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Background: Missing isoniazid (INH) resistance during tuberculosis (TB) diagnosis can worsen the outcomes of INH-resistant TB. The
BD MAX MDR-TB assay (BD MAX) facilitates the rapid detection of TB and INH and rifampin (RIF) resistance; however, data related to
its performance in clinical setting remain limited. Moreover, its effect on treatment outcomes has not yet been studied.

Methods: We compared the performance of BD MAX for the detection of INH/RIF resistances to that of the line probe assay (LPA) in
patients with pulmonary TB (PTB), using the results of a phenotypic drug sensitivity test as a reference standard. The treatment out-
comes of patients who used BD MAX were compared with those of patients who did not.

Results: Of the 83 patients included in the study, the BD MAX was used for an initial PTB diagnosis in 39 patients. The sensitivity of
BD MAX for detecting PTB was 79.5%. The sensitivity and specificity of BD MAX for INH resistance were both 100%, whereas these
were 50.0% and 95.8%, respectively, for RIF resistance. The sensitivity and specificity of BD MAX were comparable to those of LPA.
The BD MAX group had a shorter time interval from specimen request to the initiation of anti-TB drugs (2.0 days vs. 5.5 days,
p=0.001).

Conclusion: BD MAX showed comparable performance to conventional tests for detecting PTB and INH/RIF resistances. The imple-
mentation of BD MAX as a diagnostic tool for PTB resulted in a shorter turnaround time for the initiation of PTB treatment.
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Among these, multidrug- or rifampin (RIF)-resistant TB (MDR/
RR-TB) was observed in 410,000 patients. Moreover, the preva-
Tuberculosis (TB) is a major global health concern. In 2022, 7.5 lence of isoniazid (INH)-resistant TB (Hr-TB) was higher than
million people were newly diagnosed with TB, and approximately that of MDR/RR-TB. Approximately 1.3 million people may have
1.13 million people died due to this infection worldwide [1]. Hr-TB and RIF-susceptible TB, which is generally missed in clini-
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cal settings as the detection of RIF resistance is often prioritized
[1].In 2022, 16,264 patients with TB were newly diagnosed in
South Korea. Among these, 1.9% (308 patients) had MDR-TB
[2], and approximately 10% of newly diagnosed patients and
> 30% of previously treated patients had Hr-TB [3].

As the identification of Mycobacterium tuberculosis (MTB) and
drug resistance using the acid-fast bacilli (AFB) culture and pheno-
typic culture-based drug sensitivity test (DST) is time-consuming
[4], several molecular methods are now being widely used. The
Xpert MTB/RIF assay (Xpert; Cepheid, Santa Clara, CA, USA)
exhibits high sensitivity and specificity for the detection of RIF re-
sistance and a shorter turnaround time than the phenotypic cul-
ture-based DST [5]. Accordingly, the World Health Organization
(WHO) has recommended Xpert as an initial diagnostic test for
detecting TB and RIF resistance in patients with signs and symp-
toms of pulmonary TB (PTB) [6]. However, it cannot detect INH
resistance. The line probe assay (LPA) shows comparable sensitiv-
ity and specificity for the rapid detection of INH/RIF resistance
[7]. However, considering the low sensitivity of LPA in AFB
smear-negative specimens [8], the current WHO guidelines rec-
ommend the use of LPA for INH/RIF resistance only in AFB
smear-positive specimens or cultured isolates of TB [6]. Moreover,
the sensitivity of LPA for detecting INH resistance is lower than
that for RIF resistance [9,10]. Therefore, according to WHO, phe-
notypic DST for INH may be used to evaluate patients when INH
resistance is not detected using LPA [6]. As current guidelines rec-
ommend the inclusion of quinolone at the initiation of Hr-TB
treatment [ 11], detecting Hr-TB quickly to treat it effectively from
the beginning is crucial to improving poor treatment outcomes
[12,13] and preventing MDR-TB emergence [ 14].

Recently, several novel molecular platforms using nucleic acid
amplification tests have been developed for the rapid detection
of INH/RIF resistance and the diagnosis of TB. Among these,
the BD MAX MDR-TB assay (BD MAX; BD, Franklin Lakes,
NJ, USA) showed high sensitivity and specificity for the detec-
tion of TB and INH/RIF resistance in a multicenter large-scale
study [15]. Additionally, the diagnostic performance of BD
MAX has been evaluated using the preserved samples [16-18].
However, to date, compared to TB-polymerase chain reaction
(PCR) and LPA, data on BD MAX performance in clinical prac-
tice for detecting TB and INH/RIF resistance remains insuffi-
cient. Moreover, its effects on treatment outcomes in patients
with TB have not yet been studied. Therefore, this study aimed
to investigate the applicability of BD MAX in the treatment of
patients with TB in clinical settings.
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Methods

Ethical statements: This study was approved by the Institu-
tional Review Board (IRB) of Wonkwang University Sanbon
Hospital (IRB No: WMCSB202208-74-200861). The re-
quirement for informed consent was waived by the IRB be-
cause of the retrospective design of the study and the use of

medical records only.

