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Susceptibility testing of Mycobacterium tuberculosis is seriously limited by the time required to obtain results.
We show that susceptibility testing of clinical isolates of M. fuberculosis can be accomplished rapidly with
acceptable accuracy by using flow cytometry. The susceptibilities of 35 clinical isolates of M. tuberculosis to
various concentrations of isoniazid, rifampin, and ethambutol were tested by the agar proportion method and
by flow cytometry. Agreement between the results from the two methods was 95, 92, and 83% for isoniazid,
ethambutol, and rifampin, respectively. Only 11 discrepancies were detected among 155 total tests. The results
of flow cytometric susceptibility tests were available within 24 h of inoculation of drug-containing medium,
while the proportion method required 3 weeks to complete. The flow cytometric method is also simple to

perform.

In response to the resurgence of tuberculosis and increases
in resistance to antituberculosis drugs (3, 6-8, 28) the Centers
for Disease Control and Prevention (CDC) have stated that
rapid and accurate susceptibility testing of Mycobacterium tu-
berculosis is essential and should be performed for the control
of the disease (6). Classically, susceptibility testing for M. fu-
berculosis has been performed by growing the tubercle bacillus
on medium in the presence or absence of antimycobacterial
agents for 2 or 3 weeks of incubation before obtaining results
(5, 21, 22). A number of methods are practiced or have been
proposed that greatly decrease the time required to obtain
susceptibility test results. The most frequently used method,
BACTEC-460, requires 4 to 12 days of incubation before re-
sults are available (13, 17, 22, 29, 32). Recently other methods,
including a bioluminescence assay for detection of mycobacte-
rial ATP (1, 23), the Gen-Probe DNA hybridization system
(15, 18), the luciferase reporter gene assay (14), high-perfor-
mance liquid chromatography mycolic acid analysis (12), the
E-test MIC method (35), and a colorimetric method (36), have
been proposed as high-throughput assays for performing rapid
susceptibility testing. The results are available 3 to 14 days
after initiation of testing procedures.

We showed previously that susceptibility testing of M. tuber-
culosis (24) and other mycobacteria (4) could be accomplished
within 24 h after the mycobacteria were incubated with anti-
mycobacterial agents. The method is based on the ability of
mycobacteria to hydrolyze fluorescein diacetate (FDA) to free
fluorescein via nonspecific cellular esterases. Accumulation of
fluorescein in metabolically active mycobacterial cells can then
be easily detected by using a flow cytometer. By contrast,
mycobacteria that are killed or inhibited by antimycobacterial
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agents hydrolyze significantly less FDA and therefore have less
fluorescence.

Although the feasibility of using flow cytometry and FDA
staining for susceptibility testing of M. tuberculosis was dem-
onstrated (24), the results were obtained with an attenuated
strain (H37Ra) of M. tuberculosis. In this report, we demon-
strate that flow cytometry and FDA staining can be used to
detect the susceptibility or resistance of clinical isolates of M.
tuberculosis to ethambutol (EMB), isoniazid (INH), and ri-
fampin (RIF) 24 h after initiation of the testing procedure.

MATERIALS AND METHODS

Antimycobacterial agents. EMB, INH, and RIF were obtained from Sigma
Chemical Co., St. Louis, Mo. Stock solutions of EMB and INH were prepared at
10,000 pwg/ml in distilled water and sterilized by filtration with a 0.2-wm-pore-size
filter before being dispensed in 1.0-ml aliquots and stored at —70°C until used.
RIF (10,000 pg/ml) was prepared similarly, except that it was dissolved in di-
methyl sulfoxide (Sigma).

Mycobacteria and preparation. Thirty-five clinical isolates of M. tuberculosis
with varied resistances to antimycobacterial agents were obtained from the CDC.
Each isolate was grown from frozen stocks in 10.0 ml of 7H9 broth (Difco,
Detroit, Mich.) in a sterile 50.0-ml polypropylene screw-cap tube (Sarstedt,
Newton, N.C.) at 37°C in the presence of 5% CO, until the turbidity of the
suspension was equivalent to a McFarland 1.0 standard. Approximately 5 to 14
days of incubation were required.

