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Optimization of anti-tuberculosis treatment in children 

 

Kendra K. Radtke 

 

 

Abstract 

Childhood tuberculosis (TB) affects one million children annually, and in 2019, 194,000 

children under 15 years of age died from TB. Malnourished, HIV-positive, and young children 

have an increased risk of TB disease progression, severe forms of TB, and poor treatment 

outcomes. Historically, children with TB have been treated as small adults. This may contribute 

to poorer outcomes due to pharmacokinetic differences between adults and children that result 

in suboptimal drug exposure. The aims of this work were to apply modeling and simulation to 

optimize pediatric dosing of important drugs/regimens for drug-susceptible TB, drug-resistant 

TB, and latent TB infection.  

Current treatment guidelines for drug-susceptible TB endorsed by the World Health 

Organization (WHO) recommend dosing children by body weight alone, which may lead to 

systematic underdosing and worse treatment outcomes in underweight children. A systematic 

review and meta-analysis were performed to assess rifampicin pharmacokinetics in children. At 

the current WHO recommendations, rifampicin exposures were much lower in children 

compared to adults. Younger and HIV-positive children trended toward lower exposures 

compared to older and HIV-negative children, respectively, but data reporting by these groups 

were too sparse to draw definitive conclusions. In a separate study, an integrated 

pharmacologic-epidemiologic model was developed to predict childhood TB outcomes in a real-

world population of children under 5 years of age from high burden TB countries. An alternative 

dosing method, which dosed children by ideal body weight instead of actual body weight, was 
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predicted to reduce unfavorable child outcomes by at least 33%, with major improvements in the 

youngest children and those who were malnourished. The findings from both analyses support 

higher doses of rifampicin than currently recommended.  

Moxifloxacin is a high-priority drug for drug-resistant TB treatment per WHO guidelines. 

However, doses are not optimized for children due to a lack of pharmacokinetic and safety data, 

especially in young children. To address this need, the population pharmacokinetics and 

relationship with QT-interval prolongation were characterized in a cohort of 85 children with TB 

(median age 4.6 years). Optimal moxifloxacin doses were found to be 10-50% higher than 

current WHO recommendations, depending on child weight. The risk of QT-interval prolongation 

was low during the study, but requires further assessment at higher doses, especially with 

coadministration of other QT-prolonging anti-TB agents such as clofazimine and bedaquiline. 

Tuberculosis disease can be prevented in those with latent infection with anti-

tuberculosis therapy. Novel short-course rifapentine-based therapies are an appealing, non-

inferior alternative to the standard 9-months of isoniazid. However, rifapentine pharmacokinetic 

data in children are lacking. To inform on optimal rifapentine dosing in children, the 

pharmacokinetics and autoinduction profile were first characterized in adults. The adult model 

informed the model structure for pediatric simulations as well as pharmacokinetic targets for 

different regimens. Then, optimized and pragmatic weight band dosing was proposed for the 3-

month once weekly regimen (3HP) for labelled use and for the experimental regimens being 

evaluated in pediatric clinical trials. Lastly, prior knowledge of rifapentine (and rifamycins, in 

general) pharmacokinetics was leveraged to inform the design of a pediatric PK study 

evaluating daily rifapentine for TB prevention.  

Collectively, this dissertation research contributes to the prevention and treatment of TB 

in children by applying model-based approaches to optimize the dosing of key drugs in current 

and novel regimens. There is a focus on vulnerable child populations that are typically 
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underrepresented in clinical trials and underserved by standard weight-based dosing practices 

but represent a large burden of the mortality (e.g., malnourished, HIV-coinfected, young). 
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Chapter 1.  Introduction 

 

 

Tuberculosis (TB) was the leading cause of mortality by infectious diseases in 2019 with an 

estimated 10.0 million cases (range 8.9 – 11.0 million) and 1.4 million deaths (range 1.1 – 1.6 

million) worldwide.1 Children less than 15 years of age accounted for 12% of the people who 

developed TB and approximately 20% of the deaths. People living with HIV accounted for 8.2% 

of TB cases and 14% of TB deaths. Young children under 5 years of age are disproportionally 

affected by TB.1,2 The global burden of TB is presented in Figure 1.1. 

 

 

 

 

Figure 1.1 Estimated global TB incidence adapted from 2019 WHO Global TB report. 
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Drug-resistant TB has remained a threat globally. Of the 10.0 million people who developed TB 

in 2019, 0.5 million (5%) developed rifampicin-resistant TB with the majority (78%) having 

multidrug-resistant TB (i.e., TB resistant to both isoniazid and rifampicin, the two most effective 

anti-TB drugs).1 The global percentage of new TB cases with multidrug resistance was 3.3% in 

2019, which remains stable from previous years. India, China, and the Russian Federation 

share 49% of the global burden of drug-resistant TB. Of even greater concern is extensively 

drug-resistant TB defined until recently as TB infection with additional resistance to 

fluoroquinolone antibiotics and second-line injectable agents such as aminoglycosides. The 

estimated global incidence of extensively drug-resistant TB is 12,350 cases per year.1 

 

The World Health Organization (WHO) and United Nations (UN) have put forth several targets 

to support the fight against TB. The WHO End TB Strategy targets an 80% reduction in the TB 

incidence rate and a 90% reduction in annual TB deaths by 2030 (versus 2015).3 In order to 

reach these targets, the WHO projects that treatment coverage, treatment success, and 

preventive treatment coverage need to be 90% or higher.3 The UN high-level meeting on TB 

has proposed a target of 40 million individuals treated for TB and 30 million individuals receiving 

TB preventive therapy between 2018 and 2022.1 This proposal includes specific targets for 

children, people living with HIV, and people who develop drug-resistant TB. The most recent 

data from 2019 show that the global progress is lagging behind what is needed to reach these 

targets.1 

 

Unfortunately, the COVID-19 pandemic is expected to have a devastating impact on the global 

burden of TB disease and threatens to reverse much of recent progress.1,4 GeneXpert 

machines, typically used for TB diagnosis, are being used for COVID-19 in 43 countries 

including 13 high TB burden countries.1 Staff have been reassigned from national TB 

programmes to COVID-19 related duties in 85 countries including 20 high TB burden countries, 
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and 14 high TB burden countries have reallocated budgets away from TB services. Data 

collection and TB reporting have also been affected. Modelling studies predict that only a short 

disruption in TB services (e.g., 3-6 months) could increase TB incidence by thousands to 

millions over 5 years in major high burden countries even with significantly reduced person-to-

person contact as would be expected in lockdown situations.5,6 The impact on TB-related deaths 

could be an increase of 200,000 to 400,000 deaths in 2020, reversing five years of progress in 

TB elimination.1 Optimizing the treatment and prevention of TB is more critical than ever. 

 

The standard of care for drug-susceptible TB treatment is six months of daily rifampicin, 

isoniazid, pyrazinamide, and ethambutol. In children, ethambutol is optional but recommended 

for children living with HIV or in regions with high HIV prevalence.7 The recommended pediatric 

dosages of first-line treatment have undergone some changes in the last decade, increasing 

from the same mg/kg dosage as adults in 2010 and formalized in 2014 (Table 1.1).7,8 However, 

the resulting recommendations were based on a few small studies in children. Experts in the 

field, including the WHO, have questioned whether these doses are optimal.9,10   

 

 

Table 1.1 Current and historical doses of first-line anti-tuberculosis drugs 
recommended in WHO guidance in children under 25 kg* 

Drug 
Daily dose prior to 
2010 (mg/kg) 

Daily dose in 2010 
(mg/kg) 

Daily dose in 2014 
(mg/kg) 

Rifampicin 10 (range 8-12) 10-20 15 (range 10-20) 

Isoniazid 5 (range 4-6) 10-15 10 (range 7-15) 

Pyrazinamide 25 (range 20-30) 30-40 35 (range 30-40) 

Ethambutol 20 (range 15-25) 15-25 20 (range 15-25) 

RIF, rifampicin; INH, isoniazid; PZA, pyrazinamide; ETH, ethambutol 
*As children approach a body weight of 25 kg, adult dosages can be used 
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Among a 2018 cohort of 13,185 children with TB 0-14 years of age for whom treatment 

outcomes were available and reported to the WHO, 84% experienced a successful treatment 

outcome.1 Country-specific treatment success ranged from 73% to 97% in this cohort,1 which is 

similar to observational studies.11-15 In the novel SHINE study, a randomized clinical trial that 

evaluated four versus six months of the four-drug first-line regimen with currently recommended 

doses, only 34 of 1204 (3%) children experienced an unfavorable outcome.16 The study was 

limited to children with non-severe TB disease. While these findings are encouraging, the 

treatment successes reported by many national TB programs still fall below the WHO target of 

90%. Together these data might suggest that currently recommended first-line therapy may be 

sufficient for easy-to-treat child populations in controlled settings (such as those in SHINE) but 

fail to adequately treat some children. 

 

 
Young, malnourished, and HIV-infected children are more vulnerable to death and unfavorable 

treatment outcomes.17-19 For example, one study found that children under 5 years of age were 

6.1 times more likely to die, and underweight children were 2.1 times more likely to die following 

TB treatment.17 Children living with HIV were 2.6 times more likely to die.19 Children under five 

years of age account for half of all child TB cases (0-14 years).2 TB and undernutrition are 

complexly linked—poor nutritional status increases the risk of TB progression and TB disease 

further worsens the nutritional state.20 Child undernutrition is highly prevalent in high-burden TB 

countries: >20% of children under five years of age are stunted (low height for age) in 26 of 30 

high-burden countries and >5% are wasted (low weight for height) in 18 countries.21 HIV is 

similarly prevalent especially in African regions, where up to 50% of children with TB are co-

infected with HIV.18 Despite these well-known risk factors for treatment failure/death and their 

high prevalence in high TB burden countries, all children are treated with the same uniform 
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weight-based doses (Table 1.1). Assessing the dosing needs of high-risk child populations such 

as these would likely increase the odds of treatment success and improve overall outcomes.  

 

Treatment success rates for drug-resistant forms of TB are generally worse than drug-

susceptible TB. The most recent global estimate of treatment success for rifampicin-resistant TB 

was 57%.1 Rifampicin-resistant TB outcomes in children tend to be better than adults.22 Drug-

resistant TB treatment is complicated by longer treatment durations (typically 9 to 24 months), 

the use of more agents (typically 5+) including injectable drugs, narrow therapeutic windows, 

and significant adverse effects.23,24 Second-line injectable agents, formerly the backbone of 

rifampicin-resistant TB treatment, have less activity against TB and poor penetration into tissues 

where TB resides (e.g., lesions).25,26 Additionally, most second-line agents have less in vitro 

potency and bactericidal activity against Mycobacterium tuberculosis than rifampicin.27 

 

Recent research has identified new compounds with good antimycobacterial activity.23 These 

include new agents (e.g., bedaquiline, pretomanid) and repurposed agents previously not used 

in TB treatment (e.g., moxifloxacin, linezolid, clofazimine). A recent meta-analysis of drug-

resistant treatment outcomes found that these drugs were associated with improved treatment 

success and lower mortality.28 Regimens including these agents may offer additional benefit of 

reducing treatment duration to 6-9 months.29,30 However, as with most second-line agents, there 

are significant dose-limiting toxicities that need to be considered. Moxifloxacin, clofazimine, 

pretomanid, and bedaquiline prolong the QT interval, and linezolid induces peripheral 

neuropathy and bone marrow suppression that may manifests as neutropenia, 

thrombocytopenia, and/or anemia.23 Their optimal use (i.e., dose, frequency, duration, and drug 

combination) in people with TB is an active area of research. In children, there is very limited 

knowledge of the safety and efficacy of these newly recommended agents; several 

pharmacokinetic and safety studies are underway or planned.31 Access to child-friendly 
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formulations that are palatable is also lacking and critical to safe and effective treatment of drug-

resistant TB in children.31,32 

 

Another critical component to eliminating TB is prevention. Approximately ¼ of the world’s 

population is estimated to be infected by TB (i.e., latent TB infection).33 While these individuals 

do not experience TB symptoms and do not contribute to the spread of TB, they are at risk of 

progressing to active disease.34 Children younger than five years of age, individuals living with 

HIV or other immunocompromised conditions, and poorly nourished individuals have an 

increased risk of progressing to TB disease.18,34 TB preventive therapy is the most available and 

effective form of TB prevention.1,35 Currently recommended TB preventive regimens include 

isoniazid or rifampicin monotherapy and isoniazid in combination with rifampicin or rifapentine 

(new).36 Compliance to isoniazid monotherapy (historical standard of care) is generally low, 

resulting in poor programmatic efficacy, and isoniazid-associated hepatitis is a concern.37-39 

Rifapentine-based regimens have demonstrated improved compliance and fewer or similar 

adverse event profiles with shorter treatment durations and non-inferior efficacy.40-42 Rifapentine 

use in children is limited to those 2 years and older and no child-friendly formulation exists.43 

 

Thesis aims 

This thesis aims to address important and policy-driven questions around dose and treatment 

optimization for anti-TB drugs in the pediatric population. This work is focused on the most 

important drugs used in TB treatment today where significant gaps in knowledge in the pediatric 

population exist. As such, the findings will have important implications on pediatric TB policy 

and dosing guidance. 
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Chapters 2 and 3 are focused on evaluating first-line anti-TB drug exposures and outcomes in 

children with the goal of ensuring successful treatment outcomes in all children. These chapters 

are primarily focused on optimal rifampicin use, which is thought to be the main driver of 

response. Chapter 2 reviews current evidence of rifampicin pharmacokinetics and re-evaluates 

currently recommended doses. Chapter 3 re-evaluates the algorithm by which doses are 

prescribed to children, which currently are based on weight alone, with special focus on 

malnourished children.  

