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ARTICLE INFO ABSTRACT

Keywords: Therapeutic drug monitoring (TDM) uses drug concentrations, primarily from plasma, to optimize drug dosing.
Tuberculosis Optimisation of drug dosing may improve treatment outcomes, reduce toxicity and reduce the risk of acquired
Liquid chromatography drug resistance. The aim of this narrative review is to outline and discuss the challenges of developing multi-
LC-MS/MS

analyte assays for anti-tuberculosis (TB) drugs using liquid chromatography-tandem mass spectrometry (LC-MS/
MS) by reviewing the existing literature in the field. Compared to other analytical methods, LC-MS/MS offers
higher sensitivity and selectivity while requiring relatively low sample volumes. Additionally, multi-analyte
assays are easier to perform since adequate separation and short run times are possible even when non-selective
sample preparation techniques are used. However, challenges still exist, especially when optimizing LC se-
paration techniques for assays that include analytes with differing chemical properties. Here, we have identified
seven multi-analyte assays for first-line anti-TB drugs that use various solvents for sample preparation and
mobile phase separation. Only two multi-analyte assays for second-line anti-TB drugs were identified (including
either nine or 20 analytes), with each using different protein precipitation methods, mobile phases and columns.
The 20 analyte assay did not include bedaquiline, delamanid, meropenem or imipenem. For these drugs, other
assays with similar methodologies were identified that could be incorporated in the development of a future
comprehensive multi-analyte assay.

TDM is a powerful methodology for monitoring patient’s individual treatments in TB programmes, but its
implementation will require different approaches depending on available resources. Since TB is most-prevalent
in low- and middle-income countries where resources are scarce, a patient-centred approach using sampling
methods other than large volume blood draws, such as dried blood spots or saliva collection, could facilitate its
adoption and use. Regardless of the methodology of collection and analysis, it will be critical that laboratory
proficiency programmes are in place to ensure adequate quality control.

It is our intent that the information contained in this review will contribute to the process of assembling
comprehensive multiplexed assays for the dynamic monitoring of anti-TB drug treatment in affected individuals.

TDM
Multi-analyte assays

Abbreviations: ADR, acquired drug resistance; DBS, dried blood spots; DS-TB, drug-susceptible tuberculosis; EMA, European Medicines Agency; FDA, Food and Drug
Administration; HILIC, hydrophilic interaction liquid chromatography; HPLC, high performance liquid chromatography; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; MDR-TB, multidrug-resistant tuberculosis; MTB, Mycobacterium tuberculosis; SIL-IS, stable isotopically labelled-internal standards; TDM, ther-
apeutic drug monitoring; TB, tuberculosis; UHPLC-UV, ultra-high performance liquid chromatography-ultra violet detection; WHO, World Health Organisation
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1. Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB), is a
worldwide infectious disease feared for its high morbidity and mor-
tality. TB is treated with a cocktail of antimicrobial drugs to prevent
acquired drug resistance (ADR) and treatment failure. Drug-susceptible
TB (DS-TB) is currently treated with the first-line drugs isoniazid, ri-
fampicin, ethambutol and pyrazinamide for two months, followed by
isoniazid and rifampicin for an additional four months [1]. Multidrug-
resistant TB (MDR-TB), defined by resistance to at least isoniazid and
rifampicin, requires simultaneous treatment with second-line anti-TB
drugs, which are generally less efficient and more toxic [2]. For the
short course MDR-TB regimen, a cocktail of seven anti-TB drugs is
prescribed for nine to twelve months, while for the longer standard
treatment a cocktail of at least five anti-TB drugs is prescribed for at
least 20 months [2,3]. The World Health Organisation's (WHO) newly
released rapid communication divides the second-line drugs for the
treatment of MDR-TB into groups A, B and C based on their effective-
ness and safety [3]. Group A consists of the fluoroquinolones, levo-
floxacin and moxifloxacin, as well as the novel MDR-TB drug be-
daquiline and linezolid. Group B consists of clofazimine, cycloserine
and terizidone. Group C is a mixed group consisting of ethambutol, the
novel drug delamanid, pyrazinamide, imipenem-cilastin, meropenem,
the two injectable drugs amikacin and streptomycin, ethionamide,
prothionamide and p-aminosalicylic acid. Amoxicillin-clavulanate is
not included in any group and not counted as a separate drug, but
should be included together with the carbapenems, imipenem-cilastin
and meropenem. In the longer standard treatment, WHO recommends
including three Group A drugs (using one of the fluoroquinolones), two
Group B drugs (using one of either cycloserine or terizidone), and then
adding Group C drugs to complete the regimen, up to at least five drugs
if Group A and B drugs cannot be used [3]. Gatifloxacin, thioacetazone
and the injectables capreomycin and kanamycin are no longer re-
commended anti-TB drugs. The newly excluded drugs will be men-
tioned briefly since the changes were recently made. The chemical
structures of the recommended drugs are depicted in Fig. 1 [2].

