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Abstract
Multidrug-resistant tuberculosis (MDR-TB) is becoming a global health crisis. The World Health Organization has released 
new guidelines for the use of tuberculosis-active drugs for the treatment of patients with MDR-TB. Despite documented 
activity against tuberculosis isolates, doses and exposure targets are yet to be optimized. Our objective was therefore to 
review the clinical pharmacokinetic and pharmacodynamic literature pertaining to drugs recommended to treat MDR-TB 
and to identify target areas for future research. To date, published research is limited but studies were identified that evalu-
ated the pharmacokinetics and pharmacodynamics of these drugs. Exposure targets were assessed and summarized for each 
drug. Exposure-based targets (e.g., area under the concentration curve/minimum inhibitory concentration) appear to be most 
commonly associated with predicting drug efficacy. Dose variation studies based on these targets were largely inconclusive. 
Future research should focus on determining the risks and benefits of dose optimization to meet exposure targets and improve 
patient outcomes. The role of therapeutic drug monitoring also remains yet to be confirmed, both from a clinical perspective 
as well as a resource allocation perspective in regions where MDR-TB is active.
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Key Points 

Dose optimization may improve treatment outcomes for 
patients with multidrug-resistant tuberculosis.

Exposure targets provide a basis for optimizing drug 
regimens..

1  Introduction

Tuberculosis is a serious infectious disease and is listed as 
one of the top ten causes of deaths worldwide [1]. It affects 
both adults and children and has a greater prevalence in 
developing regions in Africa and Asia. Despite treatment 

progress and a global decrease in incidence of approximately 
2% per year, the emergence of resistant forms of tuberculosis 
is quickly becoming a global health crisis [1, 2]. Multidrug-
resistant tuberculosis (MDR-TB) is defined as a form of 
tuberculosis infection caused by bacteria that demonstrate 
resistance to (at least) the first-line treatment options of iso-
niazid and rifampin [1, 3]. These drugs are considered to 
be the most potent for treating tuberculosis and therefore 
any resistance that precludes their use can be detrimental 
to treatment success and result in poor patient outcomes. 
In 2017, it was estimated that there was an incidence of 
MDR-TB of > 450,000 new cases worldwide. The burden 
of these cases is largely (~ 50%) found within the countries 
of India, China, and the Russian Federation. Optimizing effi-
cacy of MDR-TB treatment is therefore a primary concern 
for government, policymakers, researchers, and clinicians, 
worldwide [1, 4, 5].

The World Health Organization (WHO) released 
updated guidelines for the treatment of resistant forms 
of tuberculosis in 2019 [6]. Drugs recommended to treat 
MDR-TB are provided in Table 1. The drugs have been 
stratified into three different groups, based on current 
knowledge about effective combinations and efficacy 
against MDR-TB. For a patient presenting with MDR-TB, 
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it is recommended that all three Group A agents are used 
and that one agent from Group B is selected to ensure four 
active drugs. If only one or two Group A agents can be 
used, then both Group B agents are to be selected. If four 
active drugs are unable to be selected from Groups A and 
B, then Group C agents are to be added to complete the 
regimen. It is noted, however, that the evidence is not clear 
with respect to using Group C agents as part of the primary 
regimen [6]. The guidelines also recommend regimens of 
different durations. The majority of patients are recom-
mended to complete a longer treatment duration regimen, 
consisting of a total treatment duration of 18–20 months. 
In patients who have not been treated for > 1 month with 
second-line tuberculosis agents or in those patients who 
have confirmed tuberculosis sensitivity to fluoroquinolo-
nes and second-line injectable drugs, a shorter duration of 
9–12 months may be considered [6]. In either case, treat-
ment of MDR-TB involves co-administration of multiple 
drugs over long periods of time, which may have implica-
tions based on the clinical pharmacokinetic and pharma-
codynamic profiles of recommended drugs.

