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Abstract: We evaluated the feasibility of resazurin microtiter assay (REMA) for detecting cycloserine resistance of
Mycobacterium tuberculosis. The cutoff value of the critical concentration of cycloserine resistance in vitro about
M. tuberculosis isolates was determined innovatively by drawing the receiver operating characteristic (ROC) curve
for the first time. The spending time of REMA ranged from 6 to 9 days. The ROC curve analysis showed that the area
under the curve (AUC) was 0.950, and P value was <0.001. The critical concentration of cycloserine in vitro was
>16 μg/ml based on the ROC curve. At this point, the sensitivity of REMA was 79.17%, and the specificity was 100%
when compared to the proportion method (PM). Resazurin method was found to be simple, reliable and inexpensive
to perform for the rapid detection of anti-tuberculous drugs.
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Introduction
Mycobacterium tuberculosis still remains a
serious pathogen caused the tuberculosis (TB)
disease which seriously threatens to the public
health. China is one of 27 drug-resistant TB
high-burden countries in the world [1]. It is estimated to contribute 22% of the global burden
of Multi-drug resistant tuberculosis (MDR-TB) in
China [2, 3]. MDR-TB is becoming more prevalent because of the mechanisms including
drug-inactivating enzymes, cell wall permeability changes, targeted gene mutations and variety in metabolic pathways.
Early detection of drug resistance of M. tuberculosis is benefit to appropriate therapy of the
TB patients, which has an important impact for
the better control and management for this disease. The developments of rapid methods
about drug susceptibility testing (DST) are very
important due to the increasing rates of MDR-