As current treatment strategies under programmatic conditions cure
only 50% of MDR-TB patients, healthcare professionals face numerous
challenges concerning treatment improvement [4]. A tool that is in-
creasingly being recommended to improve outcome is therapeutic drug
monitoring (TDM). TDM is focused on the measurement of drug con-
centrations in body fluids and aims to improve patient treatment out-
come by adjusting the dose of drugs to increase efficacy of treatment,
thereby reducing the risk of ADR, while minimizing toxicity.

TDM is valuable when it is difficult to otherwise directly measure
the pharmacological effect of a drug. To effectively perform TDM, a
relationship between drug concentration (pharmacokinetics) and
pharmacological effect (pharmacodynamics), which can be efficacy
and/or toxicity, needs to have been established [5]. The correlation
between anti-TB drug exposure and mycobactericidal activity has been
demonstrated using data from hollow fibre infection models, which
mimic human pharmacokinetics [6]. Key drugs such as isoniazid, ri-
fampicin, pyrazinamide and the fluoroquinolones show a clinically re-
levant pharmacokinetic variability between and within patients [7-17].
Additionally, a randomized controlled trial demonstrated that isoniazid
dosing based on an N-acetyltransferase polymorphism resulted in fewer
treatment failures for rapid acetylators and fewer adverse drug events
in slow acetylators [18]. Ideally, detection, within the first two weeks of
treatment, of patients likely to fail to respond to treatment (e.g., de-
termined by sputum culture conversion), due to insufficient drug ex-
posure is desired.

To adequately implement TDM, accurate and precise analytical
methods are required. This narrative review will focus on challenges we
have identified in the development of multi-analyte assays for anti-TB
drugs using liquid chromatography-tandem mass spectrometry (LC-MS/
MS).
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2. Application and methods of therapeutic drug monitoring
2.1. Therapeutic drug monitoring in a programmatic setting

TDM is a component of personalized medicine and may appear
contradictory to a programmatic treatment plan. However, TDM can be
part of a programmatic setting to optimize individualized treatment
plans, especially in the treatment of TB which requires long term
treatment with high toxicity and the risk of developing ADR.

For DS-TB, the most recent joint American Thoracic Society/Centers
for Disease Control and Prevention/Infectious Diseases Society of
America guideline suggests that TDM can be helpful when either drug
malabsorption or drug underdosing is suspected [19]. Medical condi-
tions such as malnutrition, HIV infection, diabetes mellitus or gastro-
intestinal abnormalities may cause inadequate drug exposure [19,20].
TDM can also be used to minimize toxicity, e.g. in patients with renal
impairment. However, the guideline does not advise on how to practice
or implement TDM during treatment [19].

For MDR-TB, the WHO recommends that aminoglycoside con-
centrations should be monitored in patients with renal impairment, and
cycloserine concentrations should be monitored to avoid central ner-
vous system toxicity [21]. Other local and national guidelines also
specifically recommend dose monitoring for aminoglycosides, cyclo-
serine and ethambutol [22-26]. For the first-line drug ethambutol,
which is often included in MDR-TB treatment, toxicity studies suggest
that higher and/or prolonged doses of ethambutol are associated with
optic neuritis, although no data on TDM is available [27,28]. Higher
cycloserine serum concentrations have been related to increased neu-
ropsychiatric toxicity [29,30]. TDM using defined pharmacokinetic/
pharmacodynamic targets can decrease the incidence of hearing loss
due to aminoglycoside toxicity, while maintaining high treatment
success rates [31]. TDM has been used to lower the dose of linezolid
and, thus, reduce toxicity considerably while retaining efficacy
[32-34]. In the Netherlands, an 86% (89/104) treatment success in
MDR-TB patients has been reported using dose adjustments with TDM
for several drugs while reducing toxicity [35,36]. Using TDM for ami-
noglycosides only, a Swedish study reported a 77% (132/158) relapse-
free successful outcome for MDR-TB patients [37]. While high success
rates can be achieved using the standard MDR-TB regimen, although
severe side-effects are often present, these preliminary studies have
shown that TDM may be beneficial in reducing toxicity, increasing ef-
ficacy and preventing ADR.

