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SUMMARY

Objectives: Early detection of treatment failure is essential to improve the management of drug-resistant

tuberculosis (DR-TB). We evaluated the molecular bacterial load assay (MBLA) in comparison to standard

diagnostic tests for monitoring therapy of patients affected by drug-resistant TB.

Methods: The performance of MBLA in tracking treatment response in a prospective cohort of patients with

pulmonary MDR/RR- and pre-XDR/XDR-TB was compared with mycobacterial culture, mycobacterial DNA

detection using GeneXpert (Xpert) and microscopy detection of sputum acid-fast-bacilli.

Results: Mycobacterium tuberculosis culture conversion was used as the read-out for treatment responses.

The MBLA was most concordant during the early phase of treatment, detecting changes in bacterial load

with similar accuracy to microscopy and outperforming Xpert. When considering all timepoints, con-

cordance with MGIT results was 72.1% for MBLA, 57.4% for Xpert and 76.7% for microscopy. The AUC for

culture conversion was higher for MBLA (0.88, CI 0.84-0.95) than for Xpert (0.78, CI 0.72-0.85) and mi-

croscopy (0.77, CI 0.71-0.83).

Conclusions: MBLA was superior in the early identification of successful culture conversion compared to

microscopy and Xpert and could be a useful biomarker to evaluate novel entities in Phase IIA early-bac-

tericidal-activity drug trials regardless of the degree of M. tuberculosis drug resistance.

© 2025 The Authors. Published by Elsevier Ltd on behalf of The British Infection Association. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction there were 10.6 million incident TB cases in 2022 and approximately,
1.3 million people died from the disease.' The standard treatment for
Tuberculosis (TB) is a leading cause of morbidity and mortality drug-susceptible pulmonary TB consists of initial therapy with iso-

world-wide. The World Health Organization (WHO) estimates that niazid, rifampicin, pyrazinamide and ethambutol for a period of

two months, followed by isoniazid and rifampicin for an additional
four months.” Drug-resistant (DR) strains of Mycobacterium tu-
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tening TB control in many high-burden countries.>* Drug resistant
M. tuberculosis is classified into rifampicin-mono-resistant TB
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(RR-TB), multidrug-resistant TB (MDR-TB; defined by bacillary resistance
against rifampicin and isoniazid). In 2020 further classifications were
introduced, namely, pre-extensively drug-resistant TB (pre-XDR-TB;
MDR/RR-TB plus resistance against any fluoroquinolone) and extensively
drug-resistant TB (XDR-TB; defined by pre-XDR-TB plus additional re-
sistance to the other WHO group A medicines bedaquiline and/or line-
zolid).>~ Treatment outcome for patients affected by DR-TB has been
less favorable compared to treatment of drug-susceptible TB at pro-
grammatic levels."®° To better control DR-TB, early detection of treat-
ment failure is essential. Therefore, diagnostic tools that are suited to
monitor treatment responses that can inform therapy response in real-
time are urgently needed.

Pulmonary TB is confirmed by growth of M. tuberculosis in liquid or
on solid media from bronchopulmonary specimens.'®!’ To monitor
treatment response during anti-TB therapy, sputum is analyzed long-
itudinally for the presence of M. tuberculosis. The decline of acid-fast
bacilli (AFB) measured by sputum microscopy gives an indication of
treatment response. However, microscopy cannot distinguish between
viable and dead mycobacteria or differentiate M. tuberculosis and non-
tuberculous mycobacteria. Most importantly the sensitivity is poor
(samples containing < 10% bacilli ml™" are likely to be undetected) and
dead bacteria are still visible in microscopy even after successful culture
conversion.'”"® Therefore, culture conversion from viable bacilli to a
negative culture for two consecutive timepoints is used as the gold-
standard to indicate treatment success. The main disadvantage of culture
conversion, however, is the time delay, as cultures must remain negative
in liquid or on solid media for 42 or 56 days, respectively. For this reason,
a decision to change the therapeutic regimen may only be made at a
relatively late stage in the event of treatment failure. Cultures also be-
come contaminated with other microorganisms leading to invalidation
and therefore loss of data'* and they are unable to detect live but non-
culturable bacteria.”” This delay is particularly critical for individuals
with DR-TB where the full pattern of drug resistance may not be known.

Detection of M. tuberculosis-specific nucleic acid reduces the
time-to-result from days to hours. In addition to microbiological
methods of microscopy and culture, nucleic acid amplification
techniques are applied to the detection of M. tuberculosis from direct
biospecimens or cultures.'® The most widely used method is the
GeneXpert | GeneXpert Ultra (Xpert; Cepheid, CA)) technology
which allows the detection of M. tuberculosis genomic DNA within
90 min. The WHO recommends Xpert for rapid detection of M. tu-
berculosis from biospecimens as an initial diagnostic test in in-
dividuals suspected of being infected with M. tuberculosis. Although
identification of M. tuberculosis genomic DNA by Xpert is highly
sensitive, it has been found to be a poor measure of mycobacteria
viability.!”~?! For this reason, Xpert is not recommended to monitor
treatment responses in TB.'”%°

