7 96·2

LCx (R) 75·7 98·8 96·4 90·5 91·6 100 100 98·3 58·8 98·8 90·9 92·7
(X) 53·6 99·3 93·7 92·1 81·8 100 100 98·8 35·3 99·3 85·7 93·2

Gamboa 755 755R Cobas Amplicor 92·4 100 100 96·5 100 ·· ·· ·· 59·6 ·· ·· ··
et al 199832 MTD

Manual Amplicor 90·8 100 100 95·8 100 ·· ·· ·· 51·0 ·· ·· ··
MTD

Figures shown are after resolution of discrepant data· Sens=test sensitivity; Spec=test specificity; R=respiratory specimens; X=extra-respiratory specimens; PPV=positive predictive

value; NPV=negative predictive value.
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Initially both tests were approved only for use on smear-
positive clinical specimens but in 1999 a reformulated MTD
test, MTD II, was approved for use in both smear-positive and
smear-negative patients suspected of having pulmonary
tuberculosis.35 Both tests show comparable results, with the
fully automated Cobas Amplicor system being more
applicable to routine laboratories. MTD lacks an internal
control and, although not affecting sensitivity of the initial test,
such controls are useful indicators for repeat testing.

Ligase chain reaction (LCx, Abbott Laboratories)36 is a
more recent addition to the market and has been assessed with
apparently high sensitivity (97–99%) and specificity
(90–100%).25,37

A fourth commercially available kit for
the detection of M tuberculosis in clinical
samples is the Rif LiPA tuberculosis, which
has the additional benefit of identifying
rifampicin resistance. This kit shows
concordance rates with culture of 92–100%
for the identification of rifampicin resistance
from culture,38,39 and showed 94·7%
correlation with culture for identification
from primary sputa and broncheolavage
specimens and 100% correlation with
subsequent susceptibility testing.39

Many laboratories have developed in-
house PCR tests for detection from clinical
samples. The majority of these are based on
the IS6110 insertion sequence, due to its
presence in multiple copies in most isolates.
Other target genes include MBP64, rpob, and
hsp65.40–42 Smaller scale in-house diagnostic
assays using mRNA have also been
developed.43,44 The development of
microarray technology permits speciation
and identification of mutations in genes
associated with drug resistance;45,46 but the
mechanism of resistance is understood only
in the case of selected first-line or second-line
drugs. The expense and limitations of these
tests at present limit their routine application
to cases of patients in which multidrug-
resistant tuberculosis (MDRTB) or
rifampicin monoresistance is suspected. 

All assays must be rigorously assessed before
incorporation into routine diagnostic use and a quality control
scheme has to be implemented to ensure the continued
accuracy and performance of the test. This scheme should
include tests for non-specific inhibition, with positive and
negative control samples present each time the test is done.
This requirement was shown in a blind comparative study
across seven laboratories by Noordhoek et al,47 which showed
false-positive rates of 3–20%, and 77% in extreme cases. In a
later analysis involving 30 laboratories in 18 countries only five
laboratories correctly identified the presence or absence of
mycobacterial DNA in blinded panels of 20 sputum samples
containing 0, 100, or 1000 mycobacterial cells.48 Seven
laboratories correctly detected mycobacterial DNA in all
positive samples and 13 laboratories correctly reported the
negative samples; reliability was not associated with any
particular method. Results should always be interpreted in
parallel with clinical findings and a negative result should not
exclude the diagnosis of tuberculosis.

Phenotypic detection
PCR-based detection assays are not yet suitable for
laboratories in very resource-poor settings. Alternative
phenotypic assays based on mycobacteriophages have been
developed and also applied to the determination of drug
resistance.49–54 The incorporation of the lux gene, which codes
for luciferase, into the phage allows detection of
mycobacteriophage through emission of light and thus
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Panel 2. Rapid diagnostic techniques would:
1 Allow the most infectious tuberculosis patients to be 

identified earlier, reducing transmission
2 Allow drug-resistant and particularly MDRTB patients to 

be identified earlier 
3 Prevent the emergence of MDRTB by identifying single drug 

resistance earlier; drug-resistant cases are more difficult to 
treat and require more prolonged (and more costly) therapy

4 Allow the early appropriate isolation of MDRTB patients in 
negative pressure rooms, reducing the number of future cases.

