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a b s t r a c t

The spread of tuberculosis (TB), especially multidrug-resistant TB and extensively drug-resistant TB, has
strongly motivated the research and development of new anti-TB drugs. New strategies to facilitate
drug combinations, including pharmacokinetics-guided dose optimization and toxicology studies
of first- and second-line anti-TB drugs have also been introduced and recommended. Liquid
chromatography-mass spectrometry (LC-MS) has arguably become the gold standard in the analysis of
both endo- and exo-genous compounds. This technique has been applied successfully not only for
therapeutic drug monitoring (TDM) but also for pharmacometabolomics analysis. TDM improves the
effectiveness of treatment, reduces adverse drug reactions, and the likelihood of drug resistance
development in TB patients by determining dosage regimens that produce concentrations within the
therapeutic target window. Based on TDM, the dose would be optimized individually to achieve
favorable outcomes. Pharmacometabolomics is essential in generating and validating hypotheses
regarding the metabolism of anti-TB drugs, aiding in the discovery of potential biomarkers for TB di-
agnostics, treatment monitoring, and outcome evaluation. This article highlighted the current pro-
gresses in TDM of anti-TB drugs based on LC-MS bioassay in the last two decades. Besides, we discussed
the advantages and disadvantages of this technique in practical use. The pressing need for non-invasive
sampling approaches and stability studies of anti-TB drugs was highlighted. Lastly, we provided per-
spectives on the prospects of combining LC-MS-based TDM and pharmacometabolomics with other
advanced strategies (pharmacometrics, drug and vaccine developments, machine learning/artificial
intelligence, among others) to encapsulate in an all-inclusive approach to improve treatment outcomes
of TB patients.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis, has
consistently held its position as one of the most common causes of
communicable disease-related deaths globally. Before the corona-
virus disease 2019 (COVID-19) pandemic, TB accounted for a higher
University.
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number of fatalities compared to any other infectious agent, ranked
above the acquired immunodeficiency syndrome caused by human
immunodeficiency virus (HIV). According to the World Health Or-
ganization estimate, 1.6 million people died from TB in 2021
including 1.3e1.5 million and 158,000e218,000 deaths among
patients without and with HIV coinfection, respectively [1].
Approximately 10 million new cases are reported annually.
Southeast Asia, Africa, and the Western Pacific are critical areas
with a high TB burden [2]. Only about one-third of rifampicin-
resistant TB cases are detected and treated annually among
399,000e501,000 new cases documented from 2020 to 2021 [1].
TB, along with other infectious diseases, has observed a decrease in
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healthcare services as a result of the resources concentrated against
the COVID-19 pandemic. Increased transmission within the com-
munity due to less screening and detection of TB patients could set
back global TB management by a decade. These data highlight the
vulnerability of TB diagnosis and management, emphasizing the
need for a more sustainable system for TB prevention, diagnosis,
and management [3].

Current endeavors include the adoption of fixed-dose combi-
nations of first-line anti-TB agents (isoniazid (H), rifampicin (R),
pyrazinamide (Z), and ethambutol (E)) in clinical practice world-
wide [4,5]. Unfortunately, not all nations have adopted the stan-
dard treatment in its proposed format [2]. Recently, second-line
anti-TB drugs have been administered due to an increased rate of
multidrug-resistant TB (MDR-TB) and extensively drug-resistant
TB (XDR-TB) cases. Candidate analogs are levofloxacin (Lfx), gati-
floxacin (Gfx), moxifloxacin (Mfx), p-aminosalicylic acid (PAS),
clofazimine (Cfz), linezolid (Lzd), and bedaquiline (Bdq), among
others [6]. The chemical structures of anti-TB drugs and their
metabolites are shown in Figs. S1 and S2. The success of the
treatment process is dependent on various factors: weight, age,
sex, adherence to treatment, malabsorption, drug-drug in-
teractions (DDIs), and comorbidities, among others [2,7]. More
than a quarter of Addis Ababa (Ethiopia) TB patients with diabetes
mellitus had a higher risk of poor TB treatment outcomes (14.8
times) compared to those without diabetes [7]. It was also docu-
mented that the area under the curves (AUC) of first-line anti-TB
drugs in patients with HIV-TB coinfection was lower than that in
TB patients without HIV, which could increase the possibility of
treatment failure [8,9].

To overcome the current challenges and strengthen ongoing
efforts, successful TB treatment could be achieved by personalized
and precision medicine. Therapeutic drug monitoring (TDM) is a
crucial strategy for optimizing the dosing within the therapeutic
window. TDM might reduce intra- and inter-individual variability
in plasma concentrations (Cplasma) via pharmacokinetically guided
dose adjustments, and significantly increase efficacy, tolerability,
and safety [10]. Patients administering an optimal regimen guided
by TDM coupled with drug susceptibility testing (DST) had a
reduced likelihood of anti-TB drug resistance. However, recent
evidence showed that treatment failure could be linked to acquired
resistance to H and/or Z during the turnaround time for DST [11].
Thus, the contribution of model-informed precision dosing (MIPD)
platforms, which leverage individual concentration data, is crucial
for suggesting personalized and precise dosage regimens of anti-TB
drugs [12]. Although routine TDM and/or MIPD are not universally
performed in patients receiving anti-TB treatment, they benefit
those suffering from high-risk conditions such as HIV, diabetes
mellitus, renal and hepatic failure, malnutrition, or infections
caused by drug-resistant pathogens [13,14].

To implement MIPD-based TDM at the bedside, an accurate,
precise, and practical measurement method is fundamentally
required. Herein, liquid chromatography (LC), including high-
performance LC and ultra-performance LC (UPLC) coupled with
mass spectrometry (MS), has shown advantages over immuno-
assays [15]. Regardless of the type of biospecimens, it includes
high sensitivity and selectivity, broad linear ranges, high-
throughput capability, and simultaneous analysis (measurement
of both parental and active metabolites or multiple co-
medications) [16]. Furthermore, the possibility of dissociating
ion(s) into fragments and detecting the mass-to-charge ratio (m/z)
of the ion(s) by using LC-tandem mass spectrometry (LC-MS/MS)
enhances the selectivity [16,17]. Many LC-MS/MS methods have
been established to measure concentrations of anti-TB agents and
their metabolites in various matrices [18e22]. Therefore, it has
arguably become the gold standard in research and applications
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on small molecule analysis, either of exogenous or endogenous
origins [17,23]. LC-MS is a powerful technique for drug quantifi-
cation and multi-omics analyses, including proteomics and
metabolomics. The ability to distinguish two peaks with approx-
imately m/z, or isobar, could be achieved by high-resolution MS
(HRMS). Untargeted metabolic phenotyping is needed to generate
hypotheses of metabolism and explore potentially important
biomarkers related to a phenotype of interest. These approaches
are helpful and have been used extensively to identify metabolic
fingerprints of diseases [24,25]. In TB, serum metabolic profiling
has been shown to have outstanding performance in dis-
tinguishing the TB patients from their healthy counterpart. Sig-
nificant biomarkers include lysophosphatidylcholines, amino
acids, bile acids, inosine, cortisol, and kynurenine [26]. Mean-
while, targeted or large-scale targeted metabolomics is appro-
priate for a bioassay based on subsets of endo- and exo-genous
compounds to confirm the hypotheses [27]. Due to the accurate
measurement of the concentrations of the parent substances and/
or active metabolites, the characterization of phenotype of pa-
tients and drug metabolism could be evaluated simultaneously
[28]. As a result, a comprehensive and practical approach could be
achieved by integrating LC-MS-based TDM and pharmacometa-
bolomics for TB treatment.

This article highlighted the recent advances in the TDM of anti-
TB drugs based on the LC-MS/MS techniques. During our discus-
sion, we delved into the potential challenges associated with
transitioning LC-MS/MS to the clinical settings and explored
innovative avenues for clinical integration (Fig. 1). We also touched
upon additional critical insights in TB clinical management (phar-
macometrics, pharmacometabolomics, multi-modal profiling, ma-
chine learning/artificial intelligence (AI), and drug and vaccine
development, among others). Finally, we demonstrated our per-
spectives on integrating these strategies to encapsulate an all-
inclusive approach toward precision healthcare, thus improving
the treatment outcomes of TB patients.

2. TDM of anti-TB drugs based on LC-MS/MS

2.1. Sample collection and preparation

Plasma and serum are commonly used samples for TDM of anti-
TB drugs because they are also used for biochemical tests simul-
taneously. These samples are relatively easy to obtain through
minimally invasive procedures, facilitating large-scale studies and
routine clinical practice. In addition, these biospecimens have well-
established collection, storage, and processing protocols that
ensure consistent and reliable analysis. They also contain a wide
range of circulating molecules. Therefore, not only TDM, the usage
of plasma and serum samples may be a practical and scientific way
of monitoring and predicting treatment outcomes. Typically, a
small volume of plasma/serum ranging from 20 to 200 mL is
required, and they are often frozen as soon as possible to avoid
degradation (particularly H and ethionamide (Eto)) [29]. For first-
line drugs, the accurate and precise prediction of 24 h AUC values
during treatment initiation for TB patients is based on an optimal
sampling strategy at 2, 4, and 8 h post-dose [30]. Using less invasive
and affordable matrices can increase the practicality of TDM for
collectors and patients [31]. For instance, hair sampling in children
avoids the instability of H [32]. The acceptability of saliva samples
among laboratories could be increased with minimal pre-
processing procedures [31]. In addition, they offer a reduction in
the sampling cost compared to blood samples.

Non-selective sample treatments incentivize high-level re-
coveries and wide coverage of compounds with different charac-
teristics. However, these preparation methods could complicate



Fig. 1. Typical LC-MS process for TDM anti-TB drugs and the prospects. ACN: acetonitrile; Am: amikacin; CO2: carbon dioxide; CSF: cerebrospinal fluid; DBS: dried blood spot; E:
ethambutol; HILIC: hydrophylic interaction chromatography; HIV: human immunodeficiency virus; HPLC: high-performance liquid chromatography; ILIS: isotopically labeled
internal standard; IS: internal standard; Km: kanamycin; LC: liquid chromatography; LLE: liquid-liquid extraction; MAC: membrane-assisted extraction; MeOH: methanol; MS:
mass spectrometry; PK: pharmacokinetic; Pto: prothionamide; QA: quality assurance; QC: quality control; S: streptomycin; SPE: solid-phase extraction; TB: tuberculosis; TCA:
trichloroacetic acid; TDM: therapeutic drug monitoring; UPLC: ultra-performance liquid chromatography.
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matrix effects as potential drawbacks. As a solution, accurate
threshold calibration could be employed in a screening setup to
correct the differences between cases in ion responses for analytes
and reduce identification uncertainties [33,34]. To enhance the
selectivity of the analysis, there are numerous methods to capture
one or some group of analytes. Simultaneously, the interference is
removed, and the matrix is cleaned. Liquid-liquid extraction (LLE)
or solid-phase extraction (SPE) [35] has been implemented to
remove phospholipids, which is a major cause of unacceptable
matrix effects for targeted metabolomics [36,37]. Protein precipi-
tation can be carried out by methanol (MeOH)/acetonitrile (ACN)/
trichloroacetic acid or zinc salt followed by centrifugation [38]. In
some cases, derivatization may be performed on the analytes to
improve quantitative parameters [16,28,39]. ACN is a suitable op-
tion for extracting a wide range of anti-TB drugs from various
samples. However, MeOH may be better for extracting E and pro-
thionamide (Pto) [21]. The dilution solvent, for example, diluted an
aliquot of serum with MeOH containing sodium hydroxide could
lead to an increase in signal intensity [40].

2.2. Calibration internal standards and quality control (QC) sample

The recovery of the internal standard (IS) could be utilized to
assess the efficiency of the assay in patient samples. Cost, avail-
ability, reliability in forming product ions, solubility, and stability
are critical considerations when choosing an IS [41]. In previous
studies, isotopically labeled IS (especially deuterium isotope-
labeled internal standards (DIL-IS) [21,35,39,42,43]) was used to
minimize the ionization effect and resolve the isotopic contribution
from high levels of an analyte [33,41]. In dried blood spot (DBS),
there were several options for applying IS, but the application of IS
on the spot after spotting is a common choice [44]. Besides, QC
samples (in two or three concentrations) and standard spiked
matrix calibration solutions are also used to quantify and validate
these methods [43,45].
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2.3. Multi-analysis for anti-TB drugs and their metabolites using
LC-MS

Multi-analyte assays are becoming increasingly accessible
because of their adequate separation and short run times. Never-
theless, challenges remain in sample preparation and optimization
of LC-MS conditions to separate and assay all targeted molecules
with different chemical properties [33]. This section described
methods to quantify anti-TB drugs and their metabolites, focusing
on methods established within the past two decades. Furthermore,
we also mentioned the validation of these methods in terms of
accuracy, precision, linearity, selectivity, carry-over, matrix effects,
and drug stability.

2.3.1. First-line drugs and their metabolites
R, H, Z, and E are the four first-line drugs [8] that form the

backbone of TB chemotherapy [5]. The precision and accuracy of
drug quantification are important in MIPD-based TDM strategy. We
described and discussed recent advances in the TDM of these drugs
and their metabolites. Table 1 [4,19,28,32,35,39,42,43,45e53]
summarizes essential information regarding described methods.

Various rapid and selective bioassay methods have been
established to quantify first-line drugs in plasma/serum
[4,19,28,35,39,42,43,45e48,50,52,53]. Most of them applied ACN to
precipitate the proteins and used a C18 column to separate the
analytes. Regarding the mobile phase, binary gradients with sol-
vents made up of water and ACN-containing solvents with addi-
tives (formic acid, ammonium acetate, or trifluoroacetic acid) were
frequently implemented to shorten the retention time of the ana-
lytes and IS without affecting the sensitivity of the analytes [43].
Rarely the hydrophilic interaction chromatography (HILIC) column
and a high percentage of ACN in the mobile phase were used to
determine R, H, and metformin in rat plasma simultaneously [46].

Several studies established a method for quantifying anti-TB
drugs and their metabolites in plasma/serum and gaining insight



Table 1
LC-MS assays for first-line anti-TB drugs and their metabolites.

Drug Internal standard
(IS)

Sample amount and
matrix

Protein precipitation Column Calibration range (mg/
mL)

Mobile phase and
runtime (min)

Mass transition (m/z) Refs.

R, H, Z, E Diltiazem 150 mL, plasma ACN Syncronis™ C18
silica column
(150 mm
� 4.6 mm, 5 mm)

0.05e10 (H, E), 0.1e20
(R), 0.5e100 (Z)

5 mM HCOONH4 þ 0.1%
FA in water (A)eACN
(B)
13 min

138.1 / 121.0/79.1
(H), 823.3 / 791.3/
399.2 (R),
124.0 / 81.3/107.3 (Z),
205.2 / 116.1 (E)

[4]

R, H, Z, E, De-R, Ac-
H

6-NH2-NA, Rfb 50 mL, serum MeOH Hydrosphere C18

column (50.0 mm
� 2.0 mm, 3 mm)

0e8 (E, H), 0e80 (R, Z) 0.3% FA in MeOH (A)
e0.3% FA in water (B)
4 min

138.0 / 121.0 (H),
824.0 / 792.0 (R),
124.0 / 81.0 (Z),
205.0 / 116.0 (E),
180.0 / 121.0 (Ac-H),
782.0 / 750.0 (De-R),
139.0 / 93.0 (6-NH2-
NA), 848.0 / 816.0
(Rfb)

[19]

H, Ac-H, INA, HZ,
Ac-HZ

Phenacetin (H, Ac-
H, INA)

50 mL, plasma ACN (H, Ac-H, INA) Atlantis dC18

column (150 mm
� 2.0 mm, 3 mm)

0.08e10 (all analytes) 0.1% FA in water (A)
e0.1% FA in ACN (B)
12 min

138.0 / 121.0 (H),
180.0 / 121.0 (Ac-H),
124.0 / 80.0 (INA)

[28]

Sulfamethazine
(HZ, Ac-HZ)

MeOH (HZ, Ac-HZ) Waters X Bridge
BEH C18 column
(50 mm � 2.1 mm,
2.5 mm)

0.001e0.03 (HZ), 0.04
e1.2 (Ac-HZ)

0.1% FA in water (A)
e0.1% FA in ACN (B)
12 min

237.2 / 120.0 (HZ),
177.0 / 118.0 (Ac-HZ)

H N/A 20e30, strands of hair MeOH containing hydrazine
dehydrochloride

N/A 0.5e100 (ng drug/mg
hair)

N/A N/A [32]

R, H, De-R, INA, Ac-
H

R-d3, H-d4,
De-R-d3, Ac-H-d4,
INA-d4

20 mL, plasma MeOH containing FA Zorbax SB-aq
column (Agilent,
50 mm � 4.6 mm,
5 mm)

0.025e50 (R), 0.0025e5
(De-R), 0.005e10 (H),
0.0125e5 (Ac-H, INA)

5 mM CH3COONH4 (pH
6.7) (A)e90% ACN in
water þ 0.1% FA (B)
7 min

823.3 / 791.5 (R),
826.4 / 794.4 (R-d3),
749.3 / 399.1 (De-R),
752.3 / 402.0 (De-R-
d3), 138.1 / 121.1 (H),
142.1 / 125.1 (H-d4),
180.0 / 121.0 (Ac-H),
184.0 / 125.1 (Ac-H-
d4), 124.1/ 79.9 (INA),
128.1 / 84.1 (INA-d4)

[35]

R, H, Z, E, Ac-H Ca-H-d4, Ac-H-d4,
N-De-R-d8, E-d4, Z-
d3

50 mL, plasma ACN Acquity UPLC HSS
T3 column (Waters,
2.1 mm � 100 mm,
1.8 mm)

0.48e60 (H), 1.92e240
(Ac-H), 2e250 (R), 0.96
e120 (E), 4.8e600 (Z)

10 mM HCOONH4 in
water (pH 4.0) (A)e0.1%
FA in MeOH (B)
4 min

252.1 / 121.0 (Ca-H),
256.1 / 125.1 (Ca-H-
d4), 180.1 / 138.2 (Ac-
H), 184.2 / 142.1 (Ac-
H-d4), 823.4 / 791.4
(R), 817.3 / 785.5 (N-
De-R-d8),
205.1 / 116.1 (E),
209.1 / 120.2 (E-d4),
124.0 / 81.0 (Z),
127.0 / 84.0 (Z-d3)

[39]

E, H, Z E-d8 20 mL, plasma (dog) ACN Waters XBridge
Amide column
(50 mm � 2.1 mm,
3.5 mm)

0.0125e2 (E), 0.0625
e10 (H), 0.25e40 (Z)

ACN (A)e5 mM
CH3COONH4

solution þ 0.3% FA (B)
~1.5 min

205.2 / 116.1 (E),
137.9 / 121.2 (H),
124.3 / 78.9 (Z),
213.1 / 122.4 (E-d8)

[42]

E, Z E-d4, Z-d3 50 mL, plasma ACN containing FA Chromolith
SpeedROD RP-18e
(50 mm � 4.6 mm)

0.01e5 (E), 0.05e25 (Z) 0.1% TFA in water (A)
e0.1% TFA in MeOH (B)
3.8 min

205.0 / 116.0 (E),
124.0 / 81.0 (Z),
209.0 / 120.0 (E-d4),
127.0 / 84.0 (Z-d3)

[43]

E, H Met HCl 100 mL, plasma MeOH Atlantis dC18

column, (150 mm
� 2.1 mm, 3 mm)

0.01e5 (all analytes) MeOHeWatereFA
(10:90:0.3, V/V/V)
~3 min

138.0 / 79.0 (H,
CE:30 eV),
205.0 / 116.0 (E, CE:

[45]

(continued on next page)
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Table 1 (continued )

Drug Internal standard
(IS)

Sample amount and
matrix

Protein precipitation Column Calibration range (mg/
mL)

Mobile phase and
runtime (min)

Mass transition (m/z) Refs.

