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Tuberculosis (TB) elimination requires innovative approaches. The new Global Tuberculosis Network (GTN) aims to conduct re-
search on key unmet therapeutic and diagnostic needs in the field of TB elimination using multidisciplinary, multisectorial ap-
proaches. The TB Pharmacology section within the new GTN aims to detect and study the current knowledge gaps, test potential 
solutions using human pharmacokinetics informed through preclinical infection systems, and return those findings to the bedside. 
Moreover, this approach would allow prospective identification and validation of optimal shorter therapeutic durations with new 
regimens. Optimized treatment using available and repurposed drugs may have an increased impact when prioritizing a person-
centered approach and acknowledge the importance of age, gender, comorbidities, and both social and programmatic environments. 
In this viewpoint article, we present an in-depth discussion on how TB pharmacology and the related strategies will contribute to 
TB elimination.
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TUBERCULOSIS ELIMINATION REQUIRES A NEW 
APPROACH

In September 2018, the United Nations General Assembly 
convened the historical first high-level meeting of member 
states’ leaders on tuberculosis (TB), committing to end the 
TB epidemic by 2030. The 3 pillars of the World Health 
Organization’s (WHO’s) TB elimination strategy include 
integrated person-centered prevention and care, bold pol-
icies and supportive systems, and intensified research and 
innovations. Several interventions are central to enacting 
the elimination strategy, including prevention, diagnosis, 
and treatment, as well as rehabilitation of disease sequelae 
[1, 2]. Interventions may have overlapping benefit, for ex-
ample, the rapid diagnosis and effective treatment of TB 
will reduce individual morbidity and mortality and will also 

reduce transmission of Mycobacterium tuberculosis within 
the community.

In recent years, investments in research and development 
have resulted in the approval of new medications for treat-
ment of TB, such as bedaquiline and delamanid. The pipeline 
includes several new regimens that are expected to dramati-
cally shorten the duration of treatment and increase the cure 
of all types of TB. Based on the latest evidence from research 
and country implementation, in 2019, the new WHO consoli-
dated guidelines on drug-resistant TB treatment that promote 
new and repurposed medicines and shorter treatment regi-
mens were issued [3]. Despite these promising developments, 
it is known that the uptake of new medicines and regimens at 
the country level is painfully slow. Barriers to more rapid up-
take at the country level have included concerns about safety, 
regulatory bottlenecks, and especially insufficient evidence of 
efficacy and safety [4] in combination with other medicines 
in treatment regimens. Despite the slower-than-anticipated 
uptake, the ultimate goal remains a treatment regimen indi-
vidualized in terms of components and duration using a com-
bination of the safest and most efficacious medicines built 
upon rapid whole-genome sequencing drug-susceptibility 
testing (DST). To best do so, DST data must be coupled with 
actionable knowledge of antibiotic pharmacokinetics (PK) 
and pharmacodynamics (PD).
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GLOBAL TUBERCULOSIS NETWORK

The Global Tuberculosis Network (GTN), hosted by the 
World Association for Infectious Diseases and Immunological 
Disorders (WAidid), was launched in October 2018 at the 
second Conference of WAidid in Milan, Italy [5, 6]. The GTN 
involves an international group of TB experts joining their col-
lective experience toward reaching the goals of the End TB 
Strategy. The overarching aim of GTN is to collaborate with ex-
isting initiatives directed toward the elimination of TB in the 
areas of research, advocacy, and training.

The GTN is presently composed of 3 pillars. Pillar 1: the fol-
lowing technical committees: TB Pharmacology; Diagnosis; 
Treatment; Epidemiology, Statistics, and Methodology; 
Prevention/Latent TB Infection; Pediatric; Basic Science; Clinical 
Trials; TB and Surgery; Migrants/Vulnerable Populations; TB 
Infection Control; Impact Evaluation, Strategies, and Global 
Health; and Clinical Support to Patients–TB Consilium; pillar 
2: representatives of organizations committed to TB control and 
interested in participating in the GTN; and pillar 3: private and 
pharmaceutical sectors, with observer status. Discussions are 
ongoing regarding the possibility to activate a pillar 4 with indi-
vidual membership.

The GTN has already organized working groups to identify 
priorities and conduct research, initially focused on TB diag-
nosis and therapeutics.

TB PHARMACOLOGY SECTION

In accordance with GTN’s perspectives, the TB Pharmacology 
Committee will promote the identification and study of crit-
ical knowledge gaps in our current understanding of TB 
pharmacology.