The molecular bacterial load assay (MBLA) is a culture-free test
used to quantify M. tuberculosis 16S rRNA as a surrogate marker of
viable bacilli using the reverse transcriptase polymerase chain re-
action (RT-PCR)."” Changes in bacterial load, measured using the
MBLA have been demonstrated to correlate closely with colony
counts on solid culture during early response of DS-TB to treat-
ment?? and it is suggested that the MBLA can detect both, replicating
and dormant but viable M. tuberculosis.'® Therefore, the MBLA has
potential to detect the treatment response of DR-TB early during
treatment. However, while a comprehensive comparison with mi-
croscopy, Xpert and culture has shown that MBLA is able to ascertain
treatment responses in drug-susceptible TB,?* a systematic evalua-
tion of MBLA to monitor treatment responses in patients affected by
DR-TB has not been performed to date.

Here we evaluated the performance of the MBLA as a treatment
monitoring biomarker in a prospective cohort of adult patients with
pulmonary MDR/RR- and pre-XDR/XDR-TB in comparison to detec-
tion of AFB by microscopy, mycobacterial culture and the detection
of M. tuberculosis-specific DNA by Xpert from sputum specimens.
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Methods
Study participants

From 1st August 2018 to 30th April 2019, we prospectively en-
rolled adult patients with genotypically confirmed RR pulmonary TB
(detected by Xpert on sputum specimens). These individuals were
treated on the DR-TB ward at Marius Nasta Pneumology Institute in
Bucharest, Romania, a tertiary level medical institution specializing
in medical care of patients with respiratory diseases. Participants
were either treatment naive or had received less than 5 days of anti-
TB therapy during the current TB episode.

Bacillary resistance was subsequently determined by culture and
assigned the resistance pattern of MDR/RR-TB, pre- XDR-TB/XDR-TB
(Fig S2) as defined by the current WHO definition.”

Serial sputum samples were collected at enrollment and bi-
weekly for the duration of treatment (unless participants were un-
able to produce sputum). At each time point, two independent
sputum samples were collected. One sample was immediately tested
by sputum smear microscopy for detectable AFB; Xpert for detect-
able M. tuberculosis DNA and culture growth of M. tuberculosis in
Mycobacterial Growth Indicator Tubes (BD BACTEC MGIT 320,
Becton, Dickinson and Company, East Rutherford, USA). The second
sample was stored at -80 °C for later analysis with MBLA.
Complementary to these tests, basic clinical and demographic data
of the participants were recorded. All data were anonymized, and
reporting followed the STARD criteria.”*

After detection of M. tuberculosis DNA and genotypic prediction
of rifampicin resistance by Xpert, treatment for drug-resistant TB
was initiated with a later generation fluoroquinolone, a second line
injectable drug (amikacin, capreomycin or kanamycin) ethionamide,
cycloserine or para-aminosalicylic acid. As soon as phenotypic drug
susceptibility test (DST) results became available, the treatment re-
gimen was adapted accordingly. The choices of treatment regimens
followed the recommendations of the Romanian National TB
Guidelines.””

Microscopy

Sputum was stained with auramine-rhodamine to visualize AFB
by fluorescence microscopy at Marius Nasta Pneumology Institute at
Bucharest. Based on WHO criteria results were classified into five
categories: negative, scanty, 1+, 2+ and 3+.2°

M. tuberculosis -culture and DST

Prior to bacterial culture, sputa were decontaminated at the
Marius Nasta Pneumology Institute in Bucharest, Romania, using 4%
sodium hydroxide and 0.067 mol/l phosphate buffer at pH 6.8, fol-
lowing the modified Petroff method.”’ Cultivation was performed
using Mycobacteria Growth Indicator Tubes (MGIT, BD) to detect
growth of M. tuberculosis. The time to culture positivity (TTP) was
determined in days. Phenotypic drug susceptibility testing (DST) of
M. tuberculosis was performed at the national reference laboratory
for mycobacteria at the Marius Nasta Pneumology Institute in Bu-
charest, Romania. The drugs included were rifampicin, isoniazid,
ethambutol, streptomycin, ofloxacin, amikacin, kanamycin and ca-
preomycin.

Mycobacterial load assay (MBLA)