20 eV), 130.0 / 60.0
(Met HCl, CE 20 eV)

R, H R, H, Met HCl, Phf 20 mL, plasma (rat) ACN Agilent Zorbax
HILIC Plus (50 mm
� 2.5 mm,
3.5 mm)

0.0313e8 (R)a, 0.039
e10 (H)a

0.1% FA in water (A)
e0.1% FA in ACN (B)
4 min

130.1 / 70.9 (Met
HCl), 823.3 / 791.4
(R). 137.9 / 121.0 (H),
206.1 / 104.9 (Phf)

[46]

R, H, Z, E H-d4, R-d3, E-d4, Z-
d3

50 mL, plasma MeOH Chromolith Flash
RP-18e column
(25 mm � 4.6 mm)

0.75e30 (R), 0.25e10
(E, H), 2e80 (Z)

5 mM
CH3COONH4 þ 5%
MeOH þ 0.45% FA in
water (A)e5 mM
CH3COONH4 þ 95%
MeOH þ 0.45% FA in
water (B)e5 mM
CH3COONH4 in water
(C)
10.2 min

138.1 / 121.1 (H),
824.0 / 792.5 (R),
205.1 / 116.1 (E),
124.1 / 81.1 (Z),
142.1 / 125.1 (H-d4),
828.1 / 796.3 (R-d3),
209.1 / 120.1 (E-d4),
128.1 / 84.1 (Z-d3)

[47]

R Rifamycin SV - 50 mL, plasma
- 50 mL, blood (for
PBMC)

ACN Betasil Phenyl-
Hexyl analytical
column (50 mm
� 2.1 mm, 5 mm)

0.1e12.8a 10 mM CH3COONH4

(pH 4.0) (A)eACN (B)
6 min

Single ion monitoring:
791.9 ± 0.3, 824.0 ± 0.3,
846.0 ± 0.3 (R),
720.6 ± 0.3 (IS)

[48]

H H-d4 100 mL, DBS (3.2 mm
diameter)

MeOH ACQUITY UPLC BEH
C18 column
(Waters, 50.0 mm
� 2.1 mm)

0e8 0.3% FA in water (A)
e0.3% FA in MeOH (B)
3 min

138.0 / 121.0 (H),
142.0 / 125.0 (IS)

[49]

R, H, Z, E, De-R, INA,
Ac-H, OH-Z

Rfx (R, De-R), Phf
(other analytes)

200 mL, plasma MeOH Inertsil HILIC
column (75 mm
� 2.1 mm, 3 mm)

0.2e25 (R), 0.04e5 (De-
R, E, Ac-H), 0.32e40 (Z),
0.06e7.5 (OH-Z), 0.08
e10 (H, INA)

0.3% FA in water (A)
e0.3% FA in MeOH (B)
4 min

823.5 / 791.5 (R),
781.4 / 749.2 (De-R),
124.0 / 81.1 (Z),
140.0 / 123.0 (OH-Z),
205.0 / 116.0 (E),
138.0 / 79.0 (H),
180.0 / 121.0 (Ac-H),
124.0 / 79.9 (INA),
206.3 / 105.1 (Phf),
786.5 / 754.5 (Rfx)

[50]

H, Ac-H H-d4 5 fingerprints CH2Cl2 in MeOH Kinetex C18 column
(100 mm
� 2.1 mm, 5 mm)

0.5e10 (ng H or Ac-H) 0.1% FA in water (A)
e0.1% FA in ACN (B)
2.5 min

N/A [51]

R, H, Z, E Thymidine and QX - 200 mL, plasma
- 1 mL, blood (for
PBMC)

ACN AcquityTM UPLC
HSS T3 1.8 mm
(2.1 mm
� 150 mm) column

0.117e15 (E, H)a, 0.547
e70 (Z)a, 0.469e60 (R)a

N/A (mobile phase)
6 min

205.0 / 116.0 (E),
138.0 / 79.0 (H),
124.0 / 81.0 (Z),
824.0 / 792.0 (R),
313.0 / 246.0 (QX),
243.0 / 127.0
(Thymidine)

[52]

H, Z, E H-d4, E-d4 10 mL, plasma Ultrafiltration Atlantis T3
reversed-phase C18
analytical column
(2.0 mm� 100 mm,
3 mm)

0.2e8 (E, H), 2e80 (Z) 200 mM CH3COONH4

(pH 5.0) in water (5:95,
V/V) (A)e200 mM
CH3COONH4 buffer (pH
5.0): water:ACN
(5:45:50, V/V/V) (B)
2.5 min

205.1 / 116.1 (E),
209.1 / 120.1 (E-d4),
138.1 / 121.0 (H),
142.1 / 125.0 (H-d4),
124.0 / 81.0 (Z)

[53]

6-NH2-NA: 6-aminonicotinic acid; ACN: acetonitrile; Ac-H: acetylisoniazid; Ac-HZ: acetylhydrazine; Ca-H: isoniazid (H)þ cinnamaldehyde (CA); CH2Cl2: dichloromethane; CH3COONH4: ammonium acetate; d: deuterium; DBS:
dried blood spot; De-R: 25-desacetylrifampicin; De-Rfb: 25-O-desacetylrifabutin; E: ethambutol; FA: formic acid; H: isoniazid; HCOONH4: ammonium formate; HILIC: hydrophilic interaction chromatography; HZ: hydrazine;
INA: isonicotinic acid; IS: internal standard; MeOH: methanol; N/A: not available; N-De-R: N-demethylrifampicin; OH-Z: 5-hydroxypyrazinamide; PBMC: peripheral blood mononuclear cells; Phf: phenformin; QC: quality
control; QX: 6,7-dimethyl-2,3-di(2-pyridyl)quinoxaline; R: rifampicin; Rfx: rifaximin; TFA: triflouroacetic acid; UPLC: ultra-performance liquid chromatography; Z: pyrazinamide; IS: internal standard. N/A: not available.

a The calibration ranges were not linear.
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into the pharmacokinetic (PK) profile, hepatotoxicity, and other
phenotypes of patients [27,28]. Song et al. [19] demonstrated that
serum concentration (Cserum) of H was inversely correlated with
acetylisoniazid (Ac-H) (R ¼ �0.739, P < 0.001). Other studies
applied derivatization to treat H and its metabolites (by p-tol-
ualdehyde [28], and cinnamaldehyde [39]) before being injected
into the LC system. Following the population pharmacokinetics
(popPK) study of H in Korean patients (Cho et al. [54]), Ky Anh et al.
[28] developed an LC-MS method to determine the Cplasma of H and
its metabolites, which has been applied in one-point-based TDM.
Furthermore, they also illustrated genotype-phenotype association
studies of the H metabolic profile, H-induced hepatotoxicity, and
adoption of popPK simulation to predict the initial dose of H [28].
For drug stability, Sundell et al. [50] reported that the extracted
samples were stable in the autosampler (24 h, 8 �C), as well as for
up to three freeze-thaw cycles. They also mentioned the interaction
between anti-TB and anti-HIV drugs [50].

Simple sampling technique, convenience in storage, ease of
transport, reduced risk of HIV biohazard, small amounts, and
avoidance of drug degradation are the strengths of DBS [31]. Lee
et al. [49] showed a good correlation and proportional bias between
Cplasma of H and its concentration in DBS (CDBS). They also reported
that the CDBS from venous was slightly lower than that from cap-
illaries [49]. Hair is another option for convenient sampling. In the
study of Mave et al. [32], concentrations of H were measured over
time, which was detectable and showed variability across a dy-
namic range. H and Ac-H in eccrine sweat could be determined by
fingerprint sampling, given a sufficient sample volume, sensitivity,
specificity, and accuracy [51]. The metabolic profile of urine sam-
ples was established to assess the impact of first-line anti-TB drugs
on metabolic pathways and predict drug-induced hepatotoxicity in
clinical applications [27]. To evaluate the potency of both intra-
cellular and extracellular TB, two studies were conducted using
peripheral blood mononuclear cell (PBMC) and plasma samples.
Hartkoorn et al. [48] first gained insight into the PK profile of R and
showed that the R concentration was affected by heat inactivation,
but not by freeze-thaw cycles. Another study by Baietto et al. [52]
compared drug concentration in intracellular with Cplasma. The re-
sults were similar for R, lower for H and Z, and higher for E [52].
This method was suitable for both TDM and PK analysis. Utilizing
the same approach by Sturkenboom et al. [53], van den Elsen et al.
[55] showed that TDM of R via saliva was feasible but not for H.

2.3.2. Second-line drugs and their metabolites
Due to the rise of MDR-TB and the reduction in the efficiency of

first-line anti-TB drugs, more second-line anti-TB drugs are being
developed and combined therapeutically [6]. Therefore, an
increasing number of quantitative analyses of second-line anti-TB
drugs and their metabolites have been established to optimize the
treatment of TB, especially MDR-TB or first-line drugs TB-resistant
[56]. Table 2 [37,40,57e71] summarizes these LC-MS bioassay
methods.

Treatment with Lzd for MDR-TB might be restricted due to its
toxicity [29,58]. For a long duration of more than 28 days, TDM-
based dose adjustment significantly reduced the likelihood of
toxicity [72]. A retrospective multicenter study in India revealed
that peripheral neuropathy was the most prevalent among 42.45%
of patients with Lzd's adverse drug reactions (ADRs) [73]. Notably,
42.22% of permanent Lzd withdrawals from regimens were due to
ADRs [73]. As a result, TDMmethods have been established for this
drug. Based on the determination of Lzd in serum [57], two more
studies expanded the scope to different convenience matrices: DBS
[58], serum, and oral fluid [63]. They calculated the correlation
factors between drug concentration in the matrices (oral fluid: Coral

fluid; DBS: CDBS) to Cplasma or Cserum. The results were 1.2 (DBS/
21
plasma) and 0.97 (oral fluid/serum). In addition, Souza et al. [67]
determined both Lzd and its two primary metabolites in serum and
discussed that the accumulation of Lzd and its metabolites could
help investigate their relationship with impaired kidney function.

Mfx has the highest in vitro activity against TB (including
meningitis TB) compared to other quinolones [74]. Using the same
LC conditions and IS with Lzd analysis [57], the concentrations of
Mfx in plasma and cerebrospinal fluid (CSF) (both bound and un-
bound/ultrafiltrate fractions) could be determined, and were suit-
able formonitoringMfx in thesematrices [59]. In 2011, Vu et al. [60]
analyzed DBS and discussed the influence of the hematocrit value
on the analytical result. They also showed that the correlation
factor between the concentration of the drug in finger blood and
Cplasma was 1.49. This method can facilitate the PK studies and TDM
of this drug in remote rural areas. For Lfx, Ghimire et al. [71,75]
conducted two studies. The first was the determination of Lfx and
the metabolite desmethyl levofloxacin in plasma [71], followed by
an evaluation of Cplasma and the concentration in saliva (Csaliva) of
Lfx, with Csaliva/Cplasma ¼ 0.69 [75].

Several methods for other secondary anti-TB drugs and their
metabolites were performed in plasma, oral fluid, lung homoge-
nates, and urine samples. Han et al. [40] quantified nine second-line
anti-TB drugs in serum within 3 min of runtime. Bolhuis et al. [63]
calculated that the correlation factor between the Coral fluid and
Cserum was 3 for Clr. The conversion of Pto to its active metabolite,
prothionamide sulfoxide, was evaluated by Trivedi et al. [65]. They
also optimized the extraction protocol using ACN and applied it to
evaluate the bioequivalence. There were two studies for delamanid
(Dlm). The first was in mouse lungs and plasma, which used LLE to
extract Dlm to unravel the PK characteristics of this drug in mice
[37]. Another study by Meng et al. [66] developed another high-
throughput method with the aim of determining the concentra-
tions of Dlm and eight metabolites and evaluating their stability in
human plasma to assist the clinical development of this drug. In
2015, Alffenaar et al. [61] published a rapid LC-MS/MS method to
analyze Bdq and monodesmethyl bedaquiline in the serum using
DIL-IS. The accretion of the drug was reported due to the high
concentration at the end of the treatment. However, more PK data
are warranted to elucidate the association between varied drug
concentrations and clinical outcomes or ADRs [61]. Metcalfe et al.
[62] quantified Bdq in hair samples with full analytical validation of
this assay. According to the method proposed by Gray et al. [69],
SPE was used to remove interference in plasma samples to quantify
rifabutin (Rfb), Bdq, and their metabolites in healthy volunteers. An
LC-MS method was established on plasma and urine samples to
support a clinical trial (phase I) of macozinone (Mcz), its metabo-
lites, and the dearomatized meisenheimer complex (H2PBTZ).
There were two significant findings in this study. First, they
observed that H2PBTZ was the most prevalent species circulating in
plasma. Second, the low concentration of analytes in urine sug-
gested a high rate of metabolism prior to renal excretion [68]. Lee
et al. [70] have quantified nine second-line anti-TB drugs via DBS,
showing an acceptable correlation between CDBS and the Cplasma of
these drugs.

2.3.3. First-line, second-line drugs and their metabolites
The issue of drug resistance has become increasingly prevalent,

necessitating the implementation of more complex treatment
regimens. This often involves the combination of first-line and
second-line anti-TB drugs. However, the complicated treatment
strategies can lead to ADRs and poor patient outcomes, highlighting
the need for multiple and intricate approaches to address this
challenge [56,76]. Therefore, methods for TDM characterizing the
PK and interaction of these drugs simultaneously (combined with
other agents, such as b-lactams) have been developed. These



Table 2
LC-MS assays for second-line anti-TB drugs and their metabolites.

Drug Internal standard
(IS)

Sample amount and
matrix

Protein precipitation Column Calibration range (mg/
mL)

Mobile phase and runtime
(min)

Mass transition (m/
z)

Refs.

Dlm OPC-51803 100 mL, plasma
(mouse)/lung
homogenate

MeOH and ACN Capcell Pak C18 MG
column
(50 mm � 2.0 mm,
3 mm)

0.006e1 (plasma)a, 0.01
e1 (lung)a

0.2% FA in water (A)e0.2%
FA in MeOH (B)
12 min (plasma)/14 min
(lung homogenate)

535.0 / 352.0
(Dlm),
454.0 / 208.0 (IS)

[37]

S, Km, Clr, Cs, Mfx,
Lfx, PAS, Pto, Lzd

Gm (Km), DS (S), Rx
(Clr), Lmf (Lfx, Mfx,
Lzd), Eto (Pto),
Muscimol (Cs),
PABA (PAS)

50 mL, serum MeOH containing HCl HSS T3 column
(50 � 2.1 mm, 1.8 mm)

1e20 (Lfx, Mfx, Lzd), 5
e100 (Km, S, Cs, PAS),
0.5e10 (Pto, Clr)

10 mM HCOONH4 in 0.1%
FA (A)e0.1% FA in ACN (B)
3 min

362.3 / 318.2
(Lfx),
402.4 / 384.3
(Mfx),
352.2 / 308.2
(Lmf),
485.5 / 163.1
(Km),
478.6 / 157.1
(Gm),
582.6 / 263.2 (S),
584.6 / 263.2
(DS),
181.0 / 154.1
(Pto),
167.0 / 140.0
(Eto),
748.8 / 590.6
(Clr),
837.9/ 679.6 (Rx),
103.0 / 75.1 (Cs),
115.0 / 98.1
(Muscimol),
338.3 / 296.2
(Lzd),
154.1 / 119.0
(PAS), 138.0/ 94.1
(PABA)

[40]

Lzd Cyanoimipramine - 10 mL, serum [57] -
50 mL, DBS [58]

ACN HyPurity Aquastar C18

(100 mm � 2.1 mm,
5 mm)

0.05e40 10 g/L
CH3COONH4 þ 35 mg/L
AcOH þ 2 mL/L TFA-An in
water (A)ewater (B)eACN
(C)
6 min

338.1 / 296.1
(Lzd),
306.2 / 218.0 (IS)

[57,58]

Mfx Cyanoimipramine 100 mL, plasma and
CSF

MeOH and ACN Thermo Electron
HyPurity C18 analytical
column (50 mm
� 2.1 mm, 5 mm)

0.05e5 Water (A)eACN (B)
eaqueous buffer (10 g/L
CH3COONH4 þ 35 mg/L
AcOH þ 2 mL/L TFA-An in
water) (C)
3.5 min

402.0 / 358.2
(Mfx),
306.0 / 218.0 (IS)

[59]

Mfx Cyanoimipramine 50 mL, DBS MeOH HyPurity C18 analytical
column (50 mm
� 2.1 mm, 5 mm)

