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The recently introduced Xpert MTB/RIF assay (Xpert) has point-of-care potential, but its capacity for
biohazard containment remained to be studied. We compared the bioaerosols generated by the Xpert assay to
acid-fast bacillus (AFB) microscope slide smear preparation. The Xpert assay sample treatment reagent (SR)
was also studied for its sterilizing capacity, stability, and effect on assay sensitivity after prolonged treatment.
During the preparation of AFB smears, sputum samples spiked with Mycobacterium bovis BCG at 5 � 108

CFU/ml produced 16 and 325 CFU/m3 air measured with an Andersen impactor or BioSampler, respectively.
In contrast, neither the sample preparation steps for the Xpert assay nor its automated processing produced
any culturable bioaerosols. In testing of SR sterilizing capacity, clinical sputum samples from strongly
smear-positive tuberculosis patients treated with SR at a 2:1 ratio eliminated Mycobacterium tuberculosis
growth in all but 1/39 or 3/45 samples cultured on solid or liquid medium, respectively. These few unsterilized
samples had a mean 13.1-day delay in the time to positive culture. SR treatment at a 3:1 ratio eliminated
growth in all samples. SR retained a greater than 6-log-unit killing capacity despite storage at temperatures
spanning 4 to 45°C for at least 3 months. The effect of prolonged SR sample treatment was also studied. Spiked
sputum samples could be incubated in SR for up to 3 days without affecting Xpert sensitivity for M. tuberculosis
detection and up to 8 h without affecting specificity for rifampin resistance detection. These results suggest that
benchtop use of the Xpert MTB/RIF assay limits infection risk to the user.

The recently introduced Xpert MTB/RIF assay (Cepheid,
Sunnyvale, CA) simultaneously detects the presence of Myco-
bacterium tuberculosis and its susceptibility to the important
first-line drug rifampin (RIF) in less than 2 h (14). The assay is
very easy to perform and almost entirely automated, requiring
only two manual steps. The simplicity of the assay and its
“on-demand” features make it amenable to point-of-care test-
ing by personnel with minimal training.

Point-of-care tests should be safe to use in their intended
environments. Tests that expose testing personnel to relatively
low numbers of bacilli, such as a direct acid-fast bacillus (AFB)
smear examination, pose a much smaller biohazard risk (7, 13,
22) than do tests that include a biologic amplification step
(cultivation) (17). Though there is no epidemiologic data link-
ing smear preparation with tuberculosis risk (International
Union against Tuberculosis and Lung Disease, Paris, France),
many laboratory guidelines suggest that sputum handling and
AFB smear preparation should be performed inside a biolog-

ical safety cabinet (BSC) (11, 16). However, smear preparation
is often performed on open benchtops in resource-poor set-
tings (4, 21). Industrialized nations with stringent biosafety
standards usually permit sputum samples from suspected tu-
berculosis patients to be processed for routine Gram staining
and (nontuberculosis) bacterial culture in clinical microbiology
laboratories with biological safety level 2 (BSL-2) biocontain-
ment, although a BSC is normally used. A good tuberculosis
point-of-care test should be no more risky than an AFB smear
examination, and an ideal test would eliminate all infectious
risk.

Several aspects particular to the Xpert MTB/RIF assay sug-
gest that it might present a very low risk to testing personnel.
The Xpert MTB/RIF assay starts with the addition of a highly
tuberculocidal sample treatment reagent (SR) to each sputum
sample (or concentrated sputum pellet). Used as recom-
mended, SR treatment complies with international decontam-
ination standards (3, 24), reducing the viability of M. tubercu-
losis in sputum by at least 6 log10 units after 15 min of
incubation (14). Longer incubation periods appear to com-
pletely sterilize samples spiked with very high numbers of M.
tuberculosis. After the 15-min incubation, the sputum-SR mix-
ture is transferred to the plastic assay cartridge, the cartridge
lid is closed, and the cartridge is placed into a GeneXpert
instrument. The remainder of the assay is performed within the
closed cartridge. The use of a closed-cartridge system can po-
tentially further reduce or eliminate biohazard risk by perform-
ing sample processing in an aerosol-resistant enclosure.

We studied the amounts of potentially infectious aerosols
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that could be generated by the manual and automated steps of
the Xpert MTB/RIF assay. We studied whether any of the
assay steps posed a greater risk to testing personnel than the
preparation of an AFB smear. We also determined whether it
was possible to process a cartridge loaded with sputum plus SR
without generating any infection risk. To confirm the critical
tuberculocidal activity of SR, we performed a series of SR
killing studies using various lots of SR stored under different
conditions and performed a quantitative assessment of killing
on strongly smear-positive clinical sputum samples. Finally, we
investigated the effect of prolonged SR treatment on analytic
assay sensitivity, to determine whether increased SR incuba-
tion time (which enhances killing) had any adverse affects on
the assay performance.