Preclinical models will be used to explore and determine the 
relationship between drug exposure and bacterial response, that 
is, microbial kill or acquired resistance. Information on drug 
dosing from these models will guide dosing strategies in real 
life. Acknowledging the funding gap for TB, operational re-
search will be used in addition to clinical trials to evaluate PK/
PD-guided dosing of currently available drugs. In addition to 
research, implementation strategies and accompanying tools 
will be developed to facilitate bedside PK/PD-guided dosing. 

Our aim in this viewpoint article is to provide a framework 
of PK/PD strategies to bridge bench to bedside. The committee 
identified the following strategies to bridge bench to bedside: 
minimum inhibitory concentration (MIC) and hollow fiber sys-
tems, translation of in vitro PK/PD to the bedside, research in 
an operational setting, and PK/PD at the bedside.

MIC and Hollow Fiber Infection Systems to Redefine Dosing Strategies

Anti-TB drug sensitivity tests are routinely performed on the 
first isolate of M. tuberculosis grown in culture to provide data 
for tailored therapy or to confirm the susceptibility to a therapy 

started on the basis of epidemiological and patient-related data 
or, more recently, on molecular results from direct specimens. 
Routine DST is performed in liquid or solid media at a critical 
concentration (CC); based on the results, strains are classified 
as “sensitive” or “resistant.” The MIC is the lowest static antibi-
otic concentration able to inhibit bacterial growth. MIC testing 
has been proposed as a better strategy for aligning a phenotypic 
test with mutations that confer drug resistance. The advantage 
of MIC identification is that it provides a range of values as a 
presumptive indication of sensitivity to the drugs [7].

In addition to well-known factors such as cavitary disease, 
comorbidities (eg, human immunodeficiency virus), treat-
ment length and completion, and medication adherence, clin-
ical studies have revealed that variability in long-term patient 
outcomes can be explained by drug concentrations and M. tu-
berculosis isolate MICs and, hence, the ratios of drug concen-
trations to MIC; in other words, PK/PD [8–16]. These same 
aspects also drive acquired drug resistance at the level of the 
TB cavity in patients, based on poor penetration to the site of 
infection [17]. Some of these studies, such as the clinical study 
of ethionamide analyzed using machine learning (ML), show 
that as the MIC increases, patient outcomes get worse until an 
MIC is reached above which outcomes are uniformly poor (ie, 
at the susceptibility breakpoint) [14].Conversely, ML-based 
analysis of clinical data in children and adults with TB shows 
that outcomes improve as concentrations of drugs in combina-
tion therapy increase until a threshold is reached above which 
outcomes are uniformly good [8–11, 18, 19]. The MIC and drug 
concentration-threshold ceilings therefore give us targets that 
doses administered to patients should achieve.

The relationships between PK/PD exposures and M. tubercu-
losis outcomes have most commonly been derived in the hollow 
fiber system model of TB (HFS-TB), which uses human-like an-
tibiotic concentration-time profiles encountered in the lungs. 
Although the HFS does not necessarily reflect the complete 
clinical condition of lung pathology during TB [20], as long as 
the PK/PD output of the model is predictive of what happens in 
the clinical setting, it can be used to inform dose optimization 
[21]. The HFS-TB, together with Monte Carlo simulations, has a 
forecasting accuracy of within 94% of the value of MIC suscep-
tibility breakpoints, optimal dose, and PK/PD exposures associ-
ated with effect in clinical studies [12, 14, 21]. Table 1 shows the 
HFS-TB PK/PD parameters and susceptibility breakpoints for 
WHO-approved anti-TB drugs. By taking into account the PK 
variability of the anti-TB drugs, the MIC variability, and drug 
penetration indices, the ability of different doses to achieve the 
optimal PK/PD exposures and the susceptibility breakpoint can 
be derived [22, 23].

There are some limitations to using MICs. First, although 
commercial plates exist, MIC testing has not been fully stand-
ardized; however, the European Committee on Antibiotic 
Susceptibility Testing mycobacterial subgroup is working on a 
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standardized protocol to be used for defining MIC distribution 
of TB drugs. For several drugs, the lower bound of the MICs is 
truncated, which prevents adequate quality control [30]. Second, 
specific mutations in rpoB, the gene that contains the primary 
resistance-determining region for the rifamycins, are associated 
with poorer clinical outcome despite a sensitive result by phe-
notypic tests. Furthermore, MICs of those specific rpoB mu-
tants show that MICs are higher than the wild-type distribution 
and that their distribution crosses the CC for the drug [31–33]. 
Interestingly, the MICs of these isolates and the rpoB mutation 
are correctly classified based on HFS-TB–derived PK/PD expos-
ures and Monte Carlo simulations and ML of clinical data [23, 
34]. In the case of isoniazid, resistance is associated with muta-
tions in different genes both in coding and noncoding regions 
(mainly, katG, inhA, fabG1), and the different mutants show dif-
ferent MICs for the drug [35]. Mutations in inhA promoter are 
usually associated with a favorable outcome when treated with 
higher doses of the drug despite the fact that some strains will be 
reported as resistant based on phenotypic DST at the CC [35]. 
The same phenomenon is observed with moxifloxacin: DST at 

