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Abstract

One obstacle to wider use of rapid liquid culture-based tuberculosis diagnostics such as the microscopic observation drug susceptibility

(MODS) assay is concern about cross-contamination. We investigated the rate of laboratory cross-contamination in MODS, automated

MBBacT, and Lowenstein–Jensen (LJ) cultures performed in parallel, through triangulation of microbiologic (reculturing stored samples),

molecular (spoligotype/RFLP), and clinical epidemiologic data. At least 1 culture was positive forMycobacterium tuberculosis for 362 (11%)

of 3416 samples; 53 were regarded as potential cross-contamination suspects. Cross-contamination accounted for 17 false-positive cultures

from 14 samples representing 0.41% (14/3416) and 0.17% (17/10248) of samples and cultures, respectively. Positive predictive values for

MODS, MBBacT (bioMérieux, Durham, NC), and LJ were 99.1%, 98.7%, and 99.7%, and specificity was 99.9% for all 3. Low rates of

cross-contamination are achievable in mycobacterial laboratories in resource-poor settings even when a large proportion of samples are

infectious and highly sensitive liquid culture-based diagnostics such as MODS are used.

D 2006 Elsevier Inc. All rights reserved.
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1. Background

In mycobacteriology reference-level laboratories in the

industrialized world, cross-contamination is estimated to

account for between 0.5% and 6% of positive results (Bauer

et al., 1997; Nivin et al., 1998; Burman and Reves 2000;

de Boer et al., 2002; Jasmer et al., 2002; Ruddy et al., 2002)

with significant associated cost implications (Northrup et al.,

2002), and higher levels might be anticipated in high

tuberculosis (TB)-burden resource-limited settings where
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laboratory facilities are less sophisticated and a greater

proportion of samples contain Mycobacterium tuberculosis.

The microscopic observation drug susceptibility (MODS)

assay in which 2 sputum samples are cultured on the same

24-well tissue-culture plate in Middlebrook 7H9 medium

(Caviedes et al., 2000; Moore et al., 2004) has been

proposed as a potential tool to bring low-tech sensitive TB

diagnosis to the developing world where the need is most

urgent; however, the risk of cross-contamination in this

simple low-tech method using liquid culture medium and

multiple samples in a single 24-well plate has not been

previously determined.

Examining samples obtained in a large community-based

study in urban Lima, Peru, we determined the rate of

M. tuberculosis cross-contamination in sputum cultures
nfectious Disease 56 (2006) 35–43
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performed in parallel in MODS, MBBacT-automated myco-

bacterial culture system (bioMérieux, Durham, NC), and

Lowenstein–Jensen (LJ) solid media by first defining and

then investigating contamination suspect positive cultures.
Fig. 2. Characteristic cordlike tangles ofM. tuberculosis in MODS (original

magnification �40).
2. Patients, materials, and methods

2.1. Sample collection

After written informed consent, 1923 patients undergo-

ing investigation for TB at health centers in Lima, Peru,

were recruited over an 18-month period into an operational

evaluation of the MODS assay. Two sputum samples were

requested from each participant, and 3416 samples were

obtained for auramine stain microscopy and parallel culture

by all of LJ, automated MBBacT, and MODS. The study

protocol and informed consent forms were approved by all

of the following: Ethics Committees of Universidad Peruana

Cayetano Heredia, Lima, Peru; Asociación Benéfica

PRISMA, Lima, Peru; Johns Hopkins Bloomberg School

of Public Health, Baltimore, MD; Imperial College London,

UK; and Dirección de Salud III Lima Norte and Dirección

de Salud II Lima Este (Regional Ministry of Health), Peru.

2.2. Laboratory

After decontamination by the N-acetyl-L-cysteine

(NALC)-NaOH method (WHO, 1998) and auramine smear

microscopy, all samples were divided into 3 aliquots for

culture i) on an LJ slant, ii) in the MBBacT colorimetric,

automated mycobacterial culture system, and iii) in 12 wells

of a 24-well tissue-culture plate in the MODS assay (Fig. 1).