MATERIALS AND METHODS

Bacterial strains, culture conditions, and clinical samples. The Mycobacte-
rium bovis BCG Pasteur and Mycobacterium smegmatis Mc2155 strains used in all
experiments were a kind gift of William Jacobs, Jr., Howard Hughes Medical
Institute, Bronx, NY. M. tuberculosis strain H37Rv was obtained from the Amer-
ican Tissue Culture Collection (ATCC), Manassas, VA. Mycobacteria were
cultured on 7H10 solid medium (BD Diagnostic Systems, Sparks, MD) supple-
mented with 0.5% glycerol and 10% albumin-dextrose-catalase with sodium
chloride (Middlebrook ADC Enrichment; BD Diagnostic Systems). Each 4-ml
mycobacterial growth indicator tube (MGIT) (BD Diagnostic Systems) was sup-
plemented with 0.5 ml MGIT oleic acid-albumin-dextrose-catalase (OADC) and
0.1 ml PANTA antibiotic (BD), supplied with the kit. The Middlebrook 7H9
liquid medium (BD Diagnostic Systems) used in the BioSampler studies was
supplemented with 10% ADC (BD Diagnostic Systems) and 0.05% Tween 80
(Sigma-Aldrich, St. Louis, MO). M. bovis BCG (ATCC 35743; TMC 1028) was
acquired from the ATCC by the independent testing service (Microbiotest,
Sterling, VA).

BCG organisms were inoculated into Middlebrook 7H9 liquid medium and
incubated at 37 � 2°C with gentle agitation for 15 to 25 days or until a pellicle
was formed. This material was used as the inoculum for the quantitative tuber-
culocidal test as follows. Solid-medium cultures were wrapped in aluminum foil,
incubated at 37°C for up to 6 weeks, and checked periodically for growth. MGITs
were cultured and analyzed in a Bactec MGIT 960 automated culture system
(BD) according to the manufacturer’s recommendations, and the number of days
between MGIT inoculation and a positive culture (time-to-positive days [TpD])
was recorded for each sample. Negative cultures were discarded after 6 weeks.
M. tuberculosis was confirmed in all positive MGIT cultures by the observation of
a positive AFB smear and a positive immunochromatographic lateral-flow assay
for MPB64 (Capilia TB Neo) performed according to the manufacturer’s in-
structions (Tauns Laboratories, Inc., Shizuoka, Japan). Solid cultures on 7H10
plates were identified as contaminated when the colonies present did not have
the typical morphological appearance of M. tuberculosis, and representative
colonies were confirmed to be Capilia TB Neo test negative. Liquid cultures that
were indicated as positive by the MGIT 960 system were identified as contami-
nated if both the Capilia TB Neo test and the AFB smear from the culture
medium were negative.

The origins of the sputum samples varied in accordance with study objectives.
Analytical studies that required the addition of known numbers of BCG CFU
into tuberculosis-negative sputum were performed with sputa obtained from
patients at New Jersey Medical School—UMDNJ University Hospital, Newark,
NJ, who were not suspected of having tuberculosis, as described previously (14),
and/or with sputum pools from confirmed negative patients obtained from Mon-
tefiore Medical Center, Bronx, NY. Sputum samples for the clinical SR killing
studies were obtained from patients being evaluated for tuberculosis at Hinduja
Hospital, India, between January and February 2009. The Hinduja patients were
required to have symptoms suggestive of tuberculosis and grade 2� to 3� AFB
smears on prescreening (where 2� represents 1 to 9 AFB per field and 3�
represents 10 or more AFB per field). Patients were excluded if they had re-
ceived any antituberculosis therapy within the past 60 days. Sputum samples were
collected prospectively from each patient, frozen, and then sent to a laboratory
in the United States for SR killing studies. Sputum samples were obtained only
after approval by the Hinduja and UMDNJ institutional review boards.

Detection of viable aerosols. As there is no standardized reference method for
detecting bioaerosol contamination from new devices or during procedures, we