TB and the extensively drug-resistant tuberculosis (XDR-TB) described worldwide recently [4].
Evaluating and interpreting the minimum inhibitory concentration (MIC) for detecting drug sensitivity of M. tuberculosis are also vital to prevent the spread across nations and areas,
particularly in developing countries, where people are dealed with different treatment regimens. Cycloserine is a new broad spectrum
antibacterial agent and belongs to second-line
anti-TB drugs suggested by World Health
Organization (WHO). In recent years, chemotherapy containing cycloserine in the treatment
of MDR-TB had achieved better effects in Iran
and India [5, 6]. It is restricted in clinical treatment due to the complications, allergies and
neurotoxicity when blood cycloserine concentration is above 30 mg/L [7]. These side effects
increase the cost of treatment and also improve
the difficulty of applying cycloserine reasonably.
Therefore DST method is the key link of detecting cycloserine drug-resistance for MDR-TB
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chemotherapy. The resazurin microtiter assay
(REMA) has been used successfully to detect
the drug resistance of MDR-TB to isoniazid and
rifampin [8, 9].
In this study, the MIC of 145 drug-resistant M.
tuberculosis isolates was undertaken by setting twelve different cycloserine drug concentrations. We aimed to introduce a scientific
method and establish the cutoff value that
could separate negative from positive results;
the value, achieved with ROC curve, represented the critical concentration which could define
susceptible and resistant strains [10]. Considering that there was no susceptibility interpretations of the MIC values for cycloserine, our
research would contribute to determining cycloserine resistance quickly. The conventional 1%
proportion method (PM) on Löwenstein-Jensen
medium was used as reference test. Then
drawing ROC curve with the MICs of log2 transformation to get the cutoff value, which was in
the highest accordance with the PM regarded
as the gold standard test method.
Material and methods
Strains
A total of 145 M. tuberculosis isolates were
obtained from patients with pulmonary TB from
provincial TB hospitals in China, including
Fujian, Guizhou, Hunan, Henan, Sichuan and
Xizang provinces. Drug susceptibility testing
was performed using the Löwenstein-Jensen
proportion method (PM); the critical concentration for the PM was described previously [11].
The M. tuberculosis standard strain H37Rv was
included as a control.
Resazurin microtiter assay (REMA)
REMA method was carried out as described by
Martin and Palomino [12]. Middlebrook 7H9
broth was prepared as manufacturer’s instruction and 10% OADC (oleic acid, albumin, dextrose, and catalase) was added and mixed fully.
Then, 100 μl broth was dispensed in each well
of the 96-well plate. Working solution of drug
was prepared at 2.56 mg/ml and serial twofold dilutions of drug were prepared directly on
the plate to make the 128-0.063 μg/ml drug
concentration range of cycloserine. A total of
100 μl of diluted (1:20 ratio) bacterial suspen-
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sion were added in each well. A growth control
containing no drug and a sterile control without
inoculum were also included for each isolate.
The plates were incubated in a humid chamber
at 37°C. 70 μl indicator (20 µL of 0.02% resazurin solution and 50 µL of sterile 5% Tween80) was added to the first growth control well
without drug and the plate were re-incubated
for 12 h at 37°C. The change in color from blue
(oxidized state) to pink (reduced state) indicated the growth of M. tuberculosis. When the first
drug-free control well turned to pink, added the
70 μl indicator to the all tested wells corresponding isolate. If the first control well remained blue, the next drug-free control well
was examined for growth and the indicator was
added to all wells if the color turn was observed.
The microplate was resealed and incubated for
an additional 12 h at 37°C, after which all well
colors were recorded. The MIC was defined as
the lowest concentration of drug that prevented this change in color. M. tuberculosis H37Rv
and the drug-free wells were used as control.
Tween-80, Middlebrood 7H9 powder and OADC
nutritional supplements were purchased from
Difco (Detroit, MI, USA). Cycloserine was purchased from Sigma-Aldrich (St. Louis, MO,
USA). All prepared drug-containing mediums
were stored for not more than 2 weeks at 4°C
before use. PM was performed on the Löwenstein-Jensen medium according to laboratory’s standard procedure [13] and 30 μg/ml
cycloserine was used according to the WHO
Guidelines [14].
Statistical methods
Receiver operating characteristic (ROC) curve,
was a graphical plot that illustrated the performance of a binary classifier system as its discrimination threshold was varied in statistics.
The ROC curve was created by plotting the sensitivity against the 1-specificity at various
threshold settings. The area under the curve
(AUC) was equal to the probability that a classifier would rank a randomly chosen positive
instance higher than a randomly chosen negative one [15]. The bigger the AUC was, the higher the judgment value was. Area under the
curve (AUC), P value, and cutoff point were
obtained from the curve [10]. All the MIC values
were subject to log2 transformation in the study.
The ROC curve was analyzed by the MedCalc
Software 15.8.
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Table 1. MICs of Cycloserine of the 145 M. tuberculosis
No. of
strains
24
121

Group*

MIC (μg/ml)

128 64 32 16 8 4 2 1 0.5 0.25
CS-resistant
1
6 12 5 0 0 0 0 0
0
CS-susceptible 0
0 0 58 43 16 3 1 0
0

*Grouping according to the PM results; CS = cycloserine; critical concentration of PM was for 30 μg/ml.

tration, the sensitivity and specificity of REMA were 79.17% and 100%
to PM (Table 2), respectively. For all
of the 145 strains, the REMA took
about 6 to 9 days, and PM needed
30 days.
Discussion

At present the development of better and faster DST methods is an
urgent priority for dealing with drug-resistant
M. tuberculosis, especially for second-line drugs with the spread of MDR TB and XDR TB in
the world. The goal of DST is to provide a better
management and treatment of the patients
infected with M. tuberculosis. The DST can also
decrease the risk of disease and possible
amplification of drug resistance. The methods,
such as the PM and the BACTEC MGIT 960 system [16, 17], are currently available for DST of
M. tuberculosis. However the former is cheap
but time-consuming, the latter is fast but too
costly to be applicable in most high incidence
TB areas. There is obviously a great need for
faster methods for DST of M. tuberculosis.

Figure 1. Receiver operating characteristic (ROC)
curve for cycloserine determination; area under the
curve (AUC) = 0.950, P<0.001, Standard Error =
0.02, Youden index J = 0.79.

