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Drug-susceptibility testing in tuberculosis:

methods and reliability of results
S.J. Kim

ABSTRACT: The demand for reliable drug-susceptibility testing (DST) increases with the

expansion of antituberculosis drug-resistance surveillance, and with the need for an appropriate

treatment of multidrug-resistant tuberculosis, whose incidence gradually increases in many parts

of the world. However, the reliability of DST results obtained through widely used methods does

not meet acceptable levels, except for DST to isoniazid and rifampicin.

In general, susceptibility results are highly predictable, while resistance results show low

predictive values when the resistance prevalence is ,10%. Poor reliability stems from a weak

correlation with clinical response and a low reproducibility due to the poor standardisation of the

complex and fragile test procedures. Therefore, in vitro criteria of resistance for susceptibility

testing should be carefully determined with representative clinical samples of Mycobacterium

tuberculosis isolated from patients never treated with any antituberculosis drug, and from

patients having failed treatment with a regimen containing the tested drug; DST should then be

carefully standardised to obtain reproducible results.

The critical concentration of some drugs is close to the minimal inhibitory concentration for wild

susceptible strains and, thus, drug-susceptibility testing is prone to yield poorly reproducible

results. These issues call for physicians’ attention when using the results from drug-susceptibility

testing for case management.
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I
n many countries, the wide use of the
standard short-course regimen has led to an
increasing incidence of multidrug-resistant

(MDR) tuberculosis (TB), defined as resistance to
at least isoniazid (INH) and rifampicin (RFP) [1–
3]. Significant high rates of MDR-TB were
observed in some parts of the world, not only
among previously treated TB patients, due to
poor case management, but also among new
cases due to transmission in the community. The
situation has turned into a pressing demand for
drug-susceptibility testing (DST) in order to
accomplish drug-resistance surveillance (DRS),
and also to develop efficient regimens for
appropriate treatment of individual cases.

As a result of inappropriate and/or inadequate
treatment, drug resistance emerges by selective
multiplication of resistant mutants within the

lesions, in spite of the presence of growth-
inhibitory concentrations of a drug. The frequency
of drug-resistant mutants and their resistance
levels vary depending on the drug and the
mutated genes and sites, whose phenotypic
expressions include the following: alterations of
the binding site of drug-target molecules; loss of
enzymes activating drug molecules; permeability
changes to the drug, including efflux; and produc-
tion of drug-inactivating enzymes, such as b-
lactamase. There are a variety of methods to
determine the susceptibility of Mycobacterium
tuberculosis to antituberculosis drugs, but none of
them is perfect, and their results do not satisfy
clinicians for the effective treatment of TB patients.

Most of the currently used DST methods suffer
from low predictability associated with clinical
irrelevance of the results and from unacceptable
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low reliability resulting from poor reproducibility. This review
focuses on general features of DST methods concerning the
clinical relevance and the reproducibility of the technique.

DRUG-SUSCEPTIBILITY TESTING METHODS
Drug susceptibility of M. tuberculosis can be determined either
by observation of growth or metabolic inhibition in a medium
containing antituberculosis drug, or by detection, at the
molecular level, of mutations in the genes related to drug
action. From a technical standpoint, drug susceptibility is
determined on the basis of growth (or metabolic) inhibition
induced by the drug by means of: 1) macroscopic observation
of growth in drug-free and drug-containing media; 2) detection
or measurement of the metabolic activity or products; 3) lysis
with mycobacteriophage; and 4) detection of genetic mutations
using molecular techniques.

Conventional culture methods using egg- or agar-based media
are still the most utilised in many countries [4, 5]. Although the
long turnaround time of DST results displeases physicians for
the purpose of case management, it is suitable for DRS. The
standard methods using Löwenstein–Jensen medium include
the proportion method, the absolute concentration method and
the resistant ratio method, which are fairly well standardised
with clinical samples, at least for the major antituberculosis
drugs [4]. Among conventional methods, the proportion
method is the most preferred choice, but the absolute
concentration method is also commonly used on account of
its technical simplicity for inoculum preparation and for
reading the results.