5 Reduce the transmission of MDRTB, particularly in 
hospitals and residential care facilities and allow the early 
institution of correct therapy to MDRTB patients 
improving survival and reducing infectivity. 

Panel 1. Criteria for a modern mycobacterial service
1 Microscopy. Within the UK, all laboratories performing microscopy should

screen samples, preferably using auramine-phenol within 1 working day.
2 Culture. Rapid automated non-radiometric continuous mycobacterial liquid 

culture systems should be used in addition to solid culture. Positive cultures 
should continue to be referred to regional or national reference units for 
identification and drug susceptibility testing (and to equivalent centres in other 
low incidence countries).

3 Identification. Positive cultures from these systems should be analysed using 
DNA hybridisation or comparable systems for the presence of M tuberculosis.

4 Drug susceptibility. Susceptibility to isoniazid and rifampicin as an absolute 
minimum should be established within 30 days; conventional analysis for 
remaining first-line drugs, should be done before the completion of the intensive 
phase of tuberculosis therapy (60 days), and within 30 days wherever possible.

5 The above will require a partnership between national disease control agencies 
and health services.

6 Molecular services such as those provided by the PHLS MRU, and other major 
centres for the diagnosis of tuberculosis in sputa, tuberculosis meningitis, and 
the detection of rifampicin resistance in primary and reference specimens 
should be provided only where there is an adequate infrastructure. All staff 
should be proficient in the methods used, appropriately qualified, use 
standardised methods with adequate and appropriate positive and negative 
controls. Smear-positive pulmonary specimens and precious specimens such 
as biopsies and cerebrospinal fluid should have priority.

7 A cost-effective approach to implementing the above would be a phased 
introduction of the new standards initially to cover all smear-positive samples, 
with the subsequent application of rapid culture, identification, and 
susceptibility testing for all mycobacterial specimens. As an absolute minimum, 
specimens from all infectious cases of tuberculosis, from putative cases of 
tuberculosis meningitis, and others taken through invasive means must be 
processed only by a laboratory meeting these standards.
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indirectly allows detection of viable M tuberculosis.49 Although
this technology is expensive, cheaper solutions using polaroid
film chambers have been produced. An alternative for
detection of replicating phage involves the manual plating of
phage onto a lawn of the rapidly growing host Mycobacterium
smegmatis. Plates can then be read visually by enumeration of
clear areas or plaques on the lawn.50–52 This technology can also
be applied to susceptibility testing of M tuberculosis.52–55

Extrapulmonary tuberculosis
Extrapulmonary tuberculosis can present particular
problems of diagnosis, especially neural tuberculosis 
where bacterial numbers in the cerebrospinal fluid (CSF) 
are very low and consequently smear has a sensitivity of 
only 10–20%. Alternative methods have been developed 
to combat this low sensitivity, the most widely applied 
being PCR, with several commercially available kits being
assessed for use on CSF and other extrapulmonary
specimens. As mentioned earlier, many laboratories have
developed in-house PCR methods; sensitivities and
specificities are high but the same precautions regarding
contamination prevention and use of rigorous control
procedures apply as to PCR on pulmonary samples. 
High performance liquid chromatography methods for 
the detection of tuberculostearic acid in CSF and other
samples,56–59 show high sensitivity and specificity but 
are costly and require skilled laboratory personnel and 
so are unlikely to be widely applied outside a reference
setting.

Latent tuberculosis and skin testing
The ability of tuberculosis to infect a patient and remain latent
for many years before reactivation is a key obstacle to the
control and elimination of tuberculosis. Failure to identify and
treat latently infected individuals allows the chain of
transmission to continue. Testing for latent tuberculosis has
typically been done by health-care workers in the form of
tuberculin skin testing (TST). The widespread use of BCG
vaccination in countries such as the UK, crossreacting
environmental antigens, and the presence of anergy in rare
cases confounds this test and a more accurate replacement is
required. 