 

Chapter 4 addresses an important gap in knowledge for optimizing drug-resistant TB treatment. 

Moxifloxacin pharmacokinetics and the relationship with QT prolongation are characterized in a 

young pediatric population with TB for the first time. The research evaluates current 

moxifloxacin doses in the context of drug exposure and safety and proposes optimal dosing 

given currently available formulations. 

 

Chapters 5-8 are related to the optimization of rifapentine-based regimens for TB prevention. 

Rifapentine pharmacokinetics and autoinduction are first characterized in adults (Chapter 5), 

and the resulting model is used for pharmacokinetic targets and parameters in subsequent 

analyses to recommend pediatric dosing for approved (Chapter 6) and experimental (Chapter 7) 

regimens. In Chapter 8, knowledge of rifapentine pharmacokinetics is leveraged along with 

modeling and simulation tools to inform the optimal trial characteristics for assessing rifapentine 

pharmacokinetics in children. 

 

Together, this dissertation encompasses research that is novel and important for pediatric TB 

policy in the areas of drug-susceptible TB, drug-resistant TB, and latent TB infection. 
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Chapter 2.  Systematic review and meta-analysis of rifampicin 

pharmacokinetics* 

 

 

Introduction 

Progress has been made in the control of tuberculosis (TB) in the recent decade, however, the 

annual decline in incidence is less than 2%. Furthermore, treatment success rates are still 

below targets: 85% of adults and 84% of children treated for drug-susceptible TB had 

favourable outcomes in 2018.1 Young age (<5 years old), HIV-coinfection, and malnutrition are 

risk factors for worse treatment outcomes.1,2 Extrapulmonary and disseminated disease, which 

are more common in young children, also result in worse outcomes.2 Optimizing anti-TB 

treatment for all individuals and for key high-risk groups could have significant benefits on 

ending the TB epidemic. 

 

First-line regimens for TB have undergone little change since their introduction more than 40 

years ago.3 The addition of rifampicin (RIF) and pyrazinamide (PZA) to isoniazid (INH) reduced 

treatment duration to six months and established this trio (HRZ) as the backbone of effective 

therapy.4 The addition of a fourth drug served to prevent drug resistance, particularly in people 

already harbouring INH-resistant strains and at a higher risk of treatment failure. Streptomycin 

 

 

* adapted from a report submitted to the World Health Organization: Solans B.P., Béranger A, Radtke 
K.K., Mohamed A, Nahid P, Savic R. (2021) Pharmacokinetics of first-line drugs (rifampicin, isoniazid, 
ethambutol and pyrazinamide) among children (<18 years old) treated for drug-susceptible tuberculosis: 
systematic review and meta-analysis. 
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was initially used for this purpose but was replaced by the oral agent ethambutol (EMB) 

resulting in the current standard four-drug first-line regimen.5 Recently, accepted doses of the 

four drugs in children under 25 kg (see Table 1.1) have undergone re-evaluation based on 

modern preclinical and clinical pharmacokinetic-pharmacodynamic (PK-PD) data, and new early 

phase clinical trials are establishing proof-of-concept that higher doses of RIF may improve 

efficacy and/or shorten treatment duration.6-9 However, whether these possible benefits can 

improve treatment outcomes and be achieved without additional toxicity, has not been 

established. 

 

Pharmacokinetic (PK) and safety studies are the mainstay in pediatric drug development when 

the same exposure-response relationship can be assumed between adults and children.10 

Therefore, ensuring PK targets are achieved for first-line anti-TB drugs could improve relapse-

free treatment success. Furthermore, intensification of treatment with higher doses could be 

important for people with severe or disseminated disease or in vulnerable populations. 

Unfortunately, no efficacy studies have been conducted in children assessing higher than 

recommended doses.  Therefore, the objective of this review was to assess the PK of first-line 

anti-TB drugs in children treated for drug-susceptible TB with current and higher than currently 

recommended doses used as part of a 3- or 4-drug combination regimen. This report will focus 

specifically on RIF. 

 

Methods 

Search Strategy and Selection Criteria 

Studies were identified in accordance with the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) guidelines.11 We searched for all clinical studies, 

including observational and descriptive studies, and randomized controlled trials. Case reports 
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were excluded. We identified studies involving children and adolescents under 18 years of age 

being treated for confirmed or suspected TB in which pharmacokinetic data were collected. All 

forms of TB (pulmonary, extrapulmonary or disseminated) were considered. Studies that 

included patients with confirmed or presumed resistance to RIF, INH, PZA or ETH were 

excluded from the analysis. 

 

Pubmed, EMBASE, CENTRAL (Cochrane central register of controlled trials), Cochrane 

Infectious diseases Group Clinical trials register, WHO International Clinical Trials Registry and 

Clinicaltrials.gov electronic databases were searched. All the databases were searched using 

the terms reported in Table 2.1, which employs the Cochrane Highly Sensitive Search 

Strategies for identification of clinical trials appropriate to those resources. The search was 

conducted for the period of January 2010 (date of the WHO guideline revisions) to October 

2020 (date of search), regardless of language or publication status (published, unpublished, in 

press and in progress). The search was performed for all first-line TB drugs. Only studies 

including RIF data were included in this review. 

 

All titles and abstracts were imported into Covidence. Two independent reviewers (A.B. and 

A.M.A.) screened the titles and abstracts for relevance and appraised full text for using pre-

specified selection criteria. Key articles were identified by consensus with a third and fourth 

reviewer (K.R. and B.P.S.). 
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Table 2.1 Systematic review search strategy 

Search 
set 

Pubmed Cochrane Embase 

1 child* OR neonat* OR 
pediatr*  

child* OR neonat* OR 
pediatr*  

child* OR neonat* OR 
pediatr*  

2 Tuberculosis Tuberculosis Tuberculosis 

3 #1 AND #2  #1 AND #2  #1 AND #2  

4 isoniazid OR 
pyrazinamide OR 
ethambutol OR 
rifampicin  

isoniazid OR 
pyrazinamide OR 
ethambutol OR 
rifampicin  

isoniazid OR 
pyrazinamide OR 
ethambutol OR 
rifampicin  

5 #3 AND #4  #3 AND #4  #3 AND #4  

6 pharmacokinetic* OR 
outcome  

pharmacokinetic* OR 
outcome  

pharmacokinetic* OR 
outcome  

7 #5 AND #6  #5 AND #6  #5 AND #6  

8 prevention* OR latent  prevention* OR latent  prevention* OR latent  

9 #7 NOT #8  #7 NOT #8 #7 NOT #8 
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Assessment of quality / bias 

Quality of evidence and bias were assessed for the included studies, using a scoring tool 

previously published and adapted to our situation (see Supplementary Information).12,13 Quality 

was assessed by four researchers (A.M.A., A.B., B.P.S. and K.R.). Disagreements were 

resolved by consensus.  

 
Data extraction 

A standardized extraction form (see Supplementary Information) was developed by four authors 

in consensus (A.M.A., A.B., B.P.S. and K.R.). Two authors (A.B. and B.P.S.) reviewed the full 

text and independently extracted data. In case of discrepancy, a consensus was found between 

A.B. and B.P.S, who also synthesized the data. 

 

The variables of interest included the country where the study took place, year of publication, 

study design, study sample size, age, form of TB, HIV status, study doses, adverse events, 

percentage of unfavorable outcomes, PK parameters, and significant associations. PK 

parameters (i.e., area under the concentration time curve (AUC) and maximum concentration 

(Cmax)) were extracted as available in the included studies. If available in the original report, drug 

exposures by key subgroups were also extracted, including body weight, age, HIV status, 

nutritional status (definition based on specific study), and dosing regimen (daily dose or other).  

 

Data synthesis 

Data were organized using Excel version 16.46 (Microsoft 2021) and visualized using R version 

1.3.1093. Study participant characteristics were summarized as reported in the original article, 

either as full cohort (preferred) and/or by participant group (e.g., HIV status) if full cohort 

summary was not available. Malnutrition was summarised by each nutritional status measure 

separately, if possible, as reported in the original study: height-for-age z-score (HAZ) or stunting 
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(HAZ < -2), weight-for-age z-score (WAZ) or underweight (WAZ < -2), and weight-for-height z-

score (WHZ) or wasting (WHZ < -2). Any Z score below -2 was considered malnutrition to avoid 

discrepancies in our report. Age was summarized as a continuous variable if possible. For 

studies that grouped participants by age group, data were summarised as done in the original 

report. 

 

Drug exposures (i.e., Cmax, AUC) were summarized for the whole cohort, dosing group or study 

arm, and by each relevant covariate: nutritional status, HIV status, and age. For AUC, the time 

interval for each study was recorded. AUC from 0 to 4 hours after dose (AUC0-4) or greater was 

considered as representing AUC. Data reported as ‘Cmax’ or concentration at 2 hours after dose 

‘C2h’ was considered as representing Cmax. RIF PK targets were 38.7 g*h/mL and 8-24 g/mL 

for AUC and Cmax, respectively.14 

 

Summary measures  

Summary estimates for AUC and Cmax were obtained by meta-analysis with the ‘metafor’ 

package version 2.4-0 in R. Mean and standard deviation were used. Where summary statistics 

were not available in this format, the mean and standard deviation were estimated using the 

summary statistics provided (e.g., median and interquartile range) using previously described 

methods.15 The main objective of the analysis was to collate and summarize available data on 

the drug exposures derived from subjects taking rifampicin, with special attention to higher than 

recommended doses. The secondary objective was to summarize drug exposures by key 

subgroups (i.e., age, HIV status, and nutritional status). A restricted maximum likelihood mixed-

effects model was used to perform a meta-analysis of AUC and Cmax estimates. DerSimonian–

Laird estimator was applied for residual heterogeneity. This approach fits a random-effects 

model. Heterogeneity was assessed by the I2 statistic and visual inspection of forest plots. Meta-
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regression was performed with key covariates to assess their impact on inter-study 

heterogeneity. 

 

Results 

Included Studies 

The PRISMA flow diagram is shown in Figure 2.1. There were 18 studies that met the inclusion 

criteria, of which 14 contained rifampicin PK data and were included in this analysis. One 

study16 was assessed as a moderate quality, one study17 as low quality and all the remaining 

studies were scored very low quality.  

 

The included studies are summarized in Table 2.2. All studies were prospective observational 

studies. The studies were conducted in the following geographic locations: India (n=6), South 

Africa (n=4), Malawi (n=1), Ghana (n=1), Vietnam (n=1) and Tanzania (n=1). All the studies 

included children with an age range from infants to adolescents under 16 years of age. HIV 

infection was reported in 12 studies, of which 8 included HIV-positive children. 
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Figure 2.1 PRISMA flow diagram of systematic review   

Studies imported 
for screening 

(n=304)

Duplicates (n=104)

Screened articles 
(title and abstracts) 

(n=200)

Full text review 
(n=46)

Studies irrelevant 
(n=154)

Studies included 
(n=18)

Exclusions (n=28)

Pubmed (n=102)

Embase (n=164)

Cochrane (n=36)

Abstracts (n=2)

Rifampicin n=14

Isoniazid n=16

Pyrazinamide n=13

Ethambutol n=8
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Overview of PK data 

RIF PK data was assessed in a total of 950 patients in the 14 included studies. All studies 

reported Cmax and 13 studies reported AUC: AUC0-4 (n=2), AUC0-5 (n=1), AUC0-6 (n=1), AUC0-8 

(n=4), AUC0-12 (n=1), AUC0-24 (n=3), and AUC0-last (n=1).  

