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Summary
Background Rapid and accurate detection of drug-resistant tuberculosis (DR-TB) is crucial for ensuring effective
treatment, halting transmission and preventing the amplification of resistance. Comparative evaluations of
. . . . . . . . . ss . https://doi.org/10.
molecular diagnostic assays in high-burden settings are essential for informing clinical decision-making for 1016/ ebiom 2025
.enl . .
DR-TB treatment. 10587J5

Methods The Seq&Treat clinical study previously evaluated the performance of two targeted next-generation sequencing
(tNGS) workflows, GenoScreen Deeplex Myc-TB and Oxford Nanopore Technologies Tuberculosis Drug Resistance
Test, on direct sediment samples from persons at risk for DR-TB. Hain Line Probe Assay (LPAs—MTBDRplus and
MTBDRsl) were run as a comparator test using an aliquot of the same sediment samples. Diagnostic performance of
the LPAs and previously established tNGS performance were compared, including sensitivity and specificity, for
rifampicin, isoniazid, fluoroquinolones (moxifloxacin, levofloxacin), and amikacin, using a composite reference
standard of phenotypic drug susceptibility testing and whole-genome sequencing.

Findings Among 720 clinical samples tested, MTBDRplus LPA sensitivity for rifampicin and isoniazid was 92.3%
(95% CI 88.9-94.8) and 91.9% (88.4-94.4), each significantly lower than >95% achieved by both tNGS workflows
(p < 0.01). For fluoroquinolones (moxifloxacin and levofloxacin), the MTBDRsl LPA and ONT had similar sensi-
tivities (94.3% and 92.7%, and 94.8% and 93.9%, respectively), while GenoScreen outperformed both (97.3% and
96.6%). GenoScreen also demonstrated the highest sensitivity for amikacin resistance (94.6%) compared to LPAs
(88.7%) and ONT (88.3%). Complete assay failure rates were low for LPAs (4.9%) and ONT (5.0%) and moderately
higher for GenoScreen (8.6%), with differences in single-target failures across all assays.

Interpretation LPAs demonstrated lower sensitivity and more limited drug resistance detection compared to tNGS
workflows, underscoring the advantages of tNGS for improving DR-TB diagnostic algorithms. These findings
provide critical evidence to guide updates in DR-TB diagnostic programs.

Funding Support for the Seq&Treat project was provided through funding from Unitaid (2019-32-FIND MDR).
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Introduction COVID-19 pandemic has hindered access to TB diag-

Drug-resistant tuberculosis (DR-TB) poses a significant ~ nostic and treatment programs, reversing years of
challenge to global tuberculosis control efforts. The  Progress.’ In 2023, an estimated 10.8 million people fell
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Research in context

Evidence before this study

A search conducted on PubMed on November 19, 2024, for
relevant published research using the terms (line probe assay
OR LPA) AND (targeted next generation sequencing OR NGS)
AND tuberculosis AND (drug resistance OR drug-resistant)
AND (clinical utility OR sputum OR comprehensive genetic
information) yielded five studies between 2016 and the
present, with only one clinical study comparing the
diagnostic accuracy of LPAs and one tNGS solution. This
highlights the pressing need for additional comparative
performance evaluations of these diagnostic assays. While
rapid molecular assays have improved case detection rates
for tuberculosis drug resistance, limitations remain for
detecting resistance to certain first- and second-line drugs.
Growth-based phenotypic drug susceptibility testing remains
the gold standard for comprehensive resistance profiling but
is hampered by long turnaround times. LPAs provide a faster,
cost-effective alternative, yet their sensitivity for key drugs
and lack of coverage for new and repurposed treatments
limit their utility. tNGS is a promising alternative that also
enables direct resistance testing of clinical specimens but for
an expanded drug list. However, clinical validation and
comparative evaluation of commercially available LPAs and
tNGS workflows, such as GenoScreen Deeplex Myc-TB and
Oxford Nanopore Technologies Tuberculosis Drug Resistance
Test, remain limited, underscoring the need for further
research.

ill with TB worldwide, a 6.5% rise from 2020, and an
estimated 400,000 people developed multidrug-resistant
(MDR-TB) or rifampicin-resistant TB (RR-TB).* Yet only
an estimated 44% of individuals diagnosed with MDR/
RR-TB were enrolled on treatment. Additionally,
although the global burden of rifampicin-susceptible but
isoniazid-resistant strains is more than double that of RR-
TB, these cases remain largely undetected and untreated
due to limitations in current diagnostic methods.”” Thus,
the rapid and accurate detection of DR-TB is essential for
guiding effective treatment regimens and for preventing
the further spread of resistance strains.

Culture-based phenotypic drug susceptibility testing
(pDST) remains the gold standard for comprehensive
drug resistance profiling in clinical settings. However,
pDST has significant drawbacks, including lengthy
turnaround times due to the slow growth of Mycobac-
terium tuberculosis (Mtb), stringent quality control re-
quirements, and the need for extensive infrastructure,
which limits its feasibility in many resource-
constrained settings. Molecular diagnostics offer a
rapid alternative for profiling DR-TB and have
enhanced global DR-TB detection, particularly for first-
line drugs.' Line probe assays (LPAs) are molecular
WHO-recommended rapid diagnostics (mWRDs) that

Added value of this study

This study reports a large-scale, multicentre clinical
evaluation directly comparing Hain Genotype LPAs with two
targeted NGS (tNGS) workflows—GenoScreen Deeplex Myc-
TB (GS) and Oxford Nanopore Technologies Tuberculosis
Drug Resistance Test (ONT)—for diagnosing drug-resistant
tuberculosis (DR-TB) across diverse settings. The study
provides a comprehensive assessment of diagnostic accuracy,
failure rates, and comparative performance for all drug
targets included in the LPAs. While LPAs demonstrate reliable
drug resistance detection with low error rates, tNGS offers
higher sensitivity and broader mutation coverage,
particularly for complex resistance profiles, underscoring its
potential role in improving diagnostic algorithms.