The recent development of the ELISPOT assay which
measures interferon � production from whole blood or
peripheral blood mononuclear cells (PBMC) stimulated with
either purifies protein derivative (PPD) or more specific
antigens has shown promise as a test for latency.60–62 The
Quantiferon tuberculosis test (Cellestis Ltd, WA, USA), which
uses PPD to stimulate whole blood, recently gained FDA
approval.63 Studies using ESAT-6 or CFP-10, two antigens that
are absent from the BCG vaccine, have also shown a great deal
of promise in outbreak investigations. This test is still being
assessed and is not yet commercially available.60

The MPB64 skin-patch test provides an approach to
distinguish active tuberculosis from PPD-positive healthy
controls. During initial evaluation in Japan64 this test showed a
sensitivity of 98%, with specificity of 99%. A later assessment
in Manila, Philippines, saw a slightly lower sensitivity of 88%
with specificity still high at 100%.65

Aim and strategy for a modern integrated service
Countries such as the UK, USA, and those in western Europe
have a similar geographical tuberculosis distribution—a low
overall tuberculosis incidence with “hot spots” of high
incidence (eg, London, New York City, Paris).

The Centers for Disease Control and Prevention (CDC)
in the USA formulated recommendations for the diagnosis
and control of tuberculosis in 1993,66,67 which have been
revised for the UK. The CDC recommendations included
laboratory standards for the detection by smear and culture,
and for identification and antibiotic susceptibility for
bacteria of the M tuberculosis complex. Microscopic smear
examination using auramine-based staining should occur
within 24 h of receipt of the specimen. Isolation and
identification of M tuberculosis complex should occur within
14–21 days. The whole process, including first-line
susceptibility results, should be completed within 30 days of
specimen receipt.

We have proposed revised criteria in which the 30-day
target is retained for primary culture, identification, and
determination of resistance to isoniazid and rifampicin as a
minimum, with drug susceptibility for remaining first-line
drugs available before the completion of the intensive phase
of tuberculosis therapy at 60 days,68 and within 30 days
wherever possible. Panel 1 summarises the principal
recommendations for a modern mycobacterial service for a
low incidence country like the UK. Panel 2 summarises the
benefits of a rapid mycobacterial diagnostic service. The UK
Department of Health is developing an action plan for the
management of tuberculosis that emphasises the importance
of early accurate diagnosis.

So why modify the original USA standard? At that time,
our understanding of resistance at the molecular stage was
just developing and only a handful of centres were able to
identify mutations associated with resistance. The modified
standard agrees that identification and drug-susceptibility
testing for isoniazid and rifampicin resistance should be
done within 30 days, as an absolute minimum, with
remaining first-line drug susceptibility determined within 60
days. Technological and quality issues have meant that the
performance of ethambutol and pyrazinamide resistance
testing has lagged behind that of isoniazid and rifampicin
resistance.

With an emphasis on the early identification of isoniazid
and rifampicin, the two most important therapeutic agents,
susceptibility testing for these two drugs can be separated
from the rest, which are technically more difficult to do. The
immediate goal should be the identification of M tuberculosis
complex and rifampicin resistance, at least in sputum-
smear-positive samples, within 1 week. This would allow
early identification of patients with MDRTB, and also the
identification of those patients who have risk factors for drug
resistance but who do in fact have drug-sensitive disease.
Increasingly, clinicians have decided that using molecular
services to identify rifampicin resistance as a surrogate for
MDRTB within 1 week is of value.68

Rapid drug-susceptibility testing within 30 days would be
done for the key drugs, isoniazid and rifampicin, for those
reasons given above. Drug susceptibility results for remaining
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first-line drugs should, as a minimum, be available before the
completion of the intensive phase of tuberculosis therapy (60
days) and wherever possible within 30 days

Financial considerations
In any service the cost of the analysis needs to be offset against
the individual clinical and population public-health benefits.
The cost of universal application of molecular-amplification-
based technology cannot currently be supported. Application
should be targeted at high-risk groups such as the
immunocompromised, those with risk factors for drug-
resistant tuberculosis, and those groups in which failure to
diagnose tuberculosis will lead to catastrophic consequences
(for instance, tuberculosis meningitis). The cost-benefit
calculation could of course be subject to change, for example if
the incidence of MDRTB—currently around 1% of all UK
cases—was to undergo a significant increase. 