Agar proportion susceptibility testing. The agar proportion method, similar to
that recommended by the National Committee for Clinical Laboratory Standards
(22), was used to determine the percentage of M. tuberculosis organisms resistant
to each of the concentrations of antimycobacterial agents tested. Briefly, appro-
priate concentrations of EMB, INH, and RIF were added to 7H10 medium
tempered at 50 to 52°C to yield 5.0 pg of EMB/ml; 0.2, 1.0, and 5.0 pg of INH/ml;
and 1.0 ug of RIF/ml. Subsequently, 5.0 ml of medium containing each antimy-
cobacterial agent was dispensed into labeled quadrants of sterile petri plates.
One quadrant was reserved for 7H10 medium without any antituberculosis agent.
After solidification of the agar, the plates were inoculated with 0.1 ml of 10~2 and
10~* dilutions of a McFarland 1.0 concentration of a suspension of each isolate
of M. tuberculosis. The inoculated plates were then incubated at 37°C in an
atmosphere of 5% CO, for 3 weeks. An isolate was considered susceptible to an
antimycobacterial agent if the number of colonies that grew on the drug-con-
taining plate was <1% of the number of colonies that grew on the drug-free
control. An isolate was considered resistant if 1% or more grew on the drug-
containing plate.
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Flow cytometric susceptibility testing. An aliquot (0.9 ml) of each actively
growing M. tuberculosis isolate was transferred to a 2.0-ml screw-cap microtube
(Sarstedt). The tubes were then inoculated with 0.1 ml of a working dilution of
INH at 50.0, 10.0, 2.0, or 0.2 wg/ml. Similarly, tubes containing suspensions of M.
tuberculosis isolates were inoculated with 0.1 ml of EMB at 50.0 wg/ml or RIF at
10.0 pg/ml. Drug-free suspensions of M. tuberculosis were also included as con-
trols. The suspensions were then incubated for 24 h at 37°C in the presence of 5%
CO,. After incubation, 0.2 ml of each assay suspension was removed and placed
in a sterile 2.0-ml screw-cap microtube containing 0.2 ml of FDA (Sigma)
prepared fresh daily at 500 ng/ml in phosphate-buffered saline at pH 7.4. The
samples were then incubated at 37°C for 30 min before being analyzed with a
Bryte HS flow cytometer with WinBryte software (Bio-Rad Laboratories, Her-
cules, Calif.).

Initially, unstained viable M. tuberculosis cells were detected and differentiated
from non-M. tuberculosis particles in 7H9 medium by forward and side angle light
scatter. Background events (particles) in the 7H9 medium and electronic noise
were eliminated by thresholding. Subsequently, viable M. tuberculosis cells incu-
bated in the presence or absence of antimycobacterial agents for 24 h were
stained with FDA. For each isolate at each concentration of antimycobacterial
agent the flow cytometer provided a histogram profile relating the number of M.
tuberculosis organisms in each of 2,048 logarithmic channels of increasing fluo-
rescence intensity, a mean channel fluorescence value, and a contour plot relat-
ing forward angle light scatter and intensity of fluorescence. Two thousand
events were acquired for each sample. In addition, 1.5-pm-diameter fluorescent
polystyrene beads (Bio-Rad Laboratories) were used daily for calibration of the
instrument.

Flow cytometric susceptibility index. The susceptibility index was determined
by using the mean channel fluorescence value obtained from histogram profiles
(channels 0 through 2048) of the population of FDA-stained M. tuberculosis cells
in the presence or absence of antimycobacterial agents. Subsequently, these
values were divided by 512, the number of channels per log decade. The antilog
was then determined for these values to obtain the relative linear fluorescence
value for each sample analyzed. Finally, for each isolate the relative fluorescence
value of each drug-containing sample was divided by the relative fluorescence
value of the drug-free control to obtain the susceptibility index. An isolate of M.
tuberculosis was considered susceptible to an antimycobacterial agent if the
susceptibility index was 0.75 or less. The calculation eliminates the variability
among isolates of M. tuberculosis in their abilities to hydrolyze FDA in the
absence of antimycobacterial agents.