As the global spotlight moves towards treatment of resist-
ance forms of tuberculosis, including MDR-TB, there has 
been an increase in published literature pertaining to the 
clinical pharmacokinetics and pharmacodynamics of rec-
ommended agents. Understanding how these drugs work at 
these levels and being aware of potential clinical implica-
tions resulting from pharmacokinetic and pharmacodynamic 
properties may help to design more effective and safe drug 
regimens in the future [7, 8]. There is currently a debate in 
the literature about drug resistance, specifically whether or 

not resistance is a problem arising from non-adherence or 
variations in drug exposure [9–11]. It is argued that tailoring 
doses to patients in order to optimize drug exposure may be 
just as important (if not more) than selecting the drugs to 
make up the treatment regimen [9, 11]. As programmatic 
tuberculosis treatment is not routinely monitored, the utility 
and feasibility of monitoring exposure is not yet known [8]. 
Given this current controversy and the increase in literature 
describing pharmacokinetic/pharmacodynamic outcomes, 
this review aims to critically evaluate the pharmacokinetic 
and pharmacodynamic literature pertaining to drugs used for 
the treatment of MDR-TB.

2 � Literature Search

A search of Pubmed and EMBASE was conducted to 
identify relevant literature for this review. Databases were 
searched using combinations of the keywords—tubercu-
losis OR MDR-TB OR multidrug resistant tuberculosis, 
AND pharmacokinetics OR pharmacodynamics, AND each 
individual drug name (as identified in Table 1). The search 
was conducted from database inception until November 
24, 2019. The search was limited to articles published in 
English and those that were conducted in humans. Articles 
were downloaded and reviewed if they reported on clinical 
pharmacokinetic or pharmacodynamic outcomes associated 
with at least one of the drugs recommended to treat MDR-
TB in MDR-TB patients. Articles solely reporting on limited 
sampling strategies were excluded. Conference abstracts and 
unpublished articles were not reviewed.

Table 1   Recommended drugs 
for the treatment of multi-drug 
resistant tuberculosis

AUC​ area under the concentration–time curve, MIC minimum inhibitory concentration, Cmax maximum 
concentration, T time

Group Drug Parameter best pre-
dictive of activity

Target 
value (if 
known)

A [6, 12, 20, 25, 30, 32, 33] Levofloxacin or AUC/MIC 100
Moxifloxacin AUC/MIC 100
Bedaquiline AUC/MIC
Linezolid AUC/MIC 100

B [6, 12] Clofazimine Unknown
Cycloserine or Terizidone Unknown

C [6, 12, 42–44, 48, 49] Ethambutol AUC/MIC
Delamanid Unknown
Pyrazinamide AUC/MIC 11.3

Cmax > 35 µg/ml
Imipenem-cilastatin or meropenem T > MIC 40%
Amikacin AUC/MIC 103

Cmax/MIC 75
Ethionamide or Prothionamide Unknown
p-aminosalicylic acid Unknown
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3 � Results of Literature Search

An overview of the drugs used to treat MDR-TB and known 
parameters predictive of activity are provided in Table 1 [6, 
12].

3.1 � Group A Medicines

Group A medicines include levofloxacin or moxifloxacin, 
bedaquiline, and linezolid [6]. All three (either levofloxacin 
or moxifloxacin) are to be included as part of the regimen for 
patients with MDR-TB. As such, these medicines form the 
backbone of MDR-TB treatment. Clinical studies have found 
high activity of these medicines against MDR-TB, which has 
translated into important outcomes, such as clinical cure.