Before TDM can be implemented in a programmatic setting in re-
source constrained countries, several hurdles need to be addressed.
Ghimire et al. have proposed an infrastructure for TDM according to the
WHO hierarchy of TB diagnostics [38]. At the peripheral level (e.g.,
subdistrict or community level), dried blood spots (DBS) could be
sampled and, subsequently, analysed at the intermediate level (e.g.,
regional or district laboratory) using a semi-quantitative thin-layer
chromatography. At the central level (e.g., reference laboratory), DBS-
samples could be analysed using LC-MS/MS, providing country-wide
access to TDM. For resource-rich areas, DBS sampling could also be
beneficial at peripheral levels, or for certain groups, such as children. In
intermediate and central level hospitals, venous blood could also be
used, as adequate transportation and storage of samples are usually
available. The desired total time from patient sampling to result output,
in our opinion, is no more than one week for out-patients. Lengthier
times could make results more difficult to interpret as the patient’s
medications or condition may change (e.g., due to unbearable side ef-
fects). For severely ill patients in the intensive care unit, we recommend
results be provided within one day.

2.2. Multi-analyte assays and their pitfalls

When performing TDM for TB regimens, the laboratory needs to be
able to quantify a wide range of analytes within a short time frame.
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Fig. 1. Chemical structure of first- and second-line anti-tuberculosis drugs [89] (imipenem is depicted without cilastin component and amoxicillin without clavu-

lanate component).

While a multiplexed assay, which analyses multiple drugs simulta-
neously, may provide a shorter turnaround time for a panel analysis
when compared to single-plex analysis, the development of such a
method is not without pitfalls. The use of stand-alone photometric

detection in multi-analyte assays can be cumbersome for complex
biological matrices, like plasma. The chance of multiple components
absorbing light in the same spectral region is high. If there is a sig-
nificant spectral difference, it is possible to correct for interference by
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mathematically processing the absorption spectra [39]. However, with
each analyte added, the chance of spectral similarities increases and the
correction methods become less successful. Using chromatographic se-
paration reduces the likelihood for interference. High performance li-
quid chromatography/ultra-high performance liquid chromatography-
ultra violet detection (HPLC/UHPLC-UV) can be used to separate ana-
lytes from interfering compounds and increase selectivity.

Over the past 15 years LC-MS/MS has become an increasingly pre-
ferred method for molecular analysis. In particular, the introduction of
the relatively small and robust triple quadrupole has boosted the use of
LC-MS/MS [40]. LC-MS/MS combines the advantages of HPLC/UHPLC
with a selective detection technique, known as Selected Reaction
Monitoring (SRM). Subsequently, chromatographic separation of all
compounds or interfering peaks is less of an issue, thereby enabling
short run times. Co-eluting endogenous and exogenous compounds can,
however, result in ionization suppression or enhancement (i.e., matrix
effects), which can adversely affect quantification. Ionization effects
can be minimized by optimizing chromatography and corrected for
using stable isotopically labelled-internal standards (SIL-IS) for each
analyte.

A timed gradient mobile phase can be used to optimize the balance
between analyte peak resolution and run time for LC-methods. When
including many analytes, relatively long run times remain a drawback.
Dedicated assays for smaller clusters of analytes (e.g., all first-line anti-
TB drugs) may result in shorter turnaround times. Although a single
multi-analyte assay encompassing all desired analytes may be un-
practical or practically impossible due to differences in analyte char-
acteristics (Table 1) that are likely to require different separation con-
ditions and detection settings (e.g., solvents, gradient of the mobile
phase, analytical column and ionization technique).

2.3. LC-MS/MS versus HPLC-UV

If HPLC-UV and LC-MS/MS methods are validated according to
Food and Drug Administration/European Medicines Agency (FDA/
EMA) guidelines, they should produce comparable results with similar
quality [41,42]. Due to the relatively low sensitivity and selectivity of

Clinical Mass Spectrometry 14 (2019) 34-45

HPLC-UV systems, an optimized liquid-liquid extraction or solid phase
extraction is often required in conjunction with a concentration step
that requires a relatively high sample volume (e.g., 1000 ul). These
optimised sample treatments aim to uniquely extract the analyte of
interest from the sample matrix. With multiple analytes, the extraction
targets become more heterogeneous with potentially broad disparities
in chemical properties, such as polarity, molecular weight and pKa
(Table 1), making it extremely complex or impossible to achieve high
extraction recoveries for all compounds without compromising the
sample clean up itself. Selective sample treatment methods targeting
different analyte groups are only feasible if there is adequate sample
volume.

Compared to UV detection, triple quadrupole MS offers improved
sensitivity, selectivity and enables a wider linear detection range. The
increased sensitivity and selectivity of the detector reduces the demand
for selective sample treatment and sample concentration during ex-
traction and chromatography. Non-selective sample treatments, such as
protein precipitation, become feasible and also bring the advantage of
high yield recoveries for a wide range of compounds. Non-selective
sample treatments are, thus, ideal for multi-analyte assays and permit
the sensitive analysis of multiple drugs and their metabolites simulta-
neously, while requiring relatively low sample volumes (e.g., 5-100 pl).
These advantages result in LC-MS/MS-based methods having a higher
throughput capacity in comparison to HPLC-UV [43]. The operation of
an MS, however, requires a skilled analyst with specific training and
knowledge. Furthermore, MS detectors are more expensive than UV-
detectors, both for acquisition and maintenance.