0.05e6 Water (A)eACN (B)
eaqueous buffer (10 g/L
CH3COONH4 þ 35 mg/L
AcOH þ 2 mL/L TFA-An in
water) (C)
3.5 min

402.0 / 358.2
(Mfx),
306.0 / 218.0 (IS)

[60]

Bdq, De-Bdq Bdq-d6 10 mL, serum MeOH and ACN HyPurity C18 analytical
column (50 mm
� 2.1 mm, 3 mm)

0.05e6 (Bdq and De-
Bdq)

Water (A)eACN (B)
eaqueous buffer (10 g/L
CH3COONH4 þ 35 mg/L
AcOH þ 2 mL/L TFA-An in
water) (C)
2.6 min

555.1/ 58.4 (Bdq),
561.2 / 64.4 (Bdq-
d6), 541.1 / 480.1
(De-Bdq)

[61]
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Bdq Bdq-d6 20, strands of hair MeOH Phenomenex Synergi
Polar RP column
(2.1 mm � 100 mm,
2.5 mm)

0.005e20 (ng drug/mg
hair)

1% FA in water (A)e0.4% FA
in ACN (B)
14 min

557.1/ 58.1 (Bdq),
562.2 / 64.1 (Bdq-
d6)

[62]

Lzd, Clr, OH-Clr Cyanoimipramine - 10 mL, serum
- N/A amount, oral
fluid

MeOH and ACN HyPurity C18 analytical
column (50 mm
� 2.1 mm, 5 mm)

0.05e40 (Lzd in serum)
0.1e10 (Clr and Clr-OH
in serum)

Water (A)eACN (B)
eaqueous buffer (10 g/L
CH3COONH4 þ 35 mg/L
AcOH þ 2 mL/L TFA-An in
water) (C)
6 min

748.5 / 590.2
(Clr),
764.4/ 606.2 (Clr-
OH), 338.1 / 296.1
(Lzd),
306.2 / 218.0 (IS)

[57,63,64]

Pto, Pto-S Eto, Eto-S 100 mL, plasma ACN Hypersil™ Gold C18

(50 mm � 2.1 mm,
3.0 mm)

0.03e6 (Pto), 0.05e10
(Pto-S)

0.1% AcOH in water (A)
eACN (B)
1.5 min

180.9 / 120.9
(Pto),
197.0 / 120.9
(Pto-S),
166.9 / 106.9
(Eto),
182.9 / 106.9
(Eto-S)

[65]

Dlm, DM-6704,
DM-6705, DM-
6706, DM-6717,
DM-6718, DM-
6720, DM-6721,
DM-6722

OPC-14714 50 mL, plasma ACN and MeOH Waters UPLC BEHTM C18
analytical column
(2.1 mm � 50 mm,
1.7 mm)

0.001e0.5 (all analytes) 5 mM NH4HCO3 þ 0.2%
NH4OH in water (A)e0.2%
NH4OH in MeOH (B)
4 min

535.1 / 352.2
(Dlm),
458.1 / 295.2 (IS),
467.1 / 289.2
(DM-6704),
466.1 / 352.2
(DM-6705),
484.1 / 352.2
(DM-6706),
481.1 / 303.2
(DM-6717),
480.1 / 352.2
(DM-6718),
482.1 / 352.2
(DM-6720),
483.1 / 305.2
(DM-6721),
483.1 / 352.2
(DM-6722)

[66]

Lzd, PNU-142300,
PNU-142586

Lzd-d3 20 mL, serum ACN Waters X-bridge
column C18 (150 mm
� 4.6 mm, 3.5 mm)

0.1e50 (Lzd, PNU-
142300), 0.1e25 (PNU-
142586)

0.1% FA in water (A)e0.1%
FA in ACN (B)
15 min

338.10 / 294.40/
235.10 (Lzd),
370.16 / 328.20/
252.20 (PNU-
142300),
370.15 / 324.30/
282.20 (PNU-
142586),
341.10 / 297.30
(Lzd-d3)

[67]

Mcz and
metabolites

Mcz-d11 and other
ISs

- 50 mL, plasma
- 25 mL, urine

ACN XSelect HSS T3 (75 mm
� 2.1 mm, 3.5 mm)

0.0005e1.5 (plasma)a

0.0005e5.0 (H2PBTZ in
plasma)a

0.005e5 (urine)a

2.5 mM CH3COONH4 buffer
(pH 5.3) (A)eACN (B)
6 min

457.3 / 344.0/
298.0 (Mcz),
459.2 / 442.1
(H2PBTZ), other
transitions refer
[68]

[68]

Rfb, Bdq, De-Rfb,
De-Bdq, De2-Bdq

Bdq-d6, De-
Bdq-13C-d3, Rfb-d7,
De-Rfb-d7

150 mL, plasma MeOH Discovery C18 HPLC
column (50 mm
� 2.1 mm, 5 mm)

0.02e6.6 (Bdq), 0.005
e0.4 (De-Bdq), 0.01e1
(Rfb), 0.005e0.4 (De-
Rfb)

50% 0.01 M CH3COONH4 in
MeOH (A)e0.5% FA in
MeOH (B)
15.57 min

555.2 / 523.1/
557.2 / 525.1
(Bdq),
541.1 / 480.2/
543.1 / 482.2 (De-
Bdq),

[69]

(continued on next page)
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Table 2 (continued )

Drug Internal standard
(IS)

Sample amount and
matrix

Protein precipitation Column Calibration range (mg/
mL)

Mobile phase and runtime
(min)

Mass transition (m/
z)

Refs.

527.4 / 495.3
(De2-Bdq),
847.1 / 815.4
(Rfb),
561.2 / 529.1/
563.2 / 531.1
(Bdq-d6),
545.1 / 480.2/
547.1 / 482.2 (De-
Bdq-13C-d3),
854.4 / 822.4
(Rfb-d7),
812.4 / 780.4 (De-
Rfb-d7)

S, Km, Clr, Cs, Mfx,
Lfx, PAS, Pto, Lzd

S, Km, Clr, Cs, Mfx,
Lfx, PAS, Pto, Lzd

100 mL, DBS MeOH AQUITY Waters HSS T3
column (50.0 mm
� 2.1 mm, 1.8 mm)

5e100 (S, Km, Cs, PAS),
0.5e10 (Clr, Pto), 1e20
(Mfx, Lfx, Lzd)

10mMHCOONH4þ 0.1% FA
in water (A)e0.1% FA in
ACN (B)
4 min

N/A [70]

Lfx, De-Lfx Lfx-13C2-d3, De-Lfx-
d8

100 mL, serum MeOH N/A 0.1e5 (Lfx), 0.1e4.99
(De-Lfx)

5.0 g/L CH3COONH4, 35 mL/
L AcOH 100%, 2 mL/L TFA
(A)ewater (B)eACN (C)
2.5 min

362.1 / 318.1
(Lfx),
348.1 / 310.1 (De-
Lfx), 366.1 / 322.2
(Lfx-13C2-d3),
356.2 / 318.2 (De-
Lfx-d8)

[71]

ACN: acetonitrile; AcOH: acetic acid; Am: amikacin; Bdq: bedaquiline; Cfz: clofazimine; CH3COONH4: ammonium acetate; Clr: clarithromycin; Clr-OH: 14-hydroxy clarithromycin; Cs: cycloserine; CSF: cerebrospinal fluid; d:
deuterium; DBS: dried blood spot; De-Bdq: monodesmethyl bedaquiline; De2-Bdq: didesmethyl bedaquiline; De-Lfx: desmethyl levofloxacin; Dlm: delamanid; De-Rfb: 25-O-desacetylrifabutin; DM-6704, DM-6705, DM-6706,
DM-6717, DM-6718, DM-6720, DM-6721, DM-6722: delamanid metabolites; DS: dihydrostreptomycin; Eto: ethionamide; Eto-S: ethionamide sulfoxide; FA: formic acid; Gm: gentamicin; HCOONH4: ammonium formate; HPLC:
high performance liquid chromatography; Km: kanamycin; Lmf: lomefloxacin; Lfx: levofloxacin; Lzd: linezolid; MeOH: methanol; Mfx: moxifloxacin; Mcz: macozinone; NH4HCO3: ammonium bicarbonate; NH4OH: Ammonium
hydroxide; PABA: p-amino benzoic acid; PAS: p-aminosalicylic acid; PNU-142300, PNU-142586: linezolid metabolites; Pto: prothionamide; Pto-S: Prothionamide sulfoxide; S: streptomycin; TFA (CF3COOH): triflouroacetic acid;
TFA-An: trifluoroacetic anhydride; UPLC: ultra-performance liquid chromatography; IS: internal standard. N/A: not available.

a The calibration ranges were not linear.
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approaches are summarized in Table 3 [9,18,20e22,64,76e86]. We
omitted some drugs not typically used in TB, such as ceftazidime,
teicoplanin, and tigecycline [77,78].

A significant number of LC-MS bioassaymethods are available to
quantify anti-TB drugs and their metabolites (up to more than 10
drugs) [9,22,77,78,83,84]. The difference in the chemical properties
of the analytes may be a factor that led to multiple processing and
analysis strategies being proposed in the same study. For example,
three studies used HILIC and reverse-phase LC columns to deter-
mine multiple drugs. Besides, the sample preparation could be
quite different for each column [18,21,83]. For five drugs (R, H, Z, E,
and streptomycin) in plasma, the C18 and HILIC platforms were
successfully applied in TDM [80,81]. Of note, streptomycin, a sec-
ond-line anti-TB drug, is used when amikacin is unavailable or its
resistance is verified.

Lei et al. [9] conducted an LC-MS method to quantify 14 anti-TB
drugs in plasma, which included an investigation of the concen-
tration ranges and timing of blood sampling. This facilitated the
implementation of TDM in 232 patients who received different
regimens [9]. Zheng et al. [76] validated the LC-MS method using
the United States Food and Drug Administration (US FDA) guide-
lines to assay Mfx, Lfx, Pto, Z, and E. They observed that Pto
degraded by over 15% after 3 days at ambient temperature, and the
suppression of the Pto signal with hemolysis could be solved by
sample dilution [76]. Fage et al. [82] not only quantified nine drugs
and two metabolites in human plasma but also evaluated the
enteric absorption by sampling 2 h and 6 h after oral administra-
tion. The results showed that 38% of the patients had low thera-
peutic levels of both R and H, which could be caused by
malabsorption and led to a lower range of the therapeutic interval
of R [82]. An LC-MS/MS method developed by Wang et al. [85] was
successfully applied to TDMwith various ranges of 10 anti-TB drugs
in plasma and was demonstrated in 34 pulmonary TB patients.
Some studies developed quantitative assays for antibiotics,
including the ones with anti-TB effects, which were validated ac-
cording to the European Medicines Agency (EMA) guidelines [78]
or 14 drugs that were applied to critically ill pediatric patients [84].

Some studies were performed using various matrices to ac-
quire knowledge of the PK profile of drugs. Wu et al. [21] estab-
lished a two-dimensional (2D) LCeMS/MSmethod to quantify E, Z,
Pto, and Cfz in plasma, bile, urine, feces, and tissues. It met the
validation criteria of the US FDA and could be applied to the PK
study in rats after oral administration of the drug combination.
Cazorla-Reyes et al. [77] even quantified 21 antibiotics from
different groups in serum, urine, CSF, and bronchial aspiration
samples within 6 min runtime of LC. They found the highest levels
in urine samples of amoxicillin, Lfx, and Lzd. On the contrary, the
lowest concentration was detected in bronchial aspirations [77].
For hair samples, Gerona et al. [22,79] quantified four anti-MDR-
TB drugs in 2016, and 11 drugs were measured using this
method in 2019 (nine of 11 analytes were successfully analyzed in
patients with drug-resistant TB, except Pto and Eto) [22]. There
were two methods for TDM of R, Clr, and their metabolites (De-R,
Clr-OH), one in plasma and another in DBS. de Velde et al. [64]
reported that plasma components were stable after 3 cycles of
freeze-thaw, 3 days in the autosampler and refrigerator (5 �C), and
at room temperature (Clr and Clr-OH: 3 d; R and De-R: 1 d). Vu
et al. [20] observed high correlations between CDBS and the Cplasma

of R, Clr and Clr-OH. In particular, the authors demonstrated the
role of ethylenediaminetetraacetic acid and deferoxamine in the
proper recovery (~100%) of R responses in DBS extraction. Another
study was conducted on breast milk matrix using six different
sources, and the influence of matrix effects was found insignifi-
cant. The method was successfully applied to breast milk samples
taken from breastfeeding women treated with H, E, and Z, as well
25
as provided an opportunity to quantify R, Rfb, and their metabo-
lites facilitating clinical practice [86].

3. Six primary prospects in TB clinical management

Due to the transmission of TB, especially MDR- and XDR-TB [6],
the adoption of various anti-TB drug combination strategies led to
increasing attention and efforts to manage adverse events (AEs)
and treatment responses [23]. LC-MS/MS bioassay has been
established for the TDM of anti-TB drugs to accomplish such a
requirement. However, advancing other aspects is paramount to
provide comprehensive clinical management for TB patients. They
include (1) automated sample management and high-throughput-
comparable assay pipeline, (2) pharmacometrics, (3) host-directed
therapy (HDT), (4) pharmacometabolomics, (5) drug and vaccine
development, and (6) machine learning, AI, and computer algo-
rithms. In this section, we considered our perspectives on chal-
lenges and potential of six primary prospects in the clinical
implementation of TB.

3.1. Automated sample management and high-throughput-
comparable assay development

Automated sampling could be applied for anti-TB drug assays,
which provides more convenience than traditional sampling ap-
proaches. The proposal is derived partly based on the successful
result of automation sampling and measurement by MS of tacroli-
mus level in kidney transplant patients [87]. According to Rao Gajula
et al. [88], LC-MS is the best option for green biological approaches,
analyzing drugs, and reducing or eliminating hazardous waste.
Concerning the degradation of anti-TB drugs, it is one of the severe
issues in sampling and storage (especially H in plasma/serum).
Therefore, not only to establish stable formulations but also more
studies should be expanded on alternative and convenient matrices
(urine, hair, fingerprints, DBS, and skin) for specific groups of the
population, such as children [89], orDBS to avoid drugdegradation in
storage and transport (especially in a harsh climate region including
Africa). Moreover, Nanthasurasak et al. [90] established an electro-
kinetic platform to separate the analyte in DBS during transport,
which could accelerate the sample preparation process (Fig. 1).

The majority of studies used plasma/serum samples, so ACN or
MeOH is an appropriate solvent for protein precipitation. Alterna-
tively, 96-well plates with SPE sorbent could be applied to remove
interferences [36]. The ultimate aims are to reduce the separation
time and enhance the selectivity, accuracy, and precision of the
method. Besides, the polarity of drugs is a variable to take into
account when selecting the stationary phase (Am is polar, but H, Z,
E, Mfx, Lfx, Bdq, and Dlm are suitable for a less polar assay) [33].
Matrix effects are a major issue when conducting a bioassay using
MS, especially in using electrospray ionization to analyze extracts of
complicated matrices. Nevertheless, optimal sample preparation
procedures and control of the LC-MS setup parameters are two
ways to minimize or compensate for this issue. As an example,
matrix effects could be straightforwardly trivialized by a smaller
injection volume and/or diluting the sample. Anotherway is to alter
the LC conditions, for example, by reducing the flow rate and/or the
gradient program, splitting post-column, applying a mixed-mode
column, using micro or nano-LC, or a 2D-LC system [91]. For QC
and quality assurance, the validation according to guidelines
(especially US FDA [92], and EMA [93]) should always be conducted
to guarantee the accuracy and reproducibility (inter-laboratory) of
the method results [94].

HRMS such as Orbitrap or Fourier transform ion cyclotron
resonance provided excellent mass accuracy, acceptable dynamic
range, reliable assignments of molecular formulas, and the ability



Table 3
LC-MS assays for both first-line, second-line anti-TB drugs and their metabolites.

Drug Internal standard
(IS)

Sample amount and
matrix

Protein
precipitation

Column Calibration range
(mg/mL)

Mobile phase and
runtime (min)

Mass transition (m/z) Refs.