the CC cannot accurately predict if strains could be treatable 
with higher doses of the drug. The WHO recently established 
the clinical breakpoint (CB) [36] to identify strains that are po-
tentially treatable with higher doses of moxifloxacin. The MIC 
distribution of strains genotypically mutated in gyrA/B shows a 
bimodal distribution. Even the use of the CB can result in a mis-
classification of some mutant-bearing mutations as sensitive to 
high doses of fluoroquinolones while resistance is highly likely. 
For gatifloxacin, such a dose-dependent zone has been defined, 
with higher doses being effective with specific gyrA/B mutations 
based on HFS-TB data and clinical data [12]. Large multicenter 
studies such as CRyPTIC that correlate MICs to genomic muta-
tions will shed light on how to use molecular markers to prop-
erly guide therapy decisions [7, 37].

Translation of In Vitro PK/PD to the Bedside

Antimicrobial drugs act in predictable ways. They have specific 
targets within the mycobacteria, and specific concentrations are 
needed to inhibit the growth of the organisms in vitro (MIC). 
Once the drugs are thoroughly studied in vitro, the findings can 

Table 1.  Pharmacokinetics and Pharmacodynamics Exposure and Minimum Inhibitory Concentration Breakpoints as Targets for Optimized Doses

World Health  
Organization  
Classification Drug 

Hollow Fiber System Model of Tuberculosis 
and Monte Carlo Experiments Derived Clinical Study Derived

Reference 
PK/PD Exposure Target 

(Free Drug) in Lung

PK/PD MIC or 
Susceptibility 

Breakpoint, mg/L
PK or PK/PD Derived 

in Blood
MIC or Susceptibility 

Breakpoint, mg/L

First-line       

 Rifampin AUC0-24/MIC >1360; 
peak/MIC >75

0.0625 AUC0-24 >35.4 mg*h/L; 
peak >8.2 mg/L

0.125; 0.0695 [24]

 Isoniazid AUC0-24/MIC >567 0.0312 AUC0-24 >52 mg*h/L 0.0312; 0.0334 [24]

 Ethambutol Peak/MIC >0.51; AUC0-

24/MIC >119
4 Peak/MIC >0.46 4 [24]

 Pyrazinamide AUC0-24/MIC >209 50 AUC0-24 >363 mg*h/L; 
AUC0-24/MIC >11.3

50 [25]

Multidrug-Resistant  
Tuberculosis 

      

Group A       

 Moxifloxacin AUC0-24/MIC = 56a 1 … … [26]

 Levofloxacin AUC0-24/MIC = 146; 
AUC0-24/MIC = 360a

0.5 AUC0-24/MIC = 160 … [13]

 Gatifloxacin AUC0-24/MIC = 184 0.5/2 AUC0-24 >50.29 0.5/2 [12]

 Linezolid AUC0-24/MIC = 119 2 ... ... [27] 

 Bedaquiline ... ... ... ... …

Group B       

 Clofazimine ... ... … … …

 Cycloserine Time above MIC = 30% 64 ... ... [28]

Group C       

 Delamanid ... ... ... ... …

 Imipenem/cilastatin ... ... ... ... …

 Meropenem ... ... ... ... …

 Amikacin Peak/MIC = 10.13 ... Peak >67 mg/L ... [19, 29]

 Ethionamide AUC0-24/MIC >56.2 2.5 ... 2.5 [14]

 P-aminosalicylic acid ... ... ... ... …

Abbreviations: AUC, area under the concentration time curve; MIC, minimum inhibitory concentration; PD, pharmacodynamics; PK, pharmacokinetics. 
aResistance suppression target.
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be confirmed in models of animals with active immune sys-
tems. Specific sites of infection can be studied in these models 
(eg, cerebrospinal fluid, brain, bone, pulmonary cavities).

Armed with the knowledge of the pharmacodynamically 
linked index, for example, maximum concentration (Cmax)/
MIC, area under the concentration time curve (AUC)/MIC, 
or time > MIC, dosing regimens that maximize the probability 
of target attainment can be constructed. In general, one targets 
“large,” infrequent doses to sequentially drive down the number 
of viable organisms using drugs that are “concentration de-
pendent” or one maintains concentrations above some measure 
of inhibition for as long as possible within each dosing interval 
(“time-dependent” drugs). Most antimycobacterial drugs can 
be dosed to maximize the free (unbound) drug AUC/MIC.