Sputum of varying quantities (2 -14 ml) to be used for RNA ex-
traction was stored in tubes at —80 °C at Marius Nasta Pneumology
Institute without any further processing. In the biosafety level 3
(BSL3) laboratory, Research Center Borstel, Germany, samples were
thawed in batches at room temperature for RNA extraction. For each
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batch, 2 control samples were processed together with the sputum
samples, one of which contained M. bovis Bacille Calmette-Guérin
(BCG) as a positive control. To aid further processing of the sputum
samples mucolysis sputum digestant (Pro-Lab diagnostics,
Bromborough, UK) was used and prepared according to the manu-
facture’s instructions. To each sputum sample the same amount of
mucolysis sputum digestant was added and vortexed for 30 s. After
15 min of incubation at room temperature, samples were cen-
trifuged at 2000xg for 10 min. If the sputum and mucolysis reagent
were not homogeneous, the procedure was repeated. Five ml gua-
nidine thiocyanate buffer was added per 1 ml of the remaining
sample and an internal control was added as published.”” After-
wards, RNA was extracted as previously described.'” Expression of
16S rRNA was measured using reverse transcriptase quantitative PCR
performed on a LightCycler 480 II (Roche, Basel, Switzerland) as
described.!” Primers and probes used were purchased from Eurofins
Genomics (Ebersberg, Germany). All other reagents were from the
Quantitect Multiplex RC-PCR kit (Qiagen, Hilden, Germany). M. tu-
berculosis quantification cycle value (Cq was normalized based on
the equation M. tuberculosis Cq - [(control Cq -20.00) x 0. 9239]
which was calculated based on our data (Fig. S1). We converted the
bacterial load in sputum from the normalized Cq-value using a
standard curve which we previously generated using different con-
centrations of culture-derived bacteria. The limit of detection (LOD)
was determined based on spiked numbers of M. bovis BCG into
sputum and those samples with less than 5 x10? bacteria per ml
were considered negative. The readout was adjusted to reflect the
initial sputum volume. Based on the relationship between bacterial
load and the normalized Cq value, we determined the normalized Cq
value per ml and used this to determine the bacterial load per ml.

Xpert

Xpert was performed according to the manufacturer’s instruc-
tions (Cepheid, Cepheid, Sunnyvale CA, USA)*®?° at Marius Nasta
Pneumology Institute at Bucharest, Romania.

Statistical analysis

Categorical variables were reported using counts and percen-
tages and continuous variables using medians and interquartile
ranges (IQR). For the test performance analysis, the reference stan-
dard was considered M. tuberculosis -culture positivity. To facilitate
statistical analysis and the comparison of MBLA with MGIT and
Xpert we used normalized Cq per ml instead of the bacterial load per
ml for MBLA. For comparative analysis between groups, the Mann-
Whitney U-test for nonparametric data was used. Statistical tests for
paired data were performed by Wilcoxon Signed Rank test. A p-value
of <0.05 was considered significant. Spearman’s rank correlation
was used to evaluate the linear relationship between the MBLA and
the Xpert compared to TTP in MGIT.

We considered bacterial loads determined using the MBLA above
the median at baseline as ‘high bacterial load’ and ‘low bacterial
load’ for those below the median. AFBs of grade 2+ and 3+ at baseline
were categorized as 'high AFB’ while those with grade 1+, scanty or
negative were regarded as 'low AFB’. Median percentages of affected
lung tissue in X-ray were calculated and hereby patients were
classified in two groups with a ‘large proportion’ or a ‘small pro-
portion’ of lung tissue affected. Differences in time to culture con-
version by participants with high-baseline versus low-baseline in
bacillary load or detectable AFBs on microscopy, different HIV status,
cavities or no cavities by X-ray, affected lung tissue, sex and re-
sistance profiles were evaluated using the log-rank test. Probability
values <0.05 were considered statistically significant. Statistical
analysis was performed using Graphpad Prism version 9 (Graphpad
Software Inc., San Diego, California, USA) and R version 4.3.1.%°
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Concordance correlation coefficient was calculated using epiR
package in R. For determination of ideal cutoff values for the pre-
diction off culture conversion we used the cutpointr package in R.

Ethics

The study protocol was positively evaluated by the Ethics committee
of the University of Liibeck (Liibeck, Germany; AZ 18-217) and Marius
Nasta Pneumology Institute in Bucharest, Romania (5534).

Results
Demographics and characteristics of study subjects

In total, 36 individuals were screened for enrollment into the
study. Of those, 3 were excluded when M. tuberculosis did not grow
in their sputum cultures. Another 4 did not have a culture result
available to confirm DR-TB and were also excluded. In total, 29 in-
dividuals met the inclusion criteria and accepted to be enrolled
(Fig. 1). The median age of the patients was 42 (IQR 31.5-57.5) years.
The minority was female (24.1%). Fifteen of 29 (51.8%) had a previous
history of TB and 21/29 (72.4%) were active smokers. Five of 29
(17.2%) were people living with HIV (PLHIV); 21/29 (72.4%) were
HIV-seronegative and 3/29 (10.3%) had an unknown HIV-status. Two
of 29 (6.9%) had Hepatitis C-infection, 2/29 (6.9%) were on che-
motherapy for a malignancy and 1/29 (3.4%) was diabetic. On chest
radiographs 25/29 (86.2%) had cavitary lesions. The median per-
centage of lung lesion extent by radiography was 50% (30-70%).
Baseline characteristics of the participants are given in Table 1.

