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Getting the dose right in the treatment of tuberculosis (TB) is a key tool for safe and effective
administration of existing anti-TB drugs and for acceleration of the development of new agents or
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Prescribing the optimal combination of anti-tuberculosis drugs at the right dose is a fundamental step to
achieve successful treatment outcomes. To aid the decision, clinicians should consider multiple factors,
such as body weight, age, results of drug susceptibility testing, risk of intolerance and potential drug—drug
interactions. In this viewpoint, we outline different aspects of dose selection in the treatment of
tuberculosis (TB) such as traditional pharmacokinetics/pharmacodynamics, population pharmacokinetics
models, the importance of real-world evidence and clinical trial design in the development of shorter
treatment regimens and the new TB drug pipeline. Therapeutic drug monitoring for rifampicin, linezolid
and amikacin may significantly improve their risk-benefit profile promoting their responsible
administration. Precision dosing of novel, repurposed or conventional TB drugs should ensure optimal
efficacy, while minimising toxicity and the development of resistance.

Introduction

Tuberculosis (TB) claims over a million lives annually, returning this year to being the top infectious cause of
death worldwide due to lengthy treatment, poor adherence and the inappropriate use of anti-TB medicines [1].
Since the administration of the first anti-TB agent, streptomycin, in 1944 [2], clinicians have faced many
challenges in selecting the correct dose, due to treatment-related adverse events (AEs) and the emergence
of resistance. Despite the standard TB regimen achieving an 88% treatment success rate in drug-susceptible
(DS)-TB, treatment success is only registered in 68% of patients treated for rifampicin-resistant (RR)-TB [1].

Why dose matters

A classic dose concept was introduced to medicine by Paracelsus: “The dosage alone makes it so a thing is
not a poison”. As a result, the early stages of antibiotic development mainly focus on a drug candidate’s
safety, pharmacokinetics (PK) and optimal dose range in healthy volunteers [3].

The traditional approach to dosing anti-TB drugs is weight-based, using the milligram per kilogram across
all ages. This approach assumes a linear, rather than allometric, relationship between drug clearance and
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body weight, leading to under-dosing in children [4, 5]. Conversely, it may result in over-dosing, such as
with isoniazid (H) use in slow N-acetyltransferase (NAT2) acetylators. Standard TB treatment involves a
2-month intensive phase with H, rifampicin (R) pyrazinamide (Z) and ethambutol (E), followed by
4 months of HR continuation therapy [6]. However, this treatment strategy neglects the extent of the
disease as indicated by the number of acid-fast bacilli observed on sputum microscopy and the radiological
pulmonary lesions, and remains a disputed topic among clinicians.

The current TB drug development pipeline contains a variety of new and repurposed drugs aiming to
achieve shorter, all-oral regimens for both DS-TB [7] and drug-resistant (DR)-TB [8]. Strategies to reduce
treatment length include finding more effective anti-TB drug combinations or boosting the bactericidal
activity of regimen components through dose optimisation. For example, using high-dose rifapentine
(1200 mg daily) instead of R and replacing E with moxifloxacin (Mfx) for a 4-month treatment of DS-TB
was found to be non-inferior to the standard 6-month regimen (2HRZE/4HR) [9]. A similar approach was
applied to the 9-month, all-oral regimen for RR-TB where a double-dosage of Mfx (800 mg daily if
low-level resistance was documented) and H (600 mg a day) in combination with other drugs halved the
length of treatment in eligible patients [10].

The prioritisation of certain anti-TB drugs over others in dose selection should take into account clinical
context, including factors contributing to variability in drug efficacy or toxicity such as co-administered
antiretroviral therapy (ART), malnutrition, obesity or age [11]. In resource-restricted areas, dose
adjustments should be, foremost, accessible for critically ill TB patients (e.g. those with TB meningitis).

Pharmacokinetics/pharmacodynamics

PK aims to understand a drug’s behaviour in the human body, including its absorption, distribution,
metabolism and elimination, while pharmacodynamics (PD) refers to a drug’s pharmacological effect on
the body [11]. Despite the lungs being well-perfused organs, penetration into fibrotic cavities above the
minimal inhibitory concentration is drug-specific. A modelling study examining drugs entering different
types of pulmonary lesions in TB patients who underwent lung resection surgery found Mfx and
clofazimine achieved higher concentrations in pulmonary tissue compared with plasma. Several other drugs
investigated in this study, such as R, Z and linezolid (Lzd), had moderate lesion-focused penetration, while
H demonstrated a suboptimal probability of reaching target breakpoints of efficacy [12].

The population pharmacokinetics approach

Population pharmacokinetics (popPK) models use non-linear, mixed-effect methods to describe the PK
behaviour and variability of a drug within a population. They evaluate primary PK parameters such as
absorption rate, volume of distribution and clearance, adjusting for covariates such as body size, age, sex,
nutrition, disease and genetic polymorphisms, while considering inter- and intra-individual variability. The
development of popPK models is based on widely accepted standards, applying software packages such as
NONMEM or Monolix [13].