Implications of all the available evidence

These findings provide critical evidence for optimising DR-TB
diagnostic strategies. LPAs remain valuable tools but have
limitations in mutation coverage and sensitivity for key
drugs. tNGS, with its broader resistance detection
capabilities, is well-suited for settings requiring rapid and
comprehensive profiling. This study supports efforts to refine
national TB diagnostic programs, strengthen capacity for
tNGS implementation, and enable more individualised
treatment decisions to improve patient outcomes.

use DNA test strips to determine the drug resistance
profile of Mtb strains by analysing band patterns
formed through the hybridisation of immobilised
probes with Mtbh amplicons. LPA probes target the most
common mutations in specific Mth gene regions asso-
ciated with resistance to first- and second-line drugs, as
well as specific wild-type (WT) sequences.”* LPAs pro-
vide a rapid and cost-effective alternative to pDST.
However, the sensitivity of LPAs, particularly for
detecting resistance to isoniazid and second-line
injectable drugs, could be improved.®” Furthermore,
due to the inherent design complexities of probe-based
assays, LPAs only target a small number of known
resistance-conferring mutations and are restricted to a
specific set of drugs. They are also prone to systematic
errors due to synonymous and non-synonymous mu-
tations not associated with resistance which can affect
probe binding.**'° Notably, LPAs do not include targets
to detect resistance to new and repurposed drugs such
as bedaquiline (BDQ) pretomanid (Pa), and linezolid
(LZD), which are integral components of the 6-month
BPaLM and BPal regimens endorsed by WHO for
the treatment of MDR/RR-TB and pre-extensively drug-
resistant TB (pre-XDR-TB; MDR/RR-TB also resistant
to any fluoroquinolones)."
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In contrast, high-throughput amplicon sequencing-
based methods, such as targeted next-generation
sequencing (tNGS) workflows, offer a comprehensive
approach for detecting drug resistance to multiple
tuberculosis drugs simultaneously, directly from clin-
ical samples. tNGS workflows can swiftly detect resis-
tance to both first- and second-line tuberculosis drugs,
as well as to new and repurposed drugs, surpassing the
capabilities of existing mWRDs."*'* Various tNGS as-
says for DR-TB profiling, differing in number of loci,
target sizes, and NGS platforms utilised, have been
previously described.'**! End-to-end tNGS workflows,
GenoScreen Deeplex Myc-TB,**** and Oxford Nanopore
Technologies Tuberculosis Drug Resistance Test,
received WHO endorsement in March 2024 as new
tools for guiding clinical decisions in DR-TB treatment,
with conditional recommendations on their use.*

While the clinical diagnostic accuracy of these end-
to-end tNGS workflows for comprehensive profiling of
DR-TB from clinical samples in diverse epidemiological
settings have been previously reported,”® a comparative
assessment of WHO-endorsed LPAs and tNGS in
reference settings is still lacking. This study aimed to
fill that gap. Utilising the previously published tNGS
data from a cross-sectional, multicentre clinical diag-
nostic study,”® we compared the performance of the
GenoType MTBDRplus and MTBDRs! LPAs and the
two commercial end-to-end tNGS workflows: Gen-
oScreen Deeplex Myc-TB (GS) and Oxford Nanopore
Technologies (ONT) TB Drug Resistance Test. We
evaluated and compared the diagnostic accuracy of
these assays in detecting resistance to rifampicin
(RIF), isoniazid (INH), and fluoroquinolones (FQ;
moxifloxacin (MFX), levofloxacin (LFX)), and amikacin
(AMK), using a composite reference standard of
culture-based phenotypic drug susceptibility testing
(pDST) and whole-genome sequencing (WGS). Addi-
tionally, we analysed sample and target failure rates
across these assays.

Methods

Ethics statement

The study was approved by the WHO Research Ethics
Review Committee (ERC) and by participating in-
stitutions for each study site, including the Institutional
Ethics Committee of Hinduja Hospital and the Health
Ministry Screening Committee of the Indian Council of
Medical Research (HMSC), the University of Witwa-
tersrand Institutional Ethics Review Committee and the
Nation Health Research Database of South Africa, and
the Ethics Committee of the National Center for
Tuberculosis and Lungs Diseases of Georgia. All study
participants provided written informed consent. The
study, Seq&Treat, is registered at ClinicalTrials.gov
(NCT04239326). The ethical approval by WHO
Research Ethics Review Committee is ERC.0003342.
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Study design and sample processing

As described previously, clinical specimens were collected
as part of the prospective, cross-sectional, multicentre
clinical diagnostic accuracy Seq&Treat tNGS study. The
study is registered at clinicaltrials.gov (NCT04239326).
Detailed descriptions of the study protocol and major
tNGS findings have been published elsewhere.”® In brief,
the cross-sectional clinical study was conducted at the TB
reference laboratories in Georgia, India, and South Africa
between 16 April 2021 and 30 June 2022. Eligible par-
ticipants at risk for DR-TB with sputum confirmed pos-
itive for Mtb by GeneXpert MTB/RIF (Cepheid,
Sunnyvale, CA, USA), were invited to participate in the
Seq&Treat tNGS study at the respective clinic sites.
Sputum samples (at least 6 mL) were collected, homo-
genised, decontaminated, and re-suspended as sediments
in 4 mL final volume for all downstream testing. Gen-
eXpert MTB/RIF, Acid-fast bacilli (AFB) smear, Myco-
bacteria Growth Indicator Tube (MGIT), GenoType
MTBDRplus and MTBDRsl LPAs were all performed on
the same sediment for standard of care and comparator
testing (Supplementary Fig. S1). GeneXpert MTB/RIF
was used as a proxy of bacterial load of the study sedi-
ments on which all reference standard and comparator
tests were run. The GeneXpert instrument reports semi-
quantitative categories as a measure of bacterial load
(Cepheid package-insert Doc 301-0191 Rev E). These
same semi-quantitative categories were used for all
downstream analyses of assay performance.

The index testing sediment was frozen as individual
aliquots with volumes depending on requirements
corresponding to specific end-to-end tNGS workflows.'
Each individual aliquot used for tNGS workflows un-
derwent a single freeze-thaw cycle. For the LPA vs.
tNGS analysis, reference MGIT DST was performed for
all culture-positive samples to determine phenotypic
resistance to first-line and second-line anti-tuberculous
drugs at WHO endorsed critical concentrations'®*:
rifampicin (0.5 pg/ml), isoniazid (0.1 pg/ml), moxi-
floxacin (0.25 pg/ml), levofloxacin (1.0 pg/ml), amika-
cin (1.0 pg/ml), capreomycin (2.5 pg/ml), and
kanamycin (2.5 pg/ml). DNA extracted from positive
culture samples were sent for [llumina WGS, and all
raw sequencing data were run through the same WHO
WGS pipeline’® and interpreted as resistant or suscep-
tible based on the 2021 WHO catalogue of Mtbh muta-
tions.”>*” All diagnostic tests were conducted at the
respective reference laboratories on-site, and all diag-
nostic test results (GeneXpert MTB/RIF, smear, MGIT,
phenotypic DST, MTBDRplus, MTBDRsl, and tNGS
workflows) were recorded by the laboratory technicians
for each site. The LPA data has not been previously
analysed nor published.

