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Despite substantial success in implementing
standardized care and improving rates of cure in
recent years, the global burden of tuberculosis
(TB) remains enormous. Lack of rapid and accu-
rate diagnosis and case detection are major
obstacles to TB control. TB diagnosis, even today,
continues to rely heavily on tools such as direct
smear microscopy, solid culture, chest radiog-
raphy, and tuberculin skin testing: tools that often
perform poorly, and require infrastructure
frequently unavailable in the periphery of the
health system where patients first seek care. The
limitations of the existing diagnostics toolbox
have been exposed by the human immunodefi-
ciency virus (HIV) epidemic1,2 and by the emer-
gence of multidrug-resistant TB (MDR-TB) and
extensively drug-resistant TB (XDR-TB). Diag-
nostic delays and health system failures often
result in missed or late diagnoses, with serious
consequences for TB patients.3
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In the past few years, there has been an unprec-
edented level of interest and activity focused on
the development of new tools for TB diagnosis,
largely because of agencies such as the Founda-
tion for Innovative New Diagnostics (FIND), the
Stop TB Partnership’s New Diagnostics Working
Group (NDWG), the Global Laboratory Initiative
(GLI) (another Stop TB Partnership Working
Group), the World Health Organization (WHO),
and the Special Program for Research and
Training in Tropical Diseases (TDR).2,4–6 Funding
agencies such as the Bill & Melinda Gates Founda-
tion, the Global Fund to Fight AIDS, TB and Malaria
(GFATM), and UNITAID have provided the much-
needed resources and impetus to push the new
tools agenda, in keeping with the Global Plan to
Stop TB.7

This article reviews the existing evidence base
of TB diagnostics, describes new technologies
and the progress made in their development and
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e Budé, 161202 Geneva, Switzerland

rights reserved. ch
es

tm
ed

.th
ec

li
ni

cs
.c

om

mailto:madhukar.pai@mcgill.ca
http://chestmed.theclinics.com


Pai et al702
evaluation, and ends with a review of cost-effec-
tiveness and modeling studies of the potential
impact of new diagnostics in TB control.
THE EVIDENCE BASE OF TB DIAGNOSIS

Although primary diagnostic trials are performed
to generate data on test accuracy and operational
performance, systematic reviews and meta-anal-
yses provide the best synthesis of current
evidence on any given diagnostic test. In the
past few years, more than 30 systematic reviews
and meta-analyses have been published on
various TB tests.8 These reviews have synthesized
the results of more than 1000 primary studies and
have provided useful insights into the diagnostic
accuracy and role of various tests (Table 1).8

They have also played a key role in recent policy
statements and guidelines on TB diagnostics.9

However, much of the existing evidence base is
focused on test accuracy (ie, sensitivity and spec-
ificity). There are limited data on outcomes such as
accuracy of diagnostic algorithms (rather than
single tests) and their relative contributions to the
health care system, incremental value of new
tests, effect of new tests on clinical decision-
making and therapeutic choices, cost-effective-
ness in routine programmatic settings, and effect
on patient-centered outcomes.8 Recently, NDWG
launched a comprehensive Web site resource
‘‘Evidence-based tuberculosis diagnosis,’’ avail-
able at http://www.tbevidence.org/ (Fig. 1). This
Web site is the most comprehensive single source
of evidence syntheses, policies, guidelines, and
research agendas on TB diagnosis.
IMPROVEDAND NEW TECHNOLOGIES:WHAT’S
IN THE PIPELINE?

New diagnostics pipeline for TB is rapidly expand-
ing. In 2008, the Stop TB Partnership’s Retooling
Task Force (RTF) and NDWG produced a detailed
brochure on diagnostic tools in the pipeline, mainly
to provide guidance to National TB Programs
(NTPs), and for funding and technical agencies
that may wish to support the development, evalu-
ation, or implementation of new tools.10 Fig. 2
shows the pipeline; the tools are stratified as
‘‘WHO-endorsed,’’ ‘‘Tools in late-stage develop-
ment/evaluation,’’ or ‘‘Tools in early phase devel-
opment.’’ The figure not only describes the
various tests but also provides some information
on the commercial kits available, training require-
ments, and estimated costs.10 A more exhaustive
list of various TB technologies was published
by Perkins and Cunningham.1 Some of the
technologies are described in greater detail in
subsequent sections.
OPTIMIZED SMEARMICROSCOPY