3. Multi-analyte assays for anti-tuberculosis drugs
3.1. Multi-analyte assays for first-line anti-tuberculosis drugs

Seven different multi-analyte methods for first-line anti-TB drugs
have been published (Table 2) [44-50]. A paper from Song et al. [44]
describes a two-step deproteinization extraction method using me-
thanol. The chromatographic run time was 4 min with adequate cali-
bration ranges for all four first-line drugs [20]. Unfortunately, the polar

Table 1
Chemical properties of anti-tuberculosis drugs.
Molecular mass (g/ pKa (strongest acidic/basic) LogP Solubility* (mg/ Stability**
mol) ml)
Room temp. (hours) Freeze/thaw Freezer (weeks)
cycles
Rifampicin 823.0 +6.80/+7.37 +2.95 2.70 x 1072 4-12 [45,47,48] yes [45,47] 4 [45,47,48]
Isoniazid 137.1 +13.6/+3.35 —0.690 5.34 x 10! 4-12 [45,47,48] yes [45,47] 4 [45,47,48]
Ethambutol 204.3 +14.8/+9.55 —0.0600 1.26 x 10% 4-12 [45,47,48] yes [45,47] 4 [45,47,48]
Pyrazinamide  123.1 +13.1/—-0.550 —-1.23 4.49 x 102 4-12 [45,47,48] yes [45,47] 4-12 [45,47,48]
Levofloxacin 361.4 +5.29/+6.16 +0.510 2.01 x 10° 6 [48] NA 4-12 [48]
Moxifloxacin 401.4 +5.49/+9.42 —0.500 3.20 x 1071 6 [48] NA 4-12 [48]
Bedaquiline 555.5 +13.6/+8.91 +7.13 1.01 x107° 72 [55] yes [55] > 1 year [55]
Linezolid 337.4 +14.9/-1.18 +0.64 2.29 x 107! 6 [48] NA 4 [48]
Clofazimine 473.4 NA/+6.63 +7.30 2.64 x 107° 6 [48] NA 4 [48]
Cycloserine 102.1 +4.21/+8.36 —2.42 1.06 x 10? 6 [48] NA 4-12 [48]
Terizidone 302.3 —0.65/+4.46 —0.56 9.57 x 102 6 [48]*** NA 4-12 [48]***
Delamanid 534.5 NA/+5.51 +6.14 6.86 x10~° NA yes [62] 780 days [62]
Imipenem 317.4 +3.44/+11.8 —3.80 1.96 x 10° 4 [64] no [64] 10 days [64]
Meropenem 383.5 +3.28/+9.39 —4.35 1.76 x 10° 24 [64] yes [64] 20 days to 6 months
[64,65]

Amikacin 585.6 +12.2/+9.61 —8.58 1.49 x 10° 6 [48] NA 4-12 [48]
Streptomycin 581.6 +10.9/+11.5 -7.49 2.44x10° 4-12 [45,47,48] yes [45,47] 4-12 [45,47,48]
Ethionamide 166.2 +11.89/+5.00 +1.33 1.81 x 10° no [48] NA no [48]
Prothionamide 180.3 +8.19/+7.25 +1.94 6.18 x 107! no [48] NA 4 [48]
PAS 153.1 +3.68/+2.19 +0.83 1.85 x 10! 6 [48] NA 4 [48]
Amoxicillin 365.4 +3.23/+7.22 —-2.31 1.63 x 1072 6 [48] NA 4-12 [48]

The chemical properties molecular mass, pKa, logP and solubility are calculated [88]. References in the table are only for stability assessments. *In water, **within
15% of nominal concentrations [41,42], autosampler stability is not included as it is based on the properties of the prepared sample (e.g. acidic, methanolic, aqueous)

and for details we refer to the original publication, ***tested as cycloserine. PAS = p-aminosalicylic acid, NA = not available.
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compounds isoniazid, pyrazinamide and ethambutol eluted near the
void volume of the system, co-eluting with endogenous compounds
resulting in substantial ion suppression. As matrix effects may vary
within and between patients, ion suppression at the time of elution of
the compounds of interest should be avoided or overcome using a SIL-IS
[51].

Zhou et al. [45] developed a rapid and simple method for the first-
line drugs together with streptomycin. To overcome the matrix pro-
blems described by Song et al., they used a hydrophilic interaction li-
quid chromatography (HILIC) column. Sample preparation was a
single-step deproteinization using methanol, formic acid and ammo-
nium acetate with an analytical run time of two minutes. However,
Zhou et al. [45] also used structural analogues instead of isotopes as
internal standards and calibration ranges were insufficient for all drugs
[20]. Two other methods describe LC-MS/MS-based analysis of the first-
line drugs with simple sample pre-treatment and reduced matrix effects,
however, neither used SIL-IS and one suffered from low recoveries (i.e.,
mean recovery 10-29%) for all drugs [46,47].