The pharmacokinetics and pharmacodynamics of levo-
floxacin and moxifloxacin are well established in many pop-
ulations, as these drugs are used to treat a variety of bacterial 
infections. For treatment of MDR-TB with levofloxacin, it 
has been shown that increased doses lead to higher exposures 
in MDR-TB patients [13]. It has also been shown that the 
free area under the concentration time curve over minimum 
inhibitory concentration (fAUC/MIC) is a useful parameter 
for predicting efficacy [14, 15]. Recent literature shows that 
these exposure targets are not commonly met in both adults 
and children [16, 17]. One study conducted in MDR-TB 
patients aimed to determine the achievement of the fAUC/
MIC of levofloxacin dosed at 15 mg/kg. The study found 
high variability in the AUC and 4 of 20 patients did not 
achieve a target fAUC/MIC > 100 [18]. Another study con-
ducted in children with MDR-TB similarly assessed expo-
sure with levofloxacin doses of 15–20 mg/kg [19]. A simula-
tion model was developed to estimate exposures (AUC and 
maximum concentrations [Cmax]) in children receiving the 
20 mg/kg dose. Findings showed exposures were lower than 
target for all age ranges. Using the simulation model, the 
authors predicted that those children weighing 8–11 kg may 
require doses up to 40 mg/kg to achieve target exposures 
based on adult data [19]. Malik et al. found only 27% of chil-
dren aged 2–10 years met concentration targets when given 
WHO recommended doses, yet 80% achieved with higher 
doses [20]. Another study included data from 37 pharma-
cokinetic/pharmacodynamic studies in adults (32 studies) 
and children (5 studies) with MDR-TB [21]. Similar to the 
other reported studies, this study found that the standard 
daily dosing of 1,000 mg levofloxacin did not achieve an 
fAUC/MIC > 100 in 80% of the patients with an MIC and 
minimum bactericidal concentration of 1 mg/l. However, 
those patients with an MIC of 0.5 mg/l all achieved target 
parameters, suggesting usual doses may be suitable for less 
resistant organisms [21]. Conversely, Deshpande et al. [22] 
found doses of 25 mg/kg (1500 mg/day) were favorable for 
achieving target responses in MDR-TB patients and Mase 

et al. [23] reported target attainment in children with doses 
of 15–20 mg/kg. Kumar et al. [24] assessed covariates on 
pharmacokinetic parameters in Indian children. Significant 
findings for levofloxacin included a higher Cmax in females 
(11.5 µg/ml vs 7.3, p = 0.017). From a formulation perspec-
tive, it has been shown that dispersible tablets may have 
up to 41% greater exposure than regular adult tablets when 
given to children aged < 5 years [25]. These studies show 
that despite good evidence to use levofloxacin in MDR-TB, 
there is still urgent research needed to optimize dosing and 
formulations that will achieve exposure targets, especially 
for organisms with greater resistance and high MICs.

Pharmacokinetic and pharmacodynamic variability has 
also been shown with moxifloxacin and MDR-TB patients. 
Thee et al. [16] conducted a prospective study in children 
with MDR-TB aimed to assess the pharmacokinetics and 
safety of a 10 mg/kg dose. Findings showed serum concen-
trations were lower than in adults treated with 400 mg per 
day, thus concluding higher doses may be necessary for this 
age group. Chang et al. [26] conducted a study in adults and 
found high patient variability, including the fact that patient 
weight influenced apparent clearance (Cl/F) for moxifloxa-
cin, which prompted the authors to conclude that dosing 
should consider patient weight. Simulations based on this 
study data support a 200 mg daily dose of moxifloxacin for 
patients weighing < 50 kg and 400 mg daily for those weigh-
ing ≥ 50 kg. Ganatra et al. [27] studied dosing further and 
found that high dose moxifloxacin (600–800 mg/day) may 
be optimal to overcome increasing resistance at typical criti-
cal concentrations of 0.5 mg/l. Gumbo et al. [28] studied 
the effect of increasing moxifloxacin doses on target attain-
ment rates (400, 600, or 800 mg/day). Findings showed best 
attainment was achieved with the 800 mg/day dose, com-
pared to both the 600 and 400 mg/day doses (93% vs 86% 
and 59%, respectively). These studies and others demon-
strate that higher doses may be needed to overcome resistant 
organisms. However, higher doses must be well studied to 
ensure any increase in efficacy is not offset by compromising 
tolerability [26–29]. Heinrichs et al. [30] showed that tissue 
penetration into the lung is excellent for MDR-TB patients 
treated with moxifloxacin.