For automated rapid liquid culture systems, the
containment and infrastructure costs of automated media
systems need to be considered carefully. The early and efficient
identification of patients with MDRTB (and the equally
important proof of drug sensitivity) can ensure that MDRTB
therapy and patient isolation is appropriately targeted.
Considerable savings can result. For example, at one London
centre rapid tuberculosis identification and determination of
rifampicin susceptibility in patients inappropriately isolated
would have produced potential savings of between £50 000
and £150 000 in 1 year.68,69

A 199770 report into the use of rapid diagnostic tests for
tuberculosis in the USA concluded that a change to rapid
methods would enable laboratories to diagnose patients 38%
faster, doctors to initiate therapy 4·6 days sooner, and
mortality would be reduced by 31%. The reduction in medical
costs achieved would be 18% (US$272) per patient assessed.

Further advances in rapid culture have since been introduced
and savings are also likely to have increased.

The number and/or scope of contact-tracing
investigations would also be reduced in scenarios where an
infectious case has risk factors for MDRTB but is shown
subsequently to be drug sensitive on rapid testing. 

A cost-effective modification of the above standards is
outlined in the figure, which focuses on the identification of
infectious and drug-resistant cases reflecting the fact that more
than 90% of tuberculosis cultures in the UK are drug sensitive.
In this scheme all hospital laboratories would, as a minimum,
send smear-positive pulmonary specimens from a patient
(together with precious samples such as cerebrospinal fluid)
for culture in appropriate centres. This process would ensure
that the most infectious patients and those with drug-resistant
isolates were identified at the earliest possible time wherever
they appeared nationally. Such a process should be funded
publicly throughout the UK.

Conclusion
There is a need to urgently address deficiencies in the
diagnostic service for tuberculosis. There have been many
advances in methodology for tuberculosis diagnosis and
earlier diagnosis is of value clinically, and through the early
institution of appropriate drug therapy is of public-health
benefit. Nevertheless, many diagnostic tests have given
promising results initially only to prove less effective in
routine use. This is frequently due to bias resulting from
non-independent interpretation of test results. 

While, at present many of these techniques are only
economically viable in the developed nations, it is to be
hoped that recent advances will lead to the development of
novel diagnostic strategies applicable to use in developing
nations, where the burden of tuberculosis is greatest and
effective intervention most urgently required.
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Search strategy and selection criteria
Data for this review were identified by searches of Medline for
papers on “and diagnosis” and “tuberculosis and drug
susceptibility testing” and references from relevant articles.
Since the review was concerned with modern methods of
diagnosis only papers published in the past 10 years were
considered (from 1992). Papers were considered where they
included specific data on the diagnosis of tuberculosis in
specimens or cultures, with or without other data on
mycobacteria. Only English language papers were reviewed.

References
1 Fox W, Ellard GA, Mitchison DA. Studies on 

the treatment of tuberculosis undertaken by the
British Medical Research Council Tuberculosis
Units 1946-1986, with relevant subsequent
publications. Int J Tuberc Lung Dis 1999; 10 
(suppl 2): 231–79.

2 Heifets LB, Good RB. Current laboratory methods
for the diagnosis of tuberculosis. In: Bloom BR, ed.
Tuberculosis, pathogenesis, protection and control.
Washington: American Society for Microbiology,
1994: 85–110.

3 Pfyffer GE, Cieslak C, Welscher H-M, Kissling P,
Rusch-Gerdes S. Rapid detection of mycobacteria in
clinical specimens by using the automated BACTEC
9000 MB system and comparison with radiometric
and solid-culture systems. J Clin Microbiol 1997a;
35: 2229–34.

4 Pfyffer GE, Welscher H-M, Kissling P, et al.
Comparison of the Mycobacteria Growth Indicator
Tube (MGIT) with radiometric and solid culture

for recovery of acid-fast bacilli. J Clin Microbiol
1997b; 35: 364–68.

5 Chew WK, Lasaitis RM, Schio FA, Gilbert GL.
Clinical evaluation of the Mycobacteria Growth
Indicator Tube (MGIT) compared with radiometric
(Bactec) and solid media for isolation of
Mycobacterium species. J Med Microbiol 1998; 47:
821–27.