aimed to detect both total and culturable aerosol generation under simulated
conditions. Aerosolization studies during smearing and pipetting were per-
formed in a 6-foot (2-m) class II biological safety cabinet (BSC-2) (NU-425-600;
NuAire, Plymouth, MN). The GeneXpert aerosolization studies were performed
in a 4-foot (1.2- m) BSC-2 (NU-425-400; NuAire) with the airflow turned off and
the sash pulled down into an incomplete airtight seal. The limit-of-detection
(LOD) (2) studies were performed inside a custom-built aerosol generation and
sampling chamber based on the design of a chamber successfully used for similar
aerosol studies (15). This was essentially a closed wind tunnel kept under neg-
ative pressure, which permitted safe aerosolization and sampling of infectious
particles. The chamber was operated inside the biological safety cabinet to
control the large numbers of infectious BCG that were aerosolized during the
experiment. For all aerosol studies, viable-aerosol production was measured
using both a single-stage N-6 viable Andersen cascade impactor (Thermo Sci-
entific, Waltham, MA) and a BioSampler (SKC Inc., Eighty Four, PA) loaded
with 20 ml Middlebrook 7H9 liquid medium. The Andersen impactor was op-
erated at calibrated vacuum flow rates of 28.3 liters per minute, and the Bio-
Sampler was operated at 12.8 liters per minute. Before sampling, the airflow
rates for all samplers were calibrated with a DryCal DC-lite Calibrator (SKC
Inc., Eighty Four, PA). The aerosol sampling time for each study is noted below.
The BioSampler’s collection liquid was plated in triplicate on 7H10 agar plates.
All the agar plates were incubated at 37°C for up to 5 weeks for CFU counts. The
total airborne bacterial concentrations were expressed per cubic meter of air.

The total airborne concentration (CFU/m3) for the Andersen impactor,
CANDERSEN, was calculated as follows: CANDERSEN � 1,000 � Ntotal/Qsts,
where Ntotal is the total number of CFU on the agar plate, Qs is the sampling
flow rate per minute, and ts is the sampling time (min).

The total airborne concentration (CFU/m3) for the BioSampler, CBIOSAMPLER, was
calculated as follows: CBIOSAMPLER � 1,000 � (Ntotal/Qsts) � (VLIQ/VPLIQ),
where VLIQ is the volume of liquid left after collection and VPLIQ is the volume
of liquid used for plating.

The total numbers of particles present in the BSCs before, during, and after
the sample preparation steps were also studied as a second measure of poten-
tially infectious aerosol generation. Particles were detected using an aerody-
namic particle sizer spectrometer (APS model 3321; TSI Inc., St. Paul, MN).

Limits of detection of the aerosol samplers. 7H9 medium was spiked with log
dilutions of BCG ranging from 10 to 104 CFU/ml. Approximately 0.8 ml of
each mixture was then aerosolized using a Sparging Liquid Aerosol Gener-
ator (CH Technologies, Inc., Westwood, NJ) over 10 min within the custom-
built aerosol generation and sampling chamber. Total aerosol particle counts
within the chamber were measured using an APS Spectrometer. Aerosol
collection was begun after the total aerosol particle counts were stable and
then continued for 1 min using the Andersen impactor and for 15 min using
the BioSampler.

Aerosolization during AFB smear and Xpert MTB/RIF assay setup. Pooled
human sputa from nontuberculous patients were spiked with BCG at a final
concentration of 5 � 108 CFU/ml of sputum. SR was added to the BCG-sputum
mixture at an SR/sputum ratio of 2:1. The “incorrect use of SR” was simulated
by loading the SR-sputum mixture immediately into Xpert MTB/RIF cartridges
without performing the recommended 15-min SR-sputum incubation. Instead,
after SR introduction, the SR-sputum container was briefly shaken, and then the
sputum was immediately pipetted in and out of three Xpert MTB/RIF cartridges
for 15 min, simulating the loading of at least 30 cartridges. All pipetting steps
used the disposable plastic pipettes included in the Xpert MTB/RIF test kit. The
“correct use of SR” was simulated by briefly shaking the SR-sputum mixture and
incubating the mixture for 15 min at room temperature before pipetting the
mixture in and out of three Xpert MTB/RIF cartridges for 15 min as described
above. AFB smear preparation was performed by smearing a loopful (10 �l) of
the BCG-spiked sputum (without SR) onto three microscope slides for 10 min,
simulating the preparation of 20 sputum AFB slides. Smears were made using
disposable plastic loops. Aerosol collection using the Andersen impactor and
BioSampler was begun at the start of each procedure and continued for 2 min
and 10 min, respectively.

Air sampling during automated sample processing. The production of viable
aerosols generated by the GeneXpert instrument during sample-processing
stages in Xpert MTB/RIF cartridges was studied by loading Xpert MTB/RIF
cartridges with several different sample types and measuring viable-aerosol pro-
duction during an assay run. Cartridges were loaded with one of three sample
types: (i) water spiked with 2 ml of 5 � 108 BCG CFU/ml without SR treatment,
(ii) 2 ml of sputum spiked with BCG (5 � 108 CFU/ml) treated for 15 min with
SR at a 2:1 ratio, or (iii) 2 ml of sputum spiked with M. smegmatis (7 � 108

CFU/ml) treated for 15 min with SR at a 2:1 ratio. For each sample type studied,
the GeneXpert instrument was loaded with three cartridges and the air was
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sampled for 2 and 15 min using two Andersen samplers and a BioSampler,
respectively, during the Xpert MTB/RIF assay run. The first Andersen sampler
was operated simultaneously with the start of the BioSampler, and the second
Andersen sampler was operated at the 13th minute of the BioSampler’s run time.
Each assay was run three times, individually, for a total of nine cartridges tested
under each condition.