R, E, H, Z, Lfx, Gfx,
Mfx, Pto, Lzd,
Rfp, Rfb, Cs, PAS,
Cfz

Phenacetin 100 mL, plasma ACN AQ-C18 column
(100 mm � 3.0 mm,
3 mm)

0.1e8.3 (E), 0.1e10
(H), 0.2e62.5 (Z),
0.2e15.3 (Lfx), 0.1
e10.4 (Gfx), 0.1e11
(Mfx), 0.06e4.8
(Pto), 0.1e12 (Lzd),
0.2e31 (R), 0.3
e25.2 (Rfp), 0.02
e1.5 (Rfb), 0.8e50
(Cs), 0.5e76 (PAS),
0.04e3.2 (Cfz)

0.1% FA þ 10 M
HCOONH4 in water (A)
e0.1% FA in 50%
MeOH þ 50% ACN (B)
13.5 min

205.2 / 116.2 (E),
138.2 / 121.0 (H),
124.2 / 81.2 (Z),
362.3 / 261.3 (Lfx),
376.2 / 289.4 (Gfx),
402.4 / 384.2 (Mfx),
181.2 / 121.4 (Pto),
338.2 / 56.3 (Lzd),
823.4 / 791.4 (R),
877.4 / 151.4 (Rfp),
847.4 / 816.0 (Rfb),
103.0 / 58.2 (Cs),
154.0 / 136.0 (PAS),
473.2 / 431.6 (Cfz),
180.1 / 138.1 (IS)

[9]

Am, Km, S, Z Apramycin 100 mL, plasma
(acidified with 10 mL of
HCl 4 N)

MeOH Atlantis HILIC column
(Waters, 150 mm
� 2.1 mm, 3 mm)

1.0e50 (Am, Km, S),
2.0e100 (Z)

0.1% FA in water (A)
e0.1% FA in ACN (B)
9 min

586.2 / 425.3 (Am),
485.5 / 163.3 (Km),
582.2 / 263.3 (S),
124.0 / 81.0 (Z)

[18]

Amx, Cfx, Clr, Cfz,
Cs, E, Eto, H, Lfx,
Lzd, Mfx, PAS,
Pto, Rfb, R, Rx

R-d3 (R), Mfx-d4

(other analytes)
50 mL, plasma ACN Atlantis dC18 column

(Waters, 150 mm
� 2.0 mm, 3 mm)

0.4e20 (Amx, Lzd),
0.2e10 (Cfx, Lfx,
Mfx, Pto, R, Rx), 0.1
e5 (Clr, E, Eto, H),
0.04e2 (Cfz, Rfb),
0.8e40 (Cs), 1.0e50
(PAS)

0.1% FA in water (A)
e0.1% FA in ACN (B)
13 min

366.0 / 114.0 (Amx),
332.0 / 231.2 (Cfx),
748.6 / 590.7 (Clr),
473.2 / 431.2 (Cfz),
103.0 / 58.0 (Cs),
205.0 / 116.0 (E),
167.1 / 107.0 (Eto),
138.0 / 121.0 (H),
362.0 / 318.0 (Lfx),
338.0 / 296.0 (Lzd),
402.0 / 384.0 (Mfx),
154.0 / 119.0 (PAS),
181.0 / 154.3 (Pto),
847.6 / 815.5 (Rfb),
823.4 / 791.1 (R),
837.6 / 679.6 (Rx)

[18]

R, Clr, De-R, Clr-OH R-d8,
Cyanoimipramine

50 mL, DBS ACN HyPurity C18 column
(50 mm � 2.1 mm,
3 mm)

0.15e30 (R), 0.15
e10 (De-R), 0.05
e10 (Clr, Clr-OH)

Water (A)eACN (B)
eaqueous buffer (10 g/L
CH3COONH4 þ 35 mg/L
AcOH þ 2 mL/L TFA-An
in water) (C)
3.5 min

823.3 / 791.2 (R),
781.4 / 749.2 (De-R),
748.5 / 590.2 (Clr),
764.4 / 606.2 (Clr-
OH), 831.5 / 799.5 (R-
d8), 306.2 / 218.0
(Cyanoimipramine)

[20]

Z, E, Pto, Cfz Midazolam N/A amount, plasma,
bile, urine, feces, tissue
(rat)

MeOH Polar-RP column
(30 mm � 4.6 mm,
5 mm, column 1)

0.0005e5 (Z),
0.0001e1 (E, Pto),
0.0002e0.5 (Cfz)

Water (A)eMeOH (B)
7.5 min

124.1 / 79.0 (Z),
205.1 / 116.1 (E),
181.0 / 121.1 (Pto),
473.8 / 431.4 (Cfz),
326.1 / 291.1 (IS)

[21]

SB-Aq column (150 mm

� 4.6 mm, 5 mm,

column 2)

5 mM HCOONH4 þ 0.5%
FA in water (A)e0.5% FA
in MeOH (B)
7.5 min

H, E, Eto, Pto, Lzd, Z,
Ptm, Cfz, Lfx,
Mfx, Bdq

H-d4, E-d4, Eto-d5,
Pto-d5, Lzd-d3,
Z-15N-d3, OPC-
14714, Cfz-d7, Lfx-
d8, Mfx-13C-d3,
Bdq-d6

20e30, strands of hair MeOH Phenomenex Synergi
Polar RP column
(2.1 mm � 100 mm, 2.5
mm)

0.05e10 (Bdq, Cfz,
E, Ptm), 0.01e10
(Eto, Pto), 0.5e100
(H, Lfx, Lzd, Mfx), 1
e100 (Z) (ng drug/
mg hair)

0.1% FA in water (A)
e0.1% FA in ACN (B)
23 min

557.2 / 58.1 (Bdq),
563.2 / 64.1 (Bdq-d6),
474.2 / 432.0 (Cfz),
481.2 / 429.9 (Cfz-d7),
205.0 / 116.0 (E),
209.0 / 120.1 (E-d4),

[22]

N
.Q
.Thu,N

.T.N
.Tien,N

.T.H
.Yen

et
al.

Journal
of

Pharm
aceutical

A
nalysis

14
(2024)

16
e
38

26



167.0 / 140.0 (Eto),
172.2/ 145.0 (Eto-d5),
138.1 / 79.0 (H),
142.2 / 82.9 (H-d4),
362.3 / 220.9 (Lfx),
370.2 / 265.1 (Lfx-d8),
338.2 / 296.0 (Lzd),
341.2/ 297.0 (Lzd-d3),
402.3 / 364.0 (Mfx),
406.2 / 368.1
(Mfx-13C-d3),
360.0 / 175.0 (Pto),
459.3 / 176.0 (OPC-
14714), 181.0 / 154.0
(Ptm), 186.3 / 125.0
(Ptm-d5), 124.1 / 54.0
(Z), 128.1 / 84.0
(Z-15N-d3)

R, Clr, De-R, Clr-OH Cyanoimipramine 10 mL, plasma MeOH and ACN HyPurity Aquastar
(50 mm � 2.1 mm,
5 mm)

0.1e10 (Clr, Clr-
OH), 0.2e5 (R, De-
R)

Water (A)eACN (B)
eaqueous buffer (10 g/L
CH3COONH4 þ 35 mg/L
AcOH þ 2 mL/L TFA-An
in water) (C)
3.6 min

748.5 / 590.2 (Clr),
764.4 / 606.2 (Clr-
OH), 823.3/ 791.2 (R),
781.4 / 749.2 (De-R),
306.2 / 218.0 (IS)

[64]

Mfx, Lfx, Pto, Z, E Mfx-d4, Lfx-d8, Pto-
d7, Z-15N-d3, E-d4

100 mL, plasma MeOH and ACN
containing TCA

Atlantis T3 column
(2.1 mm � 100 mm,
3 mm)

0.1e5 (Mfx), 0.4
e40 (Lfx), 0.2e10
(Pto), 2e100 (Z), 0.2
e10 (E)

0.1% FA in water (A)
eACN (B)
10.5 min

205.2 / 116.1 (E),
209.2 / 120.1 (E-d4),
124.1 / 81.1 (Z),
128.1 / 84.1 (Z-15N-
d3), 181.0 / 154.0
(Pto), 188.1 / 161.1
(Pto-d7), 362.2/ 318.2
(Lfx), 370.1 / 326.2
(Lfx-d8), 402.2 / 384.2
(Mfx), 406.2 / 388.2
(Mfx-d4)

[76]

Amx, Lfx, Mfx, Am,
Lzd and other
antibiotics

Amx, Lfx, Mfx, Am,
Lzd and other ISs

- 0.5 mL, urine
- 1 mL, serum
- 200 mL, CSF
- 1 g, bronchial
aspirations

ACN (serum) Acquity UPLC BEH C18
column (100
mm � 2.1 mm, 1.7 mm)

0.1e5 (mg/mL for
urine, serum, CSF;
mg/mg for bronchial
aspirations)

MeOH (A)e0.01% FA in
water (B)
6 min

586.7 / 163.2 (Am),
366.2 / 349.4 (Amx),
362.3 / 318.6 (Lfx),
402.5 / 384.6 (Mfx),
338.2 / 296.5 (Lzd),
other transitions refer
[77]

[77]

Amx, Cfx, Mfx, Lfx,
Lzd and other
antibiotics

Amx-d4, Cfx-d8,
Lfx-13C-d2, Lzd-d3,
Mfx-13C2-d5, other
IL-ISs

20e25 mL, serum MeOH containing
FA or ACN
containing FA

Kinetex Polar-C18 100 Å
(2.1 mm � 100 mm,
2.6 mm)
Synergi Polar-RP-80 Å
(2 mm � 50 mm, 5 mm)

0.05e2.5 (Cfx), 0.2
e10 (Amx), 0.13
e25 (Lfx, Mfx, Lzd)

0.1% FA in water (A)
e0.1% FA in ACN (B)
4e6.5 min (depending
on the method)

366.0 / 134.1 (Amx),
370.0 / 138.1 (Amx-
d4), 332.1 / 245.1
(Cfx), 340.1 / 249.1
(Cfx-d8), 362.1/ 318.1
(Lfx), 366.1 / 322.2
(Lfx-13C-d3),
338.2 / 296.0 (Lzd),
341.2/ 297.1 (Lzd-d3),
402.1 / 358.1 (Mfx),
407.1 / 363.2 (Mfx-
d5), other transitions
refer [78]

[78]

Z, Lfx, Mfx, Lzd IL-IS (deuterium or
13C)

10e25, strands of hair MeOH Phenomenex Synergi
Polar RP column
(2.1 mm � 100 mm,
2.5 mm)

0.1e40 (ng drug/
mg hair, all
analytes)

1% FA in water (A)e0.4%
FA in MeOH (B)
10 min

N/A [79]

(continued on next page)
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Table 3 (continued )

Drug Internal standard
(IS)

Sample amount and
matrix

Protein
precipitation

Column Calibration range
(mg/mL)

Mobile phase and
runtime (min)

Mass transition (m/z) Refs.

R, H, Z, E, S IS 100 mL, plasma MeOH containing
FA

ZORBAX SB-C18 column
(2.1 mm � 100 mm,
3.5 mm)

0.2e4 (R, Z), 0.08e2
(H), 0.0002e1 (E), 2
e200 (S)

0.02% HFBA þ 0.2% FA
in MeOH (A)e0.02%
HFBA þ 0.2% FA in
water (B)
8.5 min

124.1 / 79.1 (Z),
138.1 / 120.9 (H),
205.3 / 116.2 (E),
582.3 / 262.6 (S),
823.4 / 791.2 (R),
180.1 / 110.1 (IS)

[80]

R, H, Z, E, S Rfx, Phf 100 mL, plasma MeOH Inertsil HILIC column
(75 mm � 2.1 mm,
3 mm)

0.004e4 (Z, R, H),
0.0005e0.5 (E),
0.01e16 (S)

MeOH (A)ewater (0.1%
FA and 5 mM
CH3COONH4, pH
3.0 ± 0.1) (B)
<2 min

124.1 / 81.1 (Z),
138.0 / 121.1 (H),
205.3 / 116.2 (E),
582.5 / 263.3 (S),
823.7 / 791.6 (R),
206.3 / 105.1 (Phf),
786.5 / 754.5 (Rfx)

[81]

R, H, Z, E, Ac-H, Rfb,
Lfx, Mfx, Lzd, Bdq

H-d4 (H, Ac-H), R-
d8, Z-13C2-15N2, E-
d4, Rfb-d6, Lfx-13C-
d3, Mfx-d5, Lzd-d8,
Bdq-d6

200 mL, plasma ACN Poroshell 120 EC-18
column (3 mm
� 150 mm, 2.7 mm)

0.06e20 (E),a 0.1
e20 (H, Lfx),a 0.09
e20 (Ac-H),a 0.8
e100 (Z),a 0.01e20
(Mfx),a 1e50 (Lzd),a

0.8e50 (R),a 0.07e5
(Rfb),a 0.05e10
(Bdq)a

0.013 mM FA þ 8 mM
HCOONH4 in water
(pH ¼ 3.5) (A)
e0.013 mM FA in ACN
(B)
15 min

205.2 / 116.1/55.1 (E),
209.2 / 120.1 (E-d4),
138.1 / 121.0/79.1
(H), 142.1 / 125.1 (H-
d4), 180.1 / 138.1/
121.0 (Ac-H),
124.1 / 81.1/79.1 (Z),
128.1 / 85.1
(Z-13C2-15N2),
362.2 / 318.2/261.0
(Lfx), 366.1 / 322.1
(Lfx-13C-d3),
402.2 / 384.1/358.1
(Mfx), 407.2 / 389.2
(Mfx-d5),
338.2 / 296.1/195.1
(Lzd), 346.5 / 304.2
(Lzd-d8),
823.4 / 791.3/399.1
(R), 831.5 / 799.5 (R-
d8), 847.5 / 815.4/
755.4 (Rfb),
853.6/ 821.5 (Rfb-d6),
557.2 / 539.2/58.2
(Bdq), 563.2 / 64.2
(Bdq-d6)

[82]

R, H, Z, E, Ac-H R-d8, Z-13C2-15N2,
Ac-H-d4, E-d4, H-d4

50 mL, plasma ACN Xbridge BEH Amide
(2.1 mm � 150 mm,
2.5 mm)

0.02e10a (all
analytes)

0.2% FA in water (A)
e0.1% FA in ACN (B)
5 min

823.4 / 791.3 (R),
831.4 / 799.3 (R-d8),
124.1 / 107.0 (Z),
128.1 / 111.0
(Z-13C2-15N2),
180.1 / 120.9 (Ac-H),
184.1 / 120.9 (Ac-H-
d4), 138.1 / 121.0 (H),
142.1 / 125.0 (H-d4),
205.2 / 116.0 (E),
209.2 / 120.0 (E-d4)

[83]

Bdq, Cfz, Dlm, Dlm-
M1, Lfx, Lzd, Ptm,
Rfb, Rfp, Szd,
Mfx, R

Lfx-d8, Mfx-13C-d3,
Lzd-d8, OPC-14714,
Szd-13C4, Rfb-d7,

Dlm-d4, Rfp-d8, Cfz-
d7, Ptm-d4, Bdq-d6,
R-d8

50 mL, plasma MeOH XSelect HSS T3, (2.1mm
� 75 mm, 3.5 mmmm)

0.02e10a (all
analytes)

0.2% FA in water (A)
eACN (B)
7 min

362.1 / 318.3 (Lfx),
370.1 / 326.3 (Lfx-d8),
402.2 / 384.2 (Mfx),
406.2 / 388.2
(Mfx-13C-d3),
338.1 / 296.2 (Lzd),

[83]
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346.1/ 304.2 (Lzd-d8),
466.2 / 352.0 (Dlm-
M1), 458.8 / 296.0
(OPC-14714),
354.2 / 312.1 (Szd),
359.2 / 317.1
(Szd-13C4),
847.5 / 815.3 (Rfb),
855.3/ 823.5 (Rfb-d7),
823.4 / 791.3 (R),
831.4 / 799.3 (R-d8),
535.3 / 352.0 (Dlm),
540.0 / 357.1 (Dlm-
d4), 877.6 / 845.4
(Rfp), 885.7 / 853.4
(Rfp-d8), 473.3/ 431.1
(Cfz), 480.3 / 431.1
(Cfz-d7), 360.1 / 175.0
(Ptm), 364.1 / 177.0
(Ptm-d4), 555.1 / 58.0
(Bdq), 562.1 / 64.0
(Bdq-d6)

Cs, B-Cs B-Cs-15N-d3,
Cs-15N-d3

100 mL, plasma ACN containing 2%
C6H5COCl

XSelect HSS T3, (2.1mm
� 75 mm, 3.5 mm)

0.08e40a 0.2% FA in water (A)
eACN (B)
6 min

207.1 / 105.0 (B-Cs),
211.1 / 105.0 (B-
Cs-15N-d3)

[83]

Amx, Am, Cfx, Lzd,
and other
antibiotics

Amx-d4, Cfx-d8,
Lzd-d3, other DIL-
ISs

50 mL, plasma MeOH/MeOH
containing TCA

Thermo Scientific™
Accucore™ Polar
Premium column
(50 mm � 2.1 mm,
2.6 mm)

0.4e40 (Am, Amx,
Lzd), 0.1e10 (Cfx),
other ranges for
other antibiotics
[84]

0.1% FA in water (A)
e0.1% FA in ACN (B)
5 min

586.3 / 163.1 (Am),
366.2 / 114.0 (Amx),
370.1 / 114.0 (Amx-
d4), 332.1 / 245.1
(Cfx), 340.1 / 235.0
(Cfx-d8), 338.2/ 235.1
(Lzd), 341.1 / 297.1
(Lzd-d3), others
transitions refer [84]

[84]

R, H, Z, E, Rfb, Rfp,
Eto, Pto, Ths, Cfz

H-d4, R-d3, E-d4, Z-
d3

100 mL, plasma ACN and MeOH Shiseido CAPCELL RAK-
ADME
(2.1 mm � 50 mm,
3 mm)

0.005e7.50 (H,
R),0.001e1.50 (E),
0.005e50 (Z), 0.001
e3.00 (Rfb, Eto,
Pto), 0.01e10 (Rfp),
0.002e4.00 (Ths),
10�4e0.2 (Cfz)

0.1% FA in water (A)
eACN (B)
7 min

138.20 / 121.00 (H),
205.30 / 116.10 (E),
124.10 / 79.10 (Z),
823.50 / 791.50 (R),
847.60 / 815.40 (Rfb),
877.60 / 845.10 (Rfp),
167.15 / 140.00 (Eto),
181.05 / 121.15 (Pto),
237.20 / 220.00 (Ths),
473.20 / 431.05 (Cfz),
142.00 / 125.00 (H-
d4), 209.00 / 120.00
(E-d4),
128.00 / 110.00 (Z-
d3), 826.50 / 794.30
(R-d3)

[85]

R, H, Z, E, Rfb, Ac-H,
De-R, De-Rfb

H-d4, E-d4, Z-15N-
d3, R-d3, Rfb-d7, Ac-
H-d4, De-Rfb-d7,
De-R-d3

200 mL, breast milk MeOH and ACN Atlantis 100 Å T3
column (2.1 mm
� 100 mm, 3 mm)

0.3e30 (H, E),a 0.15
e15 (R, Z, Ac-H, De-
R),a 0.015e1.5
(Rfb),a 0.00751
e0.751 (De-Rfb)a

0.1% FA in water (A)
e0.1% FA in mixture
ACNeMeOH (1:1, V/V)
(B)
5 min

823.5 / 791.4 (R),
828.5 / 796.4 (R-d3),
138.1 / 121.1 (H),
142.1 / 83.2 (H-d4),
205.2 / 55.2 (E),
209.2 / 120.3 (E-d4),
124.1 / 81.1 (Z),
128.1 / 84.0 (Z-15N-
d3), 847.5 / 815.5

[86]

(continued on next page)
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to analyze trace compounds in complex mixtures [17]. Therefore,
LC-HRMS could be utilized to conduct untargeted analyzes of anti-
TB drugs and endogenous metabolites simultaneously. The use of
HRMS in screening forensic drugs could be applied to screening TB
drugs [34]. In addition, MS-based bioanalysis could be combined
with imaging techniques to evaluate drug exposure and PK
[95e97], or in the nano-diagnostic of TB [98]. Besides, there are
portable LC-MS devices, which are suitable for facilitating at the
community levels of healthcare to determine the TB drugs and their
metabolites [99].