6 Magee JG, Freeman R, Barrett A. Enhanced speed
and sensitivity in the cultural diagnosis of
pulmonary tuberculosis with a continuous
automated mycobacterial liquid culture (CAMLiC)
system. J Med Microbiol 1998; 47: 547–53.

7 Benjamin WH, Waites KB, Beverly A, et al.
Comparison of the MB/BacT system with a revised
antibiotic supplement kit to the BACTEC 460
system for detection of mycobacteria in clinical
specimens. 
J Clin Microbiol 1998; 36: 3234–38.

8 Hanna BA, Ebrahimzadeh A, Elliot LB, et al.
Multicenter evaluation of the BACTEC MGIT 960

system for recovery of mycobacteria. J Clin
Microbiol 1999; 37: 748–52.

9 Piersimoni C, Scarparo C, Callegaro A, et al.
Comparison of MB/Bact alert 3D system 
with radiometric BACTEC system and Lowenstein-
Jensen medium for recovery and identification 
of mycobacteria from clinical specimens: a
multicenter study. J Clin Microbiol 2001; 39(2):
651–57.

10 Rohner P. Ninet B, metral C, Emler S, Auckenthaler
R. Evaluation of the MB/BacT system and
comparison to the BACTEC 460TB system and
solid media for isolation of mycobacteria from
clinical specimens. J Clin Microbiol 1997; 35:
3127–31.

11 Somoskovi A, Kodman C, Lantos A, et al.
Comparison of recoveries of Mycobacterium
tuberculosis using the automated BACTEC MGIT
960 system, the BACTEC 460 TB system, and
Lowenstein-Jensen medium. J Clin Microbiol 2000;
38: 2395–97.



For personal use. Only reproduce with permission from The Lancet Publishing Group.

THE LANCET Infectious Diseases Vol 3  March 2003    http://infection.thelancet.com 147

12 Tortoli E, Cichero P, Chirillo MG, et al. Multicentre
comparison of ESP Culture System II with BACTEC
460TB with Lowenstein-Jensen medium for recovery
of mycobacteria from different clinical specimens,
including blood. J Clin Microbiol 1998; 36: 1378–81.

13 Tortoli E, Cichero P, Piersimoni C, et al. Use of
BACTEC MGIT 960 for recovery of mycobacteria
from clinical specimens: a multicenter study. J Clin
Microbiol 1999; 37: 3578–82.

14 Williams-Bouyer N, Yorke R, Lee HI, Woods GI.
Comparison of the BACTEC MGIT 960 and ESP
culture system II for growth and detection of
mycobacteria. J Clin Microbiol 2000; 38: 4167–70.

15 Van griethuysen AJ, Jansz AR, Buiting AG.
Comparison of fluorescent BACTEC 9000MB system,
Septi-chek AFB system and Lowenstein-Jensen
medium for detection of mycobacteria. J Clin
Microbiol 1996; 34: 2391–94.

16 Lebrun L, Espinasse F, Poveda JD, Vincent-Levy-
Frebault V. Evaluation of non-radioactive DNA
probes for identification of mycobacteria. J Clin
Microbiol 1992; 30: 2476–78.

17 Drobniewski FA, More PG, Harris GS.
Differentiation of Mycobacterium tuberculosis
complex and nontuberculous mycobacterial liquid
cultures by using peptide nucleic acid-fluorescence in
situ hybridization probes. J Clin Mirobiol 2000; 
38: 444–47.

18 Stender H, Lund K, Petersen H, et al. Fluoresence in
situ hybridization assay using peptide nucleic acid
probes for differentiation between tuberculous and
non-tuberculous mycobacterium species in smears of
mycobacterium cultures. J Clin Microbiol 1999; 37:
2760–65.

19 Suffys PN, Silva Rocha A da, Oliveira M de, et al.
Rapid identification of Mycobacteria to species level
using INNO-LiPA Mycobacteria, a reverse
hybridization assay. J Clin Microbiol 2001; 39:
4477–82.

20 Telenti A, Marchesi F, Balz M, et al. Rapid
identification of mycobacteria to the species level by
polymerase chain reaction and restiction enzyme
analysis. J Clin Microbiol 1993; 31: 175–78.