SR killing studies. Fifty M. tuberculosis-positive sputum samples collected
from the Hinduja study were thawed and vortexed for 1 min. Five of the samples
did not have the required minimum 3-ml volume and were discarded. The
remaining 45 samples were thoroughly mixed with a pipette and then split into
three portions of 1 ml each. The three portions were randomly assigned as
follows. The first 1-ml portion was decontaminated by a standard NALC-NaOH
(N-acetyl-L-cysteine–NaOH) method, using a MycoPrep kit (BD Diagnostic Sys-
tems) according to the manufacturer’s instructions and resuspended in 700 �l of
phosphate-buffered saline (PBS), pH 7.4. A 200-�l volume of each sample was
inoculated onto 7H10 plates, and 500 �l was inoculated into MGITs supple-
mented with PANTA and OADC according to the manufacturer’s instructions.
Sputum samples from six tuberculosis-negative patients were also split, and 1 ml
was cultured as described above. A second and a third 1-ml portion of each
sputum sample was treated with SR at an SR/sputum ratio of 2:1 or 3:1, respec-
tively. The SR-sputum mixtures were briefly shaken and incubated at room
temperature for 15 min. A 1.5-ml volume of each sample was then transferred to
a 50-ml centrifuge tube, which was filled to the top with PBS and centrifuged for
20 min at 4,000 � g. The supernatant was then discarded, and the remaining
pellet was resuspended in 700 �l of PBS. Two hundred microliters of each
sample was inoculated onto 7H9 medium, and 500 �l was inoculated into an
MGIT. Positive growth in the MGIT was confirmed by both Capilia TB-Neo
assay (Tauns, Shizuoka, Japan) and by AFB smear examination; 7H10 colonies
were confirmed for M. tuberculosis bacilli by Capilia TB-Neo assay only.

SR stability at varied temperatures. SR was stored under different conditions
for at least 3 months. The killing efficiency of SR under each storage condition
was evaluated in a manner similar to that described above. Briefly, negative-
control sputum was spiked with 109 CFU/ml BCG cells, and SR was added at the
recommended 2:1 ratio (SR/sputum) to the sample. The preparation was shaken
for 5 s, incubated for 15 min at ambient temperature, and again shaken manually
for 5 s. PBS was added to make up the volume to 45 ml and mixed well, and the
tube was centrifuged for 15 min at 4,000 � g. The pellet was resuspended in 1 ml
of fresh PBS, and 100 �l was plated on 7H10 plates in triplicate. Four individual
experiments were run to evaluate the average killing efficiency of these stored SR.
The average log kill was expressed as follows: log10(average initial CFU/ml) �
log10(average test CFU/ml).

Quantitative tuberculocidal tests performed by an independent test service.
Testing was performed by Microbiotest (Sterling, VA). BCG organisms were
macerated with a tissue grinder at 0 to 4°C, and the homogenized suspension was
diluted with 7H9 medium to a concentration between 107 and 108 CFU/ml, as
determined by spectrophotometric methods. Two milliliters of BCG suspension
was added to 4.7 ml of sputum and vortexed to mix them, and then the mixture
was added to 13.3 ml of SR in sterile glass tubes. Duplicate preparations were
made. After incubation for 15 min, aliquots of the mixture were removed and
mixed with aliquots of sterile saline to make 10-fold serial dilutions. Duplicates
of each dilution were filtered through a 47-mm-diameter cellulose nitrate mem-
brane filter with a pore size of 0.45 �m, and the filters were washed with sterile
saline. The filters were aseptically transferred to the surface of a Middlebrook
7H11 plate and incubated at 37 � 2°C for 15 to 25 days. Colonies were counted
using a dissecting microscope with lateral lighting, and the average number of
CFU/ml was calculated. Initial counts of BCG organisms were determined by
mixing 2 ml of M. bovis BCG suspension with 18 ml of sterile saline and serially
diluting 1-ml aliquots with sterile saline blanks. These control samples were

processed similarly to the test samples, and the plates were incubated along with
the test plates. BCG colonies were confirmed by AFB staining and colony
morphology. The log reduction in viability was calculated as explained above:
log10(average initial CFU/ml) � log10(average test CFU/ml).