RESULTS

Detection of M. tuberculosis by flow cytometry. Unstained
viable M. tuberculosis organisms were readily detected in 7H9
medium by flow cytometric analysis with forward angle light
scatter and intensity of fluorescence displayed in a contour plot
profile of the acquired data (Fig. 1B). A histogram profile of
the unstained M. tuberculosis organisms (events) showing the
low intensity of fluorescence for each event acquired was also
obtained (Fig. 1A). When viable M. tuberculosis organisms
were exposed to FDA (Fig. 1C and D), the intensity of fluo-
rescence increased in the population. The contour plot profile
(Fig. 1D) shows the intensity of fluorescence emitted by the
viable M. tuberculosis population after hydrolysis of FDA rel-
ative to the degree of forward angle light scatter measured.
The histogram profile was used to determine that the mean
channel fluorescence of the population was 1,079 (Fig. 1C). By
contrast, viable M. tuberculosis organisms incubated for 24 h
with 5.0 pg of INH/ml (Fig. 1E and F), showed a significant
decrease in the intensity of fluorescence displayed in the his-
togram after exposure to FDA. The mean channel fluores-
cence of the population had decreased to 893 (Fig. 1E). In
addition, the contour plot (Fig. 1F) obtained for the M. tuber-
culosis organisms exposed to 5.0 pg of INH/ml was consider-
ably different from the contour plot of the drug-free control
(Fig. 1D). Furthermore, the susceptibility index value of 0.43
(Fig. 1E) demonstrated that the M. tuberculosis isolate was
affected by 5.0 pg of INH/ml

Susceptibility of clinical isolates of M. tuberculosis to anti-
mycobacterial agents. Thirty-five clinical isolates of M. tuber-
culosis with different susceptibilities to INH were obtained
from the CDC. Subsequently, the abilities of the isolates to
hydrolyze FDA after incubation for 24 h in various concentra-
tions of INH were determined by flow cytometry. Figure 2
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FIG. 1. Intensity of fluorescence versus number of events (A, C, and E) and
forward angle light scatter (B, D, and F) displayed as histogram or contour plot
profiles, respectively, for M. tuberculosis organisms incubated for 24 h with (E
and F) or without (C and D) 5.0 u.g of INH/ml and then exposed to FDA. Other
controls included M. tuberculosis organisms not incubated with INH or exposed
to FDA (A and B). The mean channel fluorescence (MCF) values (the mean of
the logarithmic intensity of fluorescence) of M. tuberculosis organisms with or
without incubation with INH and exposed to FDA were used to calculate the
susceptibility indices (SI). An index value of less than 0.75 suggested that M.
tuberculosis organisms hydrolyzed less FDA than the drug-free control.

shows the flow cytometric susceptibility index values obtained
for 5 of the 35 isolates with different susceptibilities to various
concentrations of INH. The flow cytometric susceptibility in-
dex values decreased rapidly for four of the five isolates. Iso-
lates 497, 941, and 810 were susceptible to 0.02, 0.20, and 1.0
g or more of INH/ml, respectively. Isolate 065 was susceptible
only to 5.0 ng of INH/ml, while isolate 024 was completely
resistant to all concentrations of INH tested. The concentra-
tion of INH obtained by the susceptibility index for each of the
isolates correlated with the inhibitory concentration obtained
by the proportion method. Each of the isolates, except resis-
tant isolate 024, had a susceptibility index value of 0.75 or less.

We next determined the ability of the remaining 30 of the 35
clinical isolates of M. tuberculosis to hydrolyze FDA after in-
cubation with various concentrations of INH for 24 h. The
susceptibility results for each of the 35 isolates are listed in
Table 1. The inhibitory concentration of INH obtained by the
proportion method was also obtained by flow cytometry for all
but four of the isolates. By flow cytometry, isolate 322 was
resistant to 5.0 pg of INH/ml, but it was susceptible by the
proportion method. Isolate 531 was resistant to 0.2 and 1.0 pg
of INH/ml, but it was susceptible by the proportion method.
Similarly, isolate 843 was resistant to 1.0 pg of INH/ml, but it
was susceptible by the proportion method. By contrast, isolate
863 was resistant to 0.2 png of INH/ml by the proportion
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FIG. 2. Susceptibility index values of 5 of the 35 clinical isolates of M. tuber-
culosis tested after incubation for 24 h with or without various concentrations of
INH. Isolates 497 (#), 941 (OJ), 810 (A), and 065 (O) were susceptible to 0.02,
0.20, 1.0, or 5.0 pg or more of INH/ml, respectively. Isolate 024 () was resistant
to all concentrations of INH tested.

method, but it was susceptible by the flow cytometric test.
Agreement between the methods was 94, 94, and 97% at 0.2,
1.0, and 5.0 pg of INH/ml, respectively. Overall, the agreement
was 95%.