3.2. Pharmacometrics

A thorough summary of PK parameters and covariates explain-
ing inter- and intra-variability is crucial to optimize anti-TB dosage
regimens, especially for at-risk populations. This information can
serve as a practical leaflet for clinicians [12,100]. Toxicity and PK
related to the clinical outcomes of anti-TB drugs are two crucial
aspects of TB research, which have been intensively discussed
elsewhere [10,27,31,54,74,100e106]. In the study on AEs surveil-
lance, Ngoc et al. [104] discussed that the administration of long
regimens of injectable anti-TB drugs could result in the increased
risk of AEs. They suggested to use the lowest possible injection dose
to avoid serious toxicity. There have been challenges in clinical
pharmacokinetic/pharmacodynamic (PK/PD) investigations of anti-
TB drugs to unravel these characteristics comprehensively. These
are (1) the development and integration of bioanalytical techniques
to simultaneously measure concentrations of all active metabolites
and concomitant drugs; (2) selecting suitable early outcome in-
dicators presenting the therapeutic responses; (3) the unavail-
ability of effective pharmacovigilance systems in underdeveloped
countries; (4) clarification of genetic and non-genetic causes of
inter-individual PK variability; (5) difficulties in analyzing PK/PD
relationships in clinical data; and (6) determination of PK/PD pa-
rameters for special populations (children, pregnant women, HIV-
TB coinfection, TB and diabetes comorbidity, renal and hepatic
impairment patients) and at the site of actions [105e107].

Simultaneouslywith the experimental facet, endeavors from the
computational one have been suggested and implemented to fulfill
the knowledge gap. Thanks to the pharmacometrics fields
including popPK, physiologically-based PK (PBPK), and quantitative
systems pharmacology, which have supported the enlightening of
the PK parameters at the target sites as well as the source of vari-
ation among edge populations, who have been disregarded in TB
drug development pipelines [108]. Additionally, popPK and PBPK
models synergistic with state-of-the-art bioanalytical techniques
have been proven to be effective in evaluating DDIs that are
widespread among TB patients [108]. As a result, this could reduce
the ADRs for patients and increase adherence, especially among
those infected with MDR-TB requiring long-term and complex
regimens [108]. Therefore, the measurement of patient adherence,
which could be fulfilled by the non-complicated semi-quantifica-
tion method [109,110], should be considered before implementing
optimization approaches [111].

3.3. HDT

In addition to standard antimicrobial treatment, HDT has
become a viable adjunct. Regarding TB, HDTs may ameliorate local
inflammatory processes, enhance treatment outcomes, shorten
treatment duration, and prevent the drug resistance. These include
cellular therapy using mesenchymal stromal cells from the bone
marrow of the patient. Another HDT is repurposing commonly used
drugs for non-communicable diseases (arthritis, diabetes, peptic
ulcers, hypercholesterolemia, asthma, and cancer, among others)
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[112,113]. For example, glutathione could be administered as an
immunoadjuvant in the treatment of TB [114]. It would be
extremely challenging to develop a standardized treatmentmethod
for HDT, due to the backbone of anti-TB therapy that requires the
eradication of M. tuberculosis from patients. Therefore, the
genotype-phenotype of the infecting TB strain(s) and the host, the
drug susceptibility profile(s), and the status of co-morbidities will
be the key factors in considering new drug regimens in the future
[115].

TB clinical phenotypes play a significant role in determining the
promising strengths of HDT. Beneath the TB clinical phenotypes,
‘endotypes’ of TB can be identified. It is described as personalized
molecular profiles including specific metabolic, epigenetic, tran-
scriptional, and immune phenotypes [116]. To characterize TB
endotypes, immunodeficiency or pathologically severe inflamma-
tion could be utilized. Additionally, the combination of precise
disease phenotyping, in-depth immunological and molecular
profiling (including multi-modal omics integration) will be the
foundation for the identification of TB endotypes. Precise
endotype-specific HDT may significantly improve the outcomes of
TB patients [117].

3.4. Pharmacometabolomics and personalized dosing

Metabolomics studies have seen a rise in the analysis of various
biospecimens, including urine, tissue, feces, sweat, breast milk, and
more. This development could lead to the emergence of personal-
ized medicine, with biomarker discovery and point-of-care testing
being made possible [118,119]. Establishing a method for detecting
and analyzing metabolites as disease biomarkers could also be an
important direction for diagnosis and treatment [11]. Furthermore,
the role of the microbiota has been observed in drug metabolism
and toxicity in various in vivo studies [120]. Deeper understanding
of microbiome provides opportunities for investigating the mech-
anism and evaluating the effects of drug metabolism and toxicity.
Significantly, capturing endogenous metabolites together with
anti-TB drugs and their metabolites may expand the use of the
developed bioassay for subsequent applications. Typical examples
include evaluation of toxicity [27] and individualization of treat-
ment dosage, especially for new analogs [68,121], that could be
directed by endogenous compounds [122].

Horizontal (metabolomics and lipidomics) and vertical (geno-
mics, transcriptomics, proteomics, and metabolomics) multi-omics
data integration present a powerful approach to capture a holistic
view of the molecular landscape, which could provide a compre-
hensive understanding of an individual's response to anti-TB drugs
[123,124]. These approaches are described as prospects to improve
the better-personalized medicine of TB and allow the discovery of
biosignatures for treatment monitoring and clinical outcomes (ef-
ficacy and AEs) [123,125e127]. Long et al. [124] discovered and
validated 10-gene transcriptomic biosignatures representing dy-
namic responses during TB treatment. The biosignature could
translate into an accurate assay and assist clinical decisions in
managing TB [124]. Additionally, comprehensive lipid profiling was
performed in TB patients by Anh et al. [123]. They found the
alteration of 17 lipid subclasses by pharmacotherapy and identified
potential biomarkers, such as phosphatidylcholine (42:6), phos-
phatidylethanolamine (40:5), cholesterol ester (24:6), and dihex-
osylceramide (34:2;2O). Besides, the changes in lipid-related
metabolic pathways and host-immune responses during treatment
were determined. The study showed the potential of using lipids as
biomarkers for monitoring TB treatment monitoring [123]. Wang
et al. [128] conducted metabolic phenotyping in plasma to discover
potential biomarkers for the prediction of anti-TB drug-induced
liver injuries. Yen et al. [127] established multi-modal data analysis
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to elucidate the metabolic perturbations in TB patients with con-
current type 2 diabetes. This comprehensive profiling increases the
knowledge of TB patients with diabetes comorbidities and con-
tributes to developing more effective and safe treatment [127].
Collectively, these multi-modal data will be the foundation for
constructing predictive models for personalized dosing, efficacy,
ADRs and drug resistance prediction and management, and the
estimate of the probability of treatment failure (Fig. 2).

Better insights related to treatment response, efficacy, and AEs
account for other confounding factors and might provide a quali-
tative strategy to suggest dosage regimens at the bedside. Precision
medicine requires discovering and validating predictive metabo-
lites, which could explain the inter- and intra-sources of variation
among individual PK profiles. They could subsequently play as
covariates of the popPK model to eventually recommend a
personalized and precise dose for clinicians [129]. As a result,
pharmacometabolomics has been recognized as an opportunity to
establish metabolic profiles to elucidate PK and PD characteristics
toward drug development and precision medicine [129e132]. It
could help improve the treatment outcomes of patients with con-
current medical problems [13,14] and be applied for managing TB
preventive treatment for the high-risk reactivation of TB [133].
Jayanti et al. [134] proposed a straightforward, rapid, and affordable
semi-automated TDM procedure associated with MIPD and the
clinical setting. After sampling and data collection, the validated
popPK and Bayesian forecasting methods were used to estimate PK
parameters for the individual patient. This enables clinicians to
simulate the PK profile of each drug for each patient in different
scenarios, thereby promoting the administration and adjustment of
dosage regimens corresponding to the results from the simulation
and targeted therapy [134]. Incorporating immune profiling into
MIPD-based TDM may also be beneficial [135]. This platform has
provided high throughput in discovering new immune biomarkers
for diagnosis, which might be applied in treatment monitoring,
dose optimization, and outcome prediction [135].

Regarding drug research and development, pharmaco
metabolomics-based biomarker-guided methodology has gained
attention [136]. The approach played a significant role throughout
the discovery phase to clinical one of the drug development pipe-
lines [136], by elucidating the metabolic pathways and processes
involved in drug metabolism and responses. This might guide
medical chemists in optimizing drug structures to enhance efficacy
and minimize AEs. Pharmacometabolomics allows for identifying
biomarkers that predict individual variations in drug response, ef-
ficacy, toxicity, and therapeutic outcomes. Moreover, by integrating
metabolomic datawith PK and PDmodels, a dosage regimen of anti-
TB candidates might be proposedmore precisely. This also improves
efficacy and reduces the risk of toxicity and drug-resistance.
Therefore, the development of antimicrobial agents, which were
relatively unattractive to pharmaceutical companies [137], could be
revolutionized by decreasing the risk of failure (Fig. 2).

3.5. Drug and vaccine developments

The burden of MDR-TB and XDR-TB [6] has been a major
driving force behind the research and development of new anti-TB
medications. Anti-TB candidates and drugs are in clinical trials,
such as TBI-166 [138], TBI-223 [139], sutezolid [121], contezolid
[140], Mcz [141], BTZ-043 [142], OPC-167832 [143], and telacebec
[144], among others. Enlightening the potential on- and off-
pharmacological targets, especially multifunctional enzymes
simultaneously with discovering the mechanisms underlying the
interaction of these drugs, is a favorable direction for developing
novel anti-TB drugs [145]. Additionally, the DDIs between new
and current anti-TBmedications should be investigated in order to



Fig. 2. Pharmacometabolomics and personalized dosing e An opportunity for improvement toward better clinical treatment of tuberculosis (TB). ADRs: adverse drug reactions; H:
isoniazid; HPLC: high-performance liquid chromatography; PD: pharmacodynamic; PK: pharmacokinetic; R: rifampicin; UPLC: ultra-performance liquid chromatography.
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establish new short and effective regimens. Another aspect of
drug development is the ethical barrier to generating evidence at
an early stage to optimize treatment in special populations. For
instance, the required safety and efficacy studies in children,
pregnant women, HIV comorbidity, and diabetes comorbidity
patients. In addition, drug development should consider the
impact of pharmacogenetics on treatment outcomes before
translating it into the clinical setting [107]. Furthermore, it is
necessary to establish suitable drug formulas, for example, to
ensure palatability in children patients, and to ensure treatment
effects in this population [146].

The vaccine is one of the effective ways to combat antimicro-
bial resistance, including the TB vaccine [147]. However, BCG is,
yet, the only vaccine approved for global TB prevention [148].
During the COVID-19 pandemic, mRNA-based vaccines have
demonstrated the possibility of reducing the risk of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infections and
disease development. This vaccine category is easier to construct,
manufacture, and purify than its protein-based subunit counter-
part. Larsen [149] mentioned that mRNA could be a hopeful
strategy for developing the TB vaccine. They suggested the se-
lection of TB antigens, especially a cluster of differentiation 4 and
8 T-cell epitopes for the novel mRNA vaccine [149].

Regarding pharmacognosy, Chinese medicinal herbs and their
ingredients remain diverse sources for drug development
[150,151]. Combining medicinal herbs with chemotherapy can
boost immune system responses and may reduce the ADRs of
anti-TB drugs [152]. Previous studies have reported and dis-
cussed the activity of medicinal herbs and their ingredients in
combating TB [150,153]. Additionally, LC-MS enables the
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acquisition of PK parameters for natural anti-TB compounds.
These parameters, in turn, facilitate the development and quality
control of novel drugs derived from herbal medicine for TB
treatment [154].

3.6. Machine learning, AI, and computer algorithms

Developing predictive models using machine learning and AI
can greatly aid in TB management. These models can help diagnose
TB, forecast disease progression, and even predict treatment re-
sponses. These models leverage multi-source data, including de-
mographic information, clinical and para-clinical characteristics,
which are continuously updated throughout electronic health re-
cords (EHR). The data-driven approach could subsequently
generate individualized risk profiles supported by a high level of
computing capacity, enabling clinicians to tailor treatment strate-
gies accordingly. For instance, the integration of AI technologies
with radiological imaging has shown promise in improving TB
detection and diagnosis based on large datasets of chest X-rays and
computed tomography scans [155e158]. Not limited to the host,
but able to expand to the microorganism, these algorithms could
provide a framework for identifying and predicting TB drug-
resistant pathogens [159].

The long duration of TB treatment poses challenges in ensuring
patient follow-up and adherence to treatment regimens [160].
"Smart" healthcare applications such as mobile health platforms
employ machine learning algorithms to deliver personalized re-
minders, notifications, and educational materials to remind patients
to administer their medications regularly [161]. By providing
consistent reminders, these applications have the potential to
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decrease the risk of treatment interruption and improve adherence
to the prescribed regimen. Furthermore, patient-generated data are
analyzed in real-time to monitor the treatment progress and detect
potential deviations from the treatment plan. Wearable devices
coupled with mobile apps collect data on medication intake,
symptom reporting, and physiological parameters, such as heart rate
or respiratory function [162e165]. This information is subsequently
processed to identify patterns or anomalies that indicate potential
non-adherence or treatment response issues. Clinicians then be
alerted to intervene promptly and provide the necessary support or
adjustments to the treatment plan for ensuring optimal outcomes
and identifying factors associated with non-adherence or loss of
follow-up.

To identify high-risk populations and communities, machine
learning algorithms present a practical approach empowered by
analyzing epidemiological data, social determinants of health, and
Fig. 3. Schematic illustrating the integration of pharmacometabolomics and PK/PD in orde
ADRs: adverse drug reactions; CDSS: clinical decision support systems; EHR: electronic he
population pharmacokinetics; PK/PD: pharmacokinetics/pharmacodynamics; TB: tuberculo
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environmental factors [166,167]. These algorithms could pinpoint
geographical areas or demographic groups that are more suscep-
tible to TB outbreaks. Moreover, they could be employed to opti-
mize the allocation of limited healthcare resources for TB
management based on historical data on treatment outcomes,
resource utilization, and patient characteristics [168,169]. Conse-
quently, this information facilitates the guidance of targeted in-
terventions, such as focused screening campaigns, improved access
to healthcare resources, and targeted education initiatives, and
assists policymakers in designing resource-allocation strategies.

4. Integrative and comprehensive approaches

In order to translate the insights from the bench to the bedside,
it is essential to implement easy-to-use and convenient techniques
and platforms. Regarding programmatic treatment for TDM,
r to facilitate the future direction of precision healthcare leveraging from other fields.
alth records; MIPD: model-informed precision dosing; PK: pharmacokinetics; PopPK:
sis; TDM: therapeutic drug monitoring; TDM: therapeutic drug monitoring.
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Alffenaar et al. [23] proposed three levels of TDM in the TB man-
agement system, including the community level (saliva, urine),
regional "level", and central level (plasma, serum). The prospect of
simplified LC-MS could lead to the cover of this technique at the
community level and gradually replace the traditional LC-
ultraviolet detector-based bioassay with portable LC-MS [99]
(Fig. 3).

It is potential and valuable to explore metabolites predicting
alterations in PK parameters and PD responses via the pharmaco-
metabolomics approach [122,129e132]. This association could be
established and should be subsequently validated when more data
are available throughout routine care of TB patients (Fig. 3). Vali-
dation could be accomplished based on the consistency between
predicted PK parameters or PD responses (categorical or contin-
uous, efficacy, or ADRs) and observational counterparts using a
ratio threshold of 80%e125% (eg., clearance PK parameters) lever-
aged from the recommendation of the US FDA guidelines for bio-
equivalence studies [122]. Furthermore, it is possible to obtain
information about metabolic response and drug concentration
from the same samples and bioanalytical instruments. This offers
convenience and reduces the burden on patients, clinical practi-
tioners, and laboratory staff. In addition, owing to the development
of technological information and computational capability, MIPD
platforms have been developed, implemented, validated, and
refined to integrate all available insights into optimizing the dosage
regimens of anti-TB drugs [108,134]. As a result, these “predictive”
metabolites along with other covariates would enhance the feasi-
bility of population-based doses and might predict the efficacy and
unexpected ADRs for prospective patients. When more TDM data
become available throughout routine TDM practice, those coupled
with the above-mentioned metabolites could update the original
validated popPK to bolster the predictive performance for sug-
gesting appropriate dosage regimens (Fig. 3). Eventually, all work-
flow and information procedures could be integrated into the EHR
to provide comprehensive data application and storage, as well as
for labor-saving implementation at the bedside.

The benefits of machine learning and AI in TB management are
the potential directions to establish accurate predictive models.
For instance, predicting pharmacometrics and optimizing the
dosing of Lfx [170], and screening computer-assisted diagnosis in
pulmonary imaging [157,158], which could be embedded into the
EHR system. The challenges of clinical medicine in general and
untargeted metabolomics studies, in particular, could be demol-
ished with the advancement of AI, machine learning, and bio-
informatic methods [171,172]. With advancements in AI
algorithms, particularly self-supervised learning, the focus has
shifted towards the development of a comprehensive and uni-
versally applicable model capable of improving accuracy and
precision in various medical applications. By leveraging both data-
driven and knowledge-based approaches, a generalist medical AI
(GMAI) model served as a novel and promising paradigm [173].
The model was trained based on numerous medical data sources,
in which routine data from EHR, and laboratory results, such as
medical images or multi-omics information, could be simulta-
neously used with language data for model building. To better
understand the model, it was crucial to rely on medical literature
as a key component. This helped not only with validation for use
in clinical settings but also in filling knowledge gaps and adjusting
the model accordingly [173].

According to Kvarnstr€om et al. [174], adherence tomedication in
patients could be improved by better communication and infor-
mation between physicians and patients. It is worth mentioning
that previous studies have utilized digital apps as a remarkable
development direction for adherence and personalized TB care,
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improving self-management of patients [162e165]. In 2022, the
Center for Personalized Precision Medicine of Tuberculosis: the
Smart Research and Development Workstation (cPMTb Smart R&D
Workstation) was introduced [175]. Comprehensive and diverse
databases (such as sample collection, demographics, clinical and
biochemical testing results, TDM, ADRs, MIC of TB, and multi-
omics) provide opportunities to achieve personalized and preci-
sion medicine in TB treatment. To bridge the gap between research
and clinical practice and implement individualized precision
management for TB, the authors aim to develop this cohort for
other hospitals from Korea to the world [175].