Stability of samples after prolonged SR treatment. M. tuberculosis-negative
sputum samples were spiked with M. tuberculosis strain H37Rv at a final con-
centration of 60 CFU/ml. Negative controls were run for each sputum pool and
at every time point. Samples were incubated at room temperature with SR at a
2:1 ratio for 15 min, 5 h, 8 h, 24 h, 3 days, and 7 days, and the Xpert MTB/RIF
assay was performed in a GeneXpert system according to the manufacturer’s
instructions. Assay amplicons were assessed for mutations by DNA sequencing as
described previously (C. C. Boehme, P. Nabeta, D. Hillemann, M. Nicol, S.
Shennai, F. Krapp, J. Allen, R. Tahirli, R. Blakemore, R. Rustomjee, A. Milovic,
M. Jones, S. M. O’Brien, D. H. Persing, S. Ruesch-Gerdes, E. Gotuzzo, C.
Rodrigues, D. Alland, and M. D. Perkins, submitted for publication).

Statistical analysis. Statistical analysis by t test was performed using Sigmaplot
version 8.0 (Systat Software Inc., San Jose, CA), and Fisher’s exact t test was
performed using SAS version 9.1 (SAS, Cary, NC).

RESULTS

Validation of the air samplers. We determined the limits of
detection of our viable-aerosol air-sampling methods by neb-
ulizing known concentrations of BCG CFU ranging from 104

CFU/ml down to 10 CFU/ml in 7H9 medium over 10 min.
Cultivable aerosols were measured by sampling within the
chamber using an Andersen impactor loaded with solid
Middlebrook 7H10 medium plates and a BioSampler loaded
with liquid Middlebrook 7H9 medium. As shown in Table 1,
the system was able to detect less than 10 aerosolized CFU
(Andersen impactor) or less than 100 CFU (BioSampler),
demonstrating high sensitivity.

Sample preparation. We compared the number of viable
aerosols that were generated by the process of loading 2 ml of
SR-treated sputum into the Xpert MTB/RIF cartridge versus
the number of aerosols that were generated when a loopful (10
�l) of untreated sputum was smeared on microscope slides
until almost dry to make direct AFB smears. BCG added to
unprocessed human sputum at a final concentration of 5 � 108

CFU/ml was used for these studies. We simulated the “incor-
rect use of SR” in the first study to assess what would occur if
the tester did not incubate the sputum in SR for the recom-
mended 15 min before loading the cartridge. In the next study,
we simulated the manufacturer’s recommended 15-min SR
incubation before cartridge loading. We simulated direct AFB
slide smearing in the third study. Each study protocol was
performed three times on separate occasions, and viable-aero-

TABLE 1. Ability to detect viable aerosols

Concn of BCG
(CFU/ml)a

CFU/m3 airb

Andersen
impactor BioSampler

104 712 � 97.6 10,416 � 2604
103 169 � 13.8 2,976 � 1704
102 91 � 5.2 578 � 501
10 28 � 12.8 0

a A total of 0.8 ml of mixture was aerosolized in each experiment.
b Mean and standard deviation of three experiments.

TABLE 2. Viable-aerosol generation during manual
sample preparation

Sputum preparation method

CFU/m3 airb

Andersen
impactor BioSampler

SR added to sputum, then cartridge
loaded without incubationa

6 � 5.5 67 � 115.4c

SR added to sputum, then cartridge
loaded after 15-min incubationa

0 0

Sputum smeared directly on
microscope slides; no SR

16 � 2.3 325 � 112.5

a After SR addition, samples were pipetted in and out of three Xpert MTB/
RIF cartridges (equivalent to loading �30 cartridges).

b Mean and standard deviation of three experiments.
c Two of the three replicates did not show any growth in the 7H9 medium.

VOL. 48, 2010 BIOCONTAINMENT OF M. TUBERCULOSIS DURING DETECTION 3553



sol production was measured using both the Andersen impac-
tor and the BioSampler. As shown in Table 2, incorrect SR
usage produced a mean of 6 BCG CFU/m3 air as measured by
the Andersen impactor or a mean of 67 BCG CFU/m3 air as
measured by the BioSampler. Importantly, correct SR usage
did not produce any measurable BCG CFU in any of the three
experiments. In contrast, AFB smear preparation produced a
mean of 16 BCG CFU/m3 air as measured by the Andersen
impactor and a mean of 325 BCG CFU/m3 air as measured by
the BioSampler.

In parallel studies, we also measured the number of particles
of any type generated by each procedure. As shown in Fig. 1A,
AFB slide preparation resulted in a small but measurable in-
crease in the particle concentration from approximately 4.1
particles/cm3 air to approximately 5.8 particles/cm3 air. In con-
trast, the average particle number in the air of the hood was
not changed during pipetting of the sputum-SR mixture (Fig.
1B), although the interexperiment variability was somewhat
larger at each time point.