Kim et al. [48] developed an LC-MS/MS method including all first-
line and numerous second-line drugs, although analysis of the full
complement of first-line drugs required two separate sample prepara-
tion protocols, which compromises the methods applicability. A further
drawback was higher than expected lower limits of quantification for
the first-line drugs. This study is discussed in more detail in Section 3.2.

For the simultaneous analysis of rifampicin, ethambutol, pyr-
azinamide and streptomycin, but not isoniazid, a matrix assisted laser
desorption/ionisation time of flight (MALDI-TOF/TOF) method has
been described [49], although it involves a laborious sample clean up,
involving extraction and evaporation, and the initial costs of the plat-
form are high. Quantification was performed by standard addition (i.e.,
spiking with known concentrations) of the analytes. Although analyti-
cally interesting, this method is not useful as an affordable high-
throughput assay for analysis of the first-line drugs.

The first report of using SIL-IS to drastically reduce matrix effects
for all first-line drugs was Prahl et al. [50]. Sample preparation com-
prised two serial deproteinization steps between which the sample was
frozen for 60 min, prolonging turn-around time by one hour. Chroma-
tographic separation was performed on a C18 column with a run time of
10.2 min. Validation was performed according to FDA guidelines [41],
not including a full stability validation, and calibration ranges were
sufficient for clinically relevant concentrations [20].

While there has been progress in the development of a simple assay
for the first-line anti-TB drugs, comprising of a single step sample clean-
up followed by LC-MS/MS separation and analysis with short run times
and use of SIL-IS, additional work is needed.

3.2. Multi-analyte assays for second-line anti-tuberculosis drugs

Three studies were identified where three or more second-line anti-
TB drugs were analysed simultaneously in serum or plasma [48,52,53].
The study by Kim et al., introduced in 3.1, measured 20 anti-TB drugs in
plasma [48], while Han et al. detected nine second-line drugs in serum
[52] and also modified their assay demonstrating analysis of the same
drugs using DBS [53], which will be discussed in Section 4.1.

In the assay by Kim et al. [48], anti-TB drugs were divided into two
groups based on chemical properties. The samples were extracted and
analysed differently for the two groups, resulting in effectively two
separate assays. The Group One compounds included amikacin, kana-
mycin, streptomycin and pyrazinamide, whereas the Group Two com-
pounds included levofloxacin, moxifloxacin, ciprofloxacin, ethiona-
mide, prothionamide, cycloserine, linezolid, clofazimine, ethambutol,
isoniazid, rifabutin, rifampicin, p-aminosalicylic acid, amoxicillin,
clarithromycin and roxithromycin. Since clarithromycin and other
macrolides are no longer recommended anti-TB drugs, as noted in the
last two WHO guidelines [2,3], they will not be discussed further. SIL-IS
was used for Group Two, but not for Group One. Positive aspects of this
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methodology are a single-step sample preparation involving protein
precipitation with methanol for Group One and acetonitrile for Group
Two [48]. Separation was performed using a HILIC column and a C18
column for Group One and Two, respectively. Formic acid and acet-
onitrile were used for the mobile phase with different gradient com-
positions for both Groups and the run time was 9 min and 13 min for
Group One and Group Two, respectively (Table 2). Both assays were
validated according to the FDA guidelines, except for full stability va-
lidation [41]. Calibration ranges of all drugs, except p-aminosalicylic
acid, were within range of the clinically relevant maximum con-
centration [20,54]. Stability was acceptable for all drugs, except pro-
thionamide and ethionamide.

The study by Han et al. included nine second-line drugs (i.e., ka-
namycin, streptomycin, levofloxacin, moxifloxacin, linezolid, prothio-
namide, cycloserine and p-aminosalicylic acid) [52] and followed a
two-step deproteinization step with methanol, but did not use SIL-IS.
The separation column was a High Strength Silica Technology 3 (HSS
T3) with a run time of 3min (Table 2) and the mobile phase used
ammonium formate, formic acid and acetonitrile. All drugs were vali-
dated within clinically relevant concentration ranges [20,54], but there
was no evaluation on the stability of the drugs in serum.

Regarding the published multi-analyte assays of second-line anti-TB
drugs, much work has already been done, although there is a need to
further optimize the assays with regard to run time, the inclusion of
other relevant anti-TB drugs (e.g., bedaquiline and delamanid) and
internal standards, addressing matrix effect and analyte stability, and
establishing clinically relevant calibration ranges. Details of these as-
says are described in Table 2, while individual drug assays are discussed
below in Sections 3.2.1-3.2.3.