Although much work is being done to develop new
diagnostics, in most resource-limited countries
direct sputum smear microscopy remains the
primary means for diagnosis of TB. Given the
known limitations of smear microscopy, consider-
able effort has been given to identifying methods
that can optimize the yield and accuracy of smear
microscopy.11–14 These include light-emitting
diode (LED)-based fluorescence microscopy
(FM), use of sputum processing methods, and
optimization of specimen collection for same-day
diagnosis15 (ie, front-loaded microscopy). Fig. 3
provides an overview of the major commercial
LED technologies for microscopy.16 Although pub-
lished data are limited (reviewed by Minion and
colleagues16), LED technologies seem to be prom-
ising in settings in which FM has not been feasible,
and a WHO policy on LED microscopy is expected
in November 2009. Mobile phone-based micros-
copy17 and automated detection systems using
image processing18 are other novel approaches
that have been proposed, although the use
of these approaches is yet to be adequately
validated.
IMPROVEDAND NEWER CULTUREMETHODS
Automated Liquid Cultures

Automated liquid culture systems such as BacT/
ALERT MP (bioMerieux Inc, Durham, NC, USA)
and BD BACTEC MGIT (Becton Dickinson,
Sparks, MD, USA) are currently considered the
gold-standard approach for isolating mycobacte-
ria. Meta-analyses have shown that liquid systems
are more sensitive for detection of mycobacteria
and may increase the case yield by 10%
compared with solid media.19,20 They also reduce
the delays in obtaining results to days rather than
weeks. Use of liquid media for drug susceptibility
results in even greater time savings. However,
liquid systems are prone to contamination and
require stringent quality assurance systems and
training standards. In addition, they are more
expensive and require equipment investments,
though MGIT can also be used as a manual
system. Traditionally, liquid culture has always
been used in tandem with solid media to maximize
yield and allow examination of colony morphology.
FIND projects demonstrated the feasibility of using
liquid culture as a stand-alone method if rapid
species confirmation is possible through the use
of rapid antigen detection tests for speciation.

http://www.tbevidence.org
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There are currently 3 manufacturers of these rapid
tests, which detect the TB-specific protein MPT64
in a lateral flow format (eg, Capilia-TB, TAUNS,
Numazu, Japan).21 In 2007, WHO released a policy
statement on the use of liquid culture systems and
on species confirmation through antigen detec-
tion.22 The WHO policy recommends phased im-
plementation of these systems as a part of
a country-specific comprehensive plan for labora-
tory capacity strengthening, and addresses key
issues, including biosafety, customer support,
staff training, maintenance of infrastructure and
equipment, specimen transport, and reporting of
results.22

Unconventional and Newer Culture Methods

Because commercial automated liquid cultures
are expensive and may require sophisticated
instrumentation, several researchers have
proposed unconventional and novel culture-
based approaches for TB diagnosis and drug
resistance testing. These approaches include
microscopic observation drug-susceptibility test
(MODS),23 thin-layer agar (TLA),24 and the direct
nitrate reductase assay (NRA),25 also known as
the Griess method. Recent reviews have summa-
rized their characteristics and potential role.26–28

Although these methods are promising as they
allow the use of inexpensive materials and give
turnaround times similar to liquid culture, these
tests are not well standardized, and require
extensive training and optimization before routine
clinical use. These methods all require routine
specimen processing, the most burdensome
component of mycobacterial culture, before
direct inoculation with sputum.

As for all culture-based methods, quality
assurance is critical to minimize contamination
and to ensure biosafety standards are followed.
Appropriate quality-control systems are often
lacking, recommended equipment (such as
biosafety cabinets) may be unavailable, and strict
adherence to infection control practices is infre-
quently enforced in resource-limited settings.
Some of these novel culture-based assays have
attempted to address laboratory safety issues
inherent in the culturing of Mycobacterium tuber-
culosis by sealing the inoculated cultures in trans-
parent plates or tubes, and relying on visual
inspection of typical colony morphology (MODS
and TLA) or color changes (Griess) to identify TB
growth. Although disposal of the biohazardous
material remains a concern, minimizing the need
for direct handling and manipulation of mycobac-
terial cultures by laboratory technologists is an
important advantage.
MOLECULAR TESTS

Nucleic acid amplification tests (NAATs) have
been in use for many years, although their use
has been largely restricted to high-income coun-
tries. For example, the 2009 updated guideline
on use of NAATs by the US Centers for Disease
Control and Prevention (CDC) states that ‘‘NAA
testing be performed on at least one respiratory
specimen from each patient with signs and symp-
toms of pulmonary TB for whom a diagnosis of TB
is being considered but has not yet been estab-
lished, and for whom the test result would alter
case management or TB control activities, such
as contact investigations.’’29 Clearly, this recom-
mendation is focused on high-income settings
that have the resources to implement these
guidelines.