 

PK parameters were reported differently across studies: 11 (73%) studies and 12 (80%) studies 

reported AUC and Cmax parameters for the full cohort, respectively (Table 2.3). Only 4 (27%) 

studies reported AUC parameters by age. There were 3 (21%) studies that reported AUC by 

malnutrition, but the metrics differed by study. Five studies reported AUC by HIV status and an 

additional three studies included only HIV-positive or HIV-negative children; therefore, the HIV 

status for AUC estimates were known for 173 (26%) children in 8 studies. Extracted PK data are 

summarized in Table 2.4.  
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None of the studies under evaluation assessed PK parameters by weight. Therefore, raw data 

from confidential unpublished studies (shorter treatment for minimal tuberculosis in children 

(‘Shine’, n=76); optimal dosing of first line antituberculosis and antiretroviral drugs in children, a 

pharmacokinetic study (‘Datic’, n=179) and pooled published data18,19 were used to show the 

range in exposure by weight band (Figure 2.2). Guiastrennec et al.19 reported data by WHO 

weight bands pooled from two studies20,21 included in this systematic review. Zvada et al.18 

reported pooled data; one study22 is represented in this systematic review, but the other study23 

did not meet our inclusion criteria. 

 

 

 

Figure 2.2 Rifampicin AUC by weight band.  
Boxplots represent 5th, 25th, 50th, 75th, and 95th percentiles.  The number of children included 
are 76 (Shine), 179 (Datic), 161 (Guiatrennec et al. 2018), and 76 (Zvada et al. 2014). Dashed 
line represents the target AUC (38.7 µg*h/mL). 
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Summary estimates of rifampicin PK  

The summary estimate for the 13 studies that reported rifampicin AUC was 23.4 µg*h/mL 

compared to the target of 38.7 µg*h/mL (Figure 2.3). In one study, the mean estimate achieved 

the target; in two studies, the 95% CI for one group crossed the target threshold but not the 

mean; in all remaining studies, the 95% CI was below the target. The summary estimate for the 

14 studies that reported rifampicin Cmax was 6 µg/mL compared to the target of 8 µg/mL (Figure 

2.3). The mean estimate was greater than the target in two studies and in one group in two 

studies. In three studies, the 95% CI of one group crossed the target threshold but the mean 

was below. All remaining studies were below the target. The heterogeneity in Cmax and AUC 

between studies was high (AUC I2=98.3%; Cmax I2=96.9%).  

 

Multivariate meta-regression of full cohort AUC estimates including dose (mg/kg), dosing 

frequency, rifampicin formulation, and study country variables identified dose (mg/kg) and RIF 

formulation as significantly impacting AUC (p<0.05). Higher mg/kg dose increased AUC while 

administration of RIF suspension was associated with lower AUC. Of note, the RIF suspension 

was only used in one study where all children were under one year of age. Inclusion of these 

variables reduced heterogeneity by 1% (I2=97.4%). In multivariate meta-regression of Cmax 

estimates, RIF formulation was the only significant predictor. The I2 was mostly unaffected. 
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Figure 2.3 Forest plot displaying estimated rifampicin AUC (a) and Cmax (b).  
Dashed lines represent the target or target range. Square is proportional to the sample size in 
each group.  
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Subgroup analysis and predictors of rifampicin PK 

All RIF exposure values by subgroups as reported in the original studies are in Table 2.4.  

 

Dose. RIF dose was associated with increased PK levels in four studies.22,24-26 A median dose 

of 15 mg/kg was associated with greater RIF AUC (p=0.01) and Cmax (p=0.04) than 10 mg/kg in 

univariate analysis but not multivariate analysis. Dosing frequency was not a significant 

modifier. Study-specific dose comparison found Cmax and AUC0-12 were higher with >10 

mg/kg.22,26 In separate studies, AUC0- increased by 0.12 µg.h/mL per mg/kg RIF (p=0.028),24 

and C2h increased by 0.2 μg/mL per mg/kg (p=0.005).25 Only one study assessed doses ≥ 20 

mg/kg. These data (unpublished) show a wide range in Cmax and AUC0-24 among individuals 

receiving 15 to 60 mg/kg.27 Steady state median (range) AUC0-24 was 39.5 (11.7-76.1) μg*h/mL 

with 15-20 mg/kg, 68.4 (18.9 – 169) μg*h/mL with 35 mg/kg, and 192.8 (17.2 – 415.6) μg*h/mL 

with 60 mg/kg. Steady state median (range) Cmax was 8.4 (3.1-15.5) μg/mL with 15-20 mg/kg, 

13.7 (4.8 – 29.5) μg/mL with 35 mg/kg, and 28.4 (3.5 – 47.4) μg/mL in the 60 mg/kg group.  

 

HIV status. HIV-positive children had significantly lower Cmax and AUC in one study.17 

Univariate analysis did not find a significant effect of HIV status; however, there was a trend 

toward lower RIF AUC (Figure 2.4). The PK variability within a study and between studies was 

large. 
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Figure 2.4 Forest plot displaying estimated rifampicin AUC (a) and Cmax (b) by HIV status. 
Dashed lines represent the target or target range. Square is proportional to the sample size in 
each group.  
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Age. Younger age was associated with significantly lower exposures in one study.21 Summary 

estimates by age group are shown in Figure 2.5. Younger children (0 to <6 years) had lower 

RIF AUC, estimated as 14.0 g*h/mL versus 22.0 g*h/mL (p=0.03). RIF Cmax trended toward 

lower in younger children but was not significant in the subgroup analysis. Of note, age 

stratification differed by study; therefore, estimate differences by group need to be interpreted 

with caution.  

 

Malnutrition. Nutritional status was associated with lower RIF exposure in two studies.21,25 

Ramachandran et al. reported an increase in AUC of 2.8 µg*h/mL per unit WAZ and an increase 

in Cmax of 0.6 µg/mL per unit WAZ.21 Justine et al. reported 2.03 µg/mL lower RIF C2h  in children 

with any malnutrition.25 There were too few studies that reported PK parameters by the same 

measure of nutritional status to test the association of malnutrition in the meta-analysis.   

 

Other variables. In addition to these results, drug formulation significantly influenced AUC and 

Cmax.22 In a separate study, low serum albumin was associated with lower Cmax.20 
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Figure 2.5 Forest plot displaying estimated rifampicin AUC (a) and Cmax (b) by age group.  
Dashed lines represent the target or target range. Square is proportional to the sample size in 
each group.  
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Discussion 

This is the first time, to our knowledge, that RIF PK at doses higher than those currently 

recommended by WHO have been systematically reviewed in children. We found a significant 

lack of research evaluating higher than recommended doses. Only one such study was 

identified (‘OptiRif’); these data are unpublished but findings were presented in 2019 at the 

Union World Conference.27 Among studies evaluating current WHO doses, only ‘OptiRif’ (15-20 

mg/kg) achieved AUC target attainment.27 

 

Until WHO guideline revisions in 2010, first-line anti-TB drugs were prescribed at the same 

mg/kg dose in children as in adults.28 Substantially lower exposures in children compared to 

adults prompted empirical increases in pediatric doses (e.g., from 10 mg/kg to 15 mg/kg for 

RIF).22,29,30 However, these dose increases were based on only a few pharmacokinetic studies 

including small numbers of children.  

 

The results from this systematic review and meta-analysis demonstrate that current RIF dosing 

(10-20 mg/kg daily) in children is suboptimal. Within the WHO recommended dose range, higher 

doses were found to result in higher RIF exposures but remained below the AUC target. More 

than 15 mg/kg RIF is likely required, at least for some children, to match the typical AUC in 

adults treated with 10 mg/kg RIF. Modelling and simulation predicted 25 mg/kg is needed to 

ensure target exposure attainment and favourable outcomes.19,31 Findings from ‘OptiRif’ 

(unpublished) support safe RIF dose increases up to 60 mg/kg in children.27 However, these 

doses were only given for two weeks, and long-term safety remains unknown. The published 

results of ‘OptiRif’ and future high-dose RIF studies in children are urgently needed to confirm 

PK and safety. 
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We found high variability in RIF exposures and large heterogeneity between studies. This could 

be expected given typically large PK variability in children32 compounded by heterogenous study 

populations (e.g., wide age range) and study characteristics. However, multivariate meta-

regression of study characteristics only found a significant association with mg/kg dose and/or 

RIF suspension, which was only used in one study of children under 1 year of age.33 Thus, the 

latter may reflect an age or formulation effect. Age was significantly associated with RIF AUC, 

where younger (<3 to <6 years, depending on study age grouping) had lower exposures. 

However, these results need to be interpreted with caution due to the small number of studies 

that reported PK by age and inconsistent age groupings. There was a trend toward lower AUC 

in HIV-positive children. Some studies also reported significant associations with malnutrition, 

but these could not be assessed in this meta-analysis due to the limited number of studies and 

inconsistent nutritional status metrics.  

 

Individual participant data meta-analysis (IPD-MA) should be done to make conclusive 

recommendations on the appropriate RIF dosing in children. Population-based approaches and 

nonlinear mixed effects modelling with pooled individual-level data has been successful in 

determining optimal doses for populations as well as high-risk subgroups.34-36 With a large PK 

database that includes diverse child populations, including substantial proportions of 

malnourished children and children living with HIV of various ages, we can better understand 

the true drivers of RIF PK. Given the large number of PK studies that have already been 

conducted, this approach would be feasible and preferred over a new study. 

 

This analysis is limited by the inconsistent reporting of PK parameters between studies, 

heterogenous populations, and small sample sizes. Mainly, important influencers of RIF PK 

could not be reliably determined through traditional meta-analysis approaches given the limited 

number of children, inconsistent or unreported metrics, and inability to correct for correlated 
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predictors. For example, only 4 of 14 studies reported PK by age but represented the same age 

distribution (e.g., <5 or > 5 years). Similarly, 3 studies reported PK by malnutrition but only 2 

studies reported by the same metric (e.g., ‘underweight’). IPD-MA would be a more robust 

approach for assessing important influencers of PK. 

 

Another limitation of this review is regarding assumptions. The reported AUC values varied from 

0-4 hours to 0-24 hours, which were considered equivalent in this analysis. Given RIF’s short 

half-life of 3-4 hours, this would be expected to minimally impact results, especially given the 

inherent variability observed within study. Further, only one study reported PK results as mean 

and SD; therefore, the parameters from remaining studies utilized estimated statistics. These 

assumptions would not be needed with methods that utilized raw PK data as in the proposed 

IPD-MA approach. 

 

Conclusion 

In this report, we showed that there is a lack of research studying higher doses than 

recommended by WHO in children. At currently recommended doses, RIF exposures are 

consistently lower than adults in the included studies. Our findings suggest that younger 

children and perhaps those with HIV infection may require higher doses than older children and 

those uninfected with HIV. However, given this study’s limitations and the high heterogeneity 

observed between studies, more robust methods such as IPD-MA with population PK modelling 

are needed to inform appropriate RIF doses for optimal treatment of all children, including high-

risk child subgroups.   
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Supplementary Information  

 

Quality of Evidence scoring for PK studies 

 
Final scoring: high (1 point), moderate (2 points), low (3 points), or very low (>4 points). 
  
Study design: 
Randomized trial: 1 
Controlled pharmacokinetic study, prospective: 2 
Pharmacokinetic study, retrospective: 3 
Observational study: 3 
Other: 4 
  
Add one point for the following situations of poor evidence: 
The publication was a conference abstract or not published in a peer-reviewed journal 
Sample size < 10 children in each arm or 30 in the whole study 
Doses were lower than currently recommended or not specified for any drug used or the 
formulation used was other than WHO-recommended FDC or not specified 
Not all relevant PK parameters were reported or PK outcomes are not well defined (AUC, Cmax) 
Inclusion and/or exclusion criteria are not defined (selection bias). 
The PK sampling strategy is not defined or only sparse sampling was collected (<3 samples per 
child) 
Demonstration of confirmed drug-sensitive TB or that drug-resistant TB not probable is not 
described 
 
 
Remove one point for significant findings: 
The study investigated doses higher than currently recommended with a comparator arm 
The study uses compartmental analyses with at least an internal validation 
There was a >50% decrease or >2-fold increase in PK parameters between reference and 
comparator group. 
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Data extraction form 

 
The data extraction form was an excel spreadsheet for each of the drug. For a better 
understanding of our methods, here are detailed what we collected for each study and for each 
drug when appropriate (INH, RIF, PZA and EMB). 
 