In other studies, 26 isolates of M. tuberculosis were tested for
susceptibility to EMB by the flow cytometric and proportion
methods (Table 2). Agreement between the methods was
reached for 24 of the 26 isolates. Isolates 204 and 813 were
resistant to 5.0 wg of EMB/ml by flow cytometry, but they were
susceptible by the proportion method. Agreement was 92%.
When 24 isolates of M. tuberculosis were tested for suscepti-
bility to RIF by the flow cytometric and proportion methods,
four discrepancies were detected (Table 3). Isolates 322, 509,
and 843 were resistant to 1.0 wg of RIF/ml by the flow cyto-
metric method but susceptible by the proportion method. By
contrast, isolate 231 was resistant by the proportion method
but susceptible by flow cytometry. The overall agreement was
83%.

Reproducibility. Table 4 shows the reproducibility of the
flow cytometric susceptibility test. Three isolates (531, 126, and
072) with varied susceptibilities or resistances to INH, EMB,
and RIF were tested three times. Isolates susceptible to INH,
EMB, or RIF had susceptibility indexes ranging from 0.68 to
0.72, with an average standard deviation of 0.03. Similarly,
isolates resistant to concentrations of INH, EMB, or RIF had
susceptibility indexes ranging from 0.91 to 1.17. Their average
standard deviation was 0.04.

DISCUSSION

The in vitro susceptibility testing of M. tuberculosis is seri-
ously limited by the time required to obtain results (5, 13, 15,
17, 22, 29, 32). We demonstrated previously that susceptibility
testing of M. tuberculosis, specifically an attenuated laboratory
isolate (H37Ra), could be accomplished rapidly by using a flow
cytometer (24). Results of tests were available within 24 h after
M. tuberculosis organisms were incubated with antimycobacte-
rial agents. Furthermore, multiplication of mycobacteria was
not required to obtain susceptibility results. The flow cytomet-
ric susceptibility test method is based on the ability of M.
tuberculosis organisms exposed to FDA to rapidly hydrolyze
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TABLE 1. Results of susceptibility tests for 35 clinical isolates of
M. tuberculosis exposed to INH?

Susceptibility to indicated concentration of INH (jg/ml)

Isolate Proportion method Flow cytometry

0.2 1.0 5.0 0.2 1.0 5.0
024 R R R R R R
026 R R R R R R
065 R R S R R S
072 R R R R R R
126 R S S R S S
127 R R R R R R
152 S S S S S S
204 S S S S S S
212 S S S S S S
231 S S S S S S
232 R R S R R S
243 R S S R S S
246 R R R R R R
253 R S S R S S
289 S S S S S S
292 S S S S S S
299 S S S S S S
322 R R S R R R
495 S S S S S S
497 S S S S S S
498 S S S S S S
508 S S S S S S
509 S S S S S S
514 S S S S S S
531 S S S R R S
567 S S S S S S
705 R S S R S S
710 R S S R S S
798 R R S R R S
810 R S S R S S
813 S S S S S S
843 R S S R R S
863 R S S S S S
941 S S S S S S
982 R S S R S S

@ Isolates of M. tuberculosis were exposed to 0.2, 1.0, or 5.0 pg of INH/ml. The
isolates marked S for the proportion method showed less than 1% of the growth
seen on drug-free control plates. The isolates marked S for flow cytometry had
susceptibility indexes of 0.75 or less after exposure to INH for 24 h. Isolates
marked R for both methods were considered resistant.

the compound to fluorescein by intrinsic esterases. In nonvia-
ble mycobacteria or mycobacteria susceptible to antimycobac-
terial agents, hydrolysis of FDA is reduced due to the de-
creased metabolic activity of the organisms. The use of flow
cytometry allows rapid measurement (1 min or less per sam-
ple) of differences in the amounts of accumulated fluorescein
among susceptible organisms and those resistant to, or un-
treated with, antimycobacterial agents. Consequently, determi-
nation of the susceptibility or resistance of mycobacteria can be
accomplished rapidly. In this investigation, the feasibility of
using flow cytometry to obtain susceptibility results for clinical
isolates of M. tuberculosis 24 h after initiation of testing pro-
cedures was demonstrated.