Reference standards
Phenotypic DST results were considered resistant based
on growth at the WHO endorsed critical concentration
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for each drug” (see Methods above). WGS results were
considered resistant based on detection of mutations
“associated with resistance” or “associated with resis-
tance interim” as reported in the 2021 WHO Catalogue
of Mth mutations.”” Results of pDST and reference
WGS were combined to create a composite reference
result of “resistant” or “susceptible”. The use of a
composite reference standard enables a more robust
benchmark,” allowing for a comprehensive evaluation
of diagnostic performance. Clinical Mtb isolates were
labelled “resistant” for a specific drug if either the pDST
or WGS results were resistant and “susceptible” if both
pDST and WGS showed the isolate to be susceptible to
the specific drug.

Line probe assays

Each LPA assay was performed on 500 pl fresh decon-
taminated sediment from each clinical sample using
the GenoType MTBDRplus version 2.0 and GenoType
MTBDRsl version 2.0 (Hain Lifescience, Nehren, Ger-
many). LPAs were performed and interpreted according
to the Hain manufacturer instructions,”** and stan-
dard procedures. Briefly, DNA was extracted from up to
10 sediment samples and two controls simultaneously
using the GenoLyse kit (Hain Lifescience, Nehren,
Germany). Five microlitres of the purified DNA were
added to the PCR mixtures. PCR amplification was
carried out using biotinylated primers specific to each
assay, following the manufacturer’s PCR program. Af-
ter amplification, the denatured PCR products were
hybridised with immobilised probes on nitrocellulose
strips to detect Mtb wild-type (WT) sequences or mu-
tations (MUT) associated with RIF and INH in the
MTBDRplus, and associated with FQs (MFX and LFX),
and AMK in the MTBDRsl. The strips were read and
interpreted according to the manufacturer’s in-
structions. A valid LPA required the presence of Mtb
complex-specific control (TUB), conjugate controls (CC)
and amplification control (AC) bands, along with the
appropriate target gene locus control bands. Drug
resistance was determined by the absence of one or
more WT probes and the presence of a corresponding
MUT probe. The absence of both WT and MUT probes
also indicated resistance. Detection of all WT probes
alongside any MUT probe, indicating possible hetero-
resistance (i.e., the presence of both susceptible and
resistant strains as described by the manufacturer), was
also interpreted as resistant. If all WT probes developed
in the absence of MUT probes, resistance was not
detected. Sample failure for the combined MTBDRplus
and MTBDRs! assays was defined as any clinical sample
that failed to yield interpretable results across all drug
targets. This included samples where the TUB band,
indicating the presence of Mtb, was absent, and/or
where control bands for all four drug targets the gene
loci were missing. Target failure was defined as a
sample that failed to provide a result for a specific drug

target due to the absence of Mtb and the lack of the
control bands for the gene locus associated with that
drug target.

Targeted next-generation sequencing
The end-to-end tNGS workflows and evaluation of GS
and ONT have been described in detail.”® Briefly, for GS
DNA extraction from sediment samples was performed
using Maxwell RSC FFPE Plus DNA kit (Promega,
Madison, WI) on a Maxwell RSC DNA extraction in-
strument. DNA samples were processed through the
Deeplex Myc-TB kit following manufacture instructions
with Ilumina Nextera XT DNA library preparation
steps. Forty-five barcoded sample libraries and three
control libraries were pooled and batch-run for 150 bp
paired-end sequencing on an Illumina MiSeq instru-
ment. The FASTQ files were uploaded into the Deeplex
web-based application for an automated analysis pipe-
line using Deeplex Myc-TB V3.0—Extended catalogue.
Mutations were reported per drug as “resistant” based
on detection of drug resistance-associated variants/
indels and “susceptible” when no variant/indel was
detected or variant detected was not associated with
drug resistance, and “uncharacterised” when detected
variants could not be defined as resistant or susceptible.
We defined sequencing success as GS producing
sequencing results and interpreting as resistant, sus-
ceptible or uncharacterized. Failure was defined as no
interpretation reported for drug targets resulting in a
sample or drug target that failed to sequence or meet
manufacturer analysis criteria as previously described.'
ONT tNGS DNA extraction was performed using
Maxwell RSC PureFood Pathogen Kit (Promega, Mad-
ison, WI) for use with sediment samples on a Promega
Maxwell DNA extraction instrument. Twenty-two sam-
ples with two controls were batch-processed per
MinION flow cell sequencing run. The resulting
FASTQ files were processed through the ONT “wif-tb-
amr-3993f97d” analysis pipeline, which generated an
analysis report. Drug resistance profiles were deter-
mined based on the identification of variants/indels
according to the ONT interpretation. Mutations were
classified as “resistant” if drug resistance-associated
variants/indels were detected, and “susceptible” if no
variant/indel or a variant not on their mutation list was
found. Sequencing success was defined as ONT pro-
ducing sequencing results and interpreting them as
resistant or susceptible. Target failure was defined as a
sample that failed to yield a result for a specific drug
target due to the ONT pipeline reporting no amplicon
targets (“undetermined”).

Statistical analysis

All clinical samples that underwent testing with LPAs,
GS, and ONT, and had corresponding reference data
(pDST and WGS), were included in the diagnostic ac-
curacy analysis. For each test (LPAs, GS, and ONT),
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clinical sensitivity and specificity were calculated
against the composite reference standard for each drug
evaluated, using the epiR package (version 2.0.6). The
95% confidence intervals were computed using the
Wilson score method. Because the number of invalid
results differed between assays, denominators varied by
assay and drug. Pair-wise differences in clinical sensi-
tivity or specificity were tested with Fisher’s exact test
(o = 0.05). For the LPAs, we additionally quantified the
false-negative rate (FNR) of each individual resistance
mutation relative to WGS. The FNR for each mutation
was calculated as FN/(FN + TP), where FN represents
the number of false negatives and TP represents the
number of true positives, and FN + TP constituting the
total number of positives.

To assess the agreement between resistance or
susceptibility calls between LPAs and tNGS workflows,
we compared binary resistance calls for each drug be-
tween LPAs vs. GS and LPAs vs. ONT. Overall
concordance beyond chance was quantified with
Cohen’s “k (Kappa)”, accompanied by its 95% CI and a
Z-test for x (Ho: k¥ = 0). Because k can be biased when
class prevalence is very high or low, we also reported
the Prevalence- and Bias-Adjusted k (PABAK). Finally,
we applied McNemar’s paired test to the two-by-two
discordance table to determine whether one assay pro-
duced disproportionately more FN or FP results than
the other (Hy: discordance is symmetrical), indicating a
systematic performance difference. These statistics
were computed with the epiR package (v 2.0.6).