3.2.1. Group A: Levofloxacin, moxifloxacin, bedaquiline and linezolid

The two fluoroquinolones levofloxacin and moxifloxacin, as well as
linezolid, were included in both multi-analyte assays by Kim et al. and
Han et al. (Table 2) [48,52]. Bedaquiline was not included in the multi-
analyte assays and one study quantifying bedaquiline in serum was
found that was fully validated and had enough descriptions that makes
it replicative [55]. D6-bedaquiline was used as the internal standard in
a single-step extraction method using acetonitrile and methanol for
protein precipitation (Table 2). Separation was performed on a C18
column via a mobile phase consisting of acetonitrile, ammonium
acetate, acetic acid and triflouroacetic anhydride. The linear calibration
range was adequate for clinically relevant dosing [56]. Before be-
daquiline can be included in a multi-analyte assay, the method will
need further development, most specifically regarding adapting the
extraction method to only using methanol or acetonitrile and simpli-
fying the mobile phase using only formic acid and acetonitrile with the
possible addition of ammonium formate [48,52].

The fluoroquinolone, gatifloxacin is no longer a recommended anti-
TB drug according to the recent WHO rapid communication [3]. We
only found one article by Vishwanathan et al. that quantified gati-
floxacin in human plasma using solid phase extraction with a mobile
phase using isocratic elution [57]. If WHO recommendations for MDR-
TB treatment regarding gatifloxacin change, additional work will be
needed to include it as part of a multi-analyte assay panel.

3.2.2Group B: Clofazimine, cycloserine and terizidone

Cycloserine was included in both multi-component assays by Kim
et al. and Han et al. [48,52] and showed low recovery in one study
[48], while clofazimine was only included in the study by Kim et al.
(Table 2) [48]. Since terizidone hydrolyses to its active metabolite cy-
closerine, WHO recommends pharmacokinetic analysis via measure-
ment of cycloserine [58], which was recently described by Court et al.
[591.
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3.2.3. Group C: Ethambutol, delamanid, pyrazinamide, imipenem-cilastin,
meropenem, amikacin, streptomycin, ethionamide, prothionamide, p-
aminosalicylic acid and the companion drug amoxicillin-clavulanate

Group C is a highly heterogeneous group of anti-TB drugs that have
been subject to quantitative analysis by many different methods and
techniques. Ethambutol, pyrazinamide, ethionamide, prothionamide,
amikacin, streptomycin and p-aminosalicylic acid have been in-
corporated in one or both multi-analyte assays by Kim et al. and Han
et al. (Table 2) [48,52]. Ethionamide and prothionamide were subject
to stability issues in the study by Kim et al. [48] and clinically relevant
calibration ranges were too high for p-aminosalicylic acid in both stu-
dies [48,52,54]. Delamanid was not included in the assays and only one
study was identified that reported on the measurement of delamanid in
plasma using LC-MS/MS [62]. A structural analogue (OPC-14714) was
used as an internal standard and the extraction was a one-step cen-
trifugation method using acetonitrile for protein precipitation
(Table 2). The mobile phase consisted of methanol, ammonium hy-
droxide and ammonium bicarbonate with separation on a C18 column.
The study was fully validated and calibration ranges were adequate for
concentrations achieved with recommended dosing [63]. The method
shows similarities with the methods developed for the multi-analyte
assays [48,52], however, the mobile phases need to be adapted using
formic acid, acetonitrile and, possibly, ammonium formate.

Since carbapenems are often used for treatment of bacterial infec-
tions, there were multiple methods identified for the analysis of the
carbapenem antibiotics and the manuscripts often included simulta-
neous analysis of other drugs. Lefeuvre et al. [64] describe a validated
method for the analysis of meropenem and imipenem that could be
adapted to the multi-analyte assays (Table 2) [48,52]. A one-step
method for protein precipitation with methanol was used and the mo-
bile phase consisted of formic acid, acetonitrile and ammonium formate
on a C18 column. However, the linear calibration range was at the
lower end of the maximum concentration for imipenem (i.e., 30-40 nug/
ml) [54]. Meropenem has also been validated in a method using acet-
onitrile for a one-step protein precipitation assay with a mobile phase
consisting of formic acid and acetonitrile (Table 2) [65].

There is low priority to include streptomycin in a multi-analyte
assay since it is no longer recommended by WHO to be used in re-
treatment regimens together with first-line drugs [1] and it is rarely
used in MDR-TB due to high rates of resistance [21].

Amoxicillin was included in the study by Kim et al. [48] and it was
adequately evaluated (Table 2). For the analysis of the clavulanate
compound, a similar method was identified (Table 2) [66]. Detection
was performed in negative ionization mode and the method suffered
from low recoveries and matrix effects indicating further improvement
is needed.