Because 3 mycobacteria populations appear to coexist 
in vivo, that is, those that actively divide, grow slowly in 
acidic environments, and are nonreplicating persisters, the 
pharmacodynamically linked index should be determined for 
all 3 populations using appropriate models. At the initiation of 
therapy, the largest population is in log-phase growth. Small 
numbers appear to be present within the acid phase and among 
nonreplicative persister phenotypes. However, these latter 
populations will emerge as the cause of failures or relapses if the 
chosen drugs fail to eliminate them.

Both mycobacterial populations and human populations 
show considerable interindividual variability. With the former, 
variability involves lineage-specific features, locations within 
the infected host, interactions with host-defense cells, the 
growth state, and susceptibility to the drugs used. Hosts vary 
widely based on age, immune function, renal and hepatic func-
tion, extent and duration of disease, and extent of cavity forma-
tion, which in turn reflect host genetic variability. Given this 
large number of variables, the probability that 1 regimen with 1 
set of fixed doses is the right regimen for all patients is approxi-
mately zero. Therefore, individualized therapy is required if fail-
ures, relapses, and the selection of additional drug resistance are 
to be avoided.

Research in an Operational Setting

It is imperative that clinical data that reflect the heterogeneity 
of patients in operational settings are used to validate models 
that predict PK/ PD relationships. Given a target drug expo-
sure, observational PK studies can optimize dosing according 
to age, weight, comorbidity, drug–drug interactions, or geno-
type. Population PK models accurately account for PK varia-
bility, and use of sparse-sampling, large population studies is 
feasible. As various sampling designs can be combined, data 
can be pooled across studies. These models can then be used to 
simulate optimal drug doses for different clinical scenarios. The 
importance of evaluating dosing guidelines in the relevant pa-
tient populations and optimizing doses accordingly has recently 
been demonstrated in observational pediatric studies evaluating 

drug exposure by age and weight [38]. Not-withstanding, there 
is often insufficient evidence to support dosing guidelines for 
infants, children, pregnant women, patients prescribed con-
comitant medicines that potentially interact with anti-TB 
drugs, and other special populations.

Challenges in the analysis of PK/PD relationships within 
clinical data include a lack of sensitive markers of treatment 
response, inaccurate extrapolation of PK over time, high-
dimensional data with multiple time-varying covariates that 
sometimes display multicolinearity and complex interactions, 
and heterogeneity within and between study populations. ML 
techniques have aided in our understanding of the complex 
and multidimensional relationships between anti-TB drug 
exposures and treatment outcomes. These data-driven and 
hypothesis-generating analyses have provided useful insights 
into complex real-world data from patient cohorts [10].

Such PK and PK/PD studies should ideally be integrated in 
phase 3 or 4 clinical trials (Figure 1); however, they add com-
plexity and costs because of sample collection, processing, 
storage and shipment, and good laboratory practices including 
proficiency testing. Observational studies nested in operational 
settings are important to represent the diversity of patient 
populations, including special populations and patients with 
comorbid conditions that exclude them from clinical trials. 
These studies would ideally leverage data from the wider patient 
population that are captured in routine data systems.

Data-sharing platforms allow maximal use of such data by 
providing a resource for researchers to examine large datasets, 
validate the data, and extrapolate test findings. While the clin-
ical measures currently used to characterize PK, M. tuberculosis 
susceptibility, and disease response are limited, they provide 
an important reference framework for preclinical models. The 
role of integrated-systems pharmacology models that use mul-
tiple levels of preclinical data together with clinical evidence to 
translate PK/PD relationships into clinical guidance has yet to 
be fully realized [39].

PK/PD at the Bedside

A fundamental tenet agreed upon by world leaders at the 2018 
UN High Level Meeting on TB was that solutions should be 
rooted in human rights and therefore be person-centered. 
Therein, solutions must be adaptable and capable of response 
to the individual, acknowledging microbial, host, and environ-
mental/social circumstances [40]. A pan TB regimen has been 
proposed to provide easy-to-use and effective TB treatment. 
The advantages for fixed-dose combinations for compliance 
has been long recognized. Alternatively, knowing that PK/PD 
data demonstrate the importance of individualized dosing and 
regimen construction, operational research could assist in pri-
oritization; patients will benefit from this strategy. In the few in-
stances where individualized management strategies have thus 
far been routinely offered to target specific patients with TB, 
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such as early therapeutic drug monitoring for diabetes-related 
TB, improved microbiologic and programmatic outcomes have 
been realized [41]. Although a target approach seems more 
realistic than TDM for every patient, the major bottleneck to 
person-centered clinical benefit to date has been a lack of later-
phase clinical trials and a path for scale-up in settings most bur-
dened by TB [42].