In order to shorten the turnaround time and make it more
convenient for case management, numerous new techniques
have appeared, aiming to detect growth inhibition as early as
possible. The most commonly used systems are detection of
CO2 production, such as BACTEC 460 [6] or MB/Bact [7], and
oxygen consumption, such as Mycobacteria Growth Indicator
Tube [8]; there are others in developmental stage, such as
oxidation–reduction indicators like resazurin or tetrazolium
bromide [9, 10] and the phage-based techniques [11, 12].
Particle-counting immunoassay [13] can also curtail turn-
around times by detecting a low-level multiplication of M.
tuberculosis. Many of those new techniques are difficult to
implement in the countries where they are needed the most,
because of high costs, technical complexity and absence of
appropriately trained human resources. In addition, they still
need clinical evaluation to verify their claimed efficiency under
various settings. Most of all, none of these techniques has been
well calibrated with representative clinical samples of M.
tuberculosis in order to determine the clinically relevant criteria
of resistance (i.e. cut-off points).

There are numerous reports on molecular techniques to detect
gene mutations related to resistance, including hybridisation
[14–20] of amplified gene segments or other PCR-based
methods. However, not all resistance-related genes for the
different antituberculosis drugs and their sites of mutation
have been found, except for rpoB gene mutations, which lead
to RFP resistance. These molecular techniques normally
require primary amplification, and, therefore, when they are
used on a routine basis for long periods of time, they are not

free from false results due to contaminating amplicons and/or
chromosomal DNA.

RELIABILITY OF DRUG-SUSCEPTIBILITY TEST RESULTS
The World Health Organization and the International Union
Against Tuberculosis and Lung Disease established the
Supranational TB Reference Laboratory Network through
which they intend to assure DST proficiency testing in
countries implementing DRS [1–3]. Proficiency testing results
from nine rounds, undertaken during 1994–2002, showed that
average sensitivities to detect resistance to INH, RFP,
streptomycin (SM) and ethambutol (EMB) were 98.7%, 97.2%,
90.8% and 89.3%, respectively [3]. The corresponding sensitiv-
ities to detect susceptibility to INH, RFP, SM and EMB were
98.5%, 96.8%, 93.9% and 94.0%, respectively [3]. The predictive
values of the susceptibility DST results, which have been
calculated on the basis of the aforementioned figures, were
high for all four drugs (.93%), even at 40% prevalence, while
predictive values of the resistance DST results varied greatly
between the four major drugs (figs 1 and 2). Below 10%
prevalence of resistance, the predictive values for EMB and
SM were significantly lower than those for INH and RFP.
The predictive value of resistance, at the median prevalences
of resistance to specific drugs among the pulmonary TB
patients, as has been previously published [3], was 80.6%
for INH at a 5.9% median resistance prevalence, 30.4% for
RFP at 1.4%, 50.0% for SM at 6.3%, and 10.4% for EMB at
0.8%. Among previously treated cases, predictive values
were, of course, higher due to higher median prevalence of
resistance, as follows: 91.6% for INH at a 14.4% median
prevalence; 74.6% for RFP at 8.4%; 65.8% for SM at 11.4%;
and 34.8% for EMB at 3.5%. It is clear that resistance results
for EMB and SM are less reliable than those for INH and
RFP. Similar findings were obtained through rapid growth-
detection systems [8].

FACTORS INFLUENCING DRUG-SUSCEPTIBILITY TEST
RESULTS
DST methods and the interpretation of their results vary
greatly; however, it is noteworthy that, in order to obtain
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FIGURE 1. Predictive values of isoniazid (INH) and streptomycin (SM)