Bedaquiline is a Group A drug used for the treatment of 
MDR-TB after demonstrating efficacy in clinical trials [31]. 
It demonstrates linear pharmacokinetics following a one-
time dose up to 700 mg and multiple doses up to 400 mg 
daily [32]. It is well absorbed with a time to maximum 
concentration of 5 h. It undergoes oxidative metabolism 
via CYP3A4 and is known to have a very long terminal 
half-life (~ 173 h). Achievement of therapeutic concentra-
tions in cerebral spinal fluid is speculated to be low [33]. 
Body weight and albumin level are known to influence 
bedaquiline and metabolite (M2) disposition [34]. Popula-
tion pharmacokinetic modeling (4-compartment disposition 
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model) found bedaquiline to be widely distributed (apparent 
volume > 10,000 l) with a low clearance. CL/F was approxi-
mately 50% higher for black patients, as opposed to other 
races, and females had a lower apparent volume (Vc/F) than 
males (by approximately 15%). Based on the results of this 
study, bedaquiline’s long terminal elimination half-life is 
speculated to be due to redistribution from tissue compart-
ments [35]. An additional study found bedaquiline to be 
detected in plasma at 200 days post treatment, suggesting 
there could be a propensity for resistance development [36]. 
To date, the exposure response relationship of bedaquiline 
remains to be adequately characterized and should be a pri-
ority for future research [8]. Some work to date suggests 
that this may be possible [37]. Initial work has suggested 
that activity of bedaquiline is concentration dependent and 
that the AUC/MIC may therefore be the best parameter as 
a response marker [38]. Pharmacokinetic/pharmacody-
namic modeling suggests that the addition of bedaquiline 
to MDR-TB treatment regimens may also allow for shorter 
durations of treatment (18 months) while maintaining high 
efficacy rates [39]. Related, an interim analysis from an 
ongoing phase 2 study shows that bedaquiline given for at 
least 24 weeks, in addition to an individualized background 
regimen, may be a suitable option for Japanese patients [40].

The addition of linezolid to tuberculosis regimens 
increases culture conversion and clinical cure [6, 41]. How-
ever, linezolid has a narrow therapeutic index with the fre-
quency of adverse events directly proportional to the dose 
and duration of therapy [41, 42]. Mitochondrial toxicities 
including peripheral or optic neuropathy and hematological 
toxicity are most common and may correlate with trough 
concentrations [43]. Optimal pharmacokinetic/pharmaco-
dynamic targets have not yet been established but efficacy 
appears to be driven by the AUC/MIC [44]. It is also noted 
that an AUC/MIC ratio of 100 when co-administered with 
a companion drug is required to prevent drug resistance 
[45]. Brown et al. [46] studied different dosage regimens to 
optimize efficacy and safety. More frequent dosing (300 mg 
twice daily) offered more bacterial kill but increased toxic-
ity, compared to less frequent dosing (600 mg daily).

Alffenaar et al. [47] studied alternative doses of linezolid 
to investigate if smaller doses could minimize adverse effects 
but maintain adequate exposure. Eight patients were enrolled 
and received linezolid 300 mg (reduced dose) orally twice 
daily for 3 days, followed by 600 mg (standard dose) orally 
twice daily. Findings showed seven patients reached a target 
AUC​24/MIC ratio > 100. Despite no clear evidence that this 
ratio will predict therapeutic efficacy, it is concluded that a 
reduced dose may be appropriate for future study [47]. Simi-
lar findings were also demonstrated in a systematic review 
with meta-analysis [48]. Results from this report suggest 
300 mg orally twice daily may meet both efficacy and safety 
targets but the authors recognize the data are largely driven 

by a single center and require further study. A study that 
assessed linezolid concentrations in resected lung tissue 
found low tissue penetration of linezolid into diseased lung 
but the clinical implications are unclear [49]. However, the 
authors caution against lowering doses < 600 mg per day.

3.2 � Group B Medicines

Group B medicines include clofazimine and cycloserine or 
terizidone [6]. It is recommended to add one or both medi-
cines to treatment regimens. Clofazimine is a riminophena-
zine dye used for the treatment of leprosy but has activity 
against MDR TB [50]. A recent systematic review identi-
fied nine observational studies that included patients treated 
with clofazimine for drug resistant tuberculosis [50]. Clo-
fazimine-inclusive regimens produced favorable outcomes 
in 65% of patients with MDR-TB. Despite these positive 
outcomes, little dose optimization data exist for the use of 
clofazimine in MDR-TB and this should be a priority for 
future research [8].