We tested 35 clinical isolates of M. tuberculosis obtained
from the CDC for susceptibility or resistance to INH by the
flow cytometric and proportion methods. Overall, there was
agreement between the two methods for 100 of the 105 total
tests (95%). For two of the isolates, 531 and 843, discrepancies
in INH inhibitory concentrations obtained by flow cytometry
were corrected at the next higher concentration of INH. Iso-
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TABLE 2. Results of susceptibility tests for 26 clinical isolates of
M. tuberculosis exposed to EMB®
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TABLE 3. Results of susceptibility tests for 24 clinical isolates of
M. tuberculosis exposed to RIF*

Susceptibility to EMB (5.0 pg/ml)

Susceptibility to RIF (1.0 pg/ml)

Isolate Isolate
Proportion method Flow cytometry Proportion method Flow cytometry
072 R R 072 S S
152 S S 126 S S
204 S R 204 R R
212 S S 212 R R
231 S S 231 R S
243 S S 243 S S
246 R R 246 S S
253 S S 253 S S
289 S S 289 R R
292 S S 292 R R
299 S S 299 R R
495 S S 322 S R
497 S S 497 S S
498 S S 498 S S
508 S S 508 S S
509 S S 509 S R
514 S S 514 S S
531 S S 531 R R
567 S S 705 S S
705 S S 710 S S
710 S S 813 R R
798 R R 843 S R
813 S R 863 S S
843 S S 982 S S
863 S S ;
982 S S “ Isolates of M. tuberculosis were exposed to 1.0 pg of RIF/ml. The isolates

“ Isolates of M. tuberculosis were exposed to 5.0 pg of EMB/ml. The isolates
marked S for the proportion method showed less than 1% of the growth seen on
drug-free control plates. The isolates marked S for flow cytometry had suscep-
tibility indexes of 0.75 or less after exposure to EMB for 24 h. Isolates marked R
for both methods were considered resistant.

late 863 was resistant to 0.2 ug of INH/ml by the proportion
method but susceptible to this concentration of INH by flow
cytometry. When higher concentrations (1.0 and 5.0 pg/ml)
were tested, the same susceptibility results were obtained by
the proportion method and by flow cytometry. Isolate 322 was
resistant to 5.0 wg of INH/ml by flow cytometry, but it was
susceptible by the proportion method. This isolate, however,
was resistant to the lower concentrations of INH tested by the
proportion method. Discrepancies were also noted for the
susceptibilities of two and three isolates to inhibitory concen-
tration of EMB and RIF, respectively. We classified these
isolates as resistant by flow cytometry because their suscepti-
bility indices did not match our chosen susceptibility cutoff
value of 0.75. Another isolate, 231, was resistant to 1.0 pg of
RIF/ml by the proportion method but susceptible to this con-
centration by flow cytometry.

A possible explanation for the discrepancies is that the ma-
jority of the population of M. tuberculosis cells was not in the
exponential growth phase when tested by flow cytometry. Hy-
drolysis of FDA is affected by the metabolic activity of the
mycobacterial cells. Similar levels of hydrolysis would occur in
the drug-treated suspensions of M. tuberculosis cells and the
drug-free controls if neither were metabolically active. Dis-
crepancies have been detected if non-log-phase mycobacteria
were used for testing by flow cytometry. Another explanation is
the selection of a susceptibility index cutoff value. We conser-
vatively set the cutoff value at 0.75. The value could have been
0.90, 0.85, 0.80, 0.76, or any numerical value within these num-
bers. By increasing the cutoff value to 0.90, only seven discrep-
ancies among all of the tests performed would have been

marked S for the proportion method showed less than 1% of the growth seen on
drug-free control plates. The isolates marked S for flow cytometry had a suscep-
tibility index of 0.75 or less after exposure to RIF for 24 h. Isolates marked R for
both methods were considered resistant.

reported. Further experiments with the flow cytometric sus-
ceptibility test may reveal that the cutoff value for detection of
susceptibility should be higher. Finally, it is assumed that the
proportion method is correct. However, selection of a sub-
population of resistant or susceptible organisms within the
population of M. tuberculosis organisms being tested has
yielded conflicting results for the proportion method.