To assess diagnostic performance, we compared
sample and drug target failure rates for each test. For
LPAs (MTBDRplus and MTBDRsl combined), sample
failure was defined as any clinical sample that did not
produce an interpretable result across all drug targets
(absence of TUB band indicating Mtb not detected, or
absence of the gene locus control bands across all four
drug targets). For GS, sample failure was defined as any
clinical sample in which Mtb was not detected, resulting
in no interpretation of sequence data for drug resistance.
For ONT, sample failure was defined as any clinical
sample in which no amplicon targets were reported by
the ONT pipeline. Drug-target failure for each assay was
scored when a result was missing for a specific drug
although the sample was otherwise valid. Failure pro-
portions were first described overall, and then stratified
by routinely recorded proxies for bacillary load—Gen-
eXpert MTB/RIF semi-quantitative category (High, Me-
dium, Low, Very-low, Negative) and HIV status—and by
AFB smear grade. HIV infection was retained because
extensive evidence shows that people living with HIV
more often produce paucibacillary sputum, a recognised
risk factor for false-negative molecular results.*

To explore predictors of sample failure for LPAs, GS
and ONT, we first fitted univariable logistic-regression
models for each candidate variable. For every test we
then fitted one multivariable model that always
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contained three a-priori predictors—GeneXpert MTB/
RIF semi-quantitative category (High, Medium, Low,
Very-low), HIV status, and RIF resistance status. Gen-
eXpert semi-quantitative category and HIV infection
both proxy bacillary load, while RIF resistance tests
whether rpoB mutants could impair primer/probe
binding. Smear microscopy grade was examined but
dropped because of strong collinearity with GeneXpert
category (Cramér V = 0.66). No data-driven p-value se-
lection was applied; likelihood-ratio tests were used
only to quantify the incremental contribution of indi-
vidual predictors, and calibration was assessed with the
Hosmer-Lemeshow test. All analyses were run in R
v4.3.0 (RStudio 2023.03.0 + 386).

Interpretation plan

Diagnostic accuracy (sensitivity/specificity vs. the com-
posite reference) was the primary outcome; pairwise
differences were evaluated by Fisher’s exact test and
overlap of 95% CIs. Overall concordance was sum-
marised with Cohen’s xk/PABAK, and any directional
bias was probed with McNemar’s test. If k indicated
high agreement but McNemar was significant, we re-
ported “high concordance with a systematic bias,” giv-
ing priority to the McNemar finding because it points to
clinically relevant under- or over-detection. Sample- and
target-failure proportions were descriptive, and logistic
models provided exploratory adjusted odds ratios for
predictors of sample failure. All comparisons were
prespecified; therefore, no multiplicity correction was
applied, and conclusions relied on consistent patterns
rather than single p-values.

Role of the funding source

The funders of the study had no role in the study
design, data collection, data analysis, data interpreta-
tion, writing of the manuscript, or the decision to
submit for publication.

Results

As previously reported, sputum samples from 720 par-
ticipants with corresponding pDST and WGS reference
data (representing 86.5% of the total enrolled population
in the multicentre cross-sectional clinical study) were
evaluated using GS and ONT. Here we report the LPA
data and its diagnostic accuracy against the same refer-
ence standard, thereby enabling a direct comparison of
LPA with GS and ONT (Fig. 1). Based on the composite
reference standard (pDST and WGS), 80.1% (577/720) of
participants were resistance to RIF, 72.4% (521/720)
were identified as having MDR-TB, and 45.7% (315/720)
were classified as having pre-XDR TB. Although 85.6%
(616/720) of sputum samples were smear-positive, they
varied across different GeneXpert MTB/RIF semi-
quantitative categories in both RIF resistant and sus-
ceptible samples (Supplementary Fig. S2). Out of the
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MTB GeneXpert result

832 individuals screened for pulmonary TB with risk
factors for drug resistance and previous positive

« | 48 individuals excluded
i MTB negative GeneXpert MTB/RIF
Y
784 participants enrolled
21 samples excluded
16 not run on GS and ONT
> 3 not run on GS
2 not run on ONT
Y

763 samples were run on LPAs (MTBDRplus and
MTBDRs/), as well a on GS and ONT

43 samples excluded

Y

38 no phenotypic DST reference
5 no WGS reference

720 samples had phenotypic DST and WGS reference
data generated and were run on LPAs (MTBDRplus
and MTBDRs/), as well as on GS and ONT

Y A

4

Y

682 LPA MTBDRplus (RIF 509 R)
682 LPA MTBDRplus (INH 476 R)
624 LPAMTBDRs/ (FQ 290 R)
622 LPA MTBDRs/ (AMK 60 R)

647 GS (RIF 510 R)
618 GS (INH 475 R)
637 GS (FQ 292 R)
582 GS (AMK 54 R)

648 ONT (RIF 510 R)
648 ONT (INH 483 R)
668 ONT (FQ 294 R)
679 ONT (AMK 55 R)

Fig. 1: Participant enrolment and exclusions. Risk factors and indicators for drug resistance included: 1) A positive rifampicin (RIF) resistance
result by GeneXpert MTB/RIF or GeneXpert MTB/RIF Ultra; OR 2) Lack of response to TB treatment, evidenced by positive sputum smear or
culture after >3 months of standard TB treatment; OR 3) Previous diagnosis of RIF-resistant/MDR-TB with treatment failure and positive
sputum smear or culture after >3 months on a standard MDR-TB regimen; OR 4) Prior TB treatment of more than 1 month for a previous TB
episode; OR 5) Close contact with a known drug-resistant TB case. TB = tuberculosis, MTB = Mycobacterium tuberculosis, GS = GenoScreen,
ONT = Oxford Nanopore Technologies, LPAs = line probe assays, DST = drug susceptibility testing, WGS = whole genome sequencing,
RIF = rifampicin, INH = isoniazid, FQ = fluoroquinolones, AMK = amikacin, R = resistant.

784, 64 sediments lacked a composite reference result
and thus were excluded from the diagnostic accuracy
analysis (Fig. 1); a best-/worst-case analysis showed that
omitting them altered LPA sensitivities by < 1.2 per-
centage points (Supplementary Methods and Table S1),
confirming that their absence does not bias the accuracy
estimates presented below.