Automated sample processing. We measured the viable
aerosols generated by the GeneXpert instrument while pro-
cessing Xpert MTB/RIF cartridges loaded with samples. Three
studies were performed. In the first study, a final concentration
of 5 � 108 BCG CFU/ml was made in water. Two milliliters of
water was then placed directly into each Xpert MTB cartridge
without SR treatment. SR was not used in this study so that a
very high number of viable cells (many log units higher than
could possibly be present in SR-treated sputum) would be
processed by the GeneXpert instrument. In the second study,
raw sputum was spiked with BCG at a final concentration of
5 � 108 CFU/ml sputum. One milliliter of sputum was then
mixed with 2 ml of SR according to the manufacturer’s rec-
ommendation, and then 2 ml of the mixture was placed into
each Xpert MTB/RIF assay cartridge. In the final study, raw
sputum was spiked with M. smegmatis instead of BCG at a final
concentration of 7 � 108 CFU/ml sputum and then treated
with a 2:1 ratio of SR. The sputum was then treated and loaded

into the cartridge as in the second study. The GeneXpert
instrument was loaded with three cartridges, and viable-aero-
sol production was measured using both the Andersen impac-
tor and the BioSampler during the assay run. Each assay was
run three times for a total of nine cartridges tested under each
condition. We did not detect viable aerosols in any assay run in
any of the three studies. These results suggest that infectious
aerosols were not generated even when Xpert MTB/RIF car-
tridges were loaded with high numbers of live bacteria not
treated with SR.

In parallel studies, we also measured the total numbers of
all particle types generated by the GeneXpert as it pro-
cessed cartridges loaded with each type of sample. As shown
in Fig. 2A to C, the number of particles generated when the
GeneXpert processed cartridges containing samples did not
increase compared to the number of particles generated when
the GeneXpert was run without any cartridges loaded into the
system. Together, these results suggest that the Xpert MTB/
RIF assay is not associated with a measurable infection risk
when performed properly.

Inactivation study with clinical samples. We tested the tu-
berculocidal activity of SR in clinical sputum samples from 45
highly smear-positive patients with confirmed pulmonary tu-
berculosis. Two different ratios were tested, the 2:1 SR sputum
ratio recommended by the manufacturer and the 3:1 ratio that
we have observed is commonly added by testers when visually
estimating sputum volumes. None of the samples treated with
the 3:1 ratio showed any positives for M. tuberculosis on either
7H10 or MGIT (Fig. 3). Two contaminants observed on 7H10
were confirmed negative by the Capilia TB Neo assay. Of the
45 samples treated with the 2:1 SR ratio, three were culture
positive in MGIT and one was culture positive on 7H10. How-
ever, the TpD for the three MGIT-positive samples was 17.8
days, showing that only a very small number of bacteria re-
mained viable (27). The single culture-positive 7H10 plate
grew only nine M. tuberculosis colonies. Of the 45 sputum
aliquots treated by the standard NALC-NaOH method and not

FIG. 1. Particles generated during manual sample preparation. Total airborne particles were measured for AFB smear preparation (A) or
pipetting and cartridge loading (B). Measurements were first taken either with the BSC airflow on or with the BSC airflow off and the sash closed
as much as possible before and during each sample preparation procedure. Each time point represents the mean of three experiments. The error
bars indicate �1 standard deviation.
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treated with SR, 43/45 were culture positive for M. tuberculosis
on either solid or liquid culture, with an average TpD culture
in the MGIT system of only 6.2 � 0.6 days. The control sputum
aliquots from the three samples that were culture positive in

MGIT after SR treatment had an average TpD culture of only
4.7 days when processed by the standard NaOH method, indi-
cating very high numbers of CFU in the original sputa.

SR stability studies. Changes in the SR that might occur
through prolonged storage at high or low temperatures could
potentially impact its tuberculocidal activity. SR aliquots were
stored at 4°C, 25°C, and 45°C under controlled conditions for
at least 3 months and then tested for their sustained killing
efficiencies. Killing studies demonstrated that all of the SR
aliquots produced average killing of 6 to 7 log10 (Table 3).
There was no statistical difference in killing activity among the
different storage conditions.

Quantitative tuberculocidal test results. An independent
testing agency was contracted to repeat the SR killing studies
following U.S. Environmental Protection Agency (EPA) guide-
lines (http://www.epa.gov/oppbead1/methods/atmpmethods/MB
-16-00.pdf). The SR used in this study had been stored for 9
months at fixed temperatures of 4°C, 35°C, and 45°C and for 18
months at 25°C. The results confirmed that SR achieved at least
a 6-log-unit kill when mixed 2:1 with sputum containing BCG
under every tested storage condition (Table 3).