Lowenstein–Jensen cultures were examined twice

weekly from day 7 to 60; after which, the absence of

typical colonies was regarded as a negative result. Ziehl-

Neelson (ZN) smears were made from characteristic

colonies appearing before day 60 to confirm the presence

of acid fast bacilli. MBBacT cultures were automatically

monitored continuously for 42 days and determined as

positive or negative in accordance with manufacturer’s

recommendations. ZN staining of an aliquot of culture

media from any MBBacT bottle reported as positive was

performed to confirm the presence of acid fast bacilli.
Fig. 1. Schematic of sample layout on MODS plate (2 samples per plate—

no plate contained 2 samples from the same patient).
Microscopic observation drug susceptibility cultures

were examined every weekday from day 4 to 15, on

alternate days from day 16 to 25, and twice weekly from day

26 to 40 under an inverted light microscope. Positive

cultures were identified by the characteristic cording

morphology of M. tuberculosis growth in liquid media

(in drug-free control wells) (Fig. 2) as described previously

(Caviedes et al., 2000; Park et al., 2002; Moore et al., 2004).

Nontuberculous mycobacteria (NTM) were recognized by

their lack of cording or (in the case of Mycobacterium

chelonae that uniquely among NTM does form cords) rapid

overgrowth of wells by day 5.

In the event of bacterial or fungal overgrowth in any of

the 3 cultures, the original stored decontaminated sample

was decontaminated a second time by the same NALC–

NaOH method, and the affected culture method was

repeated. In the event of repeated bacterial/fungal over-

growth, the culture was abandoned.

Additional molecular confirmation of the presence of

M. tuberculosis was performed for all isolates. Fingerprint-

ing of every isolate was performed by spoligotyping (Goyal

et al., 1997), with subsequent selective restriction fragment

length polymorphism (RFLP) typing (van Embden et al.,

1993) where further discriminatory data were required.

2.3. Defining contamination suspects

The process for determining whether a positive

M. tuberculosis culture was the result of cross-contamina-

tion involved identifying and then thoroughly investigating

contamination suspects. Contamination suspect cultures

were identified by a process of exclusion: positive cultures

regarded as unlikely to be due to cross-contamination were

those in which a) all 3 culture methods for a sample were

positive, or if there was fungal/bacterial overgrowth of

1 method, the remaining 2 were positive; b) all 3 methods

were culture positive for the patient’s other sputum sample

(the protocol required submission of 2 sputum samples per

patient); or c) the auramine smear was positive.
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2.4. Investigating contamination suspects

The approach to distinguishing between true and false

positives from among the remaining smear-negative samples,

which were culture-positive in only 1 or 2 of the 3 methods

(contamination suspects), involved the triangulation of

investigations using conventional microbiology, molecular

epidemiology, and conventional clinical epidemiology.

The procedures undertaken are described in detail in the

Results section below, but briefly:

1) All the stored decontaminated sputum samples for

this group of contamination suspects were recultured

by all 3 methods to determine whether M. tubercu-

losis could be isolated again. In this rule-out step,

any positive culture with a spoligotype matching the

original was regarded as sufficient evidence that the

original culture had been a true positive. However,

because most samples had been stored for more than

12 months at �70 8C, negative cultures were not

regarded as necessarily indicative that the original

culture had been a false positive;

2) The molecular fingerprints of all isolates from

cultures setup contemporaneously with the contam-

ination suspect culture were compared. Initial mo-

lecular evaluation of strain diversity was performed

for all isolates by spoligotyping—thus, for a patient

with 2 samples, which were culture positive in 2 of

the 3 methods, there were 4 available spoligotypes.