Three of 29 (10.3%) participants were infected with a RR strain of
M. tuberculosis without isoniazid resistance, 14/29 (48.3%) had MDR-
TB and 10/29 (34.5%) had pre-XDR/XDR-TB (due to the unavailable
bedaquilin- and linezolid-resistance status it was not possible to
differentiate between pre-XDR and XDR). In 2/29 (6.9%) DST-data
were only available for rifampicin and isoniazid. Resistance pattern
and treatment regimens are shown in Fig. S2. At diagnosis, all par-
ticipants (29/29) had culture confirmed DR-TB and genotypic proof
of M. tuberculosis measured with the MBLA and Xpert (Fig. 1). AFB
were microscopically detectable in 23/29 (79.3%) sputum samples
(Table 2), 6 with AFB grade scanty, 8 with AFB grade 1 (+), 7 with AFB
grade 2 (++), and 2 with AFB grade 3 (+++) (detailed information
about smear microscopy results can be found in Fig. S3).

Two participants (2/29; 6.9%) died of TB in the first 42 days of
treatment and were therefore excluded from the follow-up analysis
and stratification for culture conversion. The median time of follow-
up in the 27 participants was 14 weeks (IQR 10 - 16) with a
minimum of 4 and a maximum of 24 weeks.

MBILA, Xpert and microscopy at culture conversion

Twenty-four of 27 (88.9%) reached culture conversion at a
median time of 42 days of treatment (IQR 20-80.5) and were clas-
sified among the group of participants with successful culture con-
version. In comparison to MGIT as gold standard at the last time
point 7/24 (29.2%) were also diagnosed with a negative MBLA, a
negative Xpert as well as a negative microscopy result. Nine of the
24 (37.5%) had a negative MBLA result but were still positive by
Xpert. Out of these 9 participants, 8 had undetectable AFBs on
sputum smear microscopy but 1 had a positive smear result for the
last available culture. One of 24 (4.2%) was positive by MBLA but
negative by Xpert and microscopy. Seven of 24 (29.2%) with culture
conversion were still positive by MBLA and Xpert. Of those, one had
a positive result for microscopy, the other six were considered smear
negative. Overall MBLA classified 16/24 (66.7%) with culture con-
version in MGIT as true negative while Xpert classified 8/24 (33.3%)
as true negative. Microscopy identified 22/24 (91.7%) as negative, of
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TB Patients
recruited
n=36
No positive
culture in MGIT
n=3
No RR detected
by MGIT
n=29 =4
MGIT +29/29

MBLA +29/29
Xpert +29/29

AFB +23/29 Time of observation
<42 days due to death
n=2
n=27 \

Culture conversion in No culture
MGIT conversion in MGIT
n=24 n=3

| \

MBLA - MBLA - MBLA + MBLA + MBLA - MBLA + MBLA +
Xpert - Xpert + Xpert - Xpert + Xpert + Xpert + Xpert +
AFB - AFB - AFB - AFB - AFB - AFB - AFB -
n=7 n=8 n=1 n=6 n=1 n=1 n=1

MBLA - MBLA +
Xpert+ || Xpert +
AFB + AFB +
n=1 n=1

Fig. 1. Flow chart of patients included in the study. TB= tuberculosis; MGIT =Mycobacteria growth indicator tube; MBLA= Molecular bacterial load assay; RR = Rifampicin

resistance.

Table 1
Demographics and characteristics of study subjects.

Characteristics N (%) or Median (IQR)

42 (31.5-57.5)

Age at enrollment

Female Gender 7 (24.1)
Romania as Country of birth 29 (100)
Current smoker 21(72.4)
Drinking alcohol more than monthly 16 (55.2)
Immunosuppression

Diabetes 1(34)

Chemotherapy 2 (6.9)

HIV

Positive 5(17.2)
Unknown status 3(10.3)

Hepatitis B 0(0)

Hepatitis C 2 (6.9)

Silicosis 0(0)

Organ transplant 0(0)
Previous history of TB 15 (51.7)
Karnofsky Score 90 (80-90)
X-Ray characteristics

Cavities in X-Ray 25 (86.2)

Affected lung percentage 50 (30-70)
TTP at diagnosis (days) 17 (13-22)
M. tuberculosis - Resistance

Rifampicin resistant TB 3(10.3)

MDR-TB 14 (48.3)

Pre-XDR/XDR-TB 10 (34.5)

Undetermined 2 (6.9)
Time point of culture conversion (days) 42 (28-80.5)
Last sputum available (days) 98 (63-119)

IQR= interquartile range; HIV= human immunodeficiency virus; TB= tuberculosis;
TTP= time to culture positivity; MDR-TB= multidrug-resistant TB; XDR-TB= ex-
tensively drug-resistant TB.

which 6/24 (25%) already had a negative test result at baseline. Three
out of 27 (11.1%) did not reach culture conversion after 56, 70 or 112
days of treatment. Of those participants with continuous detectable

M. tuberculosis growth, 1/3 (33.3%) was positive only by Xpert, 1/3
(33.3%) had a positive test result with the MBLA and Xpert but not by
microscopy and 1/3 (33.3%) was considered positive by all three
tests. In summary, and in comparison to the gold standard MGIT,
MBLA identified 18/27 (66.7%) and Xpert 11/27 (40.7%) results while
microscopy was concordant on 23/27 (85.2%) occasions at the last
available culture.