As demonstrated in several meta-analyses,
existing NAATs have high specificity, but modest
and variable sensitivity, especially in smear-nega-
tive and extrapulmonary TB.30–33 Several newer
NAATs have been developed recently, including
2 technologies codeveloped with FIND, the loop-
mediated isothermal amplification (Eiken Chemical
Co Ltd, Tokyo, Japan), a simplified manual NAAT
designed for peripheral laboratory facilities,34 and
the Xpert MTB/RIF assay (Cepheid, Sunnyvale,
CA, USA), a fully automated NAAT platform that
can detect TB and rifampin resistance.35 Both of
these tests are formatted for use outside reference
centers, to replace or supplement microscopy at
health centers and district hospitals. These tests
have shown great promise in early studies,
although published evidence is still limited. FIND
is currently evaluating these tests in high-burden
countries. The Xpert MTB/RIF assay has recently
been CE marked with package insert data showing
greater than 95% detection of all TB patients.

Line probe assays (LPAs) have recently been
introduced in many countries for molecular detec-
tion of drug resistance from smear-positive speci-
mens. Two commercial LPAs are available: the
INNO-LiPA Rif.TB (Innogenetics NV, Gent,
Belgium) and GenoType MTBDRplus (Hain Life-
science GmbH, Nehren, Germany). Meta-analyses
have shown that LPAs are highly accurate, and the
GenoType assay, in particular, performs well for
rapid detection of rifampin resistance in smear-
positive sputum specimens.36,37 In 2009, a newer
assay (GenoType MTBDRsl assay) became avail-
able.38 This assay allows the simultaneous detec-
tion of the M tuberculosis complex and resistance
to fluoroquinolones or aminoglycosides/cyclic
peptides or ethambutol from smear-positive
pulmonary specimens or culture isolates. Thus,
the combined use of GenoType MTBDRplus and



Table1
Summary of findings from several systematic reviews onTB diagnostic tests

Diagnostic Test Disease/Site
Major Findings/Results of Systematic
Reviews

Diagnosis of active TB

Sputum smear
microscopy

Pulmonary TB - FM is on average 10% more sensitive
than conventional microscopy. Spec-
ificity of FM and conventional
microscopy is similar. FM is associated
with improved time efficiency

- Centrifugation and overnight sedi-
mentation preceded by any of
several chemical methods (including
bleach) are more sensitive than direct
microscopy; specificity is unaffected
by sputum-processing methods

- When serial sputum specimens are
examined, the mean incremental
yield or increase in sensitivity from
examination of third sputum spec-
imen ranges between 2% and 5%

NAATs Pulmonary and
extrapulmonary TB

NAATs have high specificity and positive
predictive value. However, they have
lower (and highly variable) sensitivity
and negative predictive value for all
forms of TB, especially in smear-
negative and extrapulmonary
disease. In-house (‘‘home brew’’)
NAATs produce highly inconsistent
results compared with commercial,
standardized NAATs

Commercial serologic
antibody detection
tests

Pulmonary and
extrapulmonary TB

Serologic tests for pulmonary and
extrapulmonary TB produce
inconsistent estimates of sensitivity
and specificity; none of the assays
performs well enough to replace
microscopy

ADA TB pleuritis, pericarditis,
peritonitis

Measurement of ADA levels in pleural,
pericardial, and ascitic fluid has high
sensitivity and specificity for
extrapulmonary TB

IFN-g TB pleuritis Pleural fluid IFN-g determination is
a sensitive and specific test for the
diagnosis of TB pleuritis

Phage amplification
assays

Pulmonary TB Phage-based assays have high
specificity but lower and variable
sensitivity. Their performance
characteristics are similar to sputum
microscopy

Automated liquid
cultures

Pulmonary TB Automated liquid cultures are more
sensitive than solid cultures; time to
detection is more rapid than solid
cultures

(continued on next page)
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Table1
(continued)

Diagnostic Test Disease/Site
Major Findings/Results of Systematic
Reviews

Diagnosis of latent TB

TST Latent TB infection - Individuals who have received
BCG vaccination are more likely to
have a positive TST; the effect of
BCG on TST results is less after 15
years; positive TST with indura-
tions of greater than 15 mm are
more likely to be the result of TB
infection than of BCG vaccination

- The effect on TST of BCG received
in infancy is minimal, especially 10
years after vaccination. BCG
received after infancy produces
more frequent, more persistent,
and larger TST reactions. NTM
infection is not a clinically impor-
tant cause of false-positive TST,
except in populations with a high
prevalence of NTM sensitization
and a low prevalence of TB
infection

T-cell–based IGRAs Latent TB infection IGRAs have excellent specificity
(higher than the TST), and are
unaffected by prior BCG
vaccination

Diagnosis of drug resistance

Phage amplification
assays

Rapid detection of
rifampicin resistance

When used on culture isolates,
phage assays have high sensitivity,
but variable and lower specificity.
In contrast, evidence is lacking
about the accuracy of these assays
when they are directly applied to
sputum specimens