Diagnostic accuracy and resistance detection yield
of LPAs and tNGS compared to a composite
reference standard

The LPAs (MTBDRplus and MTBDRsl) demonstrated a
specificity exceeding 97% across all five drugs assessed,
with sensitivity ranging from 94.3% for FQ (MFX) to
88.7% for AMK (Fig. 2a). Comparatively, as previously
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Sensitivity (95% Cl) Specificity (95% Cl)

= 92.3(89.9-94.3)
= 91.9(89.2-93.9)
= 94.3(91.1-96.4)
+ 92.7(89.3-95.2)
88.7 (77.4-94.7)

|
100

Sensitivity (95% CI)

= 97.3 (95.6-98.4)
= 96.5 (94.5-97.8)

+ 96.6 (93.9-98.2)

(
= 97.3 (94.7-98.6)
(
—= 94.6 (85.4-98.2)

Sensitivity (95% Cl)

= 095.7 (93.6-97.1)
= 95.4 (93.3-96.9)

98.5 (94.7-99.6)
99.4 (96.6-99.9)
97.8 (95.6-98.9)
97.2 (94.8-98.5)
97.7 (96.1-98.7)

Specificity (95% Cl)
100.0 (97.0-100.0)
97.7 (93.4-99.2)
98.5 (96.6-99.4)
98.5 (96.6-99.4)
99.8 (98.9-100.0)

Specificity (95% Cl)
100.0 (96.8—-100.0)
99.3 (96.1-99.9)

a
drug N TP FP FN TN LPAs
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Fig. 2: Sensitivity and specificity of LPAs, GS and ONT for detection of resistance to the five drugs assessed by LPAs compared against a
composite reference standard of phenotypic drug susceptibility testing and whole-genome sequencing. Forest plots of a) sensitivity and
specificity of LPAs MTBDRplus and MTBDRs/; b) sensitivity and specificity of GenoScreen; c) sensitivity and specificity of Oxford Nanopore
Technologies. Squares indicate point estimates and horizontal whiskers the 95% confidence interval of sensitivity (x-axis 0-100%).
RIF = rifampicin, INH = isoniazid, FQ = fluoroquinolones, MFX = moxifloxacin, LFX = levofloxacin, AMK = amikacin, N = Number, TP = true
positive, FP = false positive, FN = false negative, TN = true negative, and Cl = confidence interval. For RIF, lower WHO-endorsed rifampicin
critical concentration (0.5 pg/mL) was used (tNGS data are adapted from colleagues*®).

reported, GS also exhibited >97% specificity across the
same drugs, with sensitivity varying from 97.3% for RIF
and FQ (MFX) to 94.6% for AMK (Fig. 2b). ONT ach-
ieved the highest specificity, exceeding 99% across all
five drugs, with sensitivity ranging from 95.7% for RIF
to 88.3% for AMK (Fig. 2c). The sensitivity of LPA for
detecting RIF resistance was significantly lower than
that of both GS and ONT (Fisher’s exact test, p = 0.0003
and p = 0.0216, respectively). Similarly, LPA sensitivity
for detecting INH resistance was significantly lower
compared to both GS and ONT (Fisher’s exact test,
p = 0.0019 and p = 0.0210, respectively). The reduced
sensitivity of MTBDRplus for detecting RIF and INH
resistance was primarily due to (i) MUT-probe hybrid-
isation failures or (ii) hybridisation of WT probes in the
presence of resistance mutations (Supplementary
Figs. S3 and S4). The sensitivity of LPA (MTBDRsl)
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for detecting FQ and AMK resistance was comparable
to that of ONT (Fig. 2). Although GS achieved the
highest sensitivity for detecting resistance to FQ and
AMK, these differences did not reach statistical
significance.

The adjusted resistance detection yield, defined as
the proportion of true positives samples detected by the
diagnostic test relative to the total resistance calls
determined by the composite reference, was evaluated
for RIF, INH, FQ, and AMK. For RIF, LPA achieved a
detection yield of 87.9% (507/577), comparable to
88.4% (510/577) for both GS and ONT (Table 1). A
similar pattern was observed for INH, where LPA
detected 88.5% (475/537) of INH resistance, slightly
lower than ONT at 89.8% (472/537), but marginally
higher than GS 87.9% (472/537). For FQ, adjusted
resistance detection yields ranged from 86.2% (282/
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RIF-Rn (%) INH-Rn (%) FQ-Rn (%) AMK-R n (%)

Composite reference (pDST + WGS) 577 537 327 62
GeneXpert 549 (95.1)

pDST 532 (922) 536(99.8) 313 (957) 60 (96.8)
WGS 566 (98.1) 511 (95.2) 309 (945 56 (90.3)
LPAs 507 (87.9) 475 (885) 282 (86.2) 47 (75.8)
GS 510 (88.4) 472 (87.9) 287 (87.8) 53 (85.4)
ONT 510 (88.4) 482 (89.8) 292 (89.3) 53 (85.4)

Data are reported as (%), with percentages calculated relative to the total resistance calls (R) determined by the
composite reference standard (pDST and WGS) for each drug, unless otherwise indicated. For GeneXpert, LPAs,
GS, and ONT true resistance calls (TP) against the composite reference are reported.

Table 1: Resistance yield for drug targets (RIF, INH, FQ, AMK) among 720 samples tested with

multiple diagnostics, GeneXpert, phenotypic drug susceptibility testing (pDST), whole-genome
sequencing (WGS), line probe assays (LPAs), GenoScreen (GS), and Oxford Nanopore Technologies
(ONT).

327) for LPA to 89.3% (292/327) for ONT, with GS
achieving 87.8% (287/327). AMK resistance detection
yields were lower across all assays, with LPA at 75.8%
(47/62), which was notably lower than GS and ONT,
both of which achieved 85.4% (53/62). These findings
indicate that GS and ONT slightly outperformed LPAs
in detecting true resistance, particularly for AMK, while
maintaining comparable yields for RIF, INH, and FQ
resistance.

False negative rates (FNR) of resistance mutations
in LPAs compared to WGS
To further investigate the reduced sensitivity of LPA in
detecting RIF and INH resistance and to assess po-
tential of systematic differences in detecting certain
mutations, we calculated the FNR for each mutation
from each LPA result, using WGS as the reference
method. The FNR for LPA MTBDRplus for detecting
RIF resistance mutations compared to WGS varied
substantially, ranging from 0% to 100%. For RIF
resistance mutations specifically targeted by the rpoB
MUT probes, the FNR ranged from 0% to 6.2%,
aligning closely with the overall FNR for all RIF resis-
tance mutations (7%). However, the wide variability in
FNR for less frequently observed RIF mutations (0%—
100%) underscores that LPA sensitivity is highly
mutation-dependent (Supplementary Fig. S3). Simi-
larly, the FNR of LPA MTBDRplus for detecting INH
resistance mutations compared to WGS also ranged
from 0% to 100%. INH mutations detected by katG
MUT and inhA MUT probes alone exhibited FNRs
ranging from 0% to 1.4%, closely matching the overall
FNR for all INH resistance mutations (3%)
(Supplementary Fig. S4). These findings suggest that
systematic bias in detecting less frequently observed
RIF and INH resistance mutations cannot be ruled out
for the LPA MTBDRplus.