1. Study design and participants

We conducted a retrospective cohort study of patients diagnosed
with PTB at a secondary referral hospital. All the patients diag-
nosed with TB between January 2019 and July 2022 were
screened for eligibility. Patients who did not provide specimens at
the time of TB diagnosis and those who did not undergo TB treat-
ment were excluded from the study. Further, patients diagnosed
with extrapulmonary TB and patients whose diagnosis changed
from TB to other diseases during the course of treatment were also
excluded. In addition, those who had negative AFB culture results
but were clinically diagnosed and treated for TB were excluded

from the analysis.

2. Data collection

Anthropometric characteristics of the patients including age, sex,
body weight, and height, were collected from the medical records.
Smoking status, TB treatment history, and the presence of comor-
bidities were also reviewed.

Respiratory specimens were collected from the patients suspect-
ed of having PTB. Thereafter, an AFB smear and culture test, and
an AdvanSure TB-PCR assay (LG Chemistry, Seoul, Korea) were
performed. Our hospital introduced and started using the BD
MAX in March 2020. Subsequently, patients suspected of having
PTB were tested using the BD MAX. As the Xpert test is not per-
formed at our hospital, it was not included in this study. If a patient
suspected of having PTB was not diagnosed using a sputum sam-
ple, a bronchoscopy was performed to obtain a respiratory speci-
men.

Active TB was diagnosed based on the positive results of the
AFB culture of the obtained specimens. Treatment success was de-
fined as “cured” or “treatment completed” according to the 2021

WHO updated definition [19].

3. Acid-fast bacilli smear and culture, tuberculosis-
polymerase chain reaction, line probe assay, and BD MAX
Specimens treated with a 4% solution of sodium hydroxide/stan-
dard N-acetyl-L-cysteine were stained using the Ziehl-Neelsen
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method. The specimens were inoculated in 3% Ogawa agar (Shin-
yang Chemical, Busan, Korea) and BBL mycobacteria growth indi-
cator tubes (MGIT; BD), and then cultured at 37°C in an incuba-
tor and the MGIT 960 system (BD) for 6 and 8 weeks, respective-
ly. All positive cultures were identified to the species level using the
AdvanSure Mycobacterium GenoBlot Assay (LG Chemistry). Phe-
notypic DST was performed using the conventional absolute con-
centration method.

TB-PCR was performed using the AdvanSure TB/NTM re-
al-time PCR assay (LG Chemistry) following the manufacturer’s
instructions. A pre-treatment solution (3 mL) was added to the
specimen. Thereafter, DNA was extracted from the precipitate,
following centrifugation. The 1S6110 region of MTB and the in-
ternal transcribed spacer region of mycobacteria were detected
using a SLAN real-time quantitative PCR detection system (LG
Chemistry).

LPA was performed when an AFB smear yielded a positive re-
sult. MolecuTech REBA MTB-MDR (YD Diagnostics, Yongin,
Korea) was used to detect mutations in rpoB, katG, and inhA using
areverse blot hybridization assay. LPA was also performed on
specimens that were AFB smear-negative but culture-positive.

BD MAX was performed following the manufacturer’s instruc-
tions. The concentrated specimens were added to the sample treat-
ment reagent and shaken manually. After incubation, the samples
were transferred to a BD MAX system and processed for further
analysis, including automated PCR amplification and detection.

4. Statistical analysis

We calculated the sensitivities of AFB smear, AdvanSure TB-PCR,
and BD MAX for PTB detection. We described them separately
when analyzing the whole specimens and when analyzing the
specimens obtained using bronchoscopy.

To determine the diagnostic accuracy of BD MAX for detecting
INH/RIF resistance, we compared the sensitivity and specificity of
this assay with those of LPA, using the results of phenotypic DST
as the reference standard.

We also compared the treatment outcomes of patients for whom
BD MAX was used with those for whom BD MAX was not used.
The time intervals from specimen request to the initiation of an-
ti-TB drugs and from specimen request to negative culture conver-
sion were compared, along with the treatment success rates.