LPAs: INNO-LiPA Rif.TB
(LiPA)
and GenoType
MTBDR assays

Rapid detection of
rifampicin resistance

LiPA is a highly sensitive and specific
test for the detection of rifampicin
resistance in culture isolates. The
test has lower sensitivity when
used directly on clinical specimens.
The GenoType MTBDR assays have
excellent sensitivity and specificity
for rifampicin resistance even
when directly used on clinical
specimens

Colorimetric
redox-indicator
methods and NRAs

Rapid detection
of rifampicin
and isoniazid
resistance

Colorimetric methods and NRAs are
highly sensitive and specific for
the rapid detection of rifampicin
and isoniazid resistance in culture
isolates

Abbreviations: ADA, adenosine deaminase; NTM, nontuberculous mycobacterial.
Adapted from Pai M, Ramsay A, O’Brien R. Evidence-based tuberculosis diagnosis. PLoS Med 2008;5(7):e156.
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Fig.1. Home page of the Web site ‘‘Evidence-based TB Diagnosis,’’ http://www.tbevidence.org. (Courtesy of the Stop
TB Partnership’s New Diagnostics Working Group; with permission. Available at: http://www.tbevidence.org.)
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GenoType MTBDRsl allows the rapid detection of
XDR-TB. LPAs currently require routine specimen
processing, DNA extraction, and conventional
polymerase chain reaction analysis in a multiroom
facility, and are thus limited to use in reference
laboratories.
Fig. 2. Summary of new technologies by the RTF and NDWG
ship. New laboratory diagnostic tools for tuberculosis con
permission.)
In 2008, WHO endorsed the use of LPAs for
rapid detection of MDR-TB at the country level.39

In 2009, UNITAID approved funding for a program
called EXPAND-TB that will supply MDR-TB
diagnostics to high-burden countries.40 With
a new grant of US$61,482,085, the project, led
. (From World Health Organization & Stop TB Partner-
trol. Geneva: World Health Organization; 2008; with

http://www.tbevidence.org
http://http://www.tbevidence.org


Fig. 3. Commercial LED products currently available for TB diagnostics. (Adapted from Minion J, Sohn H, Pai M.
Light emitting diode technologies for TB diagnosis: what’s on the market? Expert Rev Med Devices
2009;6(4):341–45; with permission. Images have been reproduced with permission from the respective companies.)
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by the GLI in close collaboration with FIND and
the Global Drug Facility, will expand the use of
LPAs for rapid MDR-TB diagnosis.40 A key
component of this initiative will be the strength-
ening of laboratories in countries where LPAs
will be introduced in a phased manner, through
collaboration between various partners.
Strengthening of laboratory capacity is critical
for the success of this program, and indeed, for
the successful implementation of any new TB
technology.
IMMUNE-BASED TESTS
Serologic, Antibody Detection Tests

Systematic reviews have reported strong evidence
that existing commercial serologic tests are of little
clinical value because of suboptimal accuracy and
high inconsistent results.41,42 This was reaffirmed
in a recent study of 19 commercial tests by TDR/
WHO, which showed suboptimal performance of
all the rapid tests evaluated.43 A more recent
systematic review examined the accuracy of
various in-house, purified antigens for serodiag-
nosis.44 Although no antigen achieved sufficient
sensitivity to replace sputum smear microscopy,
this review helped identify several promising
potential candidate antigens for an antibody
detection test for pulmonary TB in patients in-
fected and uninfected with HIV. This comprehen-
sive review also showed that combinations of
select antigens provided higher sensitivities than
single antigens.44 Several industry and academic
groups are currently working on developing
improved serodiagnostic tests, especially for
point-of-care (POC) use.
Antigen Detection Tests

Antigen detection has the potential to overcome
some of the well-recognized problems with anti-
body detection assays, especially in populations
infected with HIV. Although several antigen
detection assays have been evaluated, detection
of urinary lipoarabinomannan (LAM) (a heat-
stable lipoglycan in the mycobacterial cell wall)
was considered a particularly good candidate,
based on early studies, especially in individuals
infected with HIV.45 Early proof-of-principle
data and the attractiveness of a simple urine-
based TB test led to rapid commercialization
of this test, initially by Chemogen Inc (Portland,
ME, USA), and subsequently by Inverness
Medical Innovations (Waltham, MA, USA), which
marketed the test as Clearview TB enzyme-
linked immunosorbent assay (ELISA). Subse-
quent field studies in high-burden settings have
shown LAM performance to be variable and
suboptimal, with lower sensitivity than ex-
pected.46,47 However, some emerging data
suggest that LAM may perform better in HIV-
positive individuals with advanced immunosup-
pression.48 Work is ongoing to improve and
optimize the performance of LAM detection
assays.