Publication information: Publication ID, title, Author, Year of publication, country, design 
 
Design information: sample size, numbers of HIV positive patients, studied drugs (INH, RIF, 
PZA, EMB), definition of TB, dosing regimen for each drug, formulation for each drug, PK 
sample design, PK outcome definitions 
 
Population information: age, body weight, sex, nutritional status (all Z-score with the numbers of 
patients having Z score < 2 and/or raw data) 
 
For each study: PK outcome for each drug (INH, RIF, PZA and EMB) for the whole cohort for 
each covariate when available (HIV, nutritional status, age and NAT2 genotype for INH). Each 
covariate was separated in different columns when appropriate (e.g. HIV positive and HIV 
negative, details for all the different ages). We reported the PK outcomes as follow: Cmax: mean 
or median, range, IQR or SD; AUC: mean or median, range, IQR or SD 
 
Other reported associations with PK outcomes in free comments 
 
For each study: Clinical outcome (favourable or unfavourable) when reported.  
 
PK target attainment: Number of patients attaining the PK target (AUC and/or Cmax) for each 
drug (INH, RIF, PZA and EMB) 
 
Adverse events in free comments 
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Chapter 3.  Alternative dosing regimens to improve outcomes for 

children with tuberculosis * 

 

Abstract 

 

Background 

Malnourished and young children are particularly vulnerable to severe forms of tuberculosis and 

poor treatment response. Current World Health Organization (WHO) dosing guidelines are only 

based on weight, which may lead to systematic underdosing and worse outcomes in these 

vulnerable children. We evaluate and quantify the population impact of current WHO guidelines 

for drug-susceptible tuberculosis in children in the 20 countries with highest disease burden.  

Methods  

Using an integrated model which links country-specific individual-level demographic data to 

pharmacokinetic, outcome, and epidemiological models, we assessed tuberculosis treatment 

outcomes in children under five years of age following the current WHO guidelines and two 

alternative dosing strategies: a simple algorithm that utilizes age, weight, and available 

formulations, and an individualized algorithm without dose limitations. 

Findings 

We estimated that 57,234/133,302 (43%) treated cases would be underdosed with WHO dosing 

and only 47% would reach the rifampicin exposure target. Underdosing and subtherapeutic 

 

 

* Modified from the publication: Radtke KK, Dooley KE, Dodd PJ, Garcia-Prats AJ, McKenna L, Hesseling 

AC, Savic RM (2019). Alternative dosing guidelines to improve outcomes for childhood tuberculosis: a 
mathematical modeling study. Lancet Child and Adolescent Health. 3(9):636-645. PMID: 31324596. 
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exposures were more common among malnourished children. The simple proposed dosing 

approach improved estimated rifampicin target exposure attainment to 62% and equalized 

outcomes by nutritional status. An estimated one-third of unfavorable treatment outcomes might 

be resolved with this dosing strategy, saving a minimum of 2423 children in these countries 

annually. With individualized dosing approaches, almost all children could achieve adequate 

exposure for cure.  

Interpretation 

This work demonstrates that a simple change in dosing procedure to include age and nutritional 

status, requiring no additional measurements or new drug formulations, is one approach to 

improve tuberculosis treatment outcomes in children, especially malnourished children who are 

at high risk of mortality.  

 

 

Background 

Childhood tuberculosis is among the top 10 killers of children under five years of age.1 Although 

global reports on leading causes of child mortality historically had omitted tuberculosis, recent 

estimates suggest that 191,000 children younger than five years died of tuberculosis in 2015.1 

Late or missed diagnosis of tuberculosis is a primary driver of mortality among children, but 

evidence from clinical studies also show that even when diagnosed and treated, tuberculosis 

outcomes are still far from ideal in countries with high incidence.2,3 Narrowing the treatment-

response gap for children with tuberculosis will be a pivotal step toward curbing childhood 

mortality and will help move us towards the goal of Zero Deaths from childhood tuberculosis.4  

 

Tuberculosis disease severity, compromised immune response, and suboptimal treatment all 

contribute to morbidity and mortality from childhood tuberculosis. Young children are vulnerable 
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to severe forms of tuberculosis including disseminated disease (e.g., tuberculosis meningitis 

and miliary tuberculosis), which is more difficult to cure.5 Likewise, comorbidities that impair 

immune function (e.g., HIV infection, malnutrition) have been linked with lower survival.6,7 Early 

and accurate disease detection as well as initiation of appropriate supportive therapy (e.g., anti-

retroviral therapy in HIV co-infection and nutritional support in undernourished) are important for 

proper tuberculosis disease management. Further, adequate drug exposure of anti-tuberculosis 

treatment is essential for optimal disease outcomes and preventing the development of drug-

resistant tuberculosis, which has substantially worse outcomes.8,9 While many factors certainly 

contribute to tuberculosis disease outcome, the precise impact of each factor has not been 

quantified. Optimizing treatment dosing for children is one known and established intervention 

that can be easily controlled and is an attractive, simple, and efficient strategy for tuberculosis 

policy change that could immediately benefit children’s lives. 

 

Pediatric dosing guidelines, including the WHO guidelines for child tuberculosis,10 are 

historically derived based on weight and may leave young and malnourished children vulnerable 

to underdosing. Flat weight-based dosing (e.g., mg/kg for all ages) assumes a linear 

relationship between dose requirement and weight, neglecting basic principles of developmental 

pharmacology.11 In general, weight is a good indicator of a child’s capacity to distribute, 

metabolize, and eliminate drug if the child is well-nourished and school-aged or older. However, 

young children undergo dynamic changes in metabolic capacity and body composition during 

growth that alter drug pharmacokinetics.11 These changes are often correlated to weight using 

¾ power laws, which forms the basis for weight-based dosing where higher mg/kg doses are 

required in very young children. Further, weight and metabolic rate do not correlate well in 

malnourished children who have the same metabolic potential as healthy children of equal age. 

The current tuberculosis dosing guidelines do not consider allometry, age, or malnutrition, which 

is likely to result with systematic underexposure of young and malnourished children. For 
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example, in the case of children one year of age, a child with a normal weight of 9 kg receives 

twice as much drug as a malnourished child who weighs 6 kg with WHO weight band dosing,12 

but both children would be expected to eliminate the drug at similar rates. Correcting 

systematically low drug exposures in the most vulnerable children by modifying drug dosing is 

an unrecognized and simple area of intervention that could greatly improve outcomes in all of 

pediatric medicine.  

 

We conducted a modeling study to estimate the prevalence of potential underdosing of first-line 

anti-tuberculosis drugs and the consequent impact on drug exposures and population outcomes 

(including mortality) in the 20 countries with the highest burden of childhood tuberculosis.  We 

used a novel, integrative modeling design which used real, individual-level child demographic 

data along with relevant population pharmacokinetic, exposure-response, and epidemiological 

models to minimize assumptions and to establish an environment representative of true 

conditions. To our knowledge, this is the first time a model such as this has been used. With this 

design, we estimated the impact of a revised dosing method which incorporates age and 

nutritional status, simply measured, on treatment outcomes compared to the current standard.  

 

 

Methods 

The integrated model was created by linking individual child demographic data obtained from 

country-specific population health surveys with pharmacokinetic, pharmacodynamic (outcome), 

and epidemiological models (Figure 3.1).  
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Figure 3.1 Integrative model schematic.  
AUC = area under-the-curve. Punf = Probability of unfavorable outcome. 
 

 

 

Demographic Database 

We created a database of nationally-representative child populations under five years of age 

from publicly accessible survey data for the 20 countries with the highest total tuberculosis 

incidence (Table 3.1). These countries account for 82% of total estimated under-5 tuberculosis 

incidence.13 The Demographic and Health Surveys (DHS) Program, a standardized international 

survey that collects accurate and representative data on health and nutrition for more than 90 

countries with large sample sizes, was used as the primary data source.14 For eight out of the 
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20 countries analyzed in this study, child anthropometric data were either unavailable or 

incomplete in the DHS. Instead, the Joint Child Malnutrition Estimates were used to locate other 

sources for standardized, government-administered survey data for the remaining countries.15 

The most recent survey with the greatest number of children and publicly accessible individual 

anthropometric data was selected. Longitudinal data, if available, was accepted to increase 

population sample size (e.g., China); data prior to 2006 was excluded. Likewise, data from 

children over the age of five years from non-DHS data sources (if available) were excluded for 

consistency across data sources. No publicly accessible data source was available for the 

Democratic People’s Republic of Korea; instead, Zambia was included to complete the list of top 

20 countries with highest tuberculosis burden. Further, the database was complemented with 

child demographic data from the authors’ observational and clinical studies.16-20 Ethical approval 

and subject consent were obtained by the survey or clinical study providing the data. 

 

Child-specific anthropometrics, gender, age, and nutritional status markers (height-for-age z-

score [HAZ], weight-for-age z-score [WAZ], weight-for-height z-score [WHZ], and body mass 

index-for-age z-score [BAZ]) were extracted from each database. When unavailable from the 

database, nutritional markers were calculated in R 3.4.2 (R Core Team; Vienna, Austria) using 

the WHO’s Anthro software.21 Exclusion criteria were weight or expected weight below 4 kg, 

consistent with the lower bound of weight band dosing,12 and implausible nutritional z-scores 

per WHO child growth standards (WAZ <-6 or >5, HAZ <-6 or >6, WHZ <-5 or >5, or BAZ <-5 or 

>5).21 Z-scores were calculated using WHO Anthro software or obtained directly from the survey 

source. The general formula for Z-score calculation is: (measured value – mean value of 

reference population) / (standard deviation of reference population), where the reference 

population is specific for age and gender. 

 

  



 51 

Table 3.1 Study Population. 
   Nutritional Status, n (%) Survey, 

Year(s)Reference Country  N Underweight Stunted Wasted 

Angola  6135 1139 (19) 2309 (38) 305 (5) DHS, 

< 1 year  1310 202 (15) 275 (21) 93 (7) 201522 

1-3 years  2528 518 (20) 1149 (45) 136 (5)  

3-5 years  2297 419 (18) 885 (39) 76 (3)  

Bangladesh  6857 2225 (32) 2522 (37) 972 (14) DHS, 

< 1 year  1236 216 (17) 203 (16) 202 (16) 201123 

1-3 years  2862 974 (34) 1162 (41) 405 (14)  

3-5 years  2759 1035 (38) 1157 (42) 365 (13)  

Brazil  4288 81 (2) 311 (7) 62 (1) PNDS, 

< 1 year  801 15 (2) 35 (4) 24 (3) 200624 

1-3 years  1721 29 (2) 149 (9) 21 (1)  

3-5 years  1766 37 (2) 127 (7) 17 (1)  

China  1729 74 (4) 220 (13) 76 (4) CHNS, 

< 1 year  233 7 (3) 35 (15) 13 (6) 200625 

1-3 years  708 28 (4) 95 (13) 32 (5)  

3-5 years  788 39 (5) 90 (11) 31 (4)  

DRC  7913 1835 (23) 3515 (44) 613 (8) DHS, 

< 1 year  1608 213 (13) 303 (19) 181 (11) 201326 

1-3 years  3275 725 (22) 1513 (46) 268 (8)  

3-5 years  3030 897 (30) 1699 (56) 164 (5)  

Ethiopia  9482 2850 (30) 4043 (43) 1095 (12) DHS, 

< 1 year  1839 289 (16) 243 (13) 307 (17) 201127 

1-3 years  3654 1253 (34) 1816 (50) 461 (13)  

3-5 years  3989 1308 (33) 1984 (50) 327 (8)  

India  221,113 75,869 (34) 85,069 (38) 44,323 (20) DHS, 

< 1 year  37,970 9541 (25) 8018 (21) 9968 (26) 201528 

1-3 years 
 

90,396 31,759 (35) 38,196 (42) 18,274 (20) 
Clinical Studies17, 

16
 

3-5 years  92,747 34,569 (37) 38,855 (42) 16,081 (17)  