21 Devallois A, Goh KS, Rastogi N. Rapid identification
of mycobacteria to species level by PCR-restriction
fragment length polymorphism analysis of the hsp65
gene and proposition of an algorithm to differentiate
34 mycobacterial species. J Clin Micro 1997; 
35: 2969–73.

22 Tortoli E, Nanetti A, Piersimoni C, et al. Performance
assessment of new multiplex probe assay for
identification of mycobacteria. J Clin Microbiol 2001;
39: 1079–84.

23 Interdepartmental Working Group on Tuberculosis.
UK guidance on the prevention and control of
transmission of HIV-related tuberculosis, drug-
resistant, including multiple drug-resistant
tuberculosis. London: Department of Health, 1998.

24 Cambau E, Truffot-Pernot C, Boulahbal F, et al.
Mycobacterial growth indicator tube versus the
proportion method on Lowenstein-Jensen medium
for antibiotic susceptibility testing of Mycobacterium
tuberculosis. Eur J Clin Microbiol Infect Dis 2000; 
19: 938–42.

25 Bemer P, Palicova F, Rusch-Gerdes S, Drugeon HB,
Pfyffer GE. Multicenter evaluation of fully 
automated BACTEC Mycobacteria Growth Indicator
Tube 960 system for susceptibility testing of
Mycobacterium tuberculosis. J Clin Microbiol 2002; 40:
150–54.

26 Tortoli E, Lavinia F, Simonetti MT. Evaluation of a
commercial ligase chain reaction kit (Abbott LCx) for
direct detection of Mycobacterium tuberculosis in
pulmonary and extrapulmonary specimens. J Clin
Microbiol 1997; 35: 2424–6.

27 Tortoli E, Tronci M, Tosi CP, et al. Multicenter
evaluation of two commercial amplification kits
(Amplicor, Roche and LCx, Abbott) for direct
detection of Mycobacterium tuberculosis in
pulmonary and extrapulmonary specimens. Diagn
Microbiol Infect Dis 1999; 33: 173–79.

28 Eing BR, Becker A, Sohna A, Ringelmann R.
Comparison of Roche Cobas Amplicor
Mycobacterium tuberculosis assay with in-house PCR
and culture for detection of M. tuberculosis. J Clin
Microbiol 1998; 36: 2023–29.

29 Scarparo C, Piccoli P, Rigon A, et al. Comparison of
enhanced Mycobacterium tuberculosis amplified direct
test with COBAS AMPLICOR Mycobacterium
tuberculosis assay for direct detection of
Mycobacterium tuberculosis complex in respiratory
and extrapulmonary specimens. J Clin Microbiol
2000; 38: 1559–62.

30 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: 301–10.

31 Piersimoni C, Callegaro A, Scarparo C, et al.
Comparitive evaluation of the new Gen-Probe
Mycobacterium tuberculosis amplified direct test and
the semiautomated Abbott LCx Mycobacterium
tuberculosis assay for direct detection of
Mycobacterium tuberculosis complex in respiratory
and extrapulmonary specimens. J Clin Microbiol
1998; 36: 3601–04.

32 Gamboa F, Manterola JM, Lonca J, et al.
Comparative evaluation of two commercial assays for
direct detection of Mycobacterium tuberculosis in
respiratory specimens. Eur J Clin Microbiol Infect Dis
1998; 17: 151–57.

33 MMWR. Nucleic Acid Amplification tests for
tuberculosis. MMWR Morb Mortal Wkly Rep 1996;
45: 950–52.

34 American Thoracic Society Workshop. Rapid
diagnostic tests for tuberculosis: what is the
appropriate use? Am J Respir Crit Care Med 1997;
155: 1804–14.

35 Centers for Disease Control and Prevention. Update:
nucleic acid amplification tests for tuberculosis.
JAMA 2000; 284: 826.

36 Kwiatkowska S, Marczak J, Zieba M, Nowak D.
Clinical utility of a commercial ligase chain 
reaction kit for the diagnosis of smear-negative
pulmonary tuberculosis. Int J Tuberc Lung Dis 1999;
3: 421–25.