Pai et al708
Interferon-g Release Assays

Until recently, the diagnosis of latent tuberculosis
infection depended solely on the tuberculin skin
test (TST), a test with several limitations.49 A major
advance in recent times has been the development
of T-cell-based interferon-g release assays
(IGRAs). IGRAs are in vitro tests that are based on
interferon-g (IFN-g) release after T-cell stimulation
by antigens (such as early secreted antigenic target
6 [ESAT6] and culture filtrate protein 10 [CFP10])
that are more specific to M tuberculosis than the
purified protein derivative (PPD). Two IGRAs are
currently available as commercial kits that are
approved by the US Food and Drug Administration
(FDA) and CE marked for use in Europe: the Quan-
tiFERON-TB Gold In-Tube (QFT) assay (Cellestis
Ltd., Carnegie, Australia), and the T-SPOT.TB
assay (Oxford Immunotec, Abingdon, UK).

Systematic reviews have reported strong
evidence that IGRAs have high specificity that is
unaffected by bacille Calmette-Guérin (BCG)
vaccination.50,51 TST, in contrast, has high speci-
ficity in populations who have not been vaccinated
with BCG but specificity is modest and inconsis-
tent in populations vaccinated with BCG. In low-
incidence settings, IGRA results correlate well
with surrogates of TB exposure. The high speci-
ficity of IGRAs is proving to be useful in individuals
vaccinated with BCG, particularly in countries
where TST specificity is compromised by BCG
vaccination after infancy or by multiple BCG vacci-
nations.49 A World Atlas of BCG Policies and
Fig. 4. World Atlas of BCG Policies and Practices, http://
Montreal, Canada; with permission.)
Practices (Fig. 4) has been compiled to help clini-
cians and public health practitioners better inter-
pret TST and decide on populations in which the
more-specific IGRAs may be more appropriate
than the TST.52 For example, some countries
recommend booster BCG shots post infancy and
into adolescence, which can compromise the
value of TST. IGRAs may be excellent options in
these populations. The Atlas provides information
on current and past policies on vaccination.

Sensitivity of IGRAs and TST is not consistent
across tests and populations, but IGRAs seem to
be at least as sensitive as the TST (estimated
with active TB as the surrogate reference stan-
dard).51 However, as pointed out by several inves-
tigators,53,54 the diagnosis of active TB depends
on microbiological detection of M tuberculosis.
Immune-based tests, such as IGRAs and TST,
do not directly detect M tuberculosis; they merely
indicate a cellular immune response to recent or
remote sensitization with M tuberculosis. Because
IGRAs cannot distinguish between latent and
active TB, a positive IGRA result may not neces-
sarily indicate active TB. A negative IGRA result
would not conclusively rule out active disease in
an individual suspected to have TB (similar to the
results of a TST).

The use of IGRAs is steadily increasing in coun-
tries with low or intermediate incidence. More than
a dozen countries now have at least 1 guideline or
statement on the use of IGRAs.55 These include
the United States, Canada, the United Kingdom,
www.bcgatlas.org. (Courtesy of Alice Zwerling, MSc,

http://www.bcgatlas.org
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Japan, France, Spain, Italy, Germany, Switzerland,
Australia, the Netherlands, Denmark, the Czech
Republic, the Slovak Republic, Korea, and
Norway. In these guidelines, 3 main approaches
have been recommended for the use of IGRAs:
(1) TST should be replaced by IGRA; (2) either
TST or IGRA may be used; (3) 2-step approach
with TST first, followed by IGRA. Although the
broad approach may follow 1 of these recommen-
dations, some guidelines recommend more than 1
approach, depending on the risk group tested. For
example, subgroups such as children and
immunocompromised patients often receive
different recommendations from other groups.
Table 2 shows the approaches recommended
for use of IGRAs in several low-incidence coun-
tries.55 As seen in the table, there is considerable
diversity of how various countries currently recom-
mend and use IGRAs. The 2-step approach seems
to be the most dominant strategy and this may
partly be because of cost considerations.

Despite the large number of publications on
IGRAs, evidence is still limited on the prognostic
value of these tests, and their added value in TB
diagnosis and control.51,56 There is growing
evidence that the performance of IGRAs varies
between countries with high and low incidence of
TB.57 Their role, if any, seems to be limited in low-
income countries with a high TB burden, although
several field evaluations are ongoing, supported
by FIND and other agencies.57

Improved Skin Tests

A well-recognized limitation of the conventional
TST is the lack of specificity of the PPD, a crude
mixture with a large number of potentially cross-
reacting antigens. Investigators working on this
problem have attempted to replace PPD with anti-
gens (such as ESAT6) that are specific to M tuber-
culosis. Small-scale, phase 1 trials of this
Table 2
Recommendations fromvarious countries that have guid

General Testing Approach Countries

TST should be replaced by
IGRA (ie, only IGRA is used)

Germany (anti
Denmark (an

Either TST or IGRA may
be used

United States,
in all groups
contacts)