susceptibility testing results. #: INH susceptibility; $: INH resistance; e: SM

susceptibility; ¤: SM resistance. Data taken from [3].
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clinically relevant and dependable results for case manage-
ment, the probability of misclassification of clinically suscep-
tible or clinically resistant strains must be minimal or absent.
Aiming to meet this requirement, it has been suggested to fix
the criteria at the minimum inhibitory concentration (MIC) and
1% of the critical resistant proportion of M. tuberculosis strains
isolated from never-treated patients [4, 21]. However, primary
drug resistances, including natural resistance, would interfere
with this approach. Another method would be the comparison
of clinical responses of strains bearing all the possible levels of
resistance, in order to find the clinically relevant critical level of
resistance. This approach may seem ideal, but it is not realistic.
For this reason, it is recommended to determine in vitro
criteria, which could be used to predict clinical resistance and
susceptibility with acceptable accuracy, by testing well-defined
and representative clinical strains of M. tuberculosis [4, 22]
isolated from patients treated under well-controlled and
properly recorded clinical settings. The DST method under
evaluation should be calibrated by comparing the MIC of

probably susceptible (PS) strains, derived from never-treated
patients, with the MIC of probably resistant (PR) strains,
derived from patients who apparently had treatment failure
with regimens containing the corresponding drug. The
difference in cumulative susceptible percentages between PS
and PR clinical isolates (at various concentrations) was greater
at 0.2 mg?mL-1 with INH and at 40.0 mg?mL-1 with RFP [23];
discrimination power values were 75.8% and 85.8%, respec-
tively (figs 3 and 4). At the same concentrations, the 1% critical
resistant proportion could discriminate PS and PR most
reasonably for both drugs, showing a discrimination power
of 77.1% for INH and 85.6% for RFP [23]. MITCHISON [24] found
that SM-resistant strains were discriminated from susceptible
strains at 16 mg?mL-1 with a difference of 52.4%. LEFFORD and
MITCHISON [22] reported that ethionamide (ETH) resistance
was discriminated at 40.0 mg?mL-1 with a 46.7% difference. It
is also interesting to notice that most reasonable criteria of
resistance could be different between laboratories, even when
they apply the same method. EMB PR strains have been
discriminated from PS strains at 2 mg?mL-1 in the laboratory of
the Korean Institute of Tuberculosis, Seoul, South Korea, while
they were better distinguished at 4 mg?mL-1 in the laboratory of
the Royal Postgraduate Medical School, London, UK, using the
same medium and method, and testing the same PR strains
(personal communication, D.A. Mitchison, Medical Research
Council Unit for Laboratory Studies of Tuberculosis, Royal
Postgraduate Medical School, Hammersmith Hospital,
London, UK; fig. 5). These data seem to indicate that
differences in critical concentration might have resulted from
different susceptibility levels of PS strains and disparities in
the test environment. Resistance levels of PR strains vary
greatly, except to RFP; therefore, it is not possible to determine
a reasonable cut-off point without a careful calibration of
susceptibility with PS strains. Those studies clearly show that
the discrimination between PR and PS strains is more reliable
for INH and RFP than for other drugs. It is also clear that the
development of a DST method capable of distinguishing PR
and PS strains at 100% is, in fact, not feasible because of the
technical variations resulting from the physicochemically labile
environment of the test.
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FIGURE 2. Predictive values of rifampicin (RFP) and ethambutol (EMB)

susceptibility testing results. h: RFP susceptibility; &: RFP resistance; n: EMB

susceptibility; m: EMB resistance. Data taken from [3].
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FIGURE 3. Determination of a) the critical concentration and b) the critical resistant proportion for isoniazid (INH) using probably susceptible (-----; n599) and probably

resistant strains (solid line; n5117). MIC: minimum inhibitory concentration. #: 13.1% as resistant; ": 75.8%; +: 11.1% as susceptible; 1: 77.1%. Data taken from [23].
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A recent survey on the current practices for DST to second-line
drugs at 10 Supranational Reference Laboratories revealed
important differences with regards to the critical concentra-
tions of drugs and the critical proportions of resistance [25],
underlining the need to standardise the methods and criteria
with the purpose of optimising the clinical relevance of DST
results.