For strains from contamination suspects with non-

unique spoligotypes and for which the date of sample

processing of an identical strain overlapped within
Fig. 3. Rule-out sequence to define contamination suspect positive cultures (n

1 (n = 52), 2 (n = 2), or all 3 (n = 1) methods were irretrievably overgrown wi

negative culture.
2 days, subsequent IS6110 RFLP typing was per-

formed to enhance discrimination;

3) All patients contributing contamination suspect sam-

ples were followed up to determine clinical outcome.

Smear-negative, culture-positive TB is managed on a

case by case basis in the National Tuberculosis

Program (NTP), and all such study patients (which

included all thosewith contamination suspect samples)

were managed by one of us (JCS, Ministry of Health

TB physician) in a dedicated clinic. Thus, clinical

outcome data and information on any subsequent TB

diagnostic testing or treatment elsewhere was collect-

ed, and follow-up samples were sought for repeat

culture, again in triplicate.

3. Results

3.1. Identification of contamination suspects

At least 1 culture was positive for M. tuberculosis in 362

(11%) of the 3416 samples (Fig. 3). For 79% (n = 285) of

these samples, all 3 culture methods were positive, whereas

for a further 7% (n = 24), the sample was i) culture positive

by 2 of the 3 methods with bacterial or fungal overgrowth of

the 3rd method (n = 4), ii) one of a pair of samples from the

same patient, the other of which was culture positive in all

3 methods (n = 16), or iii) none of the above but auramine

smear positive (n = 4). Thus, 53 smear-negative samples

(from 47 patients) yielded only 1 (n = 38) or 2 (n = 15)

positive cultures (68 cultures in total) and lacked a 2nd

corresponding patient sample, which was either smear

positive or culture positive in all 3 methodologies.
= 53) from 362 culture-positive samples. *Includes 55 samples in which

th fungi or bacteria; # 3 of the 4 were auramine positive; $either positive or



Table 1

Individual data for 53 contamination suspect samples

Sample

no.

Original culture profile Repeat culture profilea Unique

spoligotype?b
If nonunique

spoligotype,

unique

RFLP?c

Clinical

follow-up

achieved

Follow-up culture resultd Microbiologic

assessment

(reculture)

Molecular

assessment

Clinical assessment

(including follow-up

investigations)

Overall assessment

MODS MBBacT LJ MODS MBBacT LJ MODS MBBacT LJ 1 = Consistent with cross-contamination,