Modelling and simulations using popPK models can have a considerable impact. For example, it enabled
the development of a joint age- and weight-based approach in the paediatric dosing of bedaquiline (Bdq)
and delamanid, accounting for body size and immature cytochrome P450 (CYP450) enzyme functions,
which was adopted in World Health Organization (WHO) guidelines before the drug developers provided
any dosing advice for younger children [8]. Similarly, a model-based meta-analysis of several trials
demonstrated that higher R doses in adults with TB meningitis corresponded to reduced mortality [14].
Advanced PK/PD modelling allows the simultaneous analysis of time-kill curves and protein unbound
exposure, as well as the prediction of drug—drug interactions (DDIs) [13].

The role of PK/PD in drug development

Pharmacometrics opens a new era in the investigation of drug candidates using advanced PK/PD model
simulations to understand the relationship between dose-exposure-safety and dose-exposure-efficacy [15].
In the Nix-TB trial, 1200 mg of Lzd in combination with pretomanid (Pa) and Bdq for the treatment of
DR-TB achieved 90% favourable treatment outcomes, but led to high rates of AEs such as
myelosuppression (48%) and peripheral neuropathy (81%) [16]. The ZeNix study, the arm which halved
the Lzd dose (600 mg) achieved much lower rates of AEs (2% and 24% with myelosuppression and
peripheral neuropathy, respectively) and almost the same favourable treatment outcomes as the arm with a
Lzd dose of 1200 mg [17]. Recently, a novel 6-month regimen containing Bdg-Pa-Lzd (600 mg) and/or
Mfx (BPaL/M) for programmatic use in the treatment of DR-TB demonstrated comparable treatment
efficacy and duration as with treatment of DS-TB [18]. Moreover, the WHO has announced alternative 6-
and 9-month, all-oral regimens for DR-TB that are expected to be implemented in early 2025 [19].
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Integration of data from various sources drives decision-making at all stages of TB drug development.
In phase 1 dose escalation studies, PK/PD inform whether the suggested therapeutic dose is well-tolerated.
In phase 2 studies, they provide a basis for establishing exposure-response relationships and dose
optimisation. Finally, during phase 3 studies, PK/PD support the evaluation of DDIs in combination
therapies [20].

DDIs are common in TB due to the simultaneous management of underlying diseases and comorbidities.
Rifampicin interacts with CYP450 enzymes and transporters, and may significantly reduce plasma levels
of methadone, impacting adherence in people under opioid substitution treatment or resulting in overdose
if abruptly discontinued [21]. The co-administration of Bdq with certain antiretrovirals inhibiting CYP3A4
results in an increased risk of hepatotoxicity and QTc prolongation [22]. Notably, standard ART
(bictegravir/emtricitabine/tenofovir alafenamide) and hepatitis C therapy (glecaprevir/pibrentasvir) are well
tolerated with the BPaL regimen [23].

The general PD interaction (GPDI) approach may predict outcomes of combination therapy pending
clinical outcome readouts. This has allowed dose selection of novel candidates, such as the oxazolidinone
TBI-233, a potentially safer alternative to Lzd, along with Bdq and Pa, allowing accelerated development
into combination phase 2 trials [24].

Model-informed precision dosing

The conventional “one-size-fits-all” TB treatment strategy involves an identical treatment scheme for
patients with the same drug susceptibility test result, irrespective of disease phenotype. Model-based risk
stratification studies favour individualised treatment regimens, considering baseline sputum mycobacterial
load, extent of lung abnormalities, sex, HIV infection, treatment adherence and clinical improvement [25].
To move away from standardised combinations of anti-TB drugs and programme-centred TB treatment
duration, we must encourage clinical trials that consider model-informed precision dosing,
pharmacogenomics and the validation of the time to culture conversion or chest radiography as markers of
treatment success [26]. Individual drug concentration measurement can be a key part of this process
elaborating the balance between tolerability and efficacy of TB treatment.

Therapeutic drug monitoring

Patients with lower than expected clinical treatment responses should be re-evaluated to rule out the
acquisition of drug resistance, possible non-adherence or gastrointestinal malabsorption. Furthermore,
regular therapeutic drug monitoring (TDM) could help achieve the optimal concentration of anti-TB drugs
with a narrow therapeutic index (i.e. a slight difference between their effective and toxic doses, for
example, cycloserine, Lzd and amikacin) [27]. Point-of-care assays based on mobile ultraviolet
spectrophotometry of saliva or urine have been validated for TDM of several anti-TB agents [28].
A practical approach to defining optimal dose ranges would involve considering the area under the 24-h
time—concentration curve values (AUC,,) as a surrogate marker of reduced bactericidal activity, e.g.
25mg-h-L™" for 600 mg R [29]. The genetic algorithms previously used in cancer chemotherapy can
predict the dynamic change between susceptible and resistant bacterial populations [30]. The algorithms
generate optimal dosage schedules similar to the current Bdq dose schedule, where the initial high-loading
dose of 400 mg once a day for 2 weeks is followed by a tapering dose of 200 mg thrice weekly.

If standard dosage should not apply to all patients, the same principle should be followed with higher
dosage. A gap remains to be clarified regarding whether the same approach to dose adjustment can be
used in regimens where evidence was collected only for high dosage combinations, such as 1200 mg of
rifapentine. Integrating TDM within multi-arm/multi-stage clinical trial designs may be a right step towards
individualised TB treatment regimens based on disease severity and patient response.

Conclusion

PK/PD modelling is a crucial mechanism for optimising the dose of available agents and accelerating
novel TB drug development. Personalised dose adjustment promotes the responsible use of anti-TB
medicines, maximising their safety and efficacy.
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