As a result, the readily available innovations in both analytical
and computational aspects should be leveragedwith other required
advances in screening, diagnostics, and vaccines, as well as drug
development, to reach the ultimate destination of precision
healthcare toward eradicating TB (Fig. 3).

5. Conclusion

Significant progress in LC-MS-based TDM of anti-TB drugs was
highlighted over the past two decades, facilitating dose adjustment
in clinical settings. These techniques were developed to optimize
the analysis process and sampling strategies and to cover both
current and new anti-TB drugs, as well as drug combinations. The
growth of related areas in TB clinical implementation such as
pharmacometrics, multi-modal profiling, drug and vaccine de-
velopments, and AI plays a crucial role in TB management. There-
fore, the integrative approach of LC-MS-based TDM with
pharmacometabolomics and these advancements were proposed
for more comprehensive precision healthcare, improving the out-
comes of TB patients and effectively eradicating TB in the future.

CRediT author statement

Nguyen Quang Thu: Methodology, Writing - Original draft
preparation, Reviewing and Editing; Nguyen Tran Nam Tien:
Methodology, Writing - Original draft preparation, Reviewing and
Editing; Nguyen Thi Hai Yen: Methodology, Writing - Reviewing
and Editing, Thuc-Huy Duong: Conceptualization, Writing -
Reviewing and Editing; Nguyen Phuoc Long: Conceptualization,
Supervision, Methodology, Writing - Original draft preparation,
Reviewing and Editing; Huy Truong Nguyen: Conceptualization,
Supervision, Methodology, Writing - Reviewing and Editing.

Declaration of competing interest

The authors declare that there are no conflicts of interest.

Acknowledgments

This study was sponsored by the National Research Foundation
of Korea (NRF) Grant funded by the Korean government (MSIT)
(Grant No.: 2018R1A5A2021242).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jpha.2023.09.009.

References

[1] World Health Organization, Global Tuberculosis Report 2022, Editor, Serial
Global Tuberculosis Report 2022, Geneva, Switzerland, 2022.

[2] B. Barreto-Duarte, M. Araújo-Pereira, J.P. Miguez-Pinto, et al., Grand chal-
lenges in major tropical diseases, Front. Trop. Dis. 3 (2022), 1037913.

https://doi.org/10.1016/j.jpha.2023.09.009
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref1
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref1
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref2
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref2


N.Q. Thu, N.T.N. Tien, N.T.H. Yen et al. Journal of Pharmaceutical Analysis 14 (2024) 16e38
[3] J. Nalunjogi, S. Mucching-Toscano, J.P. Sibomana, et al., Impact of COVID-19
on diagnosis of tuberculosis, multidrug-resistant tuberculosis, and on mor-
tality in 11 countries in Europe, Northern America, and Australia. A global
tuberculosis network study, Int. J. Infect. Dis. 130 (2023) S25eS29.

[4] B.K. Panda, M. Bargaje, L. Sathiyanarayanan, A simple and reliable analytical
method for simultaneous quantification of first line antitubercular drugs in
human plasma by LCMS/MS, Anal. Methods 12 (2020) 3909e3917.

[5] F. Lemaitre, Has the time come for systematic therapeutic drug monitoring of
first-line and WHO group A antituberculosis drugs? Ther. Drug Monit. 44
(2022) 133e137.

[6] M. AlMatar, H. AlMandeal, I. Var, et al., New drugs for the treatment of
Mycobacterium tuberculosis infection, Biomed. Pharmacother. 91 (2017)
546e558.

[7] H.T. Adane, R.C. Howe, L. Wassie, et al., Diabetes mellitus is associated with
an increased risk of unsuccessful treatment outcomes among drug-suscep-
tible tuberculosis patients in Ethiopia: A prospective health facility-based
study, J. Clin. Tuberc. Other Mycobact. Dis. 31 (2023), 100368.

[8] S. Antwi, H. Yang, A. Enimil, et al., Pharmacokinetics of the first-line anti-
tuberculosis drugs in Ghanaian children with tuberculosis with or without
HIV coinfection, Antimicrob. Agents Chemother. 61 (2017) e01701ee01716.

[9] Q. Lei, Y. Zhao, H. Wang, et al., Simple and sensitive method for the analysis
of 14 antituberculosis drugs using liquid chromatography/tandem mass
spectrometry in human plasma, Rapid Commun. Mass Spectrom. 34 (2020),
e8667.

[10] S. Srivastava, J.G. Pasipanodya, C. Meek, et al., Multidrug-resistant tubercu-
losis not due to noncompliance but to between-patient pharmacokinetic
variability, J. Infect. Dis. 204 (2011) 1951e1959.

[11] J. Zhu, J. Liu, Z. Bao, et al., Acquired drug resistance during the turnaround
time for drug susceptibility testing impacts outcome of tuberculosis,
Tuberculosis 140 (2023), 102341.

[12] M.G.G. Sturkenboom, A.-G. M€artson, E.M. Svensson, et al., Population phar-
macokinetics and Bayesian dose adjustment to advance TDM of anti-TB
drugs, Clin. Pharmacokinet. 60 (2021) 685e710.

[13] A.G. M€artson, G. Burch, S. Ghimire, et al., Therapeutic drug monitoring in
patients with tuberculosis and concurrent medical problems, Expert Opin.
Drug Metab. Toxicol. 17 (2021) 23e39.

[14] Y. Alkabab, J. Warkentin, J. Cummins, et al., Therapeutic drug monitoring and
TB treatment outcomes in patients with diabetes mellitus, Int. J. Tuberc. Lung
Dis. 27 (2023) 135e139.

[15] D. Fage, G. Deprez, B. Fontaine, et al., Simultaneous determination of 8 beta-
lactams and linezolid by an ultra-performance liquid chromatography
method with UV detection and cross-validation with a commercial immu-
noassay for the quantification of linezolid, Talanta 221 (2021), 121641.

[16] S.N. Thomas, D. French, P.J. Jannetto, et al., Liquid chromatographyetandem
mass spectrometry for clinical diagnostics, Nat. Rev. Meth. Primers 2 (2022),
96.

[17] E. Deschamps, V. Calabrese, I. Schmitz, et al., Advances in ultra-high-reso-
lution mass spectrometry for pharmaceutical analysis, Molecules 28 (2023),
2061.

[18] H.J. Kim, K.A. Seo, H.M. Kim, et al., Simple and accurate quantitative analysis
of 20 anti-tuberculosis drugs in human plasma using liquid chromatog-
raphy-electrospray ionization-tandem mass spectrometry, J. Pharm. Biomed.
Anal. 102 (2015) 9e16.

[19] S.H. Song, S.H. Jun, K.U. Park, et al., Simultaneous determination of first-line
anti-tuberculosis drugs and their major metabolic ratios by liquid chroma-
tography/tandem mass spectrometry, Rapid Commun. Mass Spectrom. 21
(2007) 1331e1338.

[20] D.H. Vu, R.A. Koster, M.S. Bolhuis, et al., Simultaneous determination of
rifampicin, clarithromycin and their metabolites in dried blood spots using
LC-MS/MS, Talanta 121 (2014) 9e17.

[21] S. Wu, X. Fan, J. Jiang, et al., Validation of a universal and highly sensitive
two-dimensional liquid chromatography-tandem mass spectrometry meth-
odology for the quantification of pyrazinamide, ethambutol, protionamide,
and clofazimine in different biological matrices, J. Chromatogr. B 1151
(2020), 122141.

[22] R. Gerona, A. Wen, D. Aguilar, et al., Simultaneous analysis of 11 medications
for drug resistant TB in small hair samples to quantify adherence and
exposure using a validated LC-MS/MS panel, J. Chromatogr. B 1125 (2019),
121729.

[23] J.W.C. Alffenaar, O.W. Akkerman, H.Y. Kim, et al., Precision and personalized
medicine and anti-TB treatment: Is TDM feasible for programmatic use? Int.
J. Infect. Dis. 92 (2020) S5eS9.

[24] I. Du Preez, N.P. Long, Editorial: Reviews in metabolomics: Personalized and
predictive medicine of infectious diseases, Front. Mol. Biosci. 10 (2023),
1178115.

[25] L.E. Martínez-G�omez, I. Ibarra-Gonz�alez, C. Fern�andez-Lainez, et al., Meta-
bolic reprogramming in SARS-CoV-2 infection impacts the outcome of
COVID-19 patients, Front. Immunol. 13 (2022), 936106.

[26] J. Weiner, S.H.E. Kaufmann, High-throughput and computational approaches
for diagnostic and prognostic host tuberculosis biomarkers, Int. J. Infect. Dis.
56 (2017) 258e262.

[27] J. Cao, Y. Mi, C. Shi, et al., First-line anti-tuberculosis drugs induce hepato-
toxicity: A novel mechanism based on a urinary metabolomics platform,
35
Biochem. Biophys. Res. Commun. 497 (2018) 485e491.
[28] N. Ky Anh, P. My Tung, M.J. Kim, et al., Quantitative analysis of isoniazid and

its four primary metabolites in plasma of tuberculosis patients using LC-MS/
MS, Molecules 27 (2022), 8607.

[29] A. Alsultan, C.A. Peloquin, Therapeutic drug monitoring in the treatment of
tuberculosis: An update, Drugs 74 (2014) 839e854.

[30] A.M.I. Saktiawati, M. Harkema, A. Setyawan, et al., Optimal sampling stra-
tegies for therapeutic drug monitoring of first-line tuberculosis drugs in
patients with tuberculosis, Clin. Pharmacokinet. 58 (2019) 1445e1454.

[31] P.S. Rao, N. Modi, N.T.T. Nguyen, et al., Alternative methods for therapeutic
drug monitoring and dose adjustment of tuberculosis treatment in clinical
settings: A systematic review, Clin. Pharmacokinet. 62 (2023) 375e398.

[32] V. Mave, A. Chandanwale, A. Kinikar, et al., Isoniazid hair concentrations in
children with tuberculosis: A proof of concept study, Int. J. Tuberc. Lung Dis.
20 (2016) 844e847.

[33] J. Kuhlin, M.G.G. Sturkenboom, S. Ghimire, et al., Mass spectrometry for
therapeutic drug monitoring of anti-tuberculosis drugs, Clin. Mass Spectrom.
14 (2019) 34e45.

[34] P.J. Heinsvig, C. Noble, P.W. Dalsgaard, et al., Forensic drug screening by
liquid chromatography hyphenated with high-resolution mass spectrometry
(LC-HRMS), Trac Trends Anal. Chem. 162 (2023), 117023.

[35] K.H. Hee, J.J. Seo, L.S. Lee, Development and validation of liquid chroma-
tography tandem mass spectrometry method for simultaneous quantifi-
cation of first line tuberculosis drugs and metabolites in human plasma
and its application in clinical study, J. Pharm. Biomed. Anal. 102 (2015)
253e260.

[36] S. Rakusanova, O. Fiehn, T. Cajka, Toward building mass spectrometry-based
metabolomics and lipidomics atlases for biological and clinical research, Trac
Trends Anal. Chem. 158 (2023), 116825.

[37] Y. Hirao, T. Koga, N. Koyama, et al., Liquid chromatography-tandem mass
spectrometry methods for determination of delamanid in mouse plasma and
lung, Am. J. Anal. Chem. 6 (2015) 98e105.

[38] C. Polson, P. Sarkar, B. Incledon, et al., Optimization of protein precipitation
based upon effectiveness of protein removal and ionization effect in liquid
chromatography-tandem mass spectrometry, J. Chromatogr. B Analyt.
Technol. Biomed. Life Sci. 785 (2003) 263e275.

[39] Y. Xing, L. Yin, X. Le, et al., Simultaneous determination of first-line anti-
tuberculosis drugs and one metabolite of isoniazid by liquid chromatog-
raphy/tandem mass spectrometry in patients with human immunodefi-
ciency virus-tuberculosis coinfection, Heliyon 7 (2021), e07532.

[40] M. Han, S.H. Jun, J.H. Lee, et al., Method for simultaneous analysis of nine
second-line anti-tuberculosis drugs using UPLC-MS/MS, J. Antimicrob. Che-
mother. 68 (2013) 2066e2073.

[41] Y. Fu, D. Barkley, W. Li, et al., Evaluation, identification and impact assess-
ment of abnormalinternal standardresponse variability in regulated LCeMS
bioanalysis, Bioanalysis 12 (2020) 545e559.

[42] F. Han, W. Li, Y. Jin, et al., Rapid and sensitive LC-MS/MS method for
simultaneous determination of three first-line oral antituberculosis drug in
plasma, J Chromatogr Sci. 59 (2021) 432e438.

[43] Z. Gong, Y. Basir, D. Chu, et al., A rapid and robust liquid chromatography/
tandem mass spectrometry method for simultaneous analysis of anti-
tuberculosis drugsdEthambutol and pyrazinamide in human plasma, J.
Chromatogr. B 877 (2009) 1698e1704.

[44] A.J. Wilhelm, J.C.G. den Burger, E.L. Swart, Therapeutic drug monitoring by
dried blood spot: Progress to date and future directions, Clin. Pharmacokinet.
53 (2014) 961e973.

[45] X. Chen, B. Song, H. Jiang, et al., A liquid chromatography/tandem mass
spectrometry method for the simultaneous quantification of isoniazid and
ethambutol in human plasma, Rapid Commun. Mass Spectrom. 19 (2005)
2591e2596.

[46] K. Govender, J.H. Adamson, P. Owira, The development and validation of a
LC-MS/MS method for the quantitation of metformin, rifampicin and isoni-
azid in rat plasma using HILIC chromatography, J. Chromatogr. B 1095 (2018)
127e137.

[47] J.B. Prahl, M. Lundqvist, J.M.C. Bahl, et al., Simultaneous quantification of
isoniazid, rifampicin, ethambutol and pyrazinamide by liquid chromatog-
raphy/tandem mass spectrometry, APMIS 124 (2016) 1004e1015.

[48] R.C. Hartkoorn, S. Khoo, D.J. Back, et al., A rapid and sensitive HPLC-MS
method for the detection of plasma and cellular rifampicin, J. Chromatogr. B
857 (2007) 76e82.

[49] K. Lee, S.H. Jun, M.S. Choi, et al., Application of the isoniazid assay in dried
blood spots using the ultra-performance liquid chromatography-tandem
mass spectrometry, Clin. Biochem. 50 (2017) 882e885.

[50] J. Sundell, E. Bienvenu, S. Birgersson, et al., Simultaneous quantification of
four first line antitubercular drugs and metabolites in human plasma by
hydrophilic interaction chromatography and tandem mass spectrometry, J.
Chromatogr. B 1105 (2019) 129e135.

[51] M. Ismail, C. Costa, K. Longman, et al., Potential to use fingerprints for
monitoring therapeutic levels of isoniazid and treatment adherence, ACS
Omega 7 (2022) 15167e15173.

[52] L. Baietto, A. Calcagno, I. Motta, et al., A UPLC-MS-MS method for the
simultaneous quantification of first-line antituberculars in plasma and in
PBMCs, J. Antimicrob. Chemother. 70 (2015) 2572e2575.

http://refhub.elsevier.com/S2095-1779(23)00248-4/sref3
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref3
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref3
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref3
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref3
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref4
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref4
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref4
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref4
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref5
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref5
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref5
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref5
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref6
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref6
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref6
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref6
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref7
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref7
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref7
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref7
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref8
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref8
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref8
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref8
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref9
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref9
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref9
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref9
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref10
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref10
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref10
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref10
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref11
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref11
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref11
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref12
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref12
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref12
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref12
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref12
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref13
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref13
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref13
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref13
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref13
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref14
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref14
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref14
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref14
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref15
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref15
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref15
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref15
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref16
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref16
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref16
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref16
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref17
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref17
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref17
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref18
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref18
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref18
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref18
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref18
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref19
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref19
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref19
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref19
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref19
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref20
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref20
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref20
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref20
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref21
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref21
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref21
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref21
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref21
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref22
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref22
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref22
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref22
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref23
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref23
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref23
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref23
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref24
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref24
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref24
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref25
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref25
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref25
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref25
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref25
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref25
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref26
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref26
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref26
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref26
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref27
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref27
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref27
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref27
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref28
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref28
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref28
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref29
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref29
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref29
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref30
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref30
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref30
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref30
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref31
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref31
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref31
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref31
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref32
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref32
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref32
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref32
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref33
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref33
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref33
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref33
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref34
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref34
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref34
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref35
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref35
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref35
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref35
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref35
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref35
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref36
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref36
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref36
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref37
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref37
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref37
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref37
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref38
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref38
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref38
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref38
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref38
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref39
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref39
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref39
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref39
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref40
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref40
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref40
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref40
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref41
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref41
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref41
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref41
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref41
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref42
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref42
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref42
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref42
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref43
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref43
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref43
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref43
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref43
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref43
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref44
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref44
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref44
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref44
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref45
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref45
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref45
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref45
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref45
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref46
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref46
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref46
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref46
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref46
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref47
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref47
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref47
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref47
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref48
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref48
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref48
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref48
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref49
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref49
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref49
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref49
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref50
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref50
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref50
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref50
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref50
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref51
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref51
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref51
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref51
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref52
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref52
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref52
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref52


N.Q. Thu, N.T.N. Tien, N.T.H. Yen et al. Journal of Pharmaceutical Analysis 14 (2024) 16e38
[53] M.G.G. Sturkenboom, H. van der Lijke, E.M. Jongedijk, et al., Quantifica-
tion of isoniazid, pyrazinamide and ethambutol in serum using liquid
chromatography-tandem mass spectrometry, J. Appl. Bioanal. 1 (2015)
89e98.