For the LPA MTBDRs!, the FNR for FQ and AMK
resistance mutations compared to WGS are presented

in Supplementary Figs. S5 and S6. Unlike the
MTBDRplus, the FNR for FQ resistance mutations
targeted by the gyrA and gyrB MUT probes ranged from
0% to 40% (Supplementary Fig. S5), which exceeds the
overall FNR for all FQ resistance mutations (5%) This
suggests that MTBDRs! does not exhibit systematic bias
in missing less common FQ resistance mutations.

Agreement in drug resistance detection between
LPA vs. GS and LPA vs. ONT

Agreement between LPAs and the two tNGS workflows
was generally high: Cohen’s “k (Kappa)” ranged from
0.83 to 0.96 across all drug-assay pairs (Supplementary
Table S2), and the corresponding Z-tests confirmed that
every k differed significantly from zero. However,
McNemar’s test revealed relevant asymmetry discor-
dance for certain drugs. Compared with GS, LPA pro-
duced significantly more discordant results for RIF and
INH (McNemar p = 9.6 x 10 and 1.6 x 107*, respec-
tively, Supplementary Table S2), indicating that LPA
missed resistance in a subset of clinical samples
detected by tNGS. No such asymmetry was observed for
FQ or AMK (p > 0.05). When LPAs were compared with
ONT, the same pattern held for RIF and INH (p = 0.020
and 0.007, respectively) and extended to AMK
(p = 0.002), while FQ calls remained symmetrical
(p = 0.49). Thus, while k suggests strong overall
agreement, McNemar’s test highlights systematic
under-detection of RIF, INH and (vs. ONT) AMK
resistance by LPAs, most likely due to their more
limited mutation coverage.

Comparison of LPA and tNGS sample and drug
target failures

Sputum samples from 720 participants were tested
using LPAs and tNGS and could be evaluated for failure
rate analysis (Fig. 1). For LPAs (MTBDRplus and
MTBDRYsl), the overall sample failure rate was low with
4.9% (35/720) of clinical sediment samples yielding no
drug resistance profiles across all four drugs (Table 2).
When stratified by bacterial load (as determined by the
GeneXpert MTB/RIF semi-quantitative result cate-
gories), sample failure rates were highest (53.1%) in the
‘very low’ category and lowest (0.3%) in the ‘high cate-
gory. Overall, per drug target failure rates (excluding
full sample failures) ranged from 0.6% to 1.4%
(Table 2). FQ and AMK exhibited the highest drug
target failure rates, with 1.1.% (8/720) and 14% (10/
720) of clinical sediment samples failing to yield resis-
tance profiles for FQ and AMK, respectively.

For GS, the overall sample failure rate was moder-
ately low, with 8.6% (62/720) of clinical sediment
samples failing to generate sequencing data and thus
providing no resistance profiles for any of the four
drugs covered by LPAs (Table 3). When stratified by
bacterial load, sample failure rates for GS were highest
(87.5%) in the ‘very low’ category and lowest (1.1%) in
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Xpert Results Category

High n (%) Medium n (%) Low n (%) Very Low n (%) Total n (%)
Sample failure MTBDRplus & MTBDRs/ 1(0.3) 1 (0.4) 16 (18.2) 17 (53.1) 35 (4.9)
Sample failure MTBDRplus 1(0.3) 1(0.4) 17 (19.3) 17 (53.1) 34 (4.7)
Sample failure MTBDRs/ 10 (2.8) 26 (10.9) 30 (34.1) 22 (68.8) 88 (12.2)
RIF target failure 0 (0) 0 (0) 1(1.1) 3(9.4) 4 (0.6)
INH target failure 0 (0) 0 (0) 1(11) 3(9.4) 4 (0.6)
FQ target failure 0 (0) 1(0.4) 6 (6.8) 1(3.1) 8 (11)
AMK target failure 0 (0) 1 (0.4) 8 (9.1) 1331) 10 (1.4)
Total samples 362 238 88 32 720

Sample failure indicates that no results were obtained. Specifically, sample failure MTBDRplus and MTBDRsl: absence of TUB band (i.e., no Mtb detected), or absence of
the gene locus control bands for all drug targets. Sample failure MTBDRplus: absence of TUB band. Sample failure MTBDRsl: absence of TUB band. Target failure (RIF, INH,
FQ, AMK) indicates no valid result specifically due to the absence of gene locus control band for that drug target. High, Medium, Low, Very Low refer to GeneXpert's semi-
quantitative bacterial load categories. N (%) represents the count (N) and proportion (%) of samples within each category.

quantitative categories.

Table 2: Sample and drug-target failures for the first-line (MTBDRplus) and second-line (MTBDRsl) LPAs, stratified by GeneXpert MTB/RIF semi-

the ‘high’ category (Table 3). Overall, per drug target
failure rates (excluding full sample failures) ranged
from 0% to 1.3% (Table 3). INH had the highest failure
rate (1.3%), with a total 9 samples lacking INH resis-
tance profiles.

For ONT, the overall sample failure rate was low
with 5.0% (36/720) clinical sediment samples produc-
ing no sequencing data and thus no resistance profiles
across all four drugs (Table 4). When sample failure
was stratified by bacterial load, sample failure rates for
ONT were highest (34.4%) in ‘very low” and the lowest
in the ‘high’ (1.1%) category (Table 4). Overall, per drug
target failure rates (excluding full sample failures)
ranged from 0.7% to 5.0%. INH and RIF had the
highest failure rate, with a total of 36 samples lacking
INH or RIF resistance profiles.

LPA and tNGS sample failure and their association
with bacillary load and HIV status

Beyond accuracy, a molecular assay must reliably
generate a result from routine specimens. Because
failure most often reflects low bacillary load or in-
hibitors in sputum, we examined how failure rates
varied by two clinical proxies for bacillary burden—HIV
status and AFB smear grade—and then used

multivariable modelling to quantify the independent
effect of bacterial load (GeneXpert semi-quantitative
results category), HIV infection and RIF resistance on
assay success.

Across all assays, failure rates varied by HIV status
(Table 5). Among people living with HIV, LPAs had the
lowest failure rate (7.2%), followed by GS (14.4%) and
ONT (19.6%); in HIV-negative specimens the ordering
reversed, with ONT lowest (2.6%), then LPAs (5.3%)
and GS (8.6%). As expected, the sample failure rate was
higher for smear-negative than smear-positive samples
across the tests (Table 5). ONT had the lowest failure
rate for smear-negative samples (22.3%), followed by
LPAs (33.0%), and GS (37.7%). In smear-positive
samples, LPAs had the lowest failure rate (0.2%)
compared with ONT (2.1%) and GS (3.7%).