37 Fadda G, Ardito F, Sanuinetti M, et al. Evaluation of
the Abbott LCx Mycobacterium tuberculosis assay in
comparison with culture methods in selected Italian
patients. New Microbiol 1998; 21: 97–103.

38 Beenhouwer H De, Lhiang Z, Jannes G, et al. Rapid
detection of rifampicin resistance in sputum and
biopsy specimens from tuberculosis patients by PCR
and line probe assay. Tuberc Lung Dis 1995; 76:
425–30.

39 Watterson SA, Wilson SM, Yates MD, Drobniewski
FA. Comparison of three molecular assays for the
rapid detection of rifampin resistance in
Mycobacterium tuberculosis. J Clin Microbiol 1998; 36:
1969–73.

40 Beige J, Lokies J, Schaberg T, et al. Clinical evaluation
of a Mycobacterium tuberculosis PCR assay. J Clin
Microbiol 1995; 33: 90–95.

41 Martins LC, Paschoal IA, Nowakonski A Von, et al.
Nested-PCR using MPB64 fragment improves the
diagnosis of plearal and meningeal tuberculosis. Rev
Soc Bras Med Trop 2000; 33: 253–57.

42 Dar L, Sharma SK, Bhanu NV, et al. Diagnosis of
pulmonary tuberculosis by polymerase chain reaction
for MPB64 gene: an evaluation in a blind study.
Indian J Chest Dis Allied Sci 1998; 40(1): 5–16.

43 Hellyer TJ, DesJardin LE, Hehman GL, Cave MD,
Eisenach KD. Quantitative analysis of mRNA as a
marker for viability of Mycobacterium tuberculosis. J
Clin Microbiol 1999; 37: 290–95.

44 Jou NT, Yoshimori RB, Mason GR, Louie JS, Liebling
MR. Single tube nested reverse transcriptase PCR for
detection of viable Mycobacterium tuberculosis. J Clin
Microbiol 1997; 35: 1161–65.

45 Gingeras TR, Ghandour G, Wang E, et al.
Simultaneous genotyping and species identification
using hybridization p recognition analysis of generic
Mycobacterium DNA arrays. Genome Res 1998; 8:
435–48.

46 Troesch A, Nguyen H, Miyada CG, et al.
Mycobacterium species identification and rifampin
resistance with high-density DNA probe arrays. J Clin
Microbiol 1999; 37: 49–55.

47 Noordhoek GT, Kolk AH, Bjune G, et al. Sensitivity
and specificity of PCR for detection of Mycobacterium
tuberculosis: a blind comparison study among seven
laboratories. J Clin Microbiol 1994; 32: 277–84.

48 Noordhoek GT, Embden JD Van, Kolk AH.
Reliablility of nucleic acid amplification for detection
of Mycobacterium tuberculosis: an international
collaborative quality control study among 30
laboratories. J Clin Microbiol 1996; 34: 2522–25.

49 Jacobs WR Jr, Barletta RG, Udani R, et al. Rapid
assessment of drug susceptibilities of Mycobacterium
tuberculosis by means of luciferase reporter phages.
Science 1993; 260: 819–22.

50 Wilson SM, al-Suwaidi Z, McNerney R, Porter J ,
Drobniewski F. Evaluation of a new rapid
bacteriophage-based method for the drug
susceptibility testing of Mycobacterium tuberculosis.
Nat Med 1997; 3: 465–68.

51 Eltringham IJ, Wilson SM, Drobniewski FA.
Evaluation of a bacteriophage-based assay (phage
amplified biologically assay) as a rapid screen for
resistance to isoniazid, ethambutol, streptomycin,
pyrazinamide, and ciprofloxacin among clinical
isolates of Mycobacterium tuberculosis. J Clin
Microbiol 1999; 37: 3528–32.

52 Albert H, Trollip AP, Mole RJ, Hatch SJ, Blumberg L.
Rapid indication of multidrug-resistant tuberculosis
from liquid cultures using FASTPlaqueTB-RIF, a
manual phage-based test. Int J Tuberc Lung Dis 2002;
6: 523–28.