The two injectables, kanamycin and capreomycin, as well as
thioacetazone, have recently been removed as recommended anti-TB
drugs by WHO [3]. Kanamycin was included in both multi-analyte as-
says [48,52]. However, capreomycin was not included in the multi-
analyte assays and we did not find any study for capreomycin, except
for a WHO Drug Information Report [60]. No studies quantifying
thioacetazone using LC-MS/MS were found, although a study from
1983 using HPLC-UV was found [67].

4. Alternative matrices
4.1. DBS for therapeutic drug monitoring in a programmatic setting

Analysis of DBS on specially designed filter paper has been used for
screening new-born babies for decades and is a well-established and
validated method for detection of anti-epileptic drugs,
munosuppressants, antiretrovirals and some antibiotics [72,73]. Bene-
fits of DBS are the low blood volume that is required, often higher
analyte stability in the dried matrix and reduced biohazard risk
[74,75]. Possible benefits, at a programmatic level, include increased

im-
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availability of TDM in rural areas and low- to middle-income countries,
and reduction of costs for storage and transportation. In TB care, DBS,
in relation to blood drug concentrations, has been evaluated for ri-
fampicin, moxifloxacin and linezolid [76-78]. Lee et al. recently re-
ported a method using LC-MS/MS with good correlation between ve-
nous and capillary concentrations of isoniazid [79]. However, the assay
lacked important parameters, such as evaluation of long term stability
and extraction time, required for analytical validation of a DBS method.
Therefore, the results of this assay are considered preliminary.

A multi-analyte assay using DBS was established for simultaneous
analysis of nine second-line anti-TB drugs (i.e., kanamycin, strepto-
mycin, levofloxacin, moxifloxacin, linezolid, prothionamide, cyclo-
serine, and p-aminosalicylic acid) using UPLC-MS/MS as mentioned in
Section 3.1 [53]. A similar method was used for sample preparation,
chromatography and detection, as in the study by Han et al. [52].
However, for the DBS, 100 ul of whole blood was added to filter paper
and a partial spot was punched out and extracted with sonification
using either of two elutions, methanol or acidified methanol, depending
on the drugs being analysed. The study had a number of limitations,
including (i) DBS drug concentrations were mostly lower compared to
plasma samples, (ii) haematocrit was not measured, (iii) extended
sample preparation time, and (iv) the method was not fully validated.
Despite its limitations, this is the first study analysing multiple anti-TB
drugs using DBS and could be a basis for further development. As such,
a limited number of methods are available for certain anti-TB drugs for
programmatic TDM using DBS [76-78], although for multi-analyte as-
says further improvement is needed.

4.2. Saliva

As an alternative to a blood draw for TDM analysis, saliva offers a
compelling alternative. With its primary advantage being the ease of
sample acquisition, home collection, following adequate patient in-
struction, is an achievable reality. Such a collection paradigm would be
especially beneficial for patients living in remote areas as well as those
for whom blood-based TDM is not preferred (e.g., children) [80]. One
caveat of using saliva for TDM is that that the passive diffusion of anti-
TB drugs into saliva is influenced by the salivary pH and salivary flow,
as well as the physical characteristics of the analyte (e.g., the acid
dissociation constant, protein binding capacity, molecular mass and
lipophilicity). Stimulation of salivary flow increases its pH due to ex-
cretion of bicarbonate, hence, tracking sample pH as part of salivary
TDM will be needed. Additionally, precautions should be taken to
sterilize saliva via membrane filtration, since saliva from smear-positive
patients could contain TB bacteria from coughed-up sputum [81].

In order to correlate the concentration of analysed drugs in the
saliva with that in the blood, saliva-blood ratios for relevant drugs will
need to be determined. For some drugs such as linezolid, the saliva-
blood ratio is within a narrow range [80]. However, since other anti-TB
drugs show low (e.g., amoxicillin and amikacin) [82] or variable (e.g.,
isoniazid, rifampicin and moxifloxacin) [80] penetration into saliva, the
low detection levels attainable with LC-MS/MS assays will be useful in
assessment of salivary drug concentrations.

While this avenue holds promise, further evaluation of the sample
stability and recovery of drugs from saliva will be needed. Currently,
quantitative analysis of saliva samples using LC-MS/MS has only been
described for linezolid and doripenem [83,84].