[54] Y.S. Cho, T.W. Jang, H.J. Kim, et al., Isoniazid population pharmacokinetics
and dose recommendation for Korean patients with tuberculosis based on
target attainment analysis, J. Clin. Pharmacol. 61 (2021) 1567e1578.

[55] S.H.J. van den Elsen, O.W. Akkerman, M. Wessels, et al., Dose optimisation
of first-line tuberculosis drugs using therapeutic drug monitoring in
saliva: Feasible for rifampicin, not for isoniazid, Eur. Respir. J. 56 (2020),
2000803.

[56] L. Zhang, Y.H. Liu, J. Gao, et al., Interpretation of WHO consolidated guide-
lines on tuberculosis module 4: Drug resistant tuberculosis treatment,
Zhonghua jiehe he huxi zazhi 44 4 (2021) 349e353.

[57] I.M. Harmelink, J.W.C. Alffenaar, A.M. Wessels, et al., A rapid and simple
liquid chromatography-tandem mass spectrometry method for the deter-
mination of linezolid in human serum, EJHP Science 14 (2008) 3e7.

[58] D.H. Vu, M.S. Bolhuis, R.A. Koster, et al., Dried blood spot analysis for ther-
apeutic drug monitoring of linezolid in patients with multidrug-resistant
tuberculosis, Antimicrob. Agents Chemother. 56 (2012) 5758e5763.

[59] A.D. Pranger, J.W.C. Alffenaar, A. Mireille, et al., Determination of moxi-
floxacin in human plasma, plasma ultrafiltrate, and cerebrospinal fluid by a
rapid and simple liquid chromatography-tandem mass spectrometry
method, J. Anal Toxicol. 34 (2010) 135e141.

[60] D.H. Vu, R.A. Koster, J.W.C. Alffenaar, et al., Determination of moxifloxacin in
dried blood spots using LC-MS/MS and the impact of the hematocrit and
blood volume, J. Chromatogr. B 879 (2011) 1063e1070.

[61] J.W.C. Alffenaar, M. Bolhuis, K. van Hateren, et al., Determination of beda-
quiline in human serum using liquid chromatography-tandem mass spec-
trometry, Antimicrob. Agents Chemother. 59 (2015) 5675e5680.

[62] J. Metcalfe, R. Gerona, A. Wen, et al., An LC-MS/MS-based method to analyze
the anti-tuberculosis drug bedaquiline in hair, Int. J. Tuberc. Lung Dis. 21
(2017) 1069e1070.

[63] M.S. Bolhuis, R. van Altena, K. van Hateren, et al., Clinical validation of the
analysis of linezolid and clarithromycin in oral fluid of patients with multi-
drug-resistant tuberculosis, Antimicrob. Agents Chemother. 57 (2013)
3676e3680.

[64] F. de Velde, J.W.C. Alffenaar, A.M.A. Wessels, et al., Simultaneous determi-
nation of clarithromycin, rifampicin and their main metabolites in human
plasma by liquid chromatography-tandem mass spectrometry, J. Chroma-
togr. B 877 (2009) 1771e1777.

[65] V. Trivedi, V. Upadhyay, G. Shah, et al., Ex vivo conversion of prodrug pro-
thionamide to its metabolite prothionamide sulfoxide with different
extraction techniques and their estimation in human plasma by LCeMS/MS,
Bioanalysis 5 (2013) 185e200.

[66] M. Meng, B. Smith, B. Johnston, et al., Simultaneous quantitation of delam-
anid (OPC-67683) and its eight metabolites in human plasma using UHPLC-
MS/MS, J. Chromatogr. B 1002 (2015) 78e91.

[67] E. Souza, J. Felton, R.L. Crass, et al., Development of a sensitive LCeMS/MS
method for quantification of linezolid and its primary metabolites in human
serum, J. Pharm. Biomed. Anal. 178 (2020), 112968.

[68] V. Desfontaine, S. Guinchard, S. Marques, et al., Optimized LC-MS/MS
quantification of tuberculosis drug candidate macozinone (PBTZ169), its
dearomatized Meisenheimer Complex and other metabolites, in human
plasma and urine, J. Chromatogr. B 1215 (2023), 123555.

[69] W.A. Gray, B. Waldorf, M.G. Rao, et al., Development and validation of an LC-
MS/MS method for the simultaneous determination of bedaquiline and
rifabutin in human plasma, J. Pharm. Biomed. Anal. 176 (2019), 112775.

[70] K. Lee, S.H. Jun, M. Han, et al., Multiplex assay of second-line anti-tubercu-
losis drugs in dried blood spots using ultra-performance liquid chromatog-
raphy-tandem mass spectrometry, Ann. Lab. Med. 36 (2016) 489e493.

[71] S. Ghimire, K. van Hateren, N. Vrubleuskaya, et al., Determination of levo-
floxacin in human serum using liquid chromatography tandem mass spec-
trometry, J. Appl. Bioanal. 4 (2018) 16e25.

[72] C. Lau, D. Marriott, J. Bui, et al., LInezolid Monitoring to MInimise Toxicity
(LIMMIT1): A multicentre retrospective review of patients receiving linezolid
therapy and the impact of therapeutic drug monitoring, Int. J. Antimicrob.
Agents 61 (2023), 106783.

[73] G. Mishra, J.W. Alffenaar, R. Munje, et al., Adverse drug reactions due to
linezolid in the programmatic management of drug-resistant tuberculosis in
India: A retrospective multicenter study, Indian J. Tuberc. (2023). In Press.

[74] J. Alffenaar, R. van Altena, H. B€okkerink, et al., Pharmacokinetics of moxi-
floxacin in cerebrospinal fluid and plasma in patients with tuberculous
meningitis, Clin. Infect. Dis. 49 (2009) 1080e1082.

[75] S. Ghimire, B. Maharjan, E.M. Jongedijk, et al., Evaluation of saliva as a po-
tential alternative sampling matrix for therapeutic drug monitoring of lev-
ofloxacin in patients with multidrug-resistant tuberculosis, Antimicrob.
Agents Chemother. 63 (2019) e02379e02318.

[76] X. Zheng, E.M. Jongedijk, Y. Hu, et al., Development and validation of a simple
LC-MS/MS method for simultaneous determination of moxifloxacin, levo-
floxacin, prothionamide, pyrazinamide and ethambutol in human plasma, J.
Chromatogr. B 1158 (2020), 122397.

[77] R. Cazorla-Reyes, R. Romero-Gonz�alez, A.G. Frenich, et al., Simultaneous
analysis of antibiotics in biological samples by ultra high performance liquid
chromatography-tandem mass spectrometry, J. Pharm. Biomed. Anal. 89
36
(2014) 203e212.
[78] P. Seraissol, T. Lanot, S. Baklouti, et al., Evaluation of 4 quantification methods

for monitoring 16 antibiotics and 1 beta-lactamase inhibitor in human serum
by high-performance liquid chromatography with tandem mass spectrom-
etry detection, J. Pharm. Biomed. Anal. 219 (2022), 114900.

[79] R. Gerona, A. Wen, C. Koss, et al., A multi-analyte panel for non-invasive
pharmacokinetic monitoring of second-line anti-tuberculosis drugs, Int. J.
Tuberc. Lung Dis. 20 (2016) 991e992.

[80] S. Gao, Z. Wang, X. Xie, et al., Rapid and sensitive method for simultaneous
determination of first-line anti-tuberculosis drugs in human plasma by
HPLC-MS/MS: Application to therapeutic drug monitoring, Tuberculosis 109
(2018) 28e34.

[81] Z. Zhou, X. Wu, Q. Wei, et al., Development and validation of a hydrophilic
interaction liquid chromatography-tandem mass spectrometry method for
the simultaneous determination of five first-line antituberculosis drugs in
plasma, Anal. Bioanal. Chem. 405 (2013) 6323e6335.

[82] D. Fage, R. Brilleman, G. Deprez, et al., Development, validation and clinical
use of a LC-MS/MS method for the simultaneous determination of the nine
main antituberculosis drugs in human plasma, J. Pharm. Biomed. Anal. 215
(2022), 114776.

[83] T. Mercier, V. Desfontaine, S. Cruchon, et al., A battery of tandem mass
spectrometry assays with stable isotope-dilution for the quantification of 15
anti-tuberculosis drugs and two metabolites in patients with susceptible-,
multidrug-resistant- and extensively drug-resistant tuberculosis, J. Chro-
matogr. B 1211 (2022), 123456.

[84] S. Barco, A. Mesini, L. Barbagallo, et al., A liquid chromatography-tandem
mass spectrometry platform for the routine therapeutic drug monitoring of
14 antibiotics: Application to critically ill pediatric patients, J. Pharm. Bio-
med. Anal. 186 (2020), 113273.

[85] X. Wang, H. Zhang, Y. Han, et al., Rapid and simultaneous determination of
ten anti-tuberculosis drugs in human plasma by UPLC-MS/MS with appli-
cations in therapeutic drug monitoring, J. Chromatogr. B 1152 (2020),
122246.

[86] P. Zuma, A. Joubert, M. van der Merwe, et al., Validation and application of a
quantitative LC-MS/MS assay for the analysis of first-line anti-tuberculosis
drugs, rifabutin and their metabolites in human breast milk, J. Chromatogr. B
1211 (2022), 123489.

[87] R.S. Carling, C. John, E.C. Emmett, et al., Automation of tacrolimus mea-
surement on volumetric absorptive microsampling devices by tandem mass
spectrometry, Bioanalysis 14 (2022) 1487e1496.

[88] S.N. Rao Gajula, N.T. Navin, S. Talari, et al., Green bioanalysis: An innovative
and eco-friendly approach for analyzing drugs in biological matrices, Bio-
analysis 14 (2022) 881e909.

[89] L.C. Martial, J. Kerkhoff, N. Martinez, et al., Evaluation of dried blood spot
sampling for pharmacokinetic research and therapeutic drug monitoring of
anti-tuberculosis drugs in children, Int. J. Antimicrob. Agents 52 (2018)
109e113.

[90] P. Nanthasurasak, H. See, M. Zhang, et al., In-transit electroextraction of
small-molecule pharmaceuticals from blood, Angew. Chem. Int. Ed. 58
(2019) 3790e3794.

[91] W. Zhou, S. Yang, P.G. Wang, Matrix effects and application of matrix effect
factor, Bioanalysis 9 (2017) 1839e1844.

[92] U.S. FDA, Bioanalytical Method Validation - Guidance for Industry. (Accessed
17 July, 2023).

[93] EMA, Guidance on bioanalytical method validation. (Accessed 17 July, 2023).
[94] J.W.C. Alffenaar, S.K. Heysell, S.G. Mpagama, Therapeutic drug monitoring:

The need for practical guidance, Clin. Infect. Dis. 68 (2019) 1065e1066.
[95] F. Mota, C.A. Ruiz-Bedoya, E.W. Tucker, et al., Dynamic 18F-Pretomanid PET

imaging in animal models of TB meningitis and human studies, Nat. Com-
mun. 13 (2022), 7974.

[96] A.A. Ordonez, H. Wang, G. Magombedze, et al., Dynamic imaging in patients
with tuberculosis reveals heterogeneous drug exposures in pulmonary le-
sions, Nat. Med. 26 (2020) 529e534.

[97] E.W. Tucker, B. Guglieri-Lopez, A.A. Ordonez, et al., Noninvasive11C-rifampin
positron emission tomography reveals drug biodistribution in tuberculous
meningitis, Sci. Transl. Med. 10 (2018), eaau0965.

[98] S. Mukherjee, S. Perveen, A. Negi, et al., Evolution of tuberculosis diagnostics:
From molecular strategies to nanodiagnostics, Tuberculosis 140 (2023),
102340.

[99] F. Rahimi, S. Chatzimichail, A. Saifuddin, et al., A review of portable high-
performance liquid chromatography: The future of the field? Chromatogra-
phia 83 (2020) 1165e1195.

[100] J.D. Otalvaro, A.M. Hernandez, C.A. Rodriguez, et al., Population pharmaco-
kinetic models of antituberculosis drugs in patients: A systematic critical
review, Ther. Drug Monit. 43 (2021) 108e115.

[101] F. Gafar, R.E. Wasmann, H.M. McIlleron, et al., Global estimates and de-
terminants of antituberculosis drug pharmacokinetics in children and ado-
lescents: A systematic review and individual patient data meta-analysis, Eur
Respir J. 62 (2022), 2201596.

[102] S. Swaminathan, J.G. Pasipanodya, G. Ramachandran, et al., Drug concen-
tration thresholds predictive of therapy failure and death in children with
tuberculosis: Bread crumb trails in random forests, Clin. Infect. Dis. 63 (2016)
S63eS74.

[103] J. Metcalfe, P. Bacchetti, R. Gerona, et al., Association of anti-tuberculosis
drug concentrations in hair and treatment outcomes in MDR- and XDR-TB,

http://refhub.elsevier.com/S2095-1779(23)00248-4/sref53
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref53
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref53
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref53
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref53
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref54
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref54
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref54
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref54
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref55
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref55
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref55
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref55
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref56
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref56
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref56
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref56
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref57
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref57
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref57
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref57
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref58
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref58
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref58
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref58
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref59
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref59
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref59
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref59
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref59
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref60
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref60
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref60
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref60
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref61
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref61
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref61
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref61
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref62
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref62
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref62
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref62
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref63
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref63
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref63
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref63
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref63
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref64
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref64
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref64
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref64
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref64
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref65
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref65
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref65
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref65
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref65
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref65
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref66
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref66
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref66
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref66
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref67
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref67
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref67
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref67
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref68
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref68
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref68
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref68
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref69
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref69
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref69
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref70
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref70
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref70
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref70
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref71
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref71
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref71
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref71
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref72
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref72
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref72
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref72
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref73
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref73
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref73
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref74
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref74
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref74
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref74
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref74
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref75
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref75
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref75
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref75
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref75
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref76
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref76
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref76
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref76
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref77
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref77
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref77
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref77
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref77
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref77
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref78
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref78
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref78
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref78
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref79
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref79
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref79
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref79
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref80
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref80
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref80
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref80
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref80
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref81
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref81
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref81
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref81
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref81
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref82
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref82
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref82
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref82
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref83
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref83
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref83
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref83
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref83
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref84
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref84
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref84
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref84
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref85
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref85
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref85
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref85
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref86
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref86
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref86
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref86
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref87
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref87
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref87
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref87
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref88
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref88
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref88
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref88
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref89
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref89
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref89
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref89
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref89
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref90
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref90
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref90
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref90
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref91
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref91
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref91
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref94
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref94
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref94
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref95
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref95
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref95
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref96
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref96
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref96
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref96
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref97
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref97
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref97
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref97
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref98
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref98
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref98
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref99
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref99
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref99
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref99
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref100
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref100
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref100
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref100
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref101
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref101
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref101
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref101
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref102
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref102
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref102
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref102
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref102
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref103
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref103


N.Q. Thu, N.T.N. Tien, N.T.H. Yen et al. Journal of Pharmaceutical Analysis 14 (2024) 16e38
ERJ Open Res. 5 (2019) 46e2019.
[104] N.B. Ngoc, H.V. Dinh, N.T. Thuy, et al., Active surveillance for adverse events

in patients on longer treatment regimens for multidrug-resistant tubercu-
losis in Viet Nam, PLoS One 16 (2021), e0255357.

[105] K.J. Wilby, S. Shabana, M.H.H. Ensom, et al., A critical review of the current
evidence for measuring drug concentrations of first-line agents used to treat
tuberculosis in children, Clin. Pharmacokinet. 55 (2016) 17e31.

[106] J.W.C. Alffenaar, T. Gumbo, K.E. Dooley, et al., Integrating pharmacokinetics
and pharmacodynamics in operational research to end tuberculosis, Clin.
Infect. Dis. 70 (2020) 1774e1780.

[107] H. McIlleron, S. Abdel-Rahman, J.A. Dave, et al., Special populations and
pharmacogenetic issues in tuberculosis drug development and clinical
research, J. Infect. Dis. 211 (2015) S115eS125.

[108] J.J. Wilkins, E.M. Svensson, J.P. Ernest, et al., Pharmacometrics in tubercu-
losis: Progress and opportunities, Int. J. Antimicrob. Agents 60 (2022),
106620.

[109] C. Szipszky, D. Van Aartsen, S. Criddle, et al., Determination of rifampin
concentrations by urine colorimetry and mobile phone readout for person-
alized dosing in tuberculosis treatment, J. Pediatr. Infect. Dis. Soc. 10 (2021)
104e111.

[110] S.M. LaCourse, D. Leon, N. Panpradist, et al., Urine biomarker assessment of
infant adherence to isoniazid prophylaxis, Pediatr. Infect. Dis. J. 40 (2020)
e43ee45.

[111] S. Valencia, M. Le�on, I. Losada, et al., How do we measure adherence to anti-
tuberculosis treatment? Expert Rev. Anti Infect. Ther. 15 (2017) 157e165.

[112] K. Mehta, H.P. Spaink, T.H.M. Ottenhoff, et al., Host-directed therapies for
tuberculosis: Quantitative systems pharmacology approaches, Trends Phar-
macol. Sci. 43 (2022) 293e304.

[113] N. Ndjeka, J. Furin, Balancing adjunctive therapy for tuberculosis treatment,
Lancet Infect. Dis. 23 (2023) 771e772.

[114] R. Cao, G. Teskey, H. Islamoglu, et al., Characterizing the effects of glutathione
as an immunoadjuvant in the treatment of tuberculosis, Antimicrob. Agents
Chemother. 62 (2018) e01132e01118.

[115] M. Rao, G. Ippolito, S. Mfinanga, et al., Improving treatment outcomes for
MDR-TBdNovel host-directed therapies and personalised medicine of the
future, Int. J. Infect. Dis. 80 (2019) S62eS67.