0 = regarded as excluding cross-contamination

1 + + � � � � N N e N NA NA NA 1 0 1 Not cross-contamination

2 + + � + � � Y � N NA NA NA 0 0 1 Not cross-contamination

3 + + � � � � Y � Y � � � 1 0 1 Not cross-contamination

4 + + � � � � Y � N NA NA NA 1 0 1 Not cross-contamination

5 + + � � � � Y � N NA NA NA 1 0 1 Not cross-contamination

6 + � � � � � N Y N NA NA NA 1 0 1 Not cross-contamination

7 + � � + � � N N Y NA NA NA 0 1 1 Not cross-contamination

8 + � � � � � Y � N NA NA NA 1 0 1 Not cross-contamination

9 + � � � � � Y � Y NA NA NA 1 0 1 Not cross-contamination

10 + � � � � � Y � Y NA NA NA 1 0 1 Not cross-contamination

11 + � � � � � Y � N NA NA NA 1 0 1 Not cross-contamination

12 + � � � � � Y � N NA NA NA 1 0 1 Not cross-contamination

13 + � � � � � Y � Y NA NA NA 1 0 1 Not cross-contamination

14 + � � � � � Y � N NA NA NA 1 0 1 Not cross-contamination

15 + � � � � � Y � Y NA NA NA 1 0 1 Not cross-contamination

16 + � � � � � Y � Y NA NA NA 1 0 1 Not cross-contamination

17 � + � � � � Y � Y � � � 1 0 1 Not cross-contamination

18 � � + � � � Y � Y NA NA NA 1 0 1 Not cross-contamination

19 + + � � � � N Y Y OT� OT� OT� 1 0 0 Not cross-contamination

20 + + � � � � N Y Y OT� OT� OT� 1 0 0 Not cross-contamination

21 + + � � � � Y � Y � � � 1 0 0 Not cross-contamination

22 + + � � � � Y � Y NA NA NA 1 0 0 Not cross-contamination

23 + + � � � � Y � Y NA NA NA 1 0 0 Not cross-contamination

24 + � + + � � N Y Y NA NA NA 0 0 0 Not cross-contamination

25 + � � � � � N Y Y OT� OT� OT� 1 0 0 Not cross-contamination

26 + � � � � � N Y Y OT+ NA OT� 1 0 0 Not cross-contamination

27 + � � � � � N N Y � � � 1 1 0 Not cross-contamination

28 + � � � � � Y � Y NA NA NA 1 0 0 Not cross-contamination

29 + � � � � � Y � Y NA NA NA 1 0 0 Not cross-contamination

30 + � � � � � Y � Y NA NA NA 1 0 0 Not cross-contamination
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31 + � + � � � Y � Y + + + 1 0 0 Not cross-contamination

32 + � � � � � Y � Y � � � 1 0 0 Not cross-contamination

33 + � � � � � Y � Y � � � 1 0 0 Not cross-contamination

34 + � � � � � Y � Y + � + 1 0 0 Not cross-contamination

35 + � � � � � Y � Y + + + 1 0 0 Not cross-contamination

36 + � � � � � NA � Y NA NA NA 1 NA 0 Not cross-contamination

37 � + � � � � N Y Y � � � 1 0 0 Not cross-contamination

38 � � + � � � N Y Y � � � 1 0 0 Not cross-contamination

39 � � + � � � Y � Y � � � 1 0 0 Not cross-contamination

40 + + � � � � N N Y � � � 1 1 1 Probable cross-contamination

41 + + � � � � Y � Y OT� OT� OT� 1 1f 1 Probable cross-contamination

42 + + � � � � Y � N NA NA NA 1 1f 1 Probable cross-contamination

43 + � � � � � Y Y Y NA NA NA 1 1g 1 Probable cross-contamination

44 + � � � � � Y Y Y NA NA NA 1 1g 1 Probable cross-contamination

45 + � � � � � N N Y NA NA NA 1 1 1 Probable cross-contamination

46 + � � � � � N N Y NA NA NA 1 1 1 Probable cross-contamination

47 + � � � � � N N Y � � � 1 1 1 Probable cross-contamination

48 + � � � � � N N Y NA NA NA 1 1 1 Probable cross-contamination

49 + � � � � � N N Y � � � 1 1 1 Probable cross-contamination

50 + � � � � � N N Y � � � 1 1 1 Probable cross-contamination

51 + � � � � � NA � Y NA NA NA 1 NA 1 Probable cross-contamination

52 � + � � � � NA � Y OT� OT� OT� 1 NA 1 Probable cross-contamination

53 � � + � � � NA � Y � � � 1 NA 1 Probable cross-contamination

Though evidence from 1 approach may have implied that cross-contamination was unlikely, in some instances, evidence to the contrary was regarded as superior (e.g., unique and different molecular fingerprints

were observed for 2 cultures from the same participant in whom there was no clinical suspicion of disease—she had attended the NTP asymptomatically for an insurance screen). NA = not available.
a + = reculture of original sample positive; � = reculture of original sample negative.
b Unique spoligotype for date of sample processing and 2 days at either side (5-day window); 4 patients had 2 samples with identical spoligotypes (11,12; 10,18; 32,33; 43,44) unique to each patient.
c Strains with contemporary matching spoligotypes were also typed by RFLP to further aid discrimination; thus, bunique RFLPQ refers to differentiation from strains with shared spoligotype.
d All results are in duplicate (i.e., 2 samples processed); OT = follow-up sample taken on TB therapy.
e Cultured strains from samples 45 and 1, but no other contemporarily processed samples shared identical spoligotypes and RFLP patterns; 45 probably cross-contaminated from 1.
f Spoligotypes for 2 isolates from the same sample differ.
g Although spoligotypes for these 2 samples from the same patient are temporally unique, they differ from each other, as do their RFLP patterns.
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3.2. Investigation of contamination suspects