All statistical analyses were performed using the the R software
version 4.3.2 (R Foundation for Statistical Computing, Vienna,
Austria; https:/ /r—project.org). All statistical tests were two-sided,
and differences with p < 0.05 were considered statistically signifi-
cant.

Results

1. Study population

During the study period, 146 patients were diagnosed with or
treated for TB. Of these, eight were diagnosed with TB but were
transferred to other hospitals before initiating treatment. Four pa-
tients were diagnosed with TB at other hospitals and were trans-
terred to our hospital; therefore, their initial diagnostic results were
unavailable. Further, 17 patients diagnosed with extrapulmonary
TB and seven patients whose diagnoses were changed to other dis-
eases, including nontuberculous mycobacterial lung disease and
pneumonia, were excluded. Additionally, 27 patients with negative
AFB culture results who were clinically diagnosed and treated for
TB were also excluded. Finally, 83 patients were included in this
study (Fig. 1).

Among the included patients, BD MAX was used during PTB
diagnosis for 39 patients (BD MAX group), whereas it was not
used for 44 patients (non-BD MAX group). No significant differenc-
es were observed in the anthropometric characteristics and comor-
bidities between the two groups. The presence of cavitary lesions did
not differ between the groups; however, higher numbers of bron-

choscopies were performed in the BD MAX group (Table 1).

Patients diagnosed with TB
from January 2019 to July 2022
(n=146)

Patients diagnosed with TB but transferred to other
hospitals before initiating treatment (n=8)

Patients diagnosed with TB at other hospitals and

> transferred to our hospital (n=4)

Patients diagnosed with extrapulmonary TB (n=17)

Patients whose diagnoses were changed to other
diseases (n=7)

Patients diagnosed with pulmonary TB
(n=110)

_| Patients with negative AFB culture results who were
clinically diagnosed and treated for TB (n=27)

v
Final inclusion: Patients diagnosed with AFB culture-positive
pulmonary TB

(n=83)

! )

Patients for whom the BD Patients for whom the BD
MAX was used MAX was not used
(n=39) (n=44)

Fig. 1. Inclusion flow chart. BD MAX, BD MAX MDR-TB assay
(BD, Franklin Lakes, NJ, USA). TB, tuberculosis; AFB, acid-fast
bacilli.
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Table 1. Baseline characteristics of the patients

Characteristic All patients (n=83) BD MAX group (n=39) Non-BD MAX group (n=44) p-value
Age (yr) 61.9+20.8 58.1+21.1 65.2+20.2 0.121
Male sex 48 (57.8) 25 (64.1) 23 (52.3) 0.386
Body weight (kg) 550+ 10.2 56.6410.2 53.5+10.1 0.180
Height (em) 163.7+£8.0 164.6+7.1 162.5+9.1 0.314
Body mass index (kg/m?) 20.8+3.3 20.7+3.0 209+3.7 0.809
Current or ex-smoker 32 (38.6) 17 (43.6) 15 (39.5) 0.893
Past history of TB 10 (12.0) 5(12.8) 5(12.5) >0.999
Comorbidities
Diabetes mellitus 21(25.3) 11 (28.2) 10 (22.7) 0.749
Hypertension 18 (21.7) 8(20.5) 10 (22.7) >0.999
CKD 3(3.6) 1(2.6) 2 (4.5) >0.999
Liver cirrhosis 2 (2.4) 2(5.1) 0(0.0) 0.218
HIV infection 0(0) 0(0) 0(0) 0.583
Cavitary lesions 27 (32.5) 14 (35.9) 13 (29.5) 0.703
Bronchoscopy 36 (43.4) 26 (66.7) 10 (22.7) <0.001

Values are presented as mean +standard deviation or number (%).

BD MAX, BD MAX MDR-TB assay (BD, Franklin Lakes, NJ, USA).

TB, tuberculosis; CKD, chronic kidney disease; HIV, human immunodeficiency virus.

2. Performance of the BD MAX MDR-TB assay detecting
tuberculosis

For all patients, the sensitivities of AFB smear, AdvanSure TB-
PCR, and BD MAX for PTB detection were 45.8% (38 of 83),
71.1% (59 of 83), and 79.5% (31 of 39), respectively. On limiting
the analysis to patients who underwent bronchoscopy at the time
of PTB diagnosis, the sensitivity of each test was 27.8% (10 of 36),
61.1% (22 0f 36), and 73.1% (19 of 26), respectively. In both cases,
the BD MAX exhibited the highest sensitivity for detecting PTB
(Table 2).