Current guidelines recommend the use of cycloserine or 
terizidone in MDR-TB treatment regimens [6]. Both agents 
are partial N-methyl-d-aspartate receptor agonists and antag-
onists of pyridoxal 5′-phosphate (P5P) reactions. Terizidone 
is converted in vivo to cycloserine via hydrolysis [8]. Chang 
et al. [26] conducted a population pharmacokinetic study 
using cycloserine doses of 250–500 mg twice daily. The 
authors determined a one-compartment model with first 
order absorption best represented the data obtained. Find-
ings showed a slower absorption rate constant, slower Cl/F, 
and smaller Vd/F in patients with MDR-TB compared to 
health volunteers but that total daily doses of 500–750 mg 
cycloserine were likely to achieve a Cmax within the thera-
peutic range [26]. Mpagama et al. [17] found 2 h concen-
trations at 14 days of cycloserine to achieve expected con-
centrations and 12 (52%) of the patients had concentrations 
that exceeded the upper limit of the 2 h concentration range 
(20–35 µg/ml). Three (13%) patients had concentrations 
below expectations. Kumar et al. [24] found age (> 12 years) 
to be a significant predictor of higher Cmax and AUC values 
in Indian children. Court et al. [51] found no major influence 
of co-administration with terizidone.

Deshpande et al. [52] completed a systematic search to 
identify pharmacokinetic and pharmacodynamics studies 
performed with cycloserine MDR-TB but found no studies 
assessing exposure targets. The same authors then completed 
exposure effect and dose fractionated studies in a hollow 
fiber system of tuberculosis. MICs were also determined 
in 415 tuberculosis isolates and a susceptibility breakpoint 
was established to be 64 mg/l. Efficacy was determined 
to be associated with the percentage of time above MIC. 
Monte Carlo simulations showed a dose of 750 mg twice 
daily was most effective to achieve targets to treat pulmonary 
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tuberculosis, while a dose of 500 mg twice daily was likely 
sufficient for meningitis; these doses are proposed to achieve 
target exposure in the lung cavities of 92% of patients and 
85% of those patients with meningitis, respectively [52].

Little data exist regarding the pharmacokinetics and 
pharmacodynamics of terizidone, likely due to its conver-
sion to cycloserine in vivo. Mulubwa et al. [53] reported the 
development and validation of a chromatographic method 
to measure concentrations of terizidone concentrations. The 
authors then followed up with a population pharmacokinetic 
study. Samples were analyzed from 78 MDR-TB patients 
undergoing intensive phase therapy. Sampling occurred 
over 24 h and terizidone was found in 272 samples from 39 
patients. Mean and median concentrations were 49.3 µg/ml 
and 51.8 µg/ml, respectively.

3.3 � Group C Medicines

Group C drugs are to be added to the regimen for completion 
and when Group A and B drugs cannot be used [6]. Despite 
known activity against MDR-TB, clinical evidence for these 
drugs is largely scarce. Pharmacokinetic and pharmacody-
namic data are also not well established [8].

Delamanid is a relatively new Group C drug indicated for 
the treatment of MDR-TB in adults. Stinson et al. [54] con-
ducted a study to determine MICs of Delamanid and critical 
concentrations for susceptibility. A total of 460 isolates were 
used, of which 316 originated from patients enrolled in a 
global clinical trial, 76 from trials conducted in South Africa 
and 68 that were obtained outside clinical trials (45 Japanese 
and 23 South African). MICs ranged from 0.001 to 0.05 µg/
ml. This translated into an MIC50 (MIC that inhibits 50% 
of isolates) of 0.004 µg/ml and an MIC90 (MIC that inhibits 
50% of isolates) of 0.012 µg/ml. Based on the MICs and 
other pharmacokinetic data, the authors report a critical con-
centration of 0.2 µg/ml [54]. This breakpoint is supported by 
pharmacokinetic data that showed 95.8% of patients receiv-
ing 100 mg twice daily delamanid had a Cmax of ≥ 0.2 µg/ml 
and 79.8% had a minimum concentration of ≥ 0.2 µg/ml [55]. 
The results from this study showed higher sputum culture 
conversion with twice daily delamanid dosing compared to 
placebo (41.9% more patients, p = 0.04) [55].