3.2.1. Recovery of M. tuberculosis from stored

decontaminated sputum samples

Aliquots of frozen decontaminated sputum were available

for reculture for 51 of the 53 suspect samples. Three samples

yielded a positive culture in MODS alone, and the remainder

were culture negative in all 3 methods (Table 1). This 2nd

retrieval of M. tuberculosis from the same sample was

regarded as definitive evidence against cross-contamination.

3.2.2. Molecular evaluation

Of the 68 original isolates (from all 53 contamination

suspect samples), it was possible to obtain spoligotypes for

64 (from 49 cultured patient samples). Reasons for lack

of a spoligotype included loss or absence of stored isolate

(n = 3) or technical failure (n = 1). The spoligotypes of the

3 isolates recovered from stored frozen sputum (Table 1)

matched those of the strain from the original culture in all

3 cases. Compared with all other positive isolates from the

same 5-day period (2 days either side of the date of proces-

sing of the contamination suspect), 31 samples were found

to have unique spoligotypes, indicative of a very low prob-

ability of cross-contamination. Of the remaining 18, which

shared a spoligotype with a contemporary isolate, subse-

quent RFLP fingerprinting confirmed identical strain iden-

tity in 10, which were thus deemed, on molecular grounds,

highly suspicious of episodes of cross-contamination. The

other 8 had RFLP fingerprints that differed from their
Fig. 4. Clinical, microbiologic, and molecular approach
contemporary spoligotype match. Of the 15 samples culture

positive only in MODS and MBBacT (n = 13) or MODS

and LJ (n = 2), both isolates showed identical spoligotypes

(evidence against cross-contamination) in all except 2

samples (Fig. 4).

Forty-one patients contributed a single contamination

suspect sample, but 6 patients each contributed 2 samples

for which all but 1 pair shared identical spoligotypes.

Overall, on molecular grounds, cross-contamination was

deemed unlikely for 39 samples and still plausible for the

other 14 (Fig. 4).

3.2.3. Clinical evaluation

Follow-up information was available for 39 of the

47 patients (accounting for 43 of the 53 samples), 10 of

whom had microbiologic confirmation of TB (either positive

sputum smear elsewhere or repeat culture in our laboratory)

and 19 of whom had been commenced on TB treatment—all

19 reported symptom improvement and had objective

increases in weight on therapy (range, 2–8 kg), thus the 9

without microbiologic confirmation were regarded as having

probable TB. A further four samples deemed true positives

came from 3 patients who refused treatment or further

investigation despite continuing constitutional and respira-

tory symptoms, ongoing weight loss (4–13 kg), and a history

of prior TB treatment and/or contact (Table 1).

Although the phenomenon of self-cure is well recog-

nized, we regarded reported recovery without TB treatment

as suspicious that the original result had been falsely
to determining cross-contamination (by sample).
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positive. The study was conducted as an operational

evaluation within the NTP in health centers; thus, all

NTP-received samples from consenting adults had also

been processed in the study—however, a proportion did not

fulfill the NTP criteria for a TB suspect and did not receive

treatment (e.g., paucisymptomatic index-case contacts,

insurance screening examinations), and in such instances,

a lack of symptoms or reported recovery from symptoms at

the follow-up visit was also deemed highly suggestive, that

the original culture had been falsely positive.

Overall, on clinical grounds, cross-contamination was

deemed likely for 14 samples, highly unlikely for 23 samples

and indeterminate (consistent but not probable) for 16 sam-

ples (Fig. 4).