3. Performance of the BD MAX MDR-TB assay for
detecting isoniazid or rifampin resistance

In the BD MAX group, positive results were reported for 31 pa-
tients. Further, in five patients, only TB-PCR performed using BD
MAX was positive. Notably, INH/RIF resistance profiles could
not be obtained due to insufficient sample volume. Consequently,
26 patients were included in the BD MAX performance analysis
for detecting INH/RIF resistance.

The sensitivity and specificity of BD MAX for detecting INH re-
sistance were both 100%. The sensitivity and specificity of LPA
were 100% and 95.7%, respectively. Of the three patients in whom
INH resistance was detected using BD MAX, two had inhA muta-
tions, and one had a katG mutation.

The sensitivity of BD MAX for detecting RIF resistance was
50.0%, discriminating one RR-TB case as RIF-susceptible TB. The
specificity of BD MAX was 95.8%. The results of LPA were similar
to those of BD MAX (Table 3).
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Table 2. Diagnostic accuracy of AFB smear, AdvanSure TB-PCR,
and BD MAX MDR-TB assays for the diagnosis of pulmonary tu-
berculosis using whole specimens and specimens obtained using

bronchoscopy

Variable Sensitivity (%)
Whole specimen
AFB smear 45.8 (38/83)
AdvanSure 71.1 (59/83)
BD MAX 79.5 (31/39)
Specimen obtained using bronchoscopy
AFB smear 27.8 (10/36)
AdvanSure 61.1 (22/36)
BD MAX 73.1(19/26)

BD MAX, BD MAX MDR-TB assay (BD, Franklin Lakes, NJ, USA); AdvanS-
ure, AdvanSure TB-PCR assay (LG Chemistry, Seoul, Korea).
AFB, acid-fast bacilli; TB-PCR, tuberculosis-polymerase chain reaction.

Table 3. Diagnostic accuracy of BD MAX MDR-TB and line probe
assays for detecting isoniazid and rifampin resistance

Result of phenotypic DST
Variable Isoniazid Rifampin
Susceptible Resistant ~ Susceptible Resistant
BD MAX
Susceptible 23 0 23 1
Resistant 0 3 1 1
Sensitivity (%) 100 50.0
Specificity (%) 100 95.8
LPA
Susceptible 22 0 23 1
Resistant 1 3 1 1
Sensitivity (%) 100 50.0
Specificity (%) 95.7 95.8

BD MAX, BD MAX MDR-TB assay (BD, Franklin Lakes, NJ, USA).
DST, drug sensitivity test; LPA, line probe assay.
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4. Association between the execution of the BD MAX
MDR-TB assay and the treatment outcomes

The time interval from specimen request to the initiation of an-
ti-TB drugs was significantly shorter in the BD MAX group than in
the non-BD MAX group (2 daysvs. 5.5 days, p=0.001).

The time intervals from specimen request to negative culture
conversion were 18 days and 46 days in the BD MAX and non-BD
MAX groups, respectively. However, this difference was not signifi-
cant (p=0.106).

Regarding treatment outcomes, although 35 (89.7%) and 38 pa-
tients (86.4%) were successfully treated in the two groups, respec-
tively, the difference was not significant (Table 4).

Discussion

BD MAX has been extensively studied among novel molecular
platforms for the rapid detection of INH/RIF resistance. A large-
scale study involving over 1,000 participants showed high sensitivi-
ty and specificity of BD MAX in detecting INH/RIF resistance
[15], and several other studies using preserved samples have also
reported encouraging results [ 16-18]. To the best of our knowl-
edge, this study is the first to document the use of BD MAX in ac-
tual clinical scenarios and report its performance and impact on
treatment outcomes.

Our results indicate that the sensitivity of BD MAX in the PTB
diagnosis is superior to that of the AFB smear and AdvanSure TB-
PCR. Previously, the diagnostic accuracy of Xpert using unpro-
cessed specimens has been reported to be more sensitive than that
of the AdvanSure TB-PCR method using decontaminated and
concentrated specimens, especially using lower respiratory tract
specimens (LRTS), which are more sterile and concentrated than
sputum specimens [20,21]. Moreover, although our study exclud-
ed patients with negative AFB culture results but clinically diag-
nosed PTB, previous studies showed enhanced diagnostic useful-
ness of Xpert for AFB culture-negative LRTS [22,23]. As unpro-

cessed specimens are used in BD MAX, similar to Xpert, it may be

useful for the detection of patients with TB who are not diagnosed
using AdvanSure TB-PCR, especially when LRTS is used. Consid-
ering that TB treatment in patients with negative AFB smear and
TB-PCR results is delayed [24], BD MAX as well as Xpert may be
valuable for detecting TB, especially when performed using LRTS
in patients with a low bacterial load.