Change in bacterial load measured by MGIT, MBLA, Xpert and
microscopy during treatment follow -up

At diagnosis the median time to positivity (TTP) was 12 (IQR
8-15) days (Fig. 2A). After 2 weeks of treatment the TTP increased
significantly to 18 days (p= <0.0001), this further increased to 22
days after 4 weeks of treatment and culture conversion was reached
after a median of 42 (28-80.5) days of treatment (Table 1). At the
time of diagnosis, the median Cq value measured by the MBLA was
18.66 cycles and corresponded with a bacterial load of 1.87 x10°
CFU/ml sputum. Cg-results increased significantly during the first
two weeks of treatment (23.22 cycles, equal to a bacterial load of
9.05x10* CFU/ml sputum, p= <0.0001) and between the second to
the fourth week of treatment (27.09 cycles, corresponding with a
bacterial load of 6.92x10> CFU/ml sputum, p = 0.0001), the rate of
change in Cq slowed down (Fig. 2B). Xpert responded more slowly
and increased from a median Cq of 16.3 to 16.5 to 17.4 in the first 4
weeks (Fig. 2C), without any continuous trend for the following
weeks. Microscopy revealed a rapid response to therapy (Fig. 2D),
with most samples showing no evidence of AFB after 4 weeks.

All tests displayed a response to treatment resulting in a decrease
of test positivity rate (Fig. 2E). The MBLA showed a slightly slower
decrease than MGIT culture, while decrease in smear positivity
measured by microscopy was fastest in the first weeks and then
slowed down. For Xpert the decrease was noticeably slower than in
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Table 2
Microscopy results.
AFB N (%) negative scanty + ++ +++
at diagnosis (n=29) 6 (20.7) 6 (20.7) 8 (27.6) 7 (24.1) 2 (6.9)
at culture conversion (n=27) 19 (79.2) 4(16.7) 1(42) 0 0
last sputum available (n=27)
with culture conversion (n=24) 22 (91.7) 1(4.2) 0 1(4.2) 0
without conversion (n=3) 2 (66.7) 1(33.3) 0 0 0

AFB= acid fast bacilli; Two participants (2/29; 6.9%) died of TB in the first 42 days of treatment and were therefore excluded from follow-up analysis and stratification for culture

conversion.

the other tests with most samples still being positive after 14 weeks
of treatment.

MGIT, MBLA, Xpert and microscopy -results stratified by culture
conversion

Stratifying test results by culture conversion in MGIT with cor-
responding MBLA, Xpert and microscopy results led to four cate-
gories: the green symbols in Fig. 3 depict all participants, who ended
treatment with culture conversion and their corresponding results in
MBLA, Xpert and microscopy. Cq measured by the MBLA increased
similarly to TTP. Cq of Xpert lagged behind, whereas microscopy
grading showed the same rapid response to therapy as MGIT and
MBLA. In the 3 participants, who did not achieve culture conversion
during follow-up (red symbols in Fig. 3), the TTP increased but did
not reach culture conversion. The Cq measured using the MBLA as
well as microscopy followed the same trend, whereas the Cq of
Xpert remained positive. In 8/24 participants with culture conver-
sion, the MBLA still detected viable bacteria (in comparison to MGIT;
here defined as false positive MBLA; blue symbols in Fig. 3). MBLA-
measured Cq had a corresponding increase when compared to MGIT
and microscopy, but Cq-values stayed slightly beneath the limit of
detection. Xpert Cq-values remained around 20 cycles for the com-
plete treatment course. At the time point of the last available culture,
16/24 patients with culture conversion had a positive Xpert result
(here defined as false positive Xpert; brown symbols in Fig. 3): Cq
measured using the MBLA showed a similar course as TTP, increasing
Cg-values during treatment and in nine of those 16 patients Cq
crossed the limit of detection resulting in a negative MBLA result
(see also Fig. 1). Microscopy results were similar, with more patients
converting (see also Fig. 1). The other 7 patients had a Cq close to the
detection limit (median Cq 27.73, IQR 26.85 to 29.88). Whereas Xpert
stayed positive with a high Cg-value ~ 20 for the whole treatment
course.

MBLA and Xpert results stratified by MGIT positivity/negativity
as violin plots (Fig. S4) depict that in culture-negative TB MBLA

correlated with a high Cq-value, whereas Xpert still detected higher
bacterial burden (low Cq-values).

Overall, the stratification of the results revealed a comparable
identification of converters and non-converters when measured by
MGIT, the MBLA and microscopy.

Clinical utility of MBLA in comparison to Xpert and microscopy for
probability of culture conversion

To determine correlation between the MBLA and MGIT, re-
spective Xpert and MGIT as well as microscopy and MGIT, normal-
ized Cq/ml of the MBLA (Fig. 4A) or Cq-values from the Xpert test
(Fig. 4B) as well as microscopy results (Fig. 4C) for all time points
were used as a continuous variable to correlate with TTP of MGIT.
Spearman rank had correlation values of 0.73, 0.54 and -0.61 re-
spectively. Cohens Kappa was 0.42 (95% CI: 0.3 - 0.55) for the MBLA,
0.14 (95% CI: 0.04 - 0.24) for Xpert and 0.54 (95% CI 0.42 - 0.66) for
microscopy.