Effect of prolonged SR treatment. The manufacturer recom-
mends incubating sputum samples with SR at a 2:1 SR-to-
sample ratio for a minimum of 15 min but not more than 12 h

FIG. 2. Particles generated during automated sample processing. To-
tal airborne particles were measured during the sample-processing por-
tion of the Xpert MTB/RIF assay, which is performed automatically by
the GeneXpert instrument. During each sample-processing run, the
GeneXpert was loaded with three cartridges containing water spiked with
5 � 108 CFU/ml BCG (A), sputum spiked with 5 � 108 CFU/ml BCG and
then treated with SR (B), or sputum spiked with 7 � 108 CFU/ml M.
smegmatis and treated with SR (C). Measurements were first taken with
the BSC airflow off and the sash closed as much as possible before and
after or during each sample-processing run. Each time point represents
the mean of three experiments. The error bars indicate �1 standard
deviation.

FIG. 3. SR killing activity in strongly smear-positive clinical sputum
samples from tuberculosis patients. Forty-five clinical tuberculosis spu-
tum samples were decontaminated with either SR/sputum ratios of 2:1
or 3:1 or Mycoprep (BD, Sparks, MD) as indicated. The washed
samples were then cultured on 7H10 agar plates or in MGITs. The
number of sputum samples culture positive for M. tuberculosis (MTB),
culture negative for M. tuberculosis, or contaminated by other bacteria
is shown for each culture type.

TABLE 3. Effect of SR storage temperature on M. bovis
BCG killing

SR storage
temp (°C)

Storage time
(mo) Testing method Avg log10

reduction

25 3 Centrifugation/wash 6.8 � 0.9
45 3 Centrifugation/wash 6.7 � 1.0
4 �3 Centrifugation/wash 7.0 � 1.1
45 9 Filter/washa �6
35 9 Filter/wash �6
25 18 Filter/wash �6
4 9 Filter/wash �6

a Filter and wash tests were performed by an independent testing agency
(Microbiotest, Sterling, VA).
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(Xpert MTB/RIF product insert) before loading them into the
Xpert MTB/RIF cartridge. Because the tuberculocidal effect of
SR increases with the length of exposure (for at least 3 h) (14),
prolonged SR treatment could be considered a way to ensure
sterility of the samples used for testing and for sample trans-
port. However, the effect of prolonged SR incubation on assay
sensitivity had not been carefully studied. We examined the
effect of prolonged SR treatment in this study. Tests were
performed on sputum samples spiked with only 60 CFU/ml of
M. tuberculosis to maximize the chance of detecting a minimal
drop in assay sensitivity. M. tuberculosis was expected to be
detected in �50% of the tests after 15 min of SR treatment at
this sub-LOD target concentration (14). We detected M. tu-
berculosis in 13/59 (22%), 55/145 (38%), 9/38 (23%), and 41/
118 (34%) test samples after 15 min (0 h), 5 h, 8 h, and 24 h of
SR incubation (Fig. 4). SR incubation could be prolonged up
to 72 h (3 days) without further decrease in M. tuberculosis
detection by GeneXpert. Fisher’s exact test showed no statis-
tical difference in performance at different time points (P �
0.05). None of the samples stored for 7 days were positive for
M. tuberculosis. We noted that 4/41 M. tuberculosis-positive
samples identified after 24 h of SR incubation were detected as
RIF resistant by the Xpert MTB/RIF assay. DNA sequencing
of the three out of four amplicons extracted from the false
RIF-resistant assay mixtures revealed that each contained a
single nucleotide mutation at position 517 (CAG-TAG), 522
(TCG-TCA), or 523 (GGG-GAG). Interestingly, each muta-
tion consisted of a C-to-T or G-to-A base change. This change
is typical of mutations caused by NaOH (28, 29). Unfortu-
nately, the fourth sample, which showed probe D and E delays
in GeneXpert, could not be sequenced due to accidental loss of
the sample. No false RIF-resistant assay results or mutations
were identified when large numbers of samples were incubated
with SR for periods from 15 min to 8 h. To evaluate the
relevance of this finding for SR treatment periods closer to
those recommended, 100 additional samples were spiked with

1,000 CFU/ml of BCG, treated by 5 h of SR incubation, and
then tested with the Xpert MTB/RIF assay. None of the 100
positive assays generated a false RIF-resistant test result (data
not shown).