In addition to the diagnostic advantages, novel molecular plat-
forms may reduce turnaround time owing to rapid diagnosis and
culture conversion. In our study, the turnaround time to initiate TB
treatment was shorter in the BD MAX group than in the non-BD
MAX group. Notably, turnaround time is also reduced using Xpert
[25], and a similar effect can be achieved using BD MAX. The
finding that the use of BD MAX did not affect the time interval to
culture conversion may be attributed to the small number of pa-
tients with drug-resistant TB in this study.

In our study, BD MAX showed excellent performance in de-
tecting INH resistance (100% ), in accordance with the phenotyp-
ic DST. This result is better than that of previous studies that
showed a sensitivity of 58.3% to 82% in detecting INH resistance
[15,18]. Considering that several months are required to obtain
the results of phenotypic DST [4] and that monodrug-resistant
TB as well as MDR-TB can lead to poor outcomes [26], using BD
MAX for detecting INH resistance simultaneously with TB diag-
nosis may be beneficial. Although our study did not include a suffi-
ciently large number of patients with Hr-TB, future large-scale
studies may reveal a shorter time interval from specimen request to
the initiation of quinolone treatment in patients with Hr-TB using
BD MAX, thereby contributing to improved treatment outcomes.

The sensitivity of BD MAX for detecting RIF resistance in our
study was 50.0%, with one false-negative result. One patient with
negative BD MAX and positive phenotypic DST results for RIF
resistance also showed negative LPA results for RIF resistance. The
causes of false-negative results of molecular methods for RIF resis-
tance have rarely been studied, but previous studies have suggested
that some strains with SS31W and S531F mutations within the

rpoB gene are non-interpretable via LPA [27], and some strains

Table 4. Comparison of treatment outcomes between patients for whom the BD MAX MDR-TB assay was used and those for whom this as-

say was not used

Variable BD MAX group Non-BD MAX group p-value
Interval from the specimen request to initiate antituberculosis drugs (day) 2.0 (1.0-4.5) 5.5(2.0-21.0) 0.001
Interval from the specimen request to negative culture conversion (day) 18.0 (15.0-62.0) 46.0 (36.0-60.0) 0.106
Treatment outcomes 0.893
Treatment success 35(89.7) 38(86.4)
Unfavorable outcomes” 4(10.3) 6(13.6)

Values are presented as median (interquartile range) or number (%).
BD MAX, BD MAX MDR-TB assay (BD, Franklin Lakes, NJ, USA).
“Death or follow-up loss.
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with LS33P mutation susceptible via Xpert [28]. Additionally, ap-
proximately 4% of RIF resistances are caused by mutations outside
the rpoB gene [29]. Furthermore, TB infection with multiple
strains can also negatively affect Xpert’s performance [30]. No sin-
gle test is perfect, and molecular tests may be inaccurate some-
times; therefore, combined molecular and phenotypic DST results
must be considered.

Our study has some limitations. First, owing to the retrospective
design of this study, factors other than the implementation of BD
MAX may have affected the reduction in turnaround time. For ex-
ample, the high sensitivity of bronchoscopy specimens may also
have resulted in a short turnaround time because the proportion of
patients who underwent bronchoscopy was higher in the BD
MAX group. However, the superior sensitivity of the BD MAX in
detecting PTB was maintained only when patients who under-
went bronchoscopy were analyzed. Nevertheless, future prospec-
tive studies are required under similar conditions. Second, al-
though comparing the BD MAX performance with that of Xpert,
for which extensive data are available, is desirable according to pre-
viously published guidelines for studies evaluating the accuracy of
rapid TB drug-susceptibility tests [31], we could not examine the
clinical advantages of BD MAX over Xpert, as our hospital does
not use Xpert. As the advantage of BD MAX over Xpert lies in
identifying INH resistance, future studies must be conducted to
compare BD MAX and Xpert in a larger patient population, in-
cluding a sufficient number of patients with Hr-TB. Third, Al-
though BD MAX performance for detecting INH/RIF resistance
was comparable to LPA, only 26 patients were included in our
analysis. Despite the insufficient sample size to accept the sensitivi-
ty and specificity of BD MAX as reference values, our study is the
first report in clinical settings, and further research in this area is
warranted.

In conclusion, the BD MAX showed comparable performance
to conventional tests for detecting PTB and INH/RIF resistance.
Further, the implementation of BD MAX as a diagnostic tool for
PTB resulted in a shorter turnaround time for the initiation of TB
treatment.
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