Indonesia  4398 850 (19) 1582 (36) 411 (9) IFLS, 

< 1 year  767 100 (13) 206 (27) 92 (12) 2006, 200729 

1-3 years  1805 366 (20) 729 (40) 182 (10)  

3-5 years  1826 384 (21) 647 (35) 137 (8)  

Kenya  18,424 2427 (13) 4995 (27) 989 (5) DHS, 

< 1 year  3478 233 (7) 437 (13) 192 (6) 201430 

1-3 years  7639 1102 (14) 2522 (33) 407 (5) 
 

3-5 years  7307 1092 (15) 2036 (28) 390 (5)  

Mozambique  9142 1178 (13) 3604 (39) 450 (5) DHS, 

< 1 year  1873 228 (12) 463 (25) 133 (7) 201131 

1-3 years  3893 545 (14) 1770 (45) 237 (6)  

3-5 years  3376 405 (12) 1371 (41) 80 (2)  

Myanmar  4138 763 (18) 1268 (31) 263 (6) DHS, 

< 1 year  786 67 (9) 73 (9) 60 (8) 201532 

1-3 years  1661 319 (19) 574 (35) 114 (7)  

3-5 years  1691 377 (22) 621 (37) 89 (5)  

Nigeria  24,076 6444 (27) 8720 (36) 3936 (16) DHS, 

< 1 year  4893 1027 (21) 921 (19) 1171 (24) 201333 

1-3 years  9631 2880 (30) 3930 (41) 1698 (18)  

3-5 years  9552 2537 (27) 3869 (41) 1067 (11)  

Pakistan  3011 787 (26) 1350 (45) 304 (10) DHS, 

< 1 year  520 110 (21) 115 (22) 73 (14) 201234 

1-3 years  1203 344 (29) 603 (50) 139 (12)  

3-5 years  1288 333 (26) 632 (49) 92 (7)  
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Table 3.1 (continued) 

   Nutritional Status, n (%) Survey, 
Year(s)Reference Country  N Underweight Stunted Wasted 

Philippines  15,922 3510 (22) 5506 (35) 1043 (7) FNRI-NNS, 

< 1 year  2593 322 (12) 343 (13) 246 (9) 201535 

1-3 years  6089 1379 (23) 2322 (38) 451 (7)  

3-5 years  7240 1809 (25) 2841 (39) 346 (5)  

Russia  9665 282 (3) 919 (10) 828 (9) RLMS-HSE, 

< 1 year  1803 87 (5) 208 (12) 142 (8) 2006- 

1-3 years  4020 76 (2) 395 (10) 272 (7) 201536 

3-5 years  3842 119 (3) 316 (8) 414 (11)  

South Africa  9691 671 (7) 2573 (27) 406 (4) NIDS, 

< 1 year  859 65 (8) 171 (20) 80 (9) 2008-201437-40 

1-3 years  4012 265 (7) 1310 (33) 158 (4) Clinical Studies20,18 

3-5 years  4820 341 (7) 1092 (23) 168 (3)  

Tanzania  8735 1177 (13) 2961 (34) 400 (5) DHS, 

< 1 year  1773 169 (10) 310 (17) 128 (7) 201541 

1-3 years  3808 569 (15) 1525 (40) 170 (4)  

3-5 years  3154 439 (14) 1126 (36) 102 (3)  

Thailand  8688 593 (7) 1187 (14) 516 (6) MICS, 

< 1 year  987 67 (7) 140 (14) 84 (9) 201242  

1-3 years  3722 223 (6) 559 (15) 177 (5)  

3-5 years  3979 303 (8) 488 (12) 255 (6)  

Vietnam  3515 379 (11) 758 (22) 135 (4) MICS, 

< 1 year  592 26 (4) 44 (7) 32 (5) 201043  

1-3 years  1500 157 (10) 353 (24) 48 (3)  

3-5 years  1423 196 (14) 361 (25) 55 (4)  

Zambia  11,287 1687 (15) 4493 (40) 693 (6) DHS, 

< 1 year  2103 220 (10) 480 (23) 175 (8) 201444 

1-3 years  4669 782 (17) 2269 (49) 284 (6)  

3-5 years  4515 685 (15) 1744 (39) 234 (5)  

Underweight = weight-for-age Z-score (WAZ)< -2; Stunted = height-for-age Z-score (HAZ)< -2; Wasted = weight-for-height Z-score (WHZ)< -2. 
CHNS = Chinese Health and Nutrition Surveys; DHS = Demographic and Health Surveys Program; DRC = Democratic Republic of the Congo; 

FNRI-NNS = Food and Nutrition Research Institute-National Nutrition Survey; IFLS = Indonesia Family Life Survey; MICS = Multiple Indicator 
Cluster Surveys; NIDS = National Income Dynamics Study; PNDS = Pesquisa Nacional de Demografia e Saude; RLMS = Russia Longitudinal 
Monitoring Survey- Higher School of Economics.  
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Dosing Methods  

All children were sampled from the above-mentioned database as a potential child with drug-

susceptible tuberculosis disease. The WHO-recommended fixed-dose combination (FDC) 

formulation for intensive phase treatment (75 mg rifampicin, 50 mg isoniazid, 150 mg 

pyrazinamide) was used.12 Tuberculosis treatment was simulated for each child with two 

different dosing methods: the current standard, and a proposed simple algorithm to account for 

the effects of malnutrition (Figure 3.2). A third, individualized dose for each child was also 

explored. 

 

 

 

 

Figure 3.2 Childhood tuberculosis dosing schematic.  
For the proposed guidelines, dosing is stratified by nutritional status (WAZ > 0, use weight-
based dosing; WAZ < 0, use age or expected weight dosing). Alternatively, a simplified dosing 
chart can be used to determine dose. WAZ = weight-for-age z-score. PGx = 
pharmacogenomics. FDC = fixed dose combination. 
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The current dosing procedure followed the most recent WHO childhood tuberculosis 

guidelines.10 In this method, children are dosed by weight bands (4-7 kg, 8-11 kg, 12-15 kg, 16-

24 kg, 25+) corresponding to incremental FDC tablet quantity and flat mg/kg dose range.12  

 

For the new proposed dosing procedure, we chose a simple method where underweight 

children would receive equal drug doses as normal weight children of the same. This method 

was derived by evaluating what dose a child would receive if they were of normal weight (Table 

3.2). In this proposed method, children with good nutritional status (WAZ > 0) received weight-

based dosing according to the WHO recommendations while children with poor nutritional status 

(WAZ < 0) received age-based (i.e., expected weight-based) dosing resulting in higher doses 

than would be received with the current method. A schematic is shown in Figure 3.2. This 

method utilizes the WHO-recommended FDC formulation for children, is simple to implement in 

resource-limited clinical settings and minimizes the need for additional measurements. 

Furthermore, to facilitate using WAZ for dose determination, a simplified dosing chart 

resembling a child growth chart was constructed to eliminate any calculation requirements 

(Figure 3.3, boys; Figure 3.4, girls).  
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Table 3.2 Age or expected weight-based dosing for underweight children.   

Age 
(month) 

Expected 
Weight (kg) 

FDC 
quantity 

Age 
(month) 

Expected 
Weight (kg) 

FDC 
quantity 

Male Female Male Female Male Female Male Female 

0 3.3 3.2 1 1 30 13.3 12.7 3 3 
1 4.5 4.2 1 1 31 13.5 12.9 3 3 
2 5.6 5.1 1 1 32 13.7 13.1 3 3 
3 6.4 5.8 1 1 33 13.8 13.3 3 3 
4 7.0 6.4 1 1 34 14.0 13.5 3 3 
5 7.5 6.9 2 1 35 14.2 13.7 3 3 
6 7.9 7.3 2 1 36 14.3 13.9 3 3 
7 8.3 7.6 2 2 37 14.5 14.0 3 3 
8 8.6 7.9 2 2 38 14.7 14.2 3 3 
9 8.9 8.2 2 2 39 14.8 14.4 3 3 
10 9.2 8.5 2 2 40 15.0 14.6 3 3 
11 9.4 8.7 2 2 41 15.2 14.8 3 3 
12 9.6 8.9 2 2 42 15.3 15.0 3 3 
13 9.9 9.2 2 2 43 15.5 15.2 4 3 
14 10.1 9.4 2 2 44 15.7 15.3 4 3 
15 10.3 9.6 2 2 45 15.8 15.5 4 4 
16 10.5 9.8 2 2 46 16.0 15.7 4 4 
17 10.7 10.0 2 2 47 16.2 15.9 4 4 
18 10.9 10.2 2 2 48 16.3 16.1 4 4 
19 11.1 10.4 2 2 49 16.5 16.3 4 4 
20 11.3 10.6 2 2 50 16.7 16.4 4 4 
21 11.5 10.9 3 2 51 16.8 16.6 4 4 
22 11.8 11.1 3 2 52 17.0 16.8 4 4 
23 12.0 11.3 3 2 53 17.2 17.0 4 4 
24 12.2 11.5 3 3 54 17.3 17.2 4 4 
25 12.4 11.7 3 3 55 17.5 17.3 4 4 
26 12.5 11.9 3 3 56 17.7 17.5 4 4 
27 12.7 12.1 3 3 57 17.8 17.7 4 4 
28 12.9 12.3 3 3 58 18.0 17.9 4 4 
29 13.1 12.5 3 3 59 18.2 18.0 4 4 

Expected weight is defined as the global median weight for age and gender as reported in the WHO 2006 child 
growth standards. Colors correspond to those in Figures 3.3 and 3.4. 
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An individualized dosing scheme was also tested which utilized a developmental pharmacology-

driven approach to define the optimal dose. Here individual drug doses (Doseind) were 

determined using drug-specific target steady state AUC over 24 hours (AUCss) of 30·7 mg*h/L 

for rifampicin, 23·4 mg*h/L for isoniazid, and 427 mg*h/L for pyrazinamide and predicted 

individual clearance (CL/F) and relative bioavailability (Frel), without constraint to available 

formulations or rounding (Equation 3.1). This method focused on ensuring that each child 

reached the target exposure for each drug. With these individualized doses, we explored 

optimized fixed-dose formulations and dose ratios that may be required for implementing this 

method.  

 

Eq. 3.1 Doseind = AUCss,target ∗
CL/F

Frel
 

 

 

Identification of Pharmacokinetic Models  

A literature search was conducted using PubMed to identify published population 

pharmacokinetic models for simulating rifampicin, isoniazid, and pyrazinamide exposure in our 

database population. The model selection flow is outlined in Figure 3.5. Only models based on 

pediatric data collected since the publication of the first WHO childhood tuberculosis treatment 

guidelines (i.e., 2006 or later) were considered. Two population pharmacokinetic models (one 

from South Africa45 and one from India46) were chosen for each drug based on sample size, 

population ethnicity, and inclusion of children under five years of age. The model structures and 

parameter estimates are extracted from the original publications and provided in Supplemental 

Tables 3.1 and 3.2. 
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Figure 3.5 Pharmacokinetic model selection flowchart. 
 

 

 

Exposure Simulations  

Drug exposures were predicted for rifampicin, isoniazid, and pyrazinamide based on the 

selected models.45,46 Individual child pharmacokinetic parameters were sampled from the 

established population distribution, defined with median values and between-child variability. 

Pharmacokinetic profiles were simulated in R using Monte Carlo for each drug and dosing 

method assuming once-daily oral administration with full adherence to represent the most 

promising scenario (i.e., treatment completion). For isoniazid, pharmacokinetic profiles for both 

slow and fast acetylators were simulated. To account for potentially different pharmacokinetic 

properties exhibited by different populations, the Indian-based model was used for children from 

Asian countries, and the South African-based model was used for African countries. The weight 

20 population PK papers for 

tuberculosis drugs in children found

14 involving pyrazinamide, 

isoniazid, or rifampicin

Selection of Population Pharmacokinetic Models

5 studies fit criteria

10 excluded 

• PBPK model (1)
• HIV-interaction study (6)
• Cell-model (1)
• No child samples (1)
• Pre-2006 (1)

Rifampicin

• South Africa (N=76)
• Malawi (N=50)
• India (N=161)
• Ghana (N=113)

6 studies not involving drugs of 

interest 

Isoniazid

• South Africa (N=151)*
• South Africa (N=76)
• Ghana (N=113) 
• India (N=161)

Pyrazinamide

• South Africa (N=76)
• India (N=161)

Bolded studies represent the models chosen for the analysis based on mutually represented study population
* Not chosen as preferred model because 1) only children under 2 years, and 2) did not use FDC formulation
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distribution of children from Brazil and Russia paralleled that of the South African children, and 

thus, the South African model was used for these children. Pharmacokinetic profiles were 

summarized as area under the curve at steady state over a 24-hour period (AUCss) and average 

daily concentration at steady state (Cave).  