5. Proficiency testing programme

A variety of analytical methods have been published addressing the
quantification of anti-TB drugs in human serum or plasma. Few com-
mercial assays are available for TDM of anti-TB drugs; instead labora-
tories are required to develop and validate methods themselves. The
reliability of these analytical methods is essential to providing accurate
information on drug concentration [5]. During development, the intra-
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laboratory (internal) quality control procedures, such as validation of
equipment and qualification of technicians, are essential. By combining
these procedures with intra-laboratory method validation, a metho-
dology with sufficient accuracy, precision and specificity at clinically
relevant concentrations would be expected. An external inter-labora-
tory quality control, or proficiency testing, programme is imperative to
objectively evaluate the accuracy of the results [85,86]. Such a profi-
ciency testing programme is an essential component of quality assur-
ance, and also provides evidence of laboratory competence for clin-
icians, researchers, accrediting bodies and regulatory agencies [85,86].
To date, only one proficiency testing programme exists in the field
of anti-TB drug analysis [86]. Unfortunately, this programme only tests
the first-line drugs, moxifloxacin and linezolid. In the first round of
evaluations taken in 2015, participating laboratories performed gen-
erally well, with about 80% quantifying the results within 20% accu-
racy limits. Rifampicin proved to be the most difficult drug to analyse
accurately [86]. In the more recent round of analysis evaluation levo-
floxacin has been added to the programme [87]. The importance of
proficiency testing programmes cannot be under emphasized.

6. Suggestions for future multi-analyte assays

On an evaluation of the landscape, it appears as though it would be
most beneficial to develop a number of multi-analyte assays that are
each tailored to different settings. Countries that have a highly pro-
grammatic approach, those with a high burden of drug-resistant TB, or
those that mostly use individually tailored regimens would benefit from
using different multi-analyte assays. Apart from taking into account the
chemical properties of the drugs, a multi-analyte assay would ideally be
adapted to clinically relevant regimens, current clinical evidence of
target values for TDM and available therapeutic windows.

For patients with DS-TB, assays including all first-line drugs have
already been developed, but a more robust and simple assay would be
useful. Although there is weak evidence indicating a need for TDM of
ethambutol, it seems prudent to include it, especially since the quality of
the assays are not likely to be affected by adding ethambutol to the panel.

To develop assays for MDR-TB drugs we propose one assay for the
polar drug amikacin, and one multi-analyte assay for the less polar
drugs isoniazid, ethambutol, pyrazinamide, levofloxacin, moxifloxacin,
linezolid and cycloserine. Patients treated with either the standard
MDR-TB regimen or the short-course regimen would benefit from these
assays. Since only small blood volumes are needed for LC-MS/MS, both
assays could be performed using a single blood sample. The assays
could be based on the assays already developed by Kim et al. [48], but
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Fig. 2. Number of published anti-tuberculosis assays
for therapeutic drug monitoring per country PubMed
was searched on 27 March 2018 using the search
terms (“levofloxacin” OR “moxifloxacin” OR “gati-
floxacin”) AND (“tuberculosis” OR “TB” OR “Mtb”)
AND (“pharmacokinetics” OR “concentration” OR
“therapeutic drug monitoring” OR “TDM” OR “drug
exposure” OR “drug monitoring” OR “pharmacology”
OR “pharmacodynamics” OR “pharmacol*” OR
“pharmacod*”) NOT (“review”[Publication Type] OR
“review literature as topic” [MeSH Terms] OR “re-
view” [All Fields]) NOT (“case reports” [Publication
Type] OR “case report” [All Fields]).
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would need further testing and refinement to adjust to differing drug
combinations.

In settings where individually tailored regimens are used and where
extended TDM is used, more drugs would need to be included. Although
evidence that TDM for the additional drugs is not currently compelling,
we recommend including bedaquiline, clofazimine, ethionamide, pro-
thionamide, p-aminosalicylic acid, meropenem, imipenem and dela-
manid in the less polar assay (for a total of 15 drugs). Streptomycin and
amoxicillin have been omitted due to limited usage. We believe it is
important not to neglect incorporation of the newer drugs, bedaquiline
and delamanid, in any developed assays, and perhaps also pretonamid
in future assays, since these drugs are often used in difficult to treat
cases where only limited drug treatment options are left, which also
further stresses the need for TDM in order to preserve the efficacy of the
limited drugs remaining [68-70].

7. Summary

In providing an overview of the current state-of-the-art with regard
to TDM-level analysis of the anti-TB drugs, we have highlighted the
challenges of developing LC-MS/MS methods for multi-analyte assays.
While there are a limited number of multi-analyte assays available for
both first-line and second-line anti-TB drugs, many drugs are not cov-
ered; for these we have identified single-plex assays that could be in-
corporated into multi-analyte assay panels in the future. Suggestions
have also been proposed for the development of custom multi-analyte
assays. Already, TDM for anti-TB drugs is included in many TB guide-
lines and numerous assays have been published from multiple countries
(Fig. 2). We believe that we have only seen the beginning of TDM for
anti-TB drugs, although many technical and organisational challenges
still exist. By developing patient-friendly sampling techniques and
simpler methods for drug quantification with more robust and reliable
assays, TDM could soon be available in all settings and countries. Lastly,
but perhaps most crucially, a laboratory proficiency programme is key
to assure adequate quality control of these assays.
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