Sturkenboom et al. [56] conducted a systematic review 
to determine the optimal dose and frequency of amikacin 
in MDR-TB regimens. The authors identified five studies 
that assessed pharmacokinetic, pharmacodynamic, and 
pharmacokinetic/pharmacodynamic parameters in associa-
tion with clinical outcomes. Findings from four pharmacoki-
netic studies showed variability in how studies described 
Cmax and that the route of administration (intravenous or 
intramuscular) has an impact on pharmacokinetic param-
eters [56]. The authors described one included study that 
used a hollow fiber system model of tuberculosis to identify 

amikacin pharmacokinetic/pharmacodynamic markers that 
associate best with efficacy [56]. It was found that Cmax/MIC 
was favored to kill Mycobacterium tuberculosis. A Cmax/
MIC ratio of 10.1 at the site of infection was found to be 
the optimal dosing target for intermittent therapy that opti-
mized cure for MDR-TB. This resulted in a serum Cmax/MIC 
ratio of 75 [56, 57]. Of note, an AUC​0–24/MIC ratio of 103 
also reached maximal effective concentrations [58]. Studies 
showed an increased risk of toxicity (including ototoxic-
ity) was associated with cumulative AUC corresponding 
with cumulative days of treatment [56, 59]. These findings 
suggest that higher intermittent dosing, as opposed to daily 
dosing, may be more beneficial to reach target Cmax/MIC 
values and optimize killing. This could therefore be a target 
for future research.

The carbapenem antibiotics (imipenem-cilastatin and 
meropenem) are recommended as Group C drugs and are 
gaining importance as therapeutic options [5, 60]. A sys-
tematic review summarized the clinical evidence for these 
drugs, in addition to ertapenem [61]. Seven studies of vary-
ing design met the inclusion criteria and showed positive 
treatment success for regimens containing a carbapenem to 
treat both MDR-TB and extensively resistant tuberculosis. 
Culture conversion rates specifically ranged from 60 to 95%. 
Tolerability of carbapenems as part of anti-tuberculosis regi-
mens was high [61]. Despite little pharmacokinetic/pharma-
codynamic data published for imipenem-cilastatin or mero-
penem in MDR-TB patients, some data exist for ertapenem. 
van Rijn et al. [62] published a larger systematic review that 
included 35 relevant articles. In vivo studies were identified 
for imipenem, meropenem, and ertapenem. The authors con-
cluded that there is insufficient evidence to recommend one 
carbapenem drug over another at this time. From a pharma-
cokinetic/pharmacodynamic perspective, Van Rijn et al. [63] 
also evaluated drug exposure in 12 MDR-TB patients receiv-
ing doses of 1,000 mg once daily. In relation to an MIC of 
0.25 mg/l, almost all (11/12) patients exceeded 40% time-
free concentration > MIC (Tfree > MIC). Nine patients met 
the criteria for an MIC of 0.5 mg/l and two patients with an 
MIC of 1 mg/l. The exposure target of 40% tfree > MIC may 
also be able to be extrapolated to other carbapenems [63].

Pyrazinamide is indicated for both drug susceptible and 
MDR-TB [6]. Chirehwa et al. [64] conducted a study to 
determine pharmacokinetic/driven optimal dosing regi-
mens in MDR-TB. Simulations from MDR-TB data show 
that drug exposure is associated with weight bands and 
that doses of 1,500 mg (33–50 kg), 1,750 mg (51–70 kg), 
and 2,000 mg (> 70 kg) ensure at least 90% of patients 
reach an AUC​0–24 h target of 363 mg*h/l. This means that 
some patients may need higher doses than those cur-
rently recommended for treatment of TB. Mugabo and 
Mulubwa [65] developed a population pharmacokinetic 
model of pyrazinamide and pyrazinoic acid based on 51 



310	 K. J. Wilby, F. N. Hussain 

adult patients with MDR-TB. This study found that phar-
macokinetic parameters were not affected by age, HIV 
status, or sex.

The Group C drug para-aminosalicylic acid may offer 
efficacy for both MDR-TB [6]. Chang et al. [26] devel-
oped a population pharmacokinetic model for this drug 
in patients with MDR-TB. The results showed an absorp-
tion rate constant of 0.51/h, an apparent clearance of 
30.8 l/h, and apparent volume of distribution of 79.4 l. 
Through simulation, it was determined that doses of 
4.95–6.6 g of p-aminosalicylic acid twice daily (or 3.3 g 
three times daily) would be most likely to achieve con-
centrations (Cmax) within the target range (20–60 µg/ml) 
[26]. It should be noted, however, that slow phenotypes of 
N-acetyltransferase (NAT1*14 and NAT1*3 alleles) might 
result in higher p-aminosalicylic acid exposures [66].