 

Definition of Target Exposure and Outcome Predictions 

The simulated pharmacokinetic profiles were linked to drug exposure targets to predict 

tuberculosis treatment outcome. Target exposures for children are typically based on adult 

reference concentrations, so the AUCss targets of 23·4 mg*h/L for isoniazid and 427 mg*h/L for 

pyrazinamide over 24 hours were used.45 For rifampicin, a child-specific target defined from an 

exposure-response model was used, where the relationship between rifampicin AUCss over one 

week (AUCss,wk) is related to the probability of unfavorable event (Punf), defined as death or 

treatment failure, aligning with the fact that rifampicin is the most important drug in the 

regimen.46 Using this model, we defined the rifampicin exposure target as AUCss,wk > 222 

mg*h/L (i.e., AUCss >31.7 mg*h/L for a 24-hour period), which results in a Punf < 5%. Using this 

pharmacokinetic-pharmacodynamic model, we predicted the Punf for each child. 

 

Linkage to Epidemiological Models 

The epidemiologic model described by Dodd and colleagues was used to predict age-

disaggregated tuberculosis incidence in children under five years.47 The model describes the 

probability of disease progression by age category (0-1, 1-2, 2-5 years) based on disease 

progression risks from a review of pre-chemotherapy era literature by Marais and colleagues.5 

In the present paper, the disease progression risks were adjusted for age group width so the 

sum of the probabilities was equal to 1 (Table 3.3). The probability of disease progression by 

age category was used to weight an assumed uniformly distributed underlying age distribution 

to age-disaggregate the WHO tuberculosis notification and estimated incidence data13 for 
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children 0-5 years. Notified cases were assumed to represent treated cases. Total estimated 

incidence was used as a sensitivity analysis as an unknown proportion of unnotified 

(unregistered) tuberculosis cases are treated (e.g., in the private sector or at other health 

facilities). Age-disaggregated epidemiologic estimates were linked to the pharmacodynamic 

model to predict the number of unfavorable events over one year with each dosing algorithm. 

The median probability of unfavorable outcome for each age category (0-1, 1-2, 2-5) were 

calculated and applied to the corresponding predicted tuberculosis incidence of that age group. 

 

 

Table 3.3 Probability of disease progression. 

Age group 
(year) 

Probability of 
disease 
progression1 

Probability of disease being in a given age 
group, adjusted for width of age-group2 

0 to <1 0.5  0.556 

1 to <2 0.25 0.278 

2 to <5 0.05 0.167 
1 The median probability of disease progression as described by Dodd et al. 2014.  
2 Estimates were scaled by the width of the age group, and then normalized so the 
sum of the probabilities was equal to 1. 

 

 

 

Analysis 

All data manipulation, nutritional marker calculations, summary statistics, model simulations, 

and visualizations were performed in R. Children were considered underweight if WAZ < -2, 

stunted if HAZ < -2, and wasted if WHZ < -2. Malnutrition severity was defined based on z-

score: normal (z > 0), mildly malnourished (-2 < z < 0), moderately malnourished (-3 < z < -2), or 

severely malnourished (z < -3). Children were considered underdosed by current guidelines if 

the WHO-recommended dose was lower than the dose that child would have received with the 

proposed guidelines (i.e., if the weight-based dosing resulted in lower dose than the expected 
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weight-based dosing for an underweight child). Underexposure was defined as AUCss below the 

defined exposure target.  

 

Results 

Population Characteristics 

Our database included individual-level anthropometric data from 388,209 children under five 

years of age from 20 high-burden tuberculosis countries. Overall, 27% of children were 

underweight, 36% were stunted, and 15% were wasted. Stunting was prevalent in most 

countries (>30% in 13 countries; Table 3.1). Bangladesh, India, and Ethiopia had high 

proportions of underweight children (>30%) and wasting was critically (>15%) or seriously (10-

15%) high in five countries.  

 

Of note, some of the survey data used to construct this database were old (>10 years). It is 

possible that the demographics of our child database do not represent the most current 

populations demographics for each country. Despite this limitation, we utilized the most recent 

publicly accessible data according to the Join Malnutrition Estimates.15 Further, data was limited 

for some countries and may not provide an accurate demographic representation of child 

tuberculosis incidence. For example, only 1729 child observations were available for China 

where total estimated under-5 incidence is 54,000. Other countries, like India, had adequate 

representation, with 221,113 children in our database compared with an estimated 118,000 

under-5 cases. 

 

Underdosing Prevalence 

We estimated that 43% of children or 57,234 of 133,302 treated under-5 tuberculosis cases 

would be underdosed following current guidelines, based on predicted underdosing by country 
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(Figure 3.6). Among underweight children only, the prevalence of underdosing was consistently 

high (>70%) across all countries. Following the current dosing method, the average dose was 

16·0 mg/kg for rifampicin, 10·7 mg/kg for isoniazid, and 32·0 mg/kg for pyrazinamide. With the 

proposed dosing, average doses were 19·6 mg/kg for rifampicin, 13·1 mg/kg for isoniazid, and 

39·2 mg/kg for pyrazinamide. This dosing gap was consistent across age groups.  

 

 

 

Figure 3.6 Underdosing prevalence with current WHO treatment guidelines.  
Bar segments represent the contribution of each age group to the overall underdosing 
prevalence in all (a) or underweight (b) children. DRC = Democratic Republic of the Congo.  
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Drug exposure profiles of first-line tuberculosis therapy 

Underweight children (WAZ <-2) had consistently low AUCss with the current dosing method for 

all drugs (Figure 3.7). These modeled drug concentrations were more uniform across age and 

nutritional status with the proposed dosing method. AUCss for individualized dosing mimicked 

the adult exposures. Average daily concentration (Cave) was above the minimum inhibitory 

concentration (MIC) for rifampicin and isoniazid, but not pyrazinamide (Figure 3.8). 

 

 

 

Figure 3.7 Simulated AUCss of rifampicin (a), isoniazid (b), and pyrazinamide (c) for current 
(red), proposed (blue), and individualized (yellow) dosing algorithms.  
 Dashed lines (yellow) represent 5th (lower), median (middle), and 95th (upper) percentile of adult 
exposure.45 AUCss expressed as mg*h/L over 24 hours.   
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Figure 3.8 Simulated average daily concentration of rifampicin (a), isoniazid (b), and 
pyrazinamide (c) versus minimum inhibitory concertation (MIC; yellow dashed line).  
Median MIC was 0.125 mg/L for rifampicin, 0.05 mg/L for isoniazid, 25 mg/L for pyrazinamide.48 
Shaded grey area indicates the 95% prediction interval of adult Cave.45  
 

 

Malnutrition Effects on Target Exposure Outcomes 

With current dosing guidelines, only 47% of all children were predicted to reach the defined 

rifampicin target exposure (Figure 3.9). Most cases of target attainment (>75%) occurred in 

children of adequate weight (WAZ >-2). Rifampicin target exposure attainment following current 

dosing guidelines was lower among malnourished children and lessened with increasing 

malnutrition severity. The proposed dosing method improved outcomes not only for all children 

but also for those with poor nutritional status and equalized target outcomes across different 

measures of malnutrition and severity. This trend of improved exposure target outcomes with 

the proposed method was consistent in all 20 high burden countries (Figure 3.10). Target 

exposure trends for isoniazid and pyrazinamide are shown in Figure 3.11 and Figure 3.12, 

respectively. Like rifampicin, malnourished children had lower target attainment compared to 

well-nourished children. 
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Figure 3.9 Impact of malnutrition on rifampicin exposure target outcomes.  
Target outcomes are shown with respect to different measures of nutritional status (a) and 
severity of malnourishment, determined by weight-for-age z-score (b). 
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Figure 3.10 Rifampicin target exposure outcomes in high-burden tuberculosis countries.  
The proportion of children reaching the rifampicin exposure target across weight-for-age z-score 
(WAZ) is shown for each dosing scheme. Histogram shows the population distribution. DRC = 
Democratic Republic of the Congo. 
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Figure 3.11 Impact of malnutrition on isoniazid exposure target outcomes.  
Target outcomes are shown with respect to different measures of nutritional status (A) and 
malnutrition severity (B) based on weight-for-age z-score (WAZ). Isoniazid target exposure was 
defined as AUC > 23.4 mg*h/L. 
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Figure 3.12 Impact of malnutrition on pyrazinamide exposure target outcomes.  
Target outcomes are shown with respect to different measures of nutritional status (A) and 
malnutrition severity (B) based on weight-for-age z-score (WAZ). Pyrazinamide target exposure 
was defined as AUC > 427 mg*h/L. 
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Population Estimate of Unfavorable Outcome  

The median Punf for the study population following the current dosing regimen was 3·3%. 

Notably, very young (median Punf = 7·7%) or underweight (median Punf = 4·0%) children were 

predicted to be particularly vulnerable to poor treatment outcomes with current guidelines. The 

proposed dosing method improved treatment outcomes for all children (median Punf = 1·8%), 

with the best improvement seen in the very young (median Punf = 4·7%) and underweight 

(median Punf =1%).  Estimated Punf was more equal with the proposed and individualized dosing 

across varying WAZ (Figure 3.13).  

 

 

 

Figure 3.13 Predicted probability of unfavorable outcome (Punf) for each dosing method.  
 

 

 

Linking the exposure-response model to tuberculosis case notification data, we found that the 

number of treatment failures or deaths in children under five years decreased for all 20 high-

burden countries with the proposed dosing method (Table 3.5). Considering only treatment of 

notified cases, which represents 30% of the total estimated under-5 incidence in these 
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countries,13 the proposed method would prevent treatment failure or death from tuberculosis in 

at least one-third of children predicted to have unfavorable outcome with current dosing 

practices (equivalent to 2423 actual cases saved per year, at minimum). This impact could be 

as high as 7844 children saved if all estimated cases are considered.  
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Discussion 

In this study, we introduce a novel, integrative modeling approach which links pharmacologic 

with epidemiologic models to predict population-level outcomes for childhood tuberculosis. This 

is the first time that individual child demographic data, representative of true global populations, 

are used in this context. We included individual-level data from more than 300,000 children 

under five years of age from 20 high-burden tuberculosis countries, enabling true representation 

of malnourished children and populations at the highest risk of tuberculosis and severe disease. 

We compare the current WHO-recommended dosing guidelines with alternative dosing methods 

to show that simple modifications to dosing practices can improve anti-tuberculosis drug 

exposure and consequently, population outcomes for children with tuberculosis.  

  

Effective anti-tuberculosis therapy has drastically decreased child mortality from tuberculosis 

disease in recent decades.49 However, treatment failures and mortality rates are still high in 

many endemic areas, especially among children who are very young, malnourished, HIV 

infected, or have severe disease.2,3,50 Adequate treatment exposure is essential in these 

children for successful disease outcomes.  Our model predicted that less than half of children 

under five years of age would reach the rifampicin exposure target, a key drug for tuberculosis 

cure, with the current guidelines. Malnourished children had lower drug exposures and higher 

probabilities of unfavorable outcome. These findings support trends shown in clinical studies 

and reflect the inadequacy of current weight-based dosing recommendations that do not 

consider age or nutritional status. 

 

With high malnutrition prevalence in tuberculosis-endemic countries, it is important to consider 

the treatment needs of malnourished children separately. Currently, the way malnourished 

children are distinguished from their well-nourished peers of the same age is by receiving less 
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drug for the same disease, as evidenced by the percentage of potentially underdosed children 

in our model. In addition to receiving less drug, pathophysiological changes in the poor 

nutritional state such as malabsorption, decreased glomerular filtration rate, and altered protein-

binding capacity can further lead to variable and sub/supra-therapeutic drug exposures in 

malnourished children.16,51 These factors demonstrate that malnourished children cannot be 

expected to absorb, distribute, metabolize, and eliminate drugs in the same manner as well-

nourished children.   

 

The simple dosing method proposed here shows that accounting for malnutrition could improve 

tuberculosis treatment outcomes in underweight children by delivering adequate drug exposure. 