Multivariable logistic regression confirmed that
bacterial load, captured by GeneXpert semi-quantitative
results category, was the dominant predictor for every
assay. For LPAs, compared to the “high” category, “low”
bacterial load was associated with OR = 0.013 (95% CI:
0.0007-0.067, p < 0.001) and “very low” load had
OR = 0.0028 (95% CI: 0.00014-0.0156, p < 0.001), both
indicating a markedly reduced likelihood of success.
The “medium” category did not differ significantly

Xpert Results Category

High n (%) Medium n (%) Low n (%) Very Low n (%) Total n (%)
Sample failure GS 4 (11) 9 (3.8) 21 (23.9) 28 (87.5) 62 (8.6)
RIF target failure 0 (0) 0 (0) 0 (0) 0 (0) 4 (0.6)
INH target failure 2 (0.6) 2 (0.8) 5(5.7) 0 (0) 4 (0.6)
FQ target failure 0 (0) 1(0.4) 1(11) 0 (0) 8 (1.1)
AMK target failure 2 (0.6) 2 (0.8) 1(11) 0 (0) 10 (1.4)
Total samples 362 238 88 32 720

data are adapted from Colman and coIIeagueslg).

Table 3: GS sample and drug target failures stratified by bacterial load (GeneXpert Results category) for only the drug targets included in the LPAs (GS
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Xpert Results Category

High n (%) Medium n (%) Low n (%) Very Low n (%) Total n (%)
Sample failure ONT 4 (11) 4 (1.7) 17 (19.3) 11 (34.4) 36 (5.0)
RIF target failure 11 (3.0) 8 (3.4) 10 (11.4) 7 (21.9) 36 (5.0)
INH target failure 11 (3.0) 10 (4.2) 10 (11.4) 5 (15.6) 36 (5.0)
FQ target failure 0 (0) 3(13) 8(9.1) 5 (15.6) 16 (2.2)
AMK target failure 0 (0) 1(0.4) 0 (0) 4 (12.5) 5(0.7)
Total samples 362 238 88 32 720

Table 4: ONT sample and drug target failures stratified by bacterial load (GeneXpert Results category) for only the drug targets included in the LPAs

(ONT data are adapted from Colman and colleagues™®).

from “high” (p = 0.792). Neither RIF resistance
(p = 0.974) nor HIV status (p = 0.219) significantly
impacted LPA success. The Hosmer—Lemeshow test
indicated an adequate fit (p = 0.143).

A similar pattern emerged for GS, although the
“medium” category showed a borderline significant ef-
fect. Compared to the “high” bacterial load group, “low”
had OR = 0.029 (95% CI: 0.0065-0.088, p < 0.001),
“medium” had OR = 0.25 (95% CI: 0.055-0.89,
p = 0.044), and “very low” had OR = 0.0010 (95% CI:
0.00015-0.0048, p < 0.001). Neither RIF resistance
(p = 0.229) nor HIV status (p = 0.617) significantly
affected GS success, and model fit was good (p = 0.886).

For ONT, both bacterial load and HIV infection
influenced outcomes. Compared to “high” load, “low”
had OR = 0.064 (95% CI: 0.014-0.208, p < 0.001) and
“very low” had OR = 0.023 (95% CI: 0.0046-0.091,
p < 0.001), indicating markedly lower chances of suc-
cess. HIV positivity further reduced success
(OR = 0.157, 95% CI: 0.067-0.358, p < 0.001), whereas
RIF resistance had no effect. Model fit remained
acceptable (p = 0.831).

MTBDRplus + MTBDRs|  GenoScreen ONT Sample  Total n
Sample failures n (%) Sample failures n (%)
failures n (%)
HIV status
HIV negative 8 (5.3) 46 (8.6) 14 (2.6) 533
HIV positive 7(7.2) 14 (14.4) 19 (19.6) 97
HIV unknown 0 (0) 2 (2.2) 3(33) 90
Total 35 (4.9) 62 (8.6) 36 (5.0) 720
Smear status
Smear negative 34 (33.0) 39 (37.7) 23 (22.3) 103
Smear positive 1(0.2) 23 (37) 13 (2.1) 616
Smear unknown 0 (0) 0 (0) 0 (0) 1
Total 35 (4.9) 62 (8.6) 36 (5.0) 720
Sample failure for LPAs was defined as any clinical sample that did not produce a call (resistance non detected,
resistance detected, resistance inferred) across all drug targets interrogated by LPAs (MTBDRplus and MTBDRs/)
(tNGS data are adapted from colleagues'®).
Table 5: Comparison of sample failure rates stratified by HIV and AFB smear status for LPAs, GS
and ONT.
10

Discussion
In this multicentre, cross-sectional study, we evaluated
and compared the diagnostic performance of LPAs and
two end-to-end tNGS workflows, GenoScreen (GS), and
Oxford Nanopore Technologies (ONT), for detecting
drug resistant tuberculosis in high-burden settings us-
ing the same clinical sediment samples. Our findings
revealed that LPA (MTBDRplus) exhibited significantly
lower diagnostic accuracy for detecting resistance to
RIF and INH compared to tNGS workflows when
evaluated against a composite reference standard. Spe-
cifically, LPA demonstrated sensitivity of approximately
92% for RIF and INH resistance detection, while GS
and ONT achieved higher sensitivities, exceeding 96%
and 95%, respectively. The lower sensitivities of LPA
observed in this study aligns to previous reports, which
have also noted variable performance, particularly lower
sensitivity for INH resistance detection compared to
RIF'SI,SZ

Given the WHO’s recommendations for the use of
new and repurposed drugs (BPaLM, BPal)" that are
currently not detectable by LPA, it is essential to rule
out INH and FQ resistance. Many patients started on
the short MDR-RR TB regimen are diagnosed via Xpert
MTB/RIF, which does not detect INH or FQ resistance.
Thus, the additional information provided by LPAs
(MTBDRplus and MTBDRsl) on INH and FQ resistance
is crucial for clinicians. However, the marginally lower
sensitivity of LPA for these drugs means that some
cases will be missed, highlighting a potential adjunctive
role for tNGS in the early management of MDR-RR TB.
Our data suggest that GS, with a sensitivity of 97% for
FQ resistance detection, outperforms LPA (MTBDRsl)
and ONT, both of which demonstrated sensitivities
below 95%. High sensitivity for FQ resistance detec-
tion, may serve as a valuable addition to the diagnostic
toolkit for ruling out FQ resistance, ensuring minimal
missed cases and supporting optimal treatment regi-
mens for MDR-RR and pre-XDR-TB alongside existing
diagnostic approaches like MTBDRs] LPA.