Two-step approach: TST first,
followed by IGRA (either to
improve specificity or sensitivity)

Canada, Unite
Republic, Ge
Netherlands

a Some guidelines recommend more than 1 approach, depend
mised patients, children). The subgroups are indicated in pare
improved skin test have shown promise, but
further validation is needed.58,59 Despite the
limited evidence on these reagents, 1 company
(Masterpharm, Russia) is already marketing
a commercial product called Diaskintest (based
on ESAT6/CFP10).60 It remains to be seen if this
improved skin test reagent can safely replace the
conventional PPD.
POC TECHNOLOGIES

The ideal TB diagnostic test is a simple, low-tech-
nology, POC test that can be rapidly performed
and yield accurate results. In 2009, a group
including representatives from Médecins Sans
Frontières, Treatment Action Group, Partners in
Health, and other agencies, developed minimum
technical test specifications that must drive the
development of any new POC TB test (Table
3).61 No existing test meets all of these specifica-
tions, although the Xpert MTB/RIF assay meets
most of them. However, because of growing
interest in new tools and biomarkers, and the
increased availability of funding and grants,
several agencies and groups are working on
developing POC tests for TB, including improved
serologic assays, detection of volatile organic
compounds in breath, hand-held molecular
devices, microchip technologies, and tests based
on platforms such as proteomics and
metabolomics.

Recently, the X PRIZE Foundation received
a planning grant from the Bill & Melinda Gates
Foundation to develop an X PRIZE for effective
diagnosis of TB in the developing world.62 It
remains to be seen if such prize-based competi-
tions foster innovations that deliver the POC test
that will revolutionize TB diagnosis. A significant
limitation on the effect of a POC test for TB is
that TB is a notifiable disease that requires patient
elines on the use of IGRAsa

-TNF-a therapy), Switzerland (anti-TNF-a therapy),
ti-TNF-a therapy, BCG-vaccinated contacts/adults)

France, Australia (refugees), Japan (QFT preferred
except in children <5 years), Denmark (child

d Kingdom, Italy, Spain, Australia, the Slovak
rmany (contacts), Switzerland (contacts), the
(contacts, immigrants), Norway, Korea (contacts)

ing on the risk group tested (eg, contacts, immunocompro-
ntheses.



Table 3
Proposedminimum set of specifications for the design of any new POC diagnostic test for TB

Test Specification Minimum RequiredValue

Medical decision Treatment initiation

Sensitivity: adults (for
pulmonary TB only;
regardless of HIV status)

Pulmonary TB:
- 95% for smear-positive, culture-positive
- (60%–)80%a for smear-negative, culture-positive (detection of ex-

trapulmonary TB being a preferred but not a minimal requirement)

Sensitivity: children (including
extrapulmonary TB;
regardless of HIV status)

- 80% compared with culture of any specimen and
- 60% of probable TB (noting problem of lack of a gold standard)

Specificity: adults 95% compared with culture

Specificity: children - 95% compared with culture
- 90% for culture-negative probable TB (noting problem of lack of

a gold standard)

Time to results 3 hours maximum (patient must receive results the same day)
(desirable would be less than 15 minutes)

Throughput 20 tests/d, minimum, by 1 laboratory staff member

Specimen type Adults: urine, oral, breath, venous blood, sputum (desired:
nonsputum-based sample type and use of finger prick instead of
venous blood)

Children: urine, oral, capillary blood (finger/heel prick)

Sample preparation - 3 steps maximum
- Safe: biosafety level 1
- Ability to use approximate volumes (ie, no need for precise

pipetting)
- Preparation that is not highly time sensitive

Number of samples One sample per test

Readout - Easy to read, unambiguous, simple ‘‘yes,’’ ‘‘no,’’ or ‘‘invalid’’ answer
- Readable for at least 1 h

Waste disposal - Simple burning or sharps disposal; no glass component
- Environmentally acceptable disposal

Controls - Positive control included in test kit
- Quality control simpler and easier than with SSM

Reagents - All reagents in self-contained kit
- Kit contains sample collection device and water (if needed)

Storage/stability - Shelf life of 24 mo, including reagents
- Stable at 30�C, and at higher temperatures for shorter time periods

(to be defined)
- Stable in high humidity environments

Instrumentation - If instrument needed, no maintenance required
- Instrument works in tropical conditions
- Acceptable replacement cost
- Fits in backpack
- Shock resistant

Power requirement Can work on battery

Training - 1 d maximum training time
- Can be performed by any health worker

Cost Less than US$10 per test after scale-up

a Consensus could not be reached on a definite minimum value. The group could not reach consensus for 3 test spec-
ifications: sensitivity in smear-negative adults; 60% versus 80%; diagnosis of extrapulmonary TB in adults as a minimal
requirement; rejection of use of sputum as a sample. For extrapulmonary TB diagnosis in adults, the interim decision
was to define this specification as highly desirable but not a minimal requirement. Similarly, for exclusion of sputum as
an acceptable sample, the interim decision was to define this as highly desirable but not a minimal requirement. The
group concluded that further consultation with a broader group of end users and practitioners is required to obtain
further confirmation of these specifications.