With the proposed dosing method, more children reached target exposures compared to the 

current guidelines in all 20 countries evaluated, even those with low malnutrition prevalence. 

This method is a simple change from current guidelines that can be readily implemented in 

clinical practice. It would be easy-to-use by tuberculosis clinicians, even in remote settings, as it 

requires only the measurement of weight, age, gender, and estimation of nutritional status (i.e., 

WAZ for which a simple dosing chart could be used).  

 

When considering dose increases, the risk of toxicity must also be assessed. These drugs have 

high therapeutic margins and are well-tolerated in children even at higher doses, as routinely 

prescribed in tuberculosis meningitis.3,52,53 Furthermore, no studies have reported decreased 

clearance of rifampicin, isoniazid, or pyrazinamide in malnourished children. Therefore, any 

concerns regarding administering higher doses to underweight children are likely unjustified. 

Without established upper limits of exposure associated with toxicity, the benefit of higher 

dosages will likely outweigh any potential risk. Regardless, the risk/benefit ratio should be 

considered for malnourished children who are extremely vulnerable to death. 
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Even with the proposed dosing method, treatment success was still far below desired targets 

(~90%). Further, drug exposure outcomes in normal weight children were suboptimal with both 

dosing methods. The proposed method is based on the minimum change required to make a 

sizeable impact. We constrained dosing to WHO-recommended dose ranges and FDC 

formulations, which may not be appropriate for all individuals. Precision dosing algorithms, 

which account for additional patient and/or disease factors that impact exposure (e.g., HIV 

infection, SLCO1B1 genotype, and NAT2 acetylator status), will likely be needed to achieve 

WHO targets with current therapeutics.16,17,50,54,55 Optimized FDC formulations were explored 

based on the individualized doses, but drug doses and dose ratios varied by pharmacokinetic 

model and isoniazid metabolizing capacity. Our work along with others46,56 suggests that higher 

anti-tuberculosis doses and new FDC formulations are needed to ensure optimal outcomes. 

However, it remains unclear from current pediatric pharmacologic data whether a single global 

FDC formulation can meet the needs of all children. One simple intermediate solution would be 

to develop a stand-alone, child-friendly rifampicin formulation to supplement current FDC tablets 

when higher dosages are necessary. 

 

Drug exposures were simulated using two pharmacokinetic models from distinct populations 

(India and South Africa) and applied in regionally and demographically similar populations. 

Outcomes were predicted for all children with a pharmacodynamic model representative of an 

Indian population alone. These assumptions were made due to the lack of country-specific 

pharmacologic models and are a limitation of the study. Still, these models represent the only 

pediatric pharmacokinetic and pharmacodynamic models in the countries of interest and are of 

the highest quality. The two pharmacokinetic models differed slightly. Genetic diversity or other 

differences in patient demographics may explain the slight inequality we observed. However, 

whether the pharmacology truly does differ by region remains unclear as these questions were 

either not considered in the original trial design or lacked sufficient power to detect differences. 
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It is imperative that future multi-regional studies are conducted and data sharing between 

countries is improved in order to fully understand dose-concentration-response relationships in 

children across the globe. 

 

Our study focused on evaluating tuberculosis treatment and obtaining adequate exposure for 

cure. The effects of non-pharmacological interventions for malnutrition, HIV co-infection, and 

extrapulmonary disease, independent of drug exposure, were not included in our model. These 

children at high risk of poor outcomes may require even higher doses and/or additional 

interventions to overcome a poor immune response or severe disease to have an equal chance 

of cure. Future pediatric studies should be designed to include these high-risk cohorts to 

establish drug efficacy targets for vulnerable populations and efficacy of additional 

pharmacological and non-pharmacological interventions if we hope to cure tuberculosis in all. 

 

Our epidemiological model accounted for age-related differences in disease risk, but 

malnutrition and HIV infection, both known to impact disease progression, were not included.  

Malnutrition impacts the immune system, increasing a child’s risk of progression to active 

tuberculosis, and the disease further exacerbates the child’s nutritional state.57 While the 

relationship between tuberculosis and malnutrition is well-known, the relative risk of disease 

progression in malnourished children has not been quantified. We assumed that the malnutrition 

prevalence among tuberculosis cases in our model matched the prevalence in our demographic 

database. In tuberculosis disease, we would expect more malnourished children than the 

general population, implying that our population-level estimates with the proposed dosing 

algorithm are conservative. Further, HIV status information was sparse in the demographic 

datasets, limiting our analysis to an HIV uninfected population. While we cannot make unique 

dose recommendations or predict outcomes for HIV co-infected children from this study, we 
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would expect that the proposed dosing would improve exposure outcomes in HIV co-infected 

children, as these children are often malnourished. 

 

Less than half of the estimated one million child tuberculosis cases per year are represented in 

WHO notification data.13 Case detection is extremely low in children under five years of age due 

to diagnostic challenges and under-reporting.47 Clearly, finding and diagnosing children with 

tuberculosis is the highest priority for decreasing disease burden. However, this work shows 

that even with access to the correct treatment, an impact can be made by optimizing dosing. 

The minimum impact of implementing the proposed dosing strategy is 2423 fewer treatment 

failures or deaths annually in children under five years in these 20 high-burden countries, based 

on notified cases. Unfavorable outcomes could be reduced from 23,510 to 15,666 per year if we 

assume all estimated under-5 tuberculosis cases in these countries are diagnosed and treated. 

While the proposed dosing method improves outcomes, treatment failures and deaths still 

occur. Future studies that evaluate the impact of all key factors such as treatment, malnutrition, 

HIV status, etc. are imperative. Only by carefully studying and understanding the quantitative 

impact of all factors and unbiased efficacy predictions of targeted interventions can we move 

closer to achieving zero childhood deaths from tuberculosis. Acting on discoveries that could 

lead to simple adjustments in how we treat the most vulnerable of children is an important first 

step.  
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Supplemental Table 3.1 Pharmacokinetic models from literature.  

 Guiastrennec et al. model46 Zvada et al. model45 

Population Indian Children South African Children 

Rifampicin model   

Clearance CL
F⁄ =  θ𝐶𝐿 ∗ MF ∗ (

WT

WTmed
)

0.75

∗ eη 
CL

F⁄ =  θ𝐶𝐿 ∗ MF ∗ (
WT

WTmed
)

0.75

∗ eη 

Volume 𝑉
F⁄ =  θ𝑉 ∗ (

WT

WTmed
) ∗ eη 𝑉

F⁄ =  θ𝑉 ∗ (
WT

WTmed
) ∗ eη 

Relative 
bioavailability 

Frel =  (
WT

WTmed
)

𝑝𝑤𝑟

 Frel = 1 

Isoniazid model   

Clearance 

CL
F⁄ =  θ𝐶𝐿 ∗ MF ∗ ACE𝐶𝐿

∗ (
WT

WTmed
)

0.75

∗ eη 

CL
F⁄ =  θ𝐶𝐿 ∗ MF ∗ (

WT

WTmed
)

0.75

∗ eη 

Volume 𝑉
F⁄ =  θ𝑉 ∗ (

WT

WTmed
) ∗ eη 𝑉

F⁄ =  θ𝑉 ∗ (
WT

WTmed
) 

Peripheral volume 𝑉𝑃
F⁄ =  θ𝑉𝑃 ∗ (

WT

WTmed
) 𝑉𝑃

F⁄ =  θ𝑉𝑃 

Inter-compartment 
clearance 

Q
F⁄ =  θ𝑄 ∗ (

WT

WTmed
)

0.75

 
𝑄

F⁄ =  θ𝑄 

Relative 
bioavailability  

Frel =  ACE𝐹 ∗ (
WT

WTmed
)

𝑝𝑤𝑟

 Frel = ACE𝐹 

Pyrazinamide model   

Clearance  CL
F⁄ =  θ𝐶𝐿 ∗ (

WT

WTmed
)

0.75

∗ eη CL
F⁄ =  θ𝐶𝐿 ∗ (

WT

WTmed
)

0.75

∗ eη 

Volume  𝑉
F⁄ =  θ𝑉 ∗ (

WT

WTmed
) ∗ eη 𝑉

F⁄ =  θ𝑉 ∗ (
WT

WTmed
) 

Relative 
bioavailability  

Frel =  (
WT

WTmed
)

𝑝𝑤𝑟

 Frel = 1 

Table adapted from Guiastrennec et al. (2018) and Zvada et al. (2014). MF = Maturation 
function, expressed as 1/[1+(PMA/TM50)-Hill]; TM50

 = post-menstrual age in weeks at 50% of 
adult clearance; PMA = post-menstrual age, calculated as age in weeks + 36; Hill = steepness 

of maturation function;  = typical parameter estimate;  = between-subject variability; pwr = 

exponential scaling factor; WT = child weight (kg); WTmed = median weight of study population 
(17.8 kg for Guiastrennec model; 12.5 kg for Zvada model);  Frel = relative bioavailability; CL/F = 
apparent clearance (L/h); V/F = apparent volume of distribution (L); Q/F = apparent inter-
compartment clearance (L/h); VP/F = apparent peripheral volume of distribution (L); ACE = 
relative effect of isoniazid acetylator status. 
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Supplemental Table 3.2 Pharmacokinetic parameter estimates from literature.  

 Guiastrennec et al. model46 Zvada et al. model45 

Population Indian Children South African Children 

 Estimate (RSE%) BSV (RSE%) 
Estimate 
(RSE%) 

BSV (RSE%) 

Rifampicin     

CL (L/h) 5.72 (5.9) 45.4 (9.5) 8.15 (9.0) 32.6 (37.7) 

V (L) 23.8 (5.3) 37.3 (12) 16.2 (10.2) 43.4 (19.8) 

TM50 (weeks) 58.2 fixeda - 58.2 (9.0) - 

Hill 2.21 fixeda
 - 2.21 (11.7) - 

pwr 0.467 (25) - - - 

     

Isoniazid     

CL (L/h) 4.41 (13) 74.2 (13) - - 

CL (L/h) - slow - - 4.44 (11.6) 25.1 (12.3) 

CL (L/h) - int - - 8.94 (13.1) 25.1 (12.3) 

CL (L/h) - fast - - 11.3 (14.8) 25.1 (12.3) 

V (L) 19.9 (11) 44.9 (13) 11.0 (10.2) - 

TM50 (weeks) 49.0 fixeda - 49.0 (13.5) - 

Hill 2.19 fixeda - 2.19 (46.1) - 

pwr 0.711 (20) - - - 

ACECL - slow 1 fixed - - - 

ACECL - fast 1.944 (20) - - - 

ACEF - slow 1 fixed - 1 fixed - 

ACEF - fast 0.786 (32) - 0.772 (30.3) - 

VP (L) 459 (68)  5.03 (33.1) - 

Q (L/h) 1.61 (21)  2.0 (26.3) - 

     

Pyrazinamide     

CL (L/h) 1.55 (6.0) 37.4 (22) 1.08 (5.6) 27.1 (16.3) 

V (L) 13.2 (5.0) 34.4 (15) 9.64 (2.6) - 

pwr 0.315 (31) - - - 

Table adapted from Guiastrennec et al. (2018) and Zvada et al. (2014). a Maturation function 
parameters were fixed to values derived by Zvada et al. model. BSV = between-subject 
variability, expressed as % coefficient of variation. RSE = relative standard error. TM50

 = 
post-menstrual age in weeks at 50% of adult clearance. Hill = steepness of maturation 

function. CL = typical value of apparent clearance. V = typical value of apparent volume. VP 

= typical value of apparent peripheral volume. Q = typical value of apparent peripheral 

clearance. pwr = exponential scaling factor, applied to relative bioavailability. ACECL = 
relative effect of isoniazid acetylator status on clearance. ACEF = relative effect of isoniazid 
acetylator status on relative bioavailability. 
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Chapter 4.  Moxifloxacin pharmacokinetics, cardiac safety, and 

dosing for the treatment of rifampicin-resistant tuberculosis in 

children * 

 

Abstract 

Background: Moxifloxacin is a recommended drug for rifampin-resistant tuberculosis (RR-TB) 

treatment, but there is limited pediatric pharmacokinetic and safety data, especially in young 

children. We characterize moxifloxacin population pharmacokinetics, QT-interval prolongation 

and evaluate optimal dosing in children with RR-TB. 