53 Eltringham IJ, Drobniewski FA, Mangan JA, Butcher
PD, Wilson SM. Evaluation of reverse transcription-
PCR and a bacteriophage-based assay for rapid
phenotypic detection of rifampin resistance in clinical
isolates of Mycobacterium tuberculosis. J Clin
Microbiol 1999; 37: 3524–27.

54 Riska PF, Jacobs WR Jr. The use of luciferase-reporter
phage for antibiotic-susceptibility testing of
mycobacteria. Methods Mol Biol 1998; 101: 431–55.

55 Albert H, Heydenrych A, Brookes R, et al. Performance
of a rapid phage-based test, FASTPlaqueTB, to
diagnose pulmonary tuberculosis from sputum
specimens in South Africa. Int J Tuberc Lung Dis 2002;
6: 529–37.

56 Alugupalli S, Olsson B, Larsson L. Detection of 2-
ecosanol by gas chromatography-mass spectrometry in
sputa from patients with pulmonary mycobacterial
infections. J Clin Microbiol 1993; 31: 1575–78.

57 Muranishi H, Nakashima M, Isobe R, Ando T,
Shigematsu N. Measurement of tuberculostearic acid
in sputa, pleaural effusions and bronchial washings. A
clinical evaluation for diagnosis of pulmonary
tuberculosis. Diagn Microbiol Infect Dis 1990; 13:
235–40.

58 French GL, Chan CY, Poon D, Cheaung SW, Cheng
AF. Rapid diagnosis of bacterial meningitis by the
detection of a fatty acid marker in CSF with gas
chromatography-mass spectrometry and selected ion
monitoring. J Med Microbiol 1990; 31: 21–26.

59 Elias J, Coning JP De, Vorster SA, Joubert HF. The
rapid and sensitive diagnosis of tuberculous
meningitis by the detection of tuberculostearic acid
in cerebrospinal fluid using gas chromatography-
mass spectrometry with selective ion monitoring.
Clin Biochem 1989; 22: 463–67.

60 Lalvani A, Pathan AA, Durkan H, et al. Enhanced
contact tracing and spatial tracking of Mycobacterium
tuberculosis infection by enumeration of antigen-
specific T-cells. Lancet 2001; 357: 2017–21.

61 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: 704–06.

62 Arend SM, Engelhard AC, Groot G, et al. Tuberculin
skin testing compared with T-cell responses to
Mycobacterium tuberculosis-specific and nonspecific
antigens antigens for the detection of latent infection
in persons with recent tuberculosis contact. Clin
Diagn Lab Immunol 2001; 8: 1089–96.

63 FDA. New device approval—QuantiFERON®-TB-
P010033. Nov 28, 2001. (http://www.fda.gov/cdrh/
mda/docs/p010033.html; accessed Feb 6, 2003).

64 Nakamura RM, Einck L, Velmonte MA, et al.
Detection of active tuberculosis by an MBP64
transdermal patch: a field study. Scan J Infect Dis
2001; 33: 405–07.

65 Nakamura RM, Velmonte MA, Kawajiri K, et al.
MPB64 mycobacterial antigen: a new skin-test
reagent through patch method for rapid diagnosis of
active tuberculosis. Int J Tuberc Lung Dis 1998; 2:
541–46.

66 Tenover FC, Crawford JT, Huebner RE, et al. The
resurgence of tuberculosis: is your laboratory ready? J
Clin Microbiol 1993; 31: 767–70.

67 Woods GL, Long TA, Witebsky PG. Mycobacterial
testing in clinical laboratories that participate in the
College of American Pathologists mycobacteriology
surveys. Arch Pathol Lab Med 1996; 120: 429–43.

68 Drobniewski F. Diagnosing MDRTB in Britain.
London: BMJ Publishing, 1998: 1263–64.

69 Drobniewski FA, Watterson SA, Wilson SM, Harris
GS. A clinical, microbiological and economic analysis
of a national UK service for the rapid molecular
diagnosis of tuberculosis and rifampicin resistance in
Mycobacterium tuberculosis. J Med Microbiol 2000; 49:
271–78.

70 Heymann SJ, Brewer TF, Ettling M. Effectiveness and
cost of rapid and conventional laboratory methods
for Mycobacterium tuberculosis screening. Public
Health Rep 1997; 112: 513–23.

ReviewTuberculosis diagnosis