[116] S.P. Proper, N.P. Azouz, T.B. Mersha, Achieving precision medicine in allergic
disease: Progress and challenges, Front. Immunol. 12 (2021), 720746.

[117] A.R. DiNardo, T. Gandhi, J. Heyckendorf, et al., Gene expression signatures
identify biologically and clinically distinct tuberculosis endotypes, Eur Respir
J 60 (2022), 2102263.

[118] F.A. Castelli, G. Rosati, C. Moguet, et al., Metabolomics for personalized
medicine: the input of analytical chemistry from biomarker discovery to
point-of-care tests, Anal. Bioanal. Chem. 414 (2022) 759e789.

[119] Y. Yu, X. Jiang, J. Li, Biomarker discovery for tuberculosis using metabolomics,
Front. Mol. Biosci. 10 (2023), 1099654.

[120] N. Liu, J. Liu, B. Zheng, et al., Gut microbiota affects sensitivity to immune-
mediated isoniazid-induced liver injury, Biomed. Pharmacother. 160 (2023),
114400.

[121] P. Bruinenberg, J. Nedelman, T.J. Yang, et al., Single ascending-dose study to
evaluate the safety, tolerability, and pharmacokinetics of sutezolid in healthy
adult subjects, Antimicrob. Agents Chemother. 66 (2022) e02108e02121.

[122] J.S. McCune, S.L. Navarro, K.S. Baker, et al., Prediction of busulfan clearance
by predose plasma metabolomic profiling, Clin. Pharmacol. Ther. 113 (2023)
370e379.

[123] N.K. Anh, N.K. Phat, N.T.H. Yen, et al., Comprehensive lipid profiles investiga-
tion reveals host metabolic and immune alterations during anti-tuberculosis
treatment: Implications for therapeutic monitoring, Biomed. Pharmacother.
158 (2023), 114187.

[124] N.P. Long, N.K. Phat, N.T.H. Yen, et al., A 10-gene biosignature of tuberculosis
treatment monitoring and treatment outcome prediction, Tuberculosis 131
(2021), 102138.

[125] N.P. Long, N.K. Anh, N.T.H. Yen, et al., Comprehensive lipid and lipid-related
gene investigations of host immune responses to characterize metabolism-
centric biomarkers for pulmonary tuberculosis, Sci. Rep. 12 (2022), 13395.

[126] N. Phuoc Long, D.Y. Heo, S. Park, et al., Molecular perturbations in pulmonary
tuberculosis patients identified by pathway-level analysis of plasma meta-
bolic features, PLoS One 17 (2022), e0262545.

[127] N.T.H. Yen, N.K. Anh, R.P. Jayanti, et al., Multimodal plasma metabolomics
and lipidomics in elucidating metabolic perturbations in tuberculosis pa-
tients with concurrent type 2 diabetes, Biochimie 211 (2023) 153e163.

[128] M.-G. Wang, S.-Q. Wu, M.-M. Zhang, et al., Plasma metabolomic and lip-
idomic alterations associated with anti-tuberculosis drug-induced liver
injury, Front. Pharmacol. 13 (2022).

[129] V. Kantae, E.H.J. Krekels, M.J.V. Esdonk, et al., Integration of pharmacome-
tabolomics with pharmacokinetics and pharmacodynamics: Towards
personalized drug therapy, Metabolomics 13 (2017), 9.

[130] J.R. Everett, From metabonomics to pharmacometabonomics: The role of
metabolic profiling in personalized medicine, Front. Pharmacol. 7 (2016),
297.

[131] G. Ragia, V.G. Manolopoulos, The revolution of pharmaco-omics: Ready to
open new avenues in materializing precision medicine? Pharmacogenomics
23 (2022) 869e872.

[132] P. Phapale, Pharmaco-metabolomics opportunities in drug development and
clinical research, Anal. Sci. Adv. 2 (2021) 611e616.
37
[133] A. Matteelli, S. Lovatti, A. Sforza, et al., Programmatic management of
tuberculosis preventive therapy: Past, present, future, Int. J. Infect. Dis. 130
(2023) S43eS46.

[134] R.P. Jayanti, N.P. Long, N.K. Phat, et al., Semi-automated therapeutic drug
monitoring as a pillar toward personalized medicine for tuberculosis man-
agement, Pharmaceutics 14 (2022), 990.

[135] V.T.A. Thu, L. Da Dat, R.P. Jayanti, et al., Advancing personalized medicine for
tuberculosis through the application of immune profiling, Front. Cell. Infect.
Microbiol. 13 (2023), 1108155.

[136] J.C. Alarcon-Barrera, S. Kostidis, A. Ondo-Mendez, et al., Recent advances in
metabolomics analysis for early drug development, Drug Discov. Today 27
(2022) 1763e1773.

[137] M. Gajd�acs, The concept of an ideal antibiotic: Implications for drug design,
Molecules 24 (2019), 892.

[138] Y. Ding, H. Zhu, L. Fu, et al., Superior efficacy of a TBI-166, bedaquiline, and
pyrazinamide combination regimen in a murine model of tuberculosis,
Antimicrob. Agents Chemother. 66 (2022) e00658e00622.

[139] S. Li, P.J. Converse, F. Betoudji, et al., Next-generation diarylquinolines
improve sterilizing activity of regimens with pretomanid and the novel
oxazolidinone TBI-223 in a mouse tuberculosis model, Antimicrob. Agents
Chemother. 67 (2023) e00035e00023.

[140] S.M. Hoy, Contezolid: First approval, Drugs 81 (2021) 1587e1591.
[141] M. Imran, S.A. Khan, S.M.B. Asdaq, et al., An insight into the discovery, clinical

studies, compositions, and patents of macozinone: A drug targeting the
DprE1 enzyme of Mycobacterium tuberculosis, J. Infect. Public Heath. 15
(2022) 1097e1107.

[142] E. Eckhardt, Y. Li, S. Mamerow, et al., Pharmacokinetics and efficacy of the
benzothiazinone BTZ-043 against tuberculous mycobacteria inside granu-
lomas in the guinea pig model, Antimicrob. Agents Chemother. 67 (2023)
e01438e01422.

[143] N. Hariguchi, X. Chen, Y. Hayashi, et al., OPC-167832, a novel carbostyril
derivative with potent antituberculosis activity as a DprE1 inhibitor, Anti-
microb. Agents Chemother. 64 (2020) e02020e02019.

[144] B. Lee, K. Pethe, Telacebec: An investigational antibacterial for the treatment
of tuberculosis (TB), Expert Opin. Investig. Drugs 31 (2022) 139e144.

[145] C.S.S. Teixeira, N.M.F.S.A. Cerqueira, S.F. Sousa, Multifunctional enzymes as
targets for the treatment of tuberculosis: Paving the way for new anti-TB
drugs, Curr. Med. Chem. 28 (2021) 5847e5882.

[146] D. Buonsenso, G. Autore, F. Cusenza, et al., Multidrug-resistant tuberculosis
in children: Are the same therapy options available worldwide? Int. J. Infect.
Dis. 130 (2023) S16eS19.

[147] I. Frost, H. Sati, P. Garcia-Vello, et al., The role of bacterial vaccines in the fight
against antimicrobial resistance: An analysis of the preclinical and clinical
development pipeline, The Lancet Microbe 4 (2023) e113ee125.

[148] L.K. Schrager, J. Vekemens, N. Drager, et al., The status of tuberculosis vaccine
development, Lancet Infect. Dis. 20 (2020) e28ee37.

[149] S.E. Larsen, S.L. Baldwin, R.N. Coler, Tuberculosis vaccines update: Is an RNA-
based vaccine feasible for tuberculosis? Int. J. Infect. Dis. 130 (2023)
S47eS51.

[150] Y. Xu, B. Liang, C. Kong, et al., Traditional medicinal plants as a source of
antituberculosis drugs: A system review, BioMed Res. Int. 2021 (2021) 1e36.

[151] S. Zhang, J. Fu, X. Guo, et al., Improvement cues of lesion absorption using the
adjuvant therapy of traditional Chinese medicine Qinbudan Tablet for
retreatment pulmonary tuberculosis with standard anti-tuberculosis
regimen, Infect. Dis. Poverty 9 (2020), 50.

[152] M.A. Jim�enez-Arellanes, G.A. Guti�errez-Rebolledo, M. Meckes-Fischer, et al.,
Medical plant extracts and natural compounds with a hepatoprotective ef-
fect against damage caused by antitubercular drugs: A review, Asian Pac. J.
Trop. Med. 9 (2016) 1141e1149.

[153] F. Wu, J. Zhang, F. Song, et al., Chrysomycin A derivatives for the treat-
ment of multi-drug-resistant tuberculosis, ACS Cent. Sci. 6 (2020)
928e938.

[154] M. Maiolini, S. Gause, J. Taylor, et al., The war against tuberculosis: A review
of natural compounds and their derivatives, Molecules 25 (2020), 3011.

[155] S. Kazemzadeh, J. Yu, S. Jamshy, et al., Deep learning detection of active
pulmonary tuberculosis at chest radiography matched the clinical perfor-
mance of radiologists, Radiology 306 (2023) 124e137.

[156] O. Hrizi, K. Gasmi, I. Ben Ltaifa, et al., Tuberculosis disease diagnosis based
on an optimized machine learning model, J. Healthc. Eng. 2022 (2022)
1e13.

[157] J. Naidoo, S.C. Shelmerdine, C.F.U.-Charcape, et al., Artificial intelligence in
paediatric tuberculosis, Pediatr. Radiol. (2023) 1e13.

[158] Y. Zhan, Y. Wang, W. Zhang, et al., Diagnostic accuracy of the artificial in-
telligence methods in medical imaging for pulmonary tuberculosis: A sys-
tematic review and meta-analysis, J. Clin. Med. 12 (2022), 303.

[159] S. Jamal, M. Khubaib, R. Gangwar, et al., Artificial Intelligence and Machine
learning based prediction of resistant and susceptible mutations in Myco-
bacterium tuberculosis, Sci. Rep. 10 (2020), 5487.

[160] S.A. Munro, S.A. Lewin, H.J. Smith, et al., Patient adherence to tuberculosis
treatment: A systematic review of qualitative research, PLoS Med. 4 (2007),
e238.

[161] A. Bohr, K. Memarzadeh, The rise of artificial intelligence in healthcare ap-
plications. Artificial Intelligence in Healthcare, Elsevier, Amsterdam, 2020,
pp. 25e60.

[162] N. Brasier, M. Osthoff, F. De Ieso, et al., Next-generation digital biomarkers

http://refhub.elsevier.com/S2095-1779(23)00248-4/sref103
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref103
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref104
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref104
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref104
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref105
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref105
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref105
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref105
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref106
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref106
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref106
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref106
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref107
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref107
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref107
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref107
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref108
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref108
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref108
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref109
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref109
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref109
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref109
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref109
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref110
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref110
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref110
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref110
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref111
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref111
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref111
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref111
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref112
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref112
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref112
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref112
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref113
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref113
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref113
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref114
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref114
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref114
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref114
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref115
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref115
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref115
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref115
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref115
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref116
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref116
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref117
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref117
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref117
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref118
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref118
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref118
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref118
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref119
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref119
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref120
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref120
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref120
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref121
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref121
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref121
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref121
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref122
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref122
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref122
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref122
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref123
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref123
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref123
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref123
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref124
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref124
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref124
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref125
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref125
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref125
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref126
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref126
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref126
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref127
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref127
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref127
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref127
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref128
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref128
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref128
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref129
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref129
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref129
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref130
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref130
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref130
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref131
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref131
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref131
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref131
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref132
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref132
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref132
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref133
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref133
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref133
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref133
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref134
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref134
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref134
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref135
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref135
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref135
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref136
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref136
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref136
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref136
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref137
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref137
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref137
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref138
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref138
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref138
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref138
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref139
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref139
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref139
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref139
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref139
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref140
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref140
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref141
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref141
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref141
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref141
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref141
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref142
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref142
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref142
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref142
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref142
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref143
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref143
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref143
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref143
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref144
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref144
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref144
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref145
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref145
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref145
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref145
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref146
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref146
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref146
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref146
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref147
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref147
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref147
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref147
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref148
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref148
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref148
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref149
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref149
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref149
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref149
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref150
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref150
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref150
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref151
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref151
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref151
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref151
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref152
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref152
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref152
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref152
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref152
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref152
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref152
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref153
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref153
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref153
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref153
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref154
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref154
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref155
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref155
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref155
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref155
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref156
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref156
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref156
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref156
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref157
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref157
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref157
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref158
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref158
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref158
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref159
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref159
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref159
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref160
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref160
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref160
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref161
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref161
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref161
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref161
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref162


N.Q. Thu, N.T.N. Tien, N.T.H. Yen et al. Journal of Pharmaceutical Analysis 14 (2024) 16e38
for tuberculosis and antibiotic stewardship: Perspective on novel molecular
digital biomarkers in sweat, saliva, and exhaled breath, J. Med. Internet Res.
23 (2021), e25907.

[163] S. Ghimire, D. Iskandar, R. van der Borg-Boekhout, et al., Combining digital
adherence technology and therapeutic drug monitoring for personalised
tuberculosis care, Eur. Respir. J. 60 (2022), 2201690.

[164] R. Ratchakit-Nedsuwan, S. Nedsuwan, V. Sawadna, et al., Ensuring tubercu-
losis treatment adherence with a mobile-based CARE-call system in
Thailand: A pilot study, Infect. Dis. 52 (2020) 121e129.

[165] S.H. Browne, A. Umlauf, A.J. Tucker, et al., Wirelessly observed therapy
compared to directly observed therapy to confirm and support tuberculosis
treatment adherence: A randomized controlled trial, PLoS Med. 16 (2019),
e1002891.

[166] A.A. Romanyukha, A.S. Karkach, S.E. Borisov, et al., Identification of growing
tuberculosis incidence clusters in a region with a decrease in tuberculosis
prevalence in Moscow (2000-2019), J. Glob. Heath. 13 (2023), 04052.

[167] M. Asad, A. Mahmood, M. Usman, A machine learning-based framework for
Predicting Treatment Failure in tuberculosis: A case study of six countries,
Tuberculosis 123 (2020), 101944.

[168] C. Lange, I. Abubakar, J.W.C. Alffenaar, et al., Management of patients with
multidrug-resistant/extensively drug-resistant tuberculosis in Europe: A
38
TBNET consensus statement, Eur. Respir. J. 44 (2014) 23e63.
[169] L. Gosc�e, G.J. Abou Jaoude, D.J. Kedziora, et al., Optima TB: A tool to help

optimally allocate tuberculosis spending, PLoS Comput. Biol. 17 (2021),
e1009255.

[170] D. Deshpande, J.G. Pasipanodya, S.G. Mpagama, et al., Levofloxacin phar-
macokinetics/pharmacodynamics, dosing, susceptibility breakpoints, and
artificial intelligence in the treatment of multidrug-resistant tuberculosis,
Clin. Infect. Dis. 67 (2018) S293eS302.

[171] H. Yu, B. Low, Z. Zhang, et al., Quantitative challenges and their bioinformatic
solutions in mass spectrometry-based metabolomics, Trac Trends Anal.
Chem. 161 (2023), 117009.

[172] C.J. Haug, J.M. Drazen, Artificial intelligence and machine learning in clinical
medicine, 2023, N Engl J. Med. 388 (2023) 1201e1208.

[173] M. Moor, O. Banerjee, Z.S.H. Abad, et al., Foundation models for generalist
medical artificial intelligence, Nature 616 (2023) 259e265.

[174] K. Kvarnstr€om, A. Westerholm, M. Airaksinen, et al., Factors contributing to
medication adherence in patients with a chronic condition: A scoping review
of qualitative research, Pharmaceutics 13 (2021), 1100.

[175] V.L. Nguyen, S. Ahn, P.Q. Hoa, et al., Center for personalized precision
medicine for tuberculosis: Smart research and development workstation,
Healthc. Inform. Res. 28 (2022) 176e180.

http://refhub.elsevier.com/S2095-1779(23)00248-4/sref162
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref162
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref162
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref163
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref163
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref163
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref164
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref164
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref164
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref164
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref165
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref165
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref165
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref165
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref166
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref166
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref166
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref167
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref167
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref167
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref168
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref168
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref168
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref168
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref169
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref169
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref169
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref169
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref170
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref170
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref170
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref170
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref170
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref171
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref171
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref171
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref172
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref172
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref172
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref173
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref173
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref173
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref174
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref174
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref174
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref174
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref175
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref175
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref175
http://refhub.elsevier.com/S2095-1779(23)00248-4/sref175

	Push forward LC-MS-based therapeutic drug monitoring and pharmacometabolomics for anti-tuberculosis precision dosing and co ...
	1. Introduction
	2. TDM of anti-TB drugs based on LC-MS/MS
	2.1. Sample collection and preparation
	2.2. Calibration internal standards and quality control (QC) sample
	2.3. Multi-analysis for anti-TB drugs and their metabolites using LC-MS
	2.3.1. First-line drugs and their metabolites
	2.3.2. Second-line drugs and their metabolites
	2.3.3. First-line, second-line drugs and their metabolites


	3. Six primary prospects in TB clinical management
	3.1. Automated sample management and high-throughput-comparable assay development
	3.2. Pharmacometrics
	3.3. HDT
	3.4. Pharmacometabolomics and personalized dosing
	3.5. Drug and vaccine developments
	3.6. Machine learning, AI, and computer algorithms

	4. Integrative and comprehensive approaches
	5. Conclusion
	CRediT author statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