The observed diagnostic accuracy of the two end-to-
end tNGS workflows, demonstrates consistently high
sensitivity for RIF and INH resistance compared to
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LPAs on the same sediment samples. This finding
underscores tNGS utility in diagnostic algorithms,
particularly in settings with diverse and complex resis-
tance profiles, where precise and comprehensive drug
resistance profiling is vital for guiding effective treat-
ment. Further gains in sensitivity and specificity are
likely as bioinformatics pipelines incorporate an
expanding catalogue of resistance-associated muta-
tions.'®” Future releases of updated sequencers and
tNGS kits, such as ONT’s GridION-Q and updated
flow-cell chemistries, which promises higher read
depth and may reduce sample-failure rates, however
sequencing read accuracy will need to be evaluated.
Our findings on sample success rates have impor-
tant implications for the implementation of diagnostic
assays in high-burden tuberculosis settings. Both LPAs
and ONT demonstrated high and comparable overall
sample success rates, with 685 (95.1%) and 684 (95.0%)
out of 720 clinical sediment samples, respectively,
producing at least partial drug resistance profiles. In
contrast, GS had a slightly lower overall success rate,
with 658 (91.4%) samples producing at least partial
drug resistance profiles. Sample failure rates for all
three assays, were largely driven estimated bacillary
burden in the sediment. GeneXpert MTB/RIF semi-
quantitative category was the dominant predictor, with
yields dropping sharply from “low” to “very low,” and,
for GS, already from “medium” to “low”. For ONT
alone, HIV positivity was also a significant predictor of
sample failure. These findings align with previous evi-
dence highlighting the critical role of bacterial load in
determining diagnostic success.'®** Furthermore, the
differences in sample failure by HIV status likely re-
flects technical differences in DNA extraction and/or
library preparation efficiency, which affected samples
with low bacterial load and ONT workflow more than
others in this study. These findings emphasize the
importance of optimising steps like DNA extraction,
especially for low bacterial load samples, to enhance
assay performance and ensure their applicability across
diverse clinical settings as with any molecular assay.
Practical optimisation steps—ranging from low-cost
bead-beating or lysozyme/SDS pre-lysis to higher-end
host-DNA-depletion or hybrid-capture enrichment—
can be layered onto existing workflows to increase
mycobacterial DNA yield and thus sequencing success.
Although, it is important to note that both tNGS
workflows evaluated had specified optimisations in
place for the DNA extraction section of their protocols.
Our findings highlight important differences in
assay performance at sample- and drug-target levels.
Although the overall sample-level failure rate for LPAs
(MTBDRplus and MTBDRsl combined) was relatively
low (4.9%), MTBDRsl exhibited higher per-target failure
for FQ (1.1%) and for AMK (1.4%) when excluding full
sample failures. When sample-level MTBDRs! failures
are factored in, however, the total number of clinical
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samples lacking FQ and AMK resistance profiles in-
creases substantially, to 96 samples (13.3%) for FQ and
98 samples (13.6%) for AMK (Table 2). By contrast, GS
had very low per-target failures for FQ (0.3%) and AMK
(0.7%) (excluding full sample failures), whereas ONT
showed a higher FQ failure rate (2.2%) but a similar
AMK rate (0.7%). Despite their strong overall perfor-
mance, GS and ONT recorded their highest failure rates
with INH (1.3% for GS and 5% for ONT), surpassing
the 0.6% observed for MTBDRplus. Because such
target-specific drop-outs typically reflect technical fac-
tors (e.g., primer mismatches, secondary structure, or
depth thresholds) rather than patient-level covariates,
they were summarised descriptively rather than
modelled. Collectively, these observations underscore
the need to consider both sample-level and individual
drug-target performance and diagnostic accuracy when
selecting or interpreting diagnostic assays for MDR-TB
and pre-XDR TB regimens.

Additionally, our results indicate that LPA
(MTBDRplus) systematically miss less common drug
resistance mutations associated with RIF and INH
resistance included in the assays, contributing to un-
detected resistance. This finding is consistent with a
previous meta-analysis.” The variability in LPA false
negative rate per RIF and INH resistance mutations—
ranging from 0% to 100%—underscores that the LPA’s
sensitives are highly mutation-dependent. By calcu-
lating the probabilities and likelihood ratio to quantify
the relative risk of FN results for probe types (MUT vs.
WT probes), we found that FN results for RIF resis-
tance detection using LPA were 48 times more likely
when mutations in the Mtb sample are associated with
WT probes compared to MUT probes. Similarly, for
INH resistance, the relative risk of FN results was over
100 times higher for WT-associated mutations. These
findings indicate that LPA (MTBDRplus) systematically
misses less frequent, resistance-conferring mutations
associated with WT probes due to its reliance on MUT
probes targeting common mutations. This gap con-
tributes to undetected RIF and INH resistance, raising
concerns about diagnostic algorithms that depend on
MTBDRplus for ruling out resistance of RIF and INH,
particularly in settings with diverse drug resistance
patterns and mutation variability.

Furthermore, our findings highlight a critical limi-
tation of LPA MTBDRsl in detecting FQ resistance
mutations, with FNRs for FQ resistance mutations
targeted by gyrA and gyrB MUT probes ranging from
0% to 40%, exceeding the overall FNR for all FQ
resistance mutations (5%). While no obvious systematic
bias was observed for MTBDRs! in missing less com-
mon FQ resistance mutations, the observed higher
FNR for some mutations combined with the high FQ
target failure rates for FQ, may compromise the assay’s
ability to reliably identify FQ resistance in clinical set-
tings. Given the essential role of FQ in the shorter
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MDR-RR TB regime, these findings further emphasize
the need for diagnostic tools with consistent and high
sensitivity across all known resistance mutations.

Our study has several limitations. First, the high
proportion of the sputum samples being smear-positive
may not fully represent populations with higher prev-
alence of smear-negative or paucibacillary TB, which
are more challenging to diagnose and treat. A key
technical limitation observed was the impact of low
bacterial load on LPAs and sequencing success, which
present significant challenges in settings with a high
prevalence of paucibacillary TB samples. Second, this
study was designed for diagnostic-accuracy endpoints
and did not collect primary data on turnaround time,
staffing, or per-sample cost; these operational factors
will ultimately govern adoption, particularly in
resource-constrained laboratories. Nevertheless, the
recent cost-effectiveness evaluation that use our accu-
racy inputs on tNGS (multi-country modelling analysis
by Shrestha and colleagues™), projects that commercial
tNGS workflows would already be cost-saving or cost-
effective in certain settings. Targeted implementation
studies that evaluate costs, ease-of-use, and local supply-
chain robustness will be crucial to define the best-use
cases for the LPA vs. tNGS and ensure optimum
impact in improving outcomes for patients with DR-TB.
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