Results
MICs of cycloserine
The MICs of 145 drug-resistant clinical isolates
were shown in Table 1. According to the PM
test, 24 isolates were resistant to cycloserine
and 121 isolates were susceptible. Among the
resistant strains, the MICs of 19 isolates determined by REMA were >16 μg/ml, including 32
μg/ml for 12 isolates, 64 μg/ml for 6 isolates,
and 128 μg/ml for 1 isolates. Among the other
121 cycloserine sensitive strains, the MICs
were 16 μg/ml for 58 isolates, 8 μg/ml for 43
isolates, 4 μg/ml for 16 isolates, 2 μg/ml for 3
isolates, 1 μg/ml for 1 isolate.
ROC curve analysis
ROC curve analysis (Figure 1) showed an AUC
of 0.950, a P value of 0.000. The corresponding critical concentration of cutoff value was
>16 μg/ml. On the basis of the critical concen3626

Resazurin (7-Hydroxy-3H-phenoxazin-3-one 10oxide) was a blue dye; it was usually available
commercially as the sodium salt. Resazurin
was used as an oxidation-reduction indicator in
cell viability assays for bacteria [18], a colorimetric liquid culture-based drug susceptibility
assay for M. tuberculosis as well. In our study,
the DST of cycloserine of 145 M. tuberculosis
isolates was performed by REMA. The REMA
was very similar to the Alamar blue assay and
the correlation with the PM was perfect [4,
19-21]. Resazurin has been identified as the
main component of Alamar blue [22]. The REMA
plate method has proven to be, in recent experience, a reliable method for the detection of
MDR TB [23]. And the method had been endorsed by the World Health Organization [23].
Resazurin was very cheap, reducing the cost of
the DST. Each strain called for $2 by our rough
estimate, which meant that resazurin would be
easily extended in some low-resource countries. Results were easily determined visually
by reading the change to a stable color from
blue to pink. The time was required between 6
and 9 days. No special equipment was required
to perform REMA, giving the opportunity for its
widespread application again. It owned an
advantage that it needn’t be absorbed by the
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value as 16 μg/ml could serve as an
important reference to determining
cycloserine resistance. The study introduced the ROC curve method of reporting critical concentration, which was
with innovation. We hoped that it was
adopted and popularized by authority.

Table 2. Sensitivity and specificity of REMA for Cycloserine susceptibility testing of Mycobacterium tuberculosis
Proportional method (PM)
Sensitivity Specificity
Resistant Susceptible
Resistant
19
0
79.17%
100%
Susceptible
5
121
REMA

Note: REMA = Resazurin microtiter assay; the critical concentration of
Cycloserine resistance was >16 μg/ml.

bacterial cell [24]. One disadvantage, however,
was biosafety, since the plates required the use
of liquid medium and may generate aerosols.
In our study, an innovative method was established that critical concentration was analyzed
by the area under the ROC curve. And the closer the curve followed the left-hand border and
the top border of the ROC space, the more
accurate the test was. The following was a
rough guide for classifying the accuracy of a
diagnostic test based on area under the ROC
curve: 1-0.9 = excellent; 0.9-0.8 = good; 0.80.7 = fair; 0.7-0.6 = poor; and 0.6-0.5 = fail
[15]. Our research revealed that ROC curve
analysis showed an AUC of 0.95, a P value of
0.000. According to this, it could be considered
that REMA owed the high diagnostic value,
which was a reliable method for determination
of drug-susceptibility. The ROC curve could
show this cutoff value, of which corresponding
concentration was with the highest sensitivity
and specificity compared with the PM as gold
standard method. It was >16 μg/ml by the ROC
curve analysis in this study. The result represented the “critical concentration” that defined
susceptible and resistant strains based on the
best fit of the colorimetric results with the conventional method. The sensitivity and specificity of REMA were separately 79.17% and 100%
against the PM. And Youden index J was 0.79.
The accuracy of the REMA method was very
good. And notably, the REMA was a slightly
complicated to operate and considering the
long time for cell culture, it may happen bacterial contamination, as a result of repeated
tests.
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