In the concordance analysis of binary results (testing positivity or
negativity, Fig. 5) both the MBLA (Fig. 5A) and Xpert (Fig. 5B) had
very high concordance with MGIT culture at baseline while con-
cordance was lower for detectable AFB on microscopy (Fig. 5C). Later
the concordance of Xpert and MGIT decreased noticeably resulting
in an overall concordance of 57.4%. The concordance of the MBLA
and microscopy with MGIT culture each remained constant over the
course of treatment. Overall concordance was slightly higher in
microscopy (76.7%) than in MBLA (72.1%). The analysis of the con-
cordance of the individual test methods with the gold standard
MGIT therefore revealed that both, MBLA and microscopy had, over
the course of treatment, a similar degree of positive and negative
findings confirmed in culture.

The comparison of the receiver operating characteristics (ROC)
curve analysis for the MBLA, Xpert and microscopy in comparison to
culture as the gold standard revealed that the MBLA had higher
ability to act as a surrogate biomarker for culture conversion (Fig. 6).
The AUC was higher for the MBLA (AUC 0.88, 95% C1 0.84 - 0.95) than
for Xpert (AUC 0.78, 95% CI 0.72 - 0.85) and microscopy (AUC 0.77
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Fig. 2. Changes in MGIT, MBLA, Xpert and microscopy during treatment. Biweekly change of bacterial load measured as time to culture positivity (TTP) in days in mycobacterial
growth indicator tube (MGIT) (A), change of Ct-values in molecular bacterial load assay (MBLA) (B), GeneXpert MTB/RIF Ultra (Xpert) (C) and microscopy (D) in 29 patients. Values
are depicted until the median time point of last available culture result in this study. Bars represent median and interquartile range. Statistical comparisons using Wilcoxon signed
Rank test were made for before treatment and week 2 as well as between week 2 and 4. For MBLA additional comparison between the respective subsequent measurement points
was performed until there was a non-significant change. P-values < 0.05 were considered statistically significant. Tests’ positivity rates over the course of treatment until median
time of last available culture (E) are shown for culture results by MGIT, detection of viable bacteria by MBLA, detection of M. tuberculosis DNA by Xpert and detection of acid-fast

bacilli (AFB) from sputum specimen.
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Fig. 3. MGIT, MBLA, Xpert, and microcopy -results stratified by culture conversion. Depending on culture conversion in MGIT patients were classified as successfully culture
converted (n=24, green) or not successfully culture converted (n=3, red). The rows below depict values for patients who reached culture conversion in MGIT but were classified as
positive by either MBLA (n=8, blue) and Xpert (n=16, brown) at the point of last available culture result. Graphs show the change in bacterial load over the course of treatment in
these four groups by (A) Mycobacteria growth indicator tube (MGIT), (B) Molecular bacterial load assay (MBLA), (C) GeneXpert MTB RIF/ Ultra (Xpert), and (D) microscopy (AFB).
The line depicts mean values with the surrounding grey area showing standard deviation with single values appearing as points. The dotted line reflects the limit of detection.

95% CI 0.71 - 0.83). Combined AUC for Xpert and microscopy was
0.82 (95% C10.75 - 0.88) and combined AUC of MBLA and microscopy
0.9 (95% CI1 0.85 - 0.94). At the optimum cut-off for MBLA with a Cq-
value of 26.45 patients close to culture conversion were identified
with a sensitivity and a specificity of 93.9% and 76.0% respectively. At
the optimum Cq value for Xpert with Cq=18.2 the sensitivity was
772% and the specificity 78% while sensitivity and specificity for
microscopy were 66% and 85.6% respectively. Combined test para-
meters were higher in Xpert + microscopy (sensitivity 85.6%, spe-
cificity 65%) and MBLA + microscopy (sensitivity 87.3%, specificity
80%). From this analysis it can be concluded that both MBLA alone

and MBLA combined with microscopy were able to perform opti-
mally in terms of sensitivity and specificity to detect viable bacilli
without including a culture readout.