DISCUSSION

Tuberculosis is known to spread primarily through aerosols
of live bacteria. Surface contact or dried fomites (e.g., linen,
furniture, books, and floors) are not considered significant
infection risks (1, 6, 8). To limit the risk to laboratory workers,
tuberculosis tests must minimize the number of live bacteria
that are manipulated by the tester and effectively control aero-
solization of the bacteria that remain. Sample preparation
methods such as centrifugation, vortexing, and vigorous shak-
ing generate a significant amount of aerosols (12, 16, 20, 26)
and are thus likely to present a biohazard in tuberculosis de-
tection assays. The current study was performed to evaluate
the safety of the Xpert MTB/RIF assay. We studied whether
SR treatment could eliminate the biohazard risk by killing
more than 6 log units of the M. tuberculosis present in sputum
and whether the closed-cartridge sample-processing system
used in the Xpert MTB/RIF assay could provide additional
aerosol risk reduction. Our study used sensitive detection
methods to demonstrate that no viable aerosols or additional
particles were generated by either the manual or automated
portion of the Xpert MTB/RIF assay. It is notable that even
incorrect use of SR (where the 15-min incubation step was
omitted) produced fewer cultivable aerosols than did smear
preparation using untreated sputum inoculated with the same
burden of AFB. Our results suggest that the Xpert MTB/RIF
assay poses a smaller biohazard risk than the performance of a
direct AFB smear. Any type of sputum manipulation, including
AFB smear preparation, can generate potentially infectious
aerosols from a sputum sample containing a sufficient number
of bacteria.

Prior studies of SR had demonstrated outstanding tubercu-
locidal activity on sputum samples spiked with M. tuberculosis
grown in culture (14). However, it was important to test SR
activity in sputa from actual tuberculosis patients. All of the
patient samples tested in the current study were highly AFB
smear positive. Furthermore, the MGIT cultures of NALC-
NaOH-treated samples were positive in an average of 6.2 days,
indicating that the clinical samples had very high titers of live
M. tuberculosis. SR treatment performed very well under these
circumstances by effectively sterilizing almost all of the sputum
samples. The few samples that remained culture positive after
SR treatment initially contained very high bacterial titers (ap-
proximately 107 CFU/ml as estimated by MGIT time to posi-
tive) and were reduced by SR treatment to counts of viable M.
tuberculosis CFU that were similar to those found in low-CFU
smear-negative samples. The single sample that was positive on
solid medium contained only nine viable colonies after SR
treatment. The few liquid cultures that were positive after SR
treatment required an average of 17.8 days to become positive
in the MGIT system. This much delayed time-to-positive result
indicates that only small quantities of AFB remained viable
after SR treatment (27).

It was also important to evaluate the stability of SR stored
under conditions that might exist outside the laboratory. We

FIG. 4. SR stability study in sputa spiked with 60 CFU/ml of M.
tuberculosis H37Rv. Sputum spiked with 60 CFU/ml M. tuberculosis
was treated with a 2:1 SR-to-sample ratio and incubated for up to 7
days. Samples were tested by Xpert MTB/RIF assay at 15 min (n �
59), 5 h (n � 145), 8 h (n � 38), 24 h (n � 118), 3 days (n � 20), and
7 days (n � 11) (n represents the number of replicates run at each time
point). The percentage of positives detected at each time point was
plotted. Linear regression curve fitting (r2 � 0.6) was performed, and
95% upper and lower confidence intervals were determined using
SigmaPlot 8.0. Fisher’s t test at a P value of �0.05 showed no signif-
icant difference at different time points.
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tested SR that had been subjected to 3 months of cold (4°C) or
heat (45°C) stress, verifying that the tuberculocidal activity was
not affected. These results were validated for even longer stor-
age periods by an independent testing laboratory: there was no
decrease in tuberculocidal activity even when the SR was
stored at 25°C for 18 months or at 35°C or 45°C for 9 months
(Table 3).

Our studies with prolonged incubation of sputum samples
with SR suggest that sputum samples can be incubated in SR
for at least 72 h (3 days) without a detectable decrease in Xpert
assay sensitivity. Thus, some users may wish to prolong SR
treatment to ensure complete sample sterility or to safely
transport specimens to a central laboratory for testing even
though prolonged SR incubation beyond 12 h is not recom-
mended by the manufacturer. However, our results suggest
that prolonged SR incubation should be used with caution, as
it appears that at least paucibacillary samples cannot be incu-
bated with SR for �24 h without increasing the risk of a false
RIF resistance determination due to chemically induced mu-
tations. DNA can be deaminated by endogenous and environ-
mental agents (5, 9, 18, 19, 23, 25), including NaOH (28). This
may result in postreplicative mutations, producing G-to-T and
A-to-C changes, if not recovered by DNA repair systems (5, 9,
10). The falsely RIF-resistant amplicons produced by 24-h SR
treatment contained exactly these mutations (in locations
where they are not seen in clinically RIF-resistant M. tubercu-
losis strains), suggesting that false RIF resistance was caused
by the NaOH component of the SR buffer. Therefore, samples
stored for prolonged periods with SR should be retested if RIF
resistance is observed.

In conclusion, the combination of an effective tuberculocidal
SR and the closed configuration of the Xpert MTB/RIF car-
tridge effectively reduces the risk of infectious-aerosol forma-
tion to below that of AFB smear preparation. These features
help to make the Xpert MTB/RIF assay suitable for near-
patient detection of tuberculosis and drug resistance in settings
where biocontainment facilities are not available.
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