From Médecins Sans Frontières. Paris Meeting on TB Point-of-Care Test Specifications. URL: http://www.msfaccess.org/
TB_POC_Parismeeting/. Paris: Médecins Sans Frontières. 2009; with permission.
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education, 6 months of treatment, follow-up, and
contact tracing. Thus, POC testing for TB through
community health workers would still result only in
referral of patients to a health center, and not to
direct initiation of treatment.

DIAGNOSTICS FOR CHILDHOOD TB

Childhood TB is a diagnostic challenge and
although many new TB diagnostics are in prog-
ress, few have been evaluated extensively in chil-
dren.63,64 For example, several IGRA studies
have been performed in adults, but few large
studies exist in children. Despite the lack of strong
evidence, many guidelines on IGRAs have sug-
gested that they could be used as an adjunct
tool for diagnosing TB in children,65,66 because
evidence of TB infection in children is often used
in making a diagnosis of active TB, in addition to
symptoms, radiological abnormalities, history of
exposure, and microbiological investigations.67

Although IGRAs may be used as a supplementary
diagnostic aid in combination with the TST and
other investigations to help support a diagnosis
of TB, IGRAs should not be a substitute for, or
obviate, appropriate specimen collection for
microbiologic diagnosis.65 Apart from IGRAs,
there is a need to validate all new tools under
development among children, especially young
children and children infected with HIV. The poor
performance of reference standard methods
makes this a challenging population in which to
validate the performance of a new assay.
Fig. 5. Major steps involved in cost analyses of TB laborat
plan for cost analysis in evaluating TB diagnostic tests in va
taken for all the methods evaluated and relevant subproce
by specimen loads (or specimen batch size). In step 7, the in
diagnostic workflow to reflect local laboratory practice in
J, Albert H, et al. TB diagnostic tests: how do we figure o
723–33; with permission.)
COST-EFFECTIVENESS AND POTENTIAL IMPACT
OF NEW TOOLS

For resource-poor countries with a high TB
burden, the cost of introducing new tools, their
successful implementation, and long-term
sustainability are important concerns. Most exist-
ing studies on TB diagnostics focus on the test
performance and accuracy. Few studies examine
cost-effectiveness, and few model the potential
impact of introduction of new diagnostic tests.

Recently, Sohn and colleagues68 described an
approach for computing the costs of TB diagnostic
tests, and provided templates for various data
elements and parameters that contribute to the
costing analysis (Fig. 5). The development of
a standardized methodology for costing of TB
diagnostic tests would enable improved and
more generalizable costing analyses, which would
then provide a strong foundation for more
advanced analyses that evaluate the full economic
and epidemiologic impact of the implementation
of validated new diagnostics.68 This in turn should
enable evidence-based adoption of new diagnos-
tics, especially in settings with limited resources.

Dowdy and colleagues69 used a decision-anal-
ysis model that suggested that novel diagnostic
tests have the potential to be cost-effective tools
in TB control. They argued that ‘‘to produce
a cost-effective tool for public health, the quest
for new TB diagnostics should focus on high spec-
ificity, affordability and sensitivity for cases missed
by existing diagnostic standards.’’69
ory diagnostics. This diagram provides a step-by-step
rious study settings. Steps 3, 4, and 5 should be under-
dures and repeated to capture data variations caused
vestigator should consult laboratory experts regarding
combining procedure unit costs. (From Sohn H, Minion
ut their costs? Expert Rev Anti Infect Ther 2009;7(6):



T le 4
S mary of recent modeling and cost-effectiveness studies onTB diagnostics

S dy (Reference) Diagnostic Systems Evaluated Key Finding(s)

K ler et al 200670 Not specific: a modeling study that evaluated the
effect (accounting for speed, test performance,
and access) of an arbitrary new diagnostic test
introduced based on current diagnostic capacity
using conventional tests (sputum microscopy
and chest radiograph)

� More than 400,000 lives can be saved if new innovative
TB diagnostic tests can achieve 85% sensitivity for
smear-positive and -negative cases, and greater than
97% specificity

� New diagnostic tools should be simple, easy to use, and
rapid, with results available within 1 h

� There is no 1 specific solution (diagnostic tool) in achieving
the best health outcome: the need for implementation of
‘‘multiple solutions’’

D wdy et al 200871 Expansion of culture and DST capacity
throughout South Africa

� Culture and DST on 37% of new cases and 85% of previously
treated cases can save approximately 48,000 lives