While the cost of quantitative analytic assays such as mass spec-
trometry and high-performance liquid chromatography (HPLC) 
has been frequently cited as a major barrier to implementation of 
therapeutic drug monitoring, cost-effectiveness fails to adequately 
weigh the personal gain for the individual. When such arguments 
were previously applied as “economistic rationalization” for re-
stricting access to second-line drugs to treat multidrug-resistant 
TB, they were subsequently shown to instead amplify the epi-
demic [43]. We contend that implementation should not focus on 
questions of whether or not individualized management should 
be available but rather, how best to prioritize its use, and how best 
to maximize its deliverables. As technologies such as medications 
are appropriately designated as essential, affordability and global 
solidarity toward negotiating access naturally follows.

We acknowledge the relative logistical hurdles of collecting 
multiple venous blood samples within a dosing interval, cen-
trifuging and transporting those specimens frozen to a re-
ferral laboratory for processing using single analyte assays, 

each with separate reagents and quality-control procedures, 
and then delivering those drug concentration results to a cli-
nician for interpretation and action. High-quality TDM in-
cluding the analysis, interpretation, and integration of those 
results in direct patient care requires training in pharmacology 
that is often lacking and therefore considered another hurdle 
hindering implementation of TDM. Multianalyte assays that 
combine the analysis of several key drugs in a single test will 
reduce the number of laboratory procedures and reduce spec-
imen volume. However, the most likely innovation to remove 
the implementation bottleneck will be an alternative to sample 
collection that either bypasses the cold chain and the necessity 
for phlebotomy entirely or that serves as an initial screening test 
prior to conventional serum HPLC or mass spectrometry [44]. 
Dried blood spots have been used in a variety of environmental 
conditions, can be shipped at room temperature, and, for many 
critical drugs, can replicate serum results [45]. Alternatively, as 
a screening tool, promising work continues in both saliva and 
urine colorimetric detection assays that could be performed at 
the point-of-care and may prove semiquantitative, delivering 
a readout of low or normal/high that for the majority of pa-
tients would obviate the need for serum testing [46]. Thus, lab-
oratory capacity development notwithstanding, we envision an 
approach to individualized management that can be adapted for 
the priorities of each patient, as depicted in Figure 1.

Figure 1.  Individualized management of tuberculosis using operational PK/PD research. In general, PK/PD research is patient-centered and uses information on the sus-
ceptibility of the pathogen being either phenotypic or genotypic, subsequently using a measure of drug exposure and correlate both in relation to treatment outcome or any 
other measure of treatment response in a real-life setting. Abbreviations: gDST, genotypic drug susceptibility testing; pDST, phenotypic drug susceptibility testing; PK, phar-
macokinetic; TB, tuberculosis; TDM, therapeutic drug monitoring. * key drugs for TDM include rifampicin, pyrazinamide, isoniazid, levofloxacin, moxifloxacin, and linezolid.
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CONCLUSIONS

Optimization of TB treatment in daily practice is challenging 
for many medical and socioeconomic reasons. Yet, shifting 
focus to person-centered strategies that individualize drug 
dosing and drug regimen composition, as outlined in this 
viewpoint, will offer the person with TB the best opportu-
nity for rapid sputum culture conversion that can reduce the 
transmission of TB, prevent acquired drug resistance, and ul-
timately shorten the total treatment duration. Providing the 
earliest and most optimal individualized treatment to people 
with TB, wherever they access care, will be critical for global 
TB elimination along with multidisciplinary approaches 
that address poverty and the catastrophic individual costs to 
people with TB and their families, novel approaches to reduce 
the latent TB reservoir and the incipient TB transmitted from 
people with subclinical disease, and improved vaccines for 
high-burden settings [1]. We recognize that a massive influx 
in public funding and widespread scale-up of public–private 
initiatives will be necessary to facilitate this approach. With 
regard to optimizing TB treatment, we argue that appropriate 
support is needed from regulatory authorities that can pro-
vide guidance on individualized dosing using TDM, as has 
been done for other antimicrobial drugs such as vancomycin. 
Regulatory support of off-label use of repurposed drugs based 
on publically available data in addition to fast-track approval 
of new drugs will help to expand the therapeutic armamen-
tarium [47]. Providing people with TB, their care providers, 
the public health community, and researchers flexibility, as in 
the case of optimized TB treatment, will bring long-awaited 
precision to the goal of global TB elimination.
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