3.2.4. Resolving true/false-positive allocation

Combining the evidence from the 3 distinct approaches,

the final assessment inferred that cross-contamination

probably accounted for 17 false-positive cultures from

14 samples (Table 1), representing overall false-positive

percentages of 0.41% (14/3416) and 0.17% (17/10248) for

samples and cultures, respectively. The number (percentage)

of cultures that were deemed false positive because of cross-

contamination was 12 (3.3%), 4 (1.1%), and 1 (0.3%) for

MODS, MBBacT, and LJ representing specificities of

99.6%, 99.9%, and 99.9%, respectively (data not shown).

Positive predictive values for MODS, MBBacT, and LJ

were 96.2%, 98.7%, and 99.7%, respectively. The contri-

butions to bcross-contamination rule-outQ of each element of

the triangulating approach are shown in Fig. 5.

3.2.5. The effect of more rigorous definition of culture

positivity in MODS

A MODS plate has thus far been defined as positive in

this study if there was a characteristic and confirmed growth
Fig. 5. Contribution by method to brule-outQ of cross-contamination for

39 samples deemed true-positive cultures.
noted in any of the 4 control wells (Fig. 1), regardless of the

appearance in the other wells. Of the 12 bprobable MODS

cross-contaminationQ, growth was almost universally noted

in only 1 (n = 10) or 2 (n = 1) wells. By contrast, of the 285

samples culture positive in all 3 methods (Fig. 3),

mycobacterial growth was detected in 1, 2, 3, and 4 wells

for 1, 2, 1, and 281 samples, respectively. A receiver-

operator characteristic curve using these data confirmed the

modest but detectable effect of the 4 potential case

definitions—growth required in 1, 2, 3, or 4 wells—for a

positive culture (not shown). By revising the case definition

for a positive MODS culture to detection of mycobacterial

growth in at least 2 of the 4 control wells, the number of

false-positive cultures is reduced to 3. This equates to

overall study and MODS-specific false-positive culture rates

of 1.4% and 0.75% with a MODS positive predictive value

of 99.1% and specificity of 99.9%.
4. Discussion

The key finding of this head-to-head study of MODS

with MBBacT and LJ culture was the similarly low

proportion of positive cultures determined to be false

positive because of cross-contamination and high specificity

(99.9%) of all 3 methods. In contrast to accepted wisdom

and some data (Small et al., 1993; Gascoyne-Binzi et al.,

2001), we found no significant difference between the cross-

contamination rates in liquid (MBBacT and MODS) and

solid (LJ) media, despite the greater detection sensitivity of

the former.

There were 2 major strengths of this study: first, we were

able to evaluate 2 samples from most patients by all 3 culture

methods, and second we were then able to investigate

the likelihood that a positive culture represented cross-

contamination by a triangulating approach of microbio-

logic, molecular, and clinical (conventional bshoe-leather Q)
epidemiology.

We applied strict criteria in requiring smear-negative

samples (or the patient’s other sample) to be culture positive

in all 3 methods to be above suspicion of cross-contamina-

tion. Multiple contamination episodes affecting a patient’s

cultures have rarely been reported (Bauer et al., 1997), and

we cannot exclude the possibility that occasional samples

regarded as meeting this criterion resulted from cross-

contamination. Patient follow-up was incomplete, which

prevented brule-outQ of cross-contamination on clinical

grounds in 11 untraceable individuals. All had provided

false addresses, a phenomenon we have described previ-

ously in TB suspects (Ouyang et al., 2005) and a potentially

important obstacle to efficient TB case management.

Reported mycobacterial cross-contamination rates vary

widely, partly reflecting reporting bias and nonstandardized

ascertainment methodologies—pseudooutbreak reports

have reached rates of 65% (de Ramos et al., 1999),

whereas comprehensive molecular epidemiologic studies

elsewhere have demonstrated underlying rates of 0.1% to
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4% (Bauer et al., 1997; Burman et al., 1997; de Boer et al.,

2002; Jasmer et al., 2002; Ruddy et al., 2002). Our

findings, the 1st reported from a resource-limited, high

TB-burden setting, fall within this range for all 3 method-

ologies. The potential for cross-contamination is greater in

laboratories handling larger numbers of culture-positive

samples and manipulating isolates (Carroll et al., 2003).