Probability of culture conversion in regard to resistance level

The cohort was stratified for severity of phenotypical resistance
pattern and analyzed for non-conversion over the time course of
treatment in patients who provided sufficient DST- data (Fig. 7). The
median duration of treatment until culture conversion for partici-
pants with pre-XDR/XDR-TB was 84 days (IQR 70 to 84 days) in
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Fig. 4. Correlation of MGIT with MBLA, Xpert, and microscopy over all time points. Plots of (A) MGIT (TTP in days) against MBLA (Cq) (n=197), (B) MGIT (TTP in days) against
GeneXpert (Cq) (n=197), and (C) MGIT (TTP in days) against microscopy (n=197) in all samples. For analysis all samples provided by individuals included in the study that provided
a valuable result for MGIT and at least one other Xpert, MBLA or microscopy were used. Spearman’s correlation coefficients (r) with 95% confident interval are presented in the
figure. Best-fit linear regression lines are plotted with 95% confidence intervals. The dotted line depicts the limit of detection. MGIT= Mycobacteria growth indicator tube; MBLA=
Molecular bacterial load assay; Xpert = GeneXpert MTB/ RIF Ultra; AFB = acid-fast bacteria identified by microscopy; TTP = Time to positivity; Cq = Quantification cycle value.

comparison to a significantly shorter median time in patients with
MDR/RR-TB (median 42 days, IQR 14 to 56) (Fig. 7A). This effect was
similarly seen in the time to sputum conversion in the MBLA
(Fig. 7B) and Xpert (Fig. 7C) but not in microscopy (Fig. 7D). The
effect of treatment appears much later in Xpert in comparison to the
decline of MGIT TTP, the MBLA and microscopy. The numbers of
those who did not successfully convert were too small to investigate,
as to whether the effect of early treatment response could be de-
tected using the MBLA. The comparison of the median duration of
treatment until culture conversion measured by the individual tests
and related to the type of antibiotic resistance showed that the
MBLA determines treatment success very early during therapy in
both forms of drug-resistant TB.

Discussion

This study evaluates the performance of the MBLA, Cq by Xpert
and AFB by microscopy in determining the bacterial load of myco-
bacteria for the diagnosis of TB and for monitoring of treatment
responses in sputum samples from patients with pulmonary DR-TB
in comparison with TTP in liquid culture by MGIT. In therapy-naive
patients, the MBLA was more sensitive than microscopy for the di-
agnosis of TB. Later during therapy it detected changes in bacterial
load with similar accuracy to microscopy, and notably more accu-
rately than Xpert, thereby reducing the time to results for treatment
response from weeks by culture to hours. MBLA was most
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concordant with culture results in the early phase of treatment and
was indicative of the level of drug resistance.

When treating individuals with DR-TB, early detection of failing
therapy is of great importance. However, current standard methods
for determining treatment success are either slow or imprecise. The
MBLA is a novel molecular method to identify viable M. tuberculosis
in biological specimens with the advantages of speed, accuracy and a
low sample failure rate.'”*"*? The MBLA improves current standard
microbiological assessments for monitoring the treatment of TB. To
date, few studies have investigated MBLA performance in compar-
ison to other biomarkers such as M. tuberculosis culture conversion
or the detection of M. tuberculosis-specific DNA by Xpert and eva-
luations are almost exclusively restricted to patients with drug-
susceptible disease.””** Until now the MBLA had only been eval-
uated to determine the early bactericidal activity (EBA) in one DR-TB
drug-trial.'” In the present study, we therefore compared the per-
formance of the MBLA as a biomarker to ascertain anti-TB treatment
success in comparison to culture conversion in sequential sputum
samples from patients with pulmonary DR-TB under therapy.

The MBLA predicted M. tuberculosis culture-conversion in MGIT
with high accuracy. The assay detected treatment response after 2 to
4 weeks of therapy and displayed an early significant decrease in
bacterial load. The finding of this early decline of mycobacterial
number, measured by the MBLA correlated with TTP as determined
in MGIT and was consistent with studies that included participants
with drug-susceptible TB in which MBLA was introduced as a marker
for EBA to monitor early treatment response.>>>* The present study
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Fig. 5. Test concordance results regarding MGIT culture positivity and negativity. Graphs show the proportion of concordance (blue) and discordance (red) regarding binary
results (test positive or negative) for (A) MBLA (n= 197), (B) Xpert (n=197) and (C) microscopy (n=197) for each time point during the median time of observation when compared
to MGIT test results. Overall concordance is depicted as the dotted line. MGIT =Mycobacteria growth indicator tube; MBLA= Molecular bacterial load assay; Xpert = GeneXpert

MTB/RIF Ultra; AFB= acid fast bacilli.
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bacilli; ROC = Receiver Operating characteristics; AUC= Area under the curve.

extends the measurement beyond EBA to provide a comparison of
the performance of the MBLA to other methods for M. tuberculosis
detection until the point of culture conversion. A normalized MBLA-
Cg-value of 26 corresponded to culture conversion with 94% sensi-
tivity and 76% specificity strongly suggesting that the MBLA can
serve as a real-time biomarker for culture conversion thus indicating
treatment success. Though limited in number of cases, our study
shows that no decline of MBLA-Cq-values during therapy is highly
indicative of treatment failure and much earlier compared to M.
tuberculosis culture results. It should be noted that culture, although
considered the gold standard, will in some cases fail to grow viable
bacilli. This is due to several reasons, including sodium hydroxide
decontamination of sputum, killing some bacteria and dormant
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bacteria that have been shown to require resuscitation promotion
factors for growth.>>>° Therefore, the specificity of the MBLA may be
underestimated in the present study. Despite these limitations our
data confirm the utility of the MBLA to indicate an unfavorable
outcome at an early stage of treatment.””