TABLE 4. Reproducibility of the flow cytometric susceptibility test
for three isolates of M. tuberculosis with varied susceptibilities
and resistances to INH, EMB, or RIF

Values for flow cytometric method

Results_of
Isolate proporn(;n Antimycobacterial Mea?bqlf " Standard
method agent (concn) suscepubility deviation
index

531 Control 1.00 0.00

R RIF (1.0 pg/ml) 1.02 0.08

S EMB (5.0 pg/ml) 0.68 0.03

126 Control 1.00 0.00

R INH (0.2 pg/ml) 0.91 0.02

S INH (1.0 pg/ml) 0.72 0.04

S INH (5.0 pg/ml) 0.71 0.02

S RIF (1.0 pg/ml) 0.70 0.03

072 Control 1.00 0.00

R INH (0.2 pg/ml) 0.99 0.02

R INH (1.0 pg/ml) 1.00 0.01

R INH (5.0 pg/ml) 1.17 0.08

R EMB (5.0 pg/ml) 0.99 0.05

“ See footnotes a to Tables 1 to 3 for definitions.
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The use of flow cytometry for antimicrobial susceptibility
testing is increasing (9-11, 16, 19, 20, 25-27, 30, 31, 33). A
major advantage, besides rapidity and objectivity, is the ability
to analyze bacterial cells individually or in small groups or
clusters (9). Classically, susceptibility testing of M. tuberculosis
depends on detection of growth (5, 13, 21, 22) or formation of
colonies (5, 21, 22) to assess the effectiveness of an antimyco-
bacterial agent. This may require weeks of incubation (5, 21,
22). By contrast, individual mycobacteria are examined by flow
cytometry within hours of testing. Changes in individual my-
cobacterial cells can be assessed by forward or side angle light
scatter or through the utilization of fluorescent dyes. The
changes usually occur within 24 h after mycobacteria have been
exposed to antimycobacterial agents (4, 9, 24, 34). In support
of this observation, Bardou et al. (2) and Takayama et al. (34)
showed by electron microscopy that there were dramatic
changes in the cellular morphology of the tubercle bacillus
after exposure to INH for 24 h or less. In this study, contour
plots of forward angle light scatter obtained 24 h after M.
tuberculosis cells were incubated in the presence or absence of
INH also showed dramatic differences. This is consistent with
the alterations in cellular morphology reported by Barbou et
al. (2) and Takayama et al. (34). Furthermore, the ability to
analyze individual mycobacteria accounts for the detection of
lower concentrations of antimycobacterial agents that affect
the population of mycobacteria than those detected by the
standard methods (22). Although not shown here, several iso-
lates of M. tuberculosis were determined to be susceptible to
0.2 pg of INH/ml by the proportion method, but they were
shown to be susceptible to 0.02 wg/ml by the flow cytometric
susceptibility test. Norden et al. (24) and Bownds et al. (4) also
reported similar findings.

There are several concerns regarding the use of flow cytom-
etry for susceptibility testing of M. tuberculosis. Biosafety is
frequently considered the most important. Viable mycobacte-
ria with or without incubation with antimycobacterial agents
are presently processed by the instrument. Although the test is
rapid, accurate, and reproducible, many clinical laboratories
do not have the facilities to safely perform the procedure.
However, the present format of the test could be utilized safely
by public health laboratories or large reference laboratories
that have a biosafety level-three tuberculosis laboratory. Safety
is a primary concern, and it is being improved by developing
procedures that kill the mycobacteria prior to testing without
compromising their staining characteristics. Another concern
is the cost of the flow cytometer. However, when the high costs
of supplies for performing susceptibility testing with the radio-
metric instrument and increasing difficulties in disposing of
radioactive materials are considered, the flow cytometer is less
expensive. The reagents used for flow cytometry are also rel-
atively inexpensive. Costs are restricted to the purchase of 7H9
broth, microtubes, FDA, and the antimycobacterial agents.
Technician times for performing the radiometric and flow cy-
tometric methods, however, are similar.

In conclusion, flow cytometry and FDA staining can be used
to perform susceptibility testing of clinical isolates of M. tuber-
culosis. The assay is extremely simple to perform and, most
importantly, can be completed in 24 h after initiation of testing.
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