Ethionamide is recommended as a Group C drug for 
MDR-TB [6]. Deshpande et al. [67] conducted a multi-
dose hollow fiber system model of tuberculosis to identify 
the AUC​0-24h/MIC ratio that produced optimal outcomes. 
It was found that optimal exposure occurred with an  
AUC​0–24 h/MIC ratio > 56.2. Doses of 20 mg/kg/day were 
shown through Monte Carlo experiments to achieve this tar-
get in 95% of patients, as long as the MIC was < 2.5 mg/l. 
Findings showed ethionamide may be an important drug for 
MDR-TB treatment up to MICs of 2.5 mg/l. Kumar et al. 
[24] found significantly higher exposures (AUC) in Indian 
children aged < 12 years (17.5 µg/ml*h vs 9.4 µg/ml*h, 
p = 0.030) and that gender predicted higher Cmax values in 
female patients.

Lee et al. [68] conducted a pharmacokinetic study with 
prothionamide in 17 patients with MDR-TB. The patients 
received oral doses of 375 mg or 250 mg twice daily for 
at least 2 weeks in addition to their other tuberculosis 
drugs. Blood sampling occurred over 24 h. Mean Cmax was 
22.2 µg/ml (± 1.1 µg/ml), time to maximum concentra-
tion was 3.6 h (± 1.3 h), elimination half-life ranged from 
1.5 to 3.8 h and mean AUC​0–12 h was 11.0 ± 3.7 µg*h/ml. 
No major differences in pharmacokinetic parameters were 
noted between patients with BMIs above and below 18.5. 
The key finding from this study is that low body weight 
did not alter pharmacokinetic data and therefore may not 
need dosage adjustments in patients with poor nutritional 
statuses [68].

3.4 � Therapeutic Drug Monitoring

The evidence surrounding therapeutic drug monitoring is 
controversial [8, 69, 70]. Studies, to date, have not dem-
onstrated strong associations between therapeutic drug 
monitoring and better clinical outcomes. Studies are also 

limited by inappropriate sampling, lack of long-term out-
come data, and lack of drug susceptibility testing [8, 69, 
70]. Although collected individualized response informa-
tion can be useful, positive outcome data are likely neces-
sary before widespread use can be recommended. While 
therapeutic drug monitoring may provide more insight 
into dose and exposure targets, its role may currently be 
reserved for research purposes or perhaps those patients 
with underlying reasons for alterations in drug exposure. 
The American Thoracic Society/Centers for Disease Con-
trol and Prevention/Infectious Diseases Society of Amer-
ica currently recommend therapeutic drug monitoring for 
patients with poor response despite adherence and a fully 
susceptible strain, severe gastrointestinal abnormalities, 
drug–drug interactions, impaired renal clearance, HIV 
infection, diabetes mellitus, or treatment using second-line 
drugs [71]. It must be noted, however, that any recommen-
dation to implement routine therapeutic drug monitoring 
in practice must be balanced against required resources, 
especially considering the distribution of MDR-TB across 
world regions [8]. Nevertheless, studies should continue to 
explore the role of therapeutic drug monitoring for wide-
spread practice, in pursuit of determining which patients 
and which drugs may most benefit from its use. Cost anal-
yses should also be conducted to compare the costs of 
potentially improved therapy with therapeutic drug moni-
toring versus the high costs of repeated or failed MDR-TB 
therapy.

4 � Summary

We aimed to review current pharmacokinetic and pharma-
codynamic topics relating to drugs used to treat MDR-TB 
that may have important consequences for clinical out-
comes. A general conclusion is that the literature in this 
area is still lacking and much work needs to be carried 
out, in order to optimize MDR-TB treatment outcomes. 
Specifically, determining exposure targets, as well as opti-
mal doses, should be priorities for future research. At the 
same time, researchers should focus on how to achieve 
pharmacokinetic/pharmacodynamic outcomes in resource 
limited settings.
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