� This is explained as 17.2% reduction in TB mortality, 14.1%
reduction in MDR-TB cases (w8000 MDR-TB cases averted)
and prevention of close to 47% of MDR-TB related deaths

� Expansion of culture and DST capacity can bring significant
reduction in overall TB incidences and mortality in South
Africa, but additional testing capacity other than culture
(molecular and second line drug testing) is needed to address
concerns for XDR-TB

D wdy et al 200672 Five different interventions (2 of which are
nonspecific diagnostic tests: rapid molecular
testing and mycobacterial culture) and their
effect on TB incidence, prevalence, and
steady-state population with TB-HIV
coinfection problems

� Enhanced diagnostic techniques are projected to reduce TB
prevalence and mortality by 20% or more, which is greater
than interventions such as case-finding or antiretroviral
therapy in HIV-positive patients alone

� Improving TB diagnostic techniques can have a substantial
effect on TB epidemiology, which in turn will provide
improvement in socioeconomic factors
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Dowdy et al 200873 Comparison of cost-effectiveness of use of
3 different diagnostic strategies in
diagnosing TB in HIV patients: (1)
smear microscopy only, (2) TB culture
with solid media, and (3) TB culture
with liquid media

� With smear microscopy as a baseline, solid media culture can
potentially avert an estimated 8 TB deaths and 37 DALY at
a cost of US$962 per DALY, whereas automated liquid culture
can avert 1 additional death (9 deaths) and 8 DALYs at $2751
per DALY

� Higher cost per DALY associated with liquid culture is not
necessarily caused by actual cost of the diagnostic test (see
later discussion)

� Cost-effectiveness of introduction of TB culture was more
sensitive to the characteristics of the existing TB diagnostic
infrastructure (communication of test results and use of
these test results for clinical treatment is more important)
than the test accuracy or cost

Mueller et al 200874 Comparison of cost and cost-effectiveness of
various liquid (automated and manual)
and solid (commercially prepared and
home-made) culture methodologies

� All methodologies indicate comparable costs per culture
(between US$28 and $32)

� Cost per M tuberculosis specimen detected were between
US$197 and $340, where home-made solid culture method
was most expensive

� Liquid media brought substantially higher yields with
comparable cost-effectiveness to solid culture

Acuna-Villaorduna
et al 200875

Comparison of cost and cost-effectiveness of
4 different rapid DST (FASTPlaque-response,
direct amplification and reverse hybridization
of the rpoB gene [INNO-LiPA], indirect
colorimetric minimum inhibitory
concentration assay [MTT], and direct
proportion method on solid media)
methods to conventional culture DST
(indirect proportion method on solid
media) in the context of a clinical trial

� At 2% MDR-TB prevalence direct proportion method on solid
culture and MTT assays were most cost-effective with US$41
and $95 per DALY gained

� Other methodologies such as FASTPlaque and INNO-LiPA
(US$150 and $163 per DALY) are less cost-effective because of
their higher test ‘‘kit’’ costs

� Compared with the baseline indirect proportion method on
solid culture ($156 per DALY), all rapid methodologies eval-
uated show comparable cost-effectiveness

� Selection of rapid diagnostic technology/techniques should
also take consideration of implementation issues (infra-
structure capacity to introduce new technology and
complexity of methodology)

Abbreviations: DALY, disability-adjusted life years; DST, drug susceptibility testing.
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What impact can new diagnostics have on TB
control? A few modeling studies have explored
this issue (Table 4). Keeler and colleagues70 re-
ported that a rapid and widely available diagnostic
for TB with sensitivity greater than 85% for smear-
positive and smear-negative cases, and 97%
specificity, could save approximately 400,000
lives each year. In another modeling study, Dowdy
and colleagues71 showed that expanding TB
culture capacity and drug susceptibility testing in
South Africa could substantially reduce TB, and
particularly MDR-TB, mortality. These investiga-
tors also showed that TB cultures and new
diagnostics are potentially effective and cost-
effective for HIV-positive patients in diverse
resource-constrained settings.72,73 Other
modeling studies have explored the use of solid
versus liquid cultures,74 and cost-effectiveness of
rapid drug susceptibility testing methods.75

Although modeling studies are heavily depen-
dent on the underlying assumptions and cost esti-
mates used, they are useful for predicting the likely
costs versus impact and benefits of new tools.
Uncertainty in model parameters can often be ad-
dressed using sensitivity analyses. Modeling
studies should be followed up with real-world
studies in which new tools are introduced, to see
if they really make a difference to the lives of TB
patients; this is often done in field demonstration
studies, as part of routine NTP services. Imple-
mentation and operations research are therefore
highly desirable whenever new tools and interven-
tions are introduced in programmatic conditions.
Indeed, they are essential for evidence-based
selection and implementation of diagnostic tools
in the global strategy to control TB.
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