Development of drug resistance by selective multiplication of
resistant mutants existing in a wild bacillary population is
determined by the initial size of actively multiplying organ-
isms in the lesions, the drug exposure time and the drug concen-
tration [4, 24, 26, 27]. The absorption, the diffusion into the
lesions and the maintenance level of a drug are all important
factors for the emergence of drug resistance. INH and RFP,
whose susceptibility testing results are fairly reliable, show a
peak serum concentration over 100-times higher than the MIC,
and it is certainly possible to maintain them at a fairly high
concentration in the lesions throughout the treatment, unless the

patient interrupts drug intake (fig. 6) [27, 28]. Conversely, peak
serum levels of cycloserine, EMB, ciprofloxacin, ofloxacin and
ETH are closer to MICs (fig. 6). As a consequence, in some
patients, the period of inhibitory concentration of the drug
within the lesions may be short and/or the drug level may
remain subinhibitory during most of the time. In general,
DST results to the latter drugs display low reliability.

Many of the newly developed DST methods have not been
carefully calibrated to determine in vitro criteria of resistance
with appropriate clinical samples, representative of the
patient’s clinical outcome under the current clinical settings;
instead, these criteria have often been arbitrarily chosen using
laboratory strains. Unless a careful calibration is carried out,
the clinical relevance of DST results remains uncertain.

Reproducibility of in vitro DST results is influenced to a great
extent by the physicochemical environment of the test [4, 28],
which requires appropriate standardisation and control of the
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FIGURE 4. Determination of a) the critical concentration and b) the critical resistant proportion for rifampicin (RFP) using probably susceptible (-----; n599) and probably

resistant strains (solid line; n5108). MIC: minimum inhibitory concentration. #: 85.8%; ": 85.6%. Data taken from [23].
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FIGURE 5. Comparison between the ethambutol critical concentrations observed at the laboratories of a) the Korean Institute of Tuberculosis, Seoul, South Korea

(probably susceptible Korean strains: -----, n5104; probably resistant British strains (BPR): solid line, n5124), and b) the Royal Postgraduate Medical School, London, UK

(probably susceptible Hong Kong strains: ?????, n5333; BPR: n5106), applying the same method. MIC: minimum inhibitory concentration. #: 41.9%; ": 38.8%. Data obtained

from a personal communication with D.A. Mitchison (Medical Research Council Unit for Laboratory Studies of Tuberculosis, Royal Postgraduate Medical School,

Hammersmith Hospital, London, UK).
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test procedure. Poor reproducibility usually stems from the
procedural complexity; thus, it can be improved through
procedural simplification.

Appropriate standardisation of inoculum preparation is an
important prerequisite to obtain reliable DST results, since the
number (size), dispersion and viability of the organisms in the
inoculum have a significant effect on DST results. Frequent
subcultures may distort drug-susceptibility levels and patterns
of strains, when compared with those from the primary
cultures. Culture media must allow an adequate growth of all
the inoculated organisms; however, when they contain some
antagonistic compounds or chemicals interfering with the drug
action, results will be unreliable, unless these substances are
removed or minimised. Variations in the concentration of the
drug incorporated to the medium originate from protein
binding, heat inactivation, loss of various amounts of drug
during filter sterilisation, incomplete dissolution due to the use
of improper solvents, inaccurate calculation of potency, and
inaccurate dilution. Medium pH, incubation temperature and
incubation time are also important factors that influence DST
results. A careful standardisation and the control of these test-
environment physicochemical factors are essential to achieve
acceptable reproducibility of DST results.

CONCLUSION
Drug-susceptibility testing is still widely used as a tool for the
selection of effective regimens to successfully treat tuberculosis
patients (particularly multidrug-resistant tuberculosis), as well
as for evaluation of programme efficiency and development
of strategies to cope with the problem of drug-resistant
tuberculosis. However, to provide reliable results, the drug-
susceptibility testing method under evaluation for routine use
must be carefully calibrated with representative clinical
isolates of Mycobacterium tuberculosis strains, in order to
determine in vitro test criteria, which could be used to predict,
at best, the patient’s clinical outcome. The test procedure has to
then be standardised with maximal simplification to yield
results with acceptable reproducibility regarding these criteria.
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