In contrast to the MBLA, Xpert was less concordant in reference
to MGIT as gold standard confirming the slow response by Xpert in
comparison to the MBLA, as observed in another study.>* The reason
is believed to be that MBLA detects rRNA exclusively from viable M.
tuberculosis, while Xpert detects DNA from both viable and dead M.
tuberculosis cells.”’*' In support of this, the kinetics of our MBLA
test results more closely resembled the time course of M. tuberculosis
detection in culture during treatment than the kinetics of Xpert.
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Fig. 7. Probability of sputum positivity during treatment in MDR/RR-TB versus pre-XDR/XDR-TB patients. Analysis included 27 patients for whom sufficiently complete DST- data
were available to classify them either as MDR/RR-TB or pre-XDR/XDR-TB patients. Probability of non-conversion over time of treatment is shown for (A) Mycobacteria growth
indicator tube (MGIT) (B) Molecular bacterial load assay (MBLA), (C) GeneXpert MTB RIF/ Ultra (Xpert) and (D) acid fast bacilli (AFB). Numbers at risk are shown below. Difference

between both groups was tested using log-rank test.



M. Neumann, M. Reimann, D. Chesov et al.

Overall, the MBLA had a superior performance than Xpert measured
by higher concordance to MGIT TTP, resulting in both higher sensi-
tivity and specificity.

A major advantage of microscopy in comparison to MGIT, MBLA
and Xpert is its low cost, easy performance and, as a result, its
worldwide availability.! However, for the diagnosis of TB, micro-
scopy has previously been shown to be less sensitive than other
diagnostic methods, including the MBLA.>* Here, a decrease of AFB
reflected a treatment response in patients with culture-confirmed
TB with slightly higher overall concordance to culture than MBLA.
Musisi et al. describe the overall specificity in microscopy to be as
good as the MBLA. Also, during the first 2 weeks, test positivity rates
of MGIT, MBLA and microscopy were similarly high.”> However, in
our study microscopy did not detect 20.7% of admitted individuals
before therapy. Additionally, positivity rate as well as concordance to
MGIT were noticeably lower in microscopy than in MBLA until 4
weeks of treatment. One reason for this difference is likely to be
attributed to the different LOD of 5 x10? (MBLA; calculated in this
study) compared to 1 x10* (microscopy'>'®) bacteria per ml. Mi-
croscopy may therefore miss low numbers of viable bacteria still
present in sputum. Overall and when considering the entire course
of therapy, the MBLA was the best non-culture-based tool for
monitoring concordance with MGIT results at diagnosis and within
the first weeks of therapy while microscopy performed better to-
wards the end of the observation period. This supports the use of the
MBLA for determining the EBA of medications and monitoring
treatment especially in sputum-smear-negative TB patients.’’ This is
particularly important in children and PLHIV.?%%°

The time point at which treatment success should be determined
in the therapy of DR-TB is subject of current debate. It is proposed
that the bactericidal activity in treatment regimens should not be
evaluated at day 14 but later such as day 56 for new MDR/RR-TB
regimens.'® The MBLA had not previously been compared to the
other diagnostic procedures at 2-week intervals over the course of
therapy in individuals with DR-TB. Our data confirm that culture
conversion takes place later in pre-XDR/XDR in comparison to MDR/
RR-TB patients and that the probability of non-conversion in MGIT is
higher in patients with pre-XDR/XDR than in those with MDR/RR-
TB.?? However, compared to the other diagnostic methods the MBLA
predicted treatment success best very early during therapy, irre-
spective of the level of M. tuberculosis drug-resistance. The MBLA
demonstrated a significant reduction in bacterial load as early as
week 2 and proved effective in predicting delayed culture conversion
in patients with pre-XDR/XDR-TB compared to those with MDR/
RR-TB.

The present study is the first to monitor TB treatment responses
by MBLA at 2-week intervals. However, our analysis had 2 main
limitations. First, a larger number of participants, including those
failing therapy and experiencing relapse, and a longer observation
period would have been necessary to evaluate MBLA for predicting
relapse. Second, because MBLA can recognize non-culturable but
viable and possibly dormant bacteria in the so-called post-antibiotic
lag of growth,®' a longer follow-up would have been necessary to
make a comparative statement regarding relapse of previously non-
culturable/dormant bacteria in the present study. This would most
likely help to explain the presence of M. tuberculosis mRNA in PET-CT
positive lesions in sputum culture-negative “cured” TB patients at 12
months follow-up,*® suggesting a dormant status, in which bacteria
have not been completely eradicated but are refractive to culture.*’

In summary, in contrast to all other diagnostic tests MBLA was
able to clearly identify early changes in bacterial load in patients
with both, MDR/RR- and pre-XDR/XDR TB. Therefore, MBLA re-
presents a rapid and sensitive biomarker for monitoring treatment
success and early identification of unsuccessful culture conversion
and therapeutic failure independent of the level of drug resistance.
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