That we were able to maintain such low-level cross-

contamination probably reflects both the unusually bio-

secure nature of our developing world laboratory facility

(P3 level containment) and the experience of our myco-

bacterial laboratory staff.

Because the cross-contaminating inoculum is usually

small (droplet), most false-positive cultures have low colony

counts (MacGregor et al., 1975) and/or require prolonged

incubation for detection. The differential cross-contamina-

tion rates determined by the number of MODS wells with

confirmed growth is a useful check—the presence of

characteristic tangles in at least 2 wells is highly unlikely

to be a false-positive or cross-contamination event.

Cross-contamination can occur at every stage from

specimen collection to strain handling for indirect drug

susceptibility testing (DST) or species determination (in

which the concentration of M. tuberculosis has been

greatly amplified from the source sample) (Van Duin

et al., 1998) and is further favored by inadequate

environmental controls (Segal-Maurer et al., 1998). The

contribution of external soiling of the much handled

sputum pot may also be underestimated (Allen and Darrell

1983). Cross-contamination may occur directly (sample-

sample, sample-culture media, isolate-sample, isolate-cul-

ture media) or indirectly (e.g., contaminated stock solution)

(Van Duin et al., 1998), though modification of laboratory

practice (e.g., avoiding common flasks for reagent dis-

pensing, waiting 5 min after centrifuging to allow

settlement of potential tube aerosols) can reduce the

incidence of false-positive cultures (Breese et al., 2001;

Carroll et al., 2002). The MODS methodology inherently

protects against cross-contamination from the point of

sample inoculation onward because the culture is then

sealed within a transparent plastic bag. Direct DST

obviates the need for further culture manipulation, reducing

the potential for cross-contamination and biohazard for

laboratory staff. Cross-contamination between adjacent

samples cultured on the same plate has not been observed,

concordant with the observation that in N1100 MODS

cultures over a 3-year period, contaminating growth was

never seen in a row of adjacent sample-free control wells

containing media alone (Luz Caviedes, unpublished data).

New molecular techniques for strain differentiation

(Burman et al., 1997; Poynten et al., 2002; Small et al.,

1993; Bauer et al., 1997; de Ramos et al., 1999; Nivin et al.,

2000; Filho et al., 2002; Gascoyne-Binzi et al., 2001) with

superior sensitivity and discriminatory power have rendered

conventional methods such as phage testing (Sula and

Sulova 1979; Maurer et al., 1984; Jones 1988) obsolete.
Spoligotyping is a useful 1st-line tool (de Ramos et al.,

1999; Nivin et al., 2000) in a 2-stage algorithm (as used in

this study) in which subsequent RFLP examination may

enhance discrimination of suspicious strains sharing the

same spoligotype.

Methodologies with low innate cross-contamination risk

are crucial in resource-limited high-burden settings, where

fluctuations in case detection or emergence of unusual

phenotypes (Smith and Vance 1991; Nitta et al., 1996;

Wurtz et al., 1996; Bearman et al., 2002) or genotypes

(Nivin et al., 1998; Anonymous 2000) are much less likely

to raise the bcross-contamination alarmQ. Designing result

readouts so that positive results for sequentially processed

samples are easily seen (Bauer et al., 1997) is one potential

strategy to aid detection.

In summary, through a vigorous 3-pronged approach to

investigation of potential false-positive cultures, we have

clearly defined that the cross-contamination rates in MODS,

LJ, and MBBacT were all equally low. The finding that,

even in this resource-poor setting, the use of the highly

sensitive but technically simple liquid culture assay MODS

is associated with a specificity of 99.9% addresses a key

concern and removes an important obstacle to the wider

implementation of this inexpensive methodology.
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