Methods: Pharmacokinetic data were pooled from two observational studies in South African 

children 0-17 years of age with RR-TB routinely treated with oral moxifloxacin once daily. The 

population pharmacokinetics and Fridericia-corrected QT (QTcF)-interval prolongation were 

characterized in NONMEM. Pharmacokinetic simulations were performed to predict expected 

exposure and optimal weight-banded dosing. 

Results: Eighty-five children contributed pharmacokinetic data (median [range] age of 4.6 [0.8-

15] years); 16 (19%) were <2 years of age, and 8 (9%) were HIV-positive. The median (range) 

moxifloxacin dose on sampling days was 11 mg/kg (6.1 to 17). Apparent clearance was 6.95 L/h 

for a typical 16 kg child. Stunting and HIV infection increased apparent clearance. Crushed or 

suspended tablets had faster absorption. The median (range) maximum change in QTcF after 

 

 

* adapted from a manuscript under review: Radtke KK, Hesseling AC, Winckler JL, Draper HR, Solans 

BP, Thee S, Wiesner L, van der Laan LE, Fourie B, Nielsen J, Schaaf HS, Savic RM, Garcia-Prats AJ. 
Moxifloxacin pharmacokinetics, cardiac safety, and dosing for the treatment of rifampicin-resistant 
tuberculosis in children. 
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moxifloxacin administration was 16.3 (-27.7 to 61.3) ms. No child had QTcF ≥ 500 ms. The 

concentration-QTcF relationship was nonlinear, with a maximum drug effect (Emax) of 8.80 ms 

(inter-individual variability = 9.75 ms). Clofazimine use increased Emax by 3.3-fold. Model-based 

simulations of moxifloxacin pharmacokinetics predicted that current dosing recommendations 

are too low in children. 

Conclusions: Moxifloxacin doses above 10-15 mg/kg are likely required in young children to 

match exposures in adults receiving 400 mg but require further safety assessment, especially 

when co-administered with other QT-prolonging agents.  

 

 

Introduction 

 

Moxifloxacin is a high-priority drug for rifampicin-resistant tuberculosis (RR-TB) treatment.1 It is 

recommended by the World Health Organization (WHO) for use in both short (9-11 month) and 

longer (>18 months) regimens.1 Moxifloxacin has higher potency and better penetration into and 

activity in lesions than levofloxacin.2-5 It has demonstrated clinical efficacy in a phase 3 clinical 

trial of RR-TB and was associated with better drug-resistant TB outcomes in a large individual 

participant data meta-analysis.6,7 Recently, moxifloxacin was a key component in the first 

shortened treatment regimen for drug-susceptible TB, which was non-inferior to the standard 6-

month regimen, further establishing its importance for TB treatment.8 

 

Despite its proven efficacy in adults, pediatric use of moxifloxacin has been limited, in part due 

to lack of pharmacokinetic and safety data, especially in young children and children with TB. 

Moxifloxacin is eliminated partly through metabolism (52%) by glucuronidation and sulfate 

conjugation with a half-life of 10-14 hours.9 It has good bioavailability, and food minimally affects 
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its absorption.9,10 One safety concern is prolongation of the QT interval.9 Two pharmacokinetic 

and safety studies have been completed in children: one in South African children 7-15 years of 

age with RR-TB,11 and one in children 0.25-14 years of age from the United States with non-TB 

infections after a single intravenous dose.12 These studies were small (<35 children), but neither 

identified significant safety concerns.  

 

Poor palatability and the lack of a child-friendly formulation has also limited moxifloxacin use in 

children with TB, which requires long treatment durations.13 Until recently, oral moxifloxacin was 

only available as a 400 mg film-coated tablet, which does not support dosing for younger 

children. A new 100 mg dispersible tablet is becoming more widely available but has not been 

studied in children. Crushing or preparing an extemporaneous solution of the 400 mg tablet may 

facilitate its use, if tolerable, but requires pharmacokinetic assessment.  

 

Moxifloxacin efficacy and the risk of QT interval prolongation are concentration-dependent.14-16 

Characterizing moxifloxacin pharmacokinetics and the concentration-QT relationship in children 

with TB is critical to support its safe and effective use. The aim of this analysis was to describe 

moxifloxacin population pharmacokinetics, QT interval prolongation, and optimal dosing in a 

cohort of children 0-<18 years of age routinely treated for RR-TB.  

 

Methods 

 

Study Design, Patients and Treatment 

The data were collected from two prospective observational pharmacokinetic studies (MDR-

PK1, MDR-PK2) in Cape Town, South Africa, that have been previously described in detail.17,18 

MDR-PK1 enrolled HIV-positive and -negative children 0 to <15 years of age routinely treated 
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for probable or confirmed RR-TB from 2011-2015. MDR-PK2 enrolled HIV-positive and -

negative children 0 to <18 years of age routinely treated for RR-TB from 2016-2020, during 

which treatment guidelines recommended treatment with moxifloxacin (≥8 years of age) or 

levofloxacin (<8 years of age) and at least three additional drugs for 9-18 months.19,20  In MDR-

PK2, all children received both levofloxacin and moxifloxacin, separately, with at least 3 days of 

treatment before pharmacokinetic sampling (Figure 4.1). All children with moxifloxacin 

concentration data in MDR-PK1 and MDR-PK2 were included in this analysis. 

 

 

 

 

Figure 4.1 MDR-PK2 Study Design.  
Children <8 years were started on levofloxacin (LFX) and children >8 years were started on 
moxifloxacin (MFX). Pharmacokinetic (PK) sampling and ECG sampling occurred at the same 
time points. A subset of children >8 years switched formulations and received one additional 
sampling event as part of a bioequivalence sub-study. ‘W’ refers to week of treatment. 
 

 

 

Children received approximately 7.5-15 mg/kg (max = 400 mg) of moxifloxacin (Dr Reddy’s 

Laboratories Ltd, Hyderabad, India) once daily. On the sampling day, exactly 10 mg/kg was 

administered in MDR-PK1 by cutting and weighing the tablets as previously described11; in 
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MDR-PK2, a weight-banded dosing approach was used (Supplemental Table 4.1). 

Medications were given on an empty stomach after an overnight fast as whole tablets (400 mg), 

if possible, or as an extemporaneously prepared suspension,21 or as crushed tablets mixed in 

water. In MDR-PK2, older children able to swallow whole tablets had additional pharmacokinetic 

sampling after receiving crushed or suspended tablets to assess bioequivalence (Figure 4.1). 

Administration by nasogastric tube was done on sampling days if a child was unable to swallow. 

All HIV-positive children were established on antiretroviral (ARV) treatment at study enrollment 

per standard of care and continued ARV treatment throughout RR-TB treatment. ARV 

medications were administered one hour after moxifloxacin on the sampling day. 

 

Pharmacokinetic Sampling and Analysis 

Pharmacokinetic sampling was performed after at least 4 daily doses (i.e., steady state). Blood 

was drawn pre-dose and 1, 2, 4, 8, and either 6 or 10 hours after the observed dose (MDR-PK1) 

or pre-dose and 1, 4, and 10 hours after the observed dose (MDR-PK2). Moxifloxacin plasma 

concentrations were determined with a validated liquid chromatography tandem mass 

spectrometry assay developed at the University of Cape Town, as previously described.11 

 

Moxifloxacin concentration data were pooled and analyzed using non-linear mixed effects 

modeling. Population pharmacokinetic parameters were estimated with first-order conditional 

estimation with interaction. Inter-individual and inter-occasion variability were modeled 

exponentially assuming a log-normal distribution. One and two compartment disposition models 

were evaluated with first-order absorption or absorption delay. Model building was guided by 

goodness-of-fit plots, objective function value, and simulation-based diagnostics. Stepwise 

covariate modeling (p<0.05 forward selection; p<0.01 backward deletion) was performed to 

identify predictors of volume, clearance, bioavailability, and absorption including body size (total 

body weight, fat-free mass22, ideal body weight), formulation, administration route, age, 
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nutritional status (weight-for-age, height-for-age, BMI-for-age Z-scores)23,24m HIV status, ARV 

regimen, gender, and study. Selection was informed by statistical and clinical significance and 

physiological plausibility.  

 

QT interval prolongation and safety assessment 

A 12-lead electrocardiogram (ECG) was performed in triplicate during pharmacokinetic sampling 

pre-dose and 1, 4, and 10 hours after dose (MDRPK-2) or pre-dose and 2 hours after dose 

(MDR-PK1). QT intervals were corrected by Fridericia formula (QTcF). For descriptive analysis, 

triplicate mean was used. For modelling, all observations were used. 

 

The moxifloxacin concentration-QTcF relationship was modelled sequentially with individual 

pharmacokinetic parameters estimated from the final pharmacokinetic model. QTcF measures 

prior to TB treatment initiation were not available. Instead, the population baseline QTcF and 

inter-individual variability were estimated using pre-dose QTcF measures from MDR-PK2 

children during levofloxacin therapy since pre-dose levofloxacin concentrations were near or 

below the lower limit of quantification (n=51 subjects; n=252 measures) (Figure 4.1). Baseline 

values were fixed, and the moxifloxacin drug effect was estimated in the moxifloxacin treatment 

dataset. Age, gender, use of concomitant QT-prolonging agents, and study were tested as 

covariates on baseline and drug-effect parameters. 

 

Simulations 

Model-informed optimal doses were derived based on the target exposure in adults receiving 

400 mg once-daily (median 24-hour AUC at steady state [AUC24] of 40 mg/L)25,26, pre-specified 

WHO weight bands, and available formulations. Steady state pharmacokinetics were simulated 

500 times in a representative population of children with TB (demographics of the simulated 
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population are shown in Supplemental Table 4.2) under current WHO dosing guidance1 and 

the model-informed optimal dosing. 

 

Statistics and Software 

NONMEM 7.41 (ICON Development Solutions, Elliott City, Maryland) and Perl-speaks-

NONMEM (version 4.7.0) were used for all modelling and simulation. R (version 3.4.2) was 

used for data management, statistical analyses, and graphical visualization. Xpose (version 

0.4.4) and vpc (version 1.0.1) were used for visual diagnostics. 

 

Ethics 

Written informed consent was provided by the parent/s or legal guardians, and written informed 

assent by participants ≥7 years of age. Ethics approval for the study was provided by the Health 

Research Ethics Committee of Stellenbosch University (N11/03/059 for MDR-PK1 and 

N15/02/012 for MDR-PK2). 

 

 

Results 

Patients and sampling  

Pharmacokinetic data were collected from 33 children (n=198 samples) in MDR-PK1 and 52 

children (n=242 samples) in MDR-PK2. Thirteen children had two sampling occasions. Nine 

samples below the lower limit of quantification (0.0628 mg/L) were excluded.  The patient 

characteristics are summarized in Table 4.1. Children in MDR-PK2 were younger and fewer 

received a whole tablet. There were 16 children < 2 years and 1 child < 1 year of age.  
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Table 4.1. Demographic and clinical characteristics of children treated for rifampicin-

resistant tuberculosis in the MDR-PK1 and MDR-PK2 studies. 

Description MDR-PK1 (n=33) MDR-PK2 (n=52) Combined (n=85) p-valued 

Male, n (%)  13 (39.4) 24 (46.2) 37 (43.5) 0.540 

Age (year), median 
(IQR) [min, max] 

9.6 (4.6 to 12.3) [1.0, 
15.0] 

3.0 (2.1 to 6.0) [0.90, 
14.6] 

4.6 (2.5 to 9.9) [0.90, 
15.0] 

<0.001 

Weight (kg), median 
(IQR) [min, max] 

25.1 (16.0 to 36.3) [10.7, 
66] 

12.8 (10.9 to 18.1) [7.66, 
46.6] 

16.0 (11.4 to 27.9) 
[7.66, 66.0] 

<0.001 

Height (cm), median 
(IQR) [min, max] 

130 (103 to 144) [76.0, 
172] 

90.0 (81.6 to 112) [71.4, 
158] 

102 (84.0 to 132) [71.4, 
172] 

<0.001 

HIV positive, n (%) 7 (21.2) 1 (1.9) 8 (9.4) 0.005 

Antiretroviral therapya, 
n (%) 

    

      EFV-based 3 (43) 1 (100) 4 (50)  

      LPV/r-based 4 (57) 0 (0) 4 (50) 1.000 

WAZb, mean (SD) [min, 
max] 

-0.358 (0.924) [-2.28, 
1.53] -0.95 (1.22) [-4.08, 1.37] 

-0.777 (1.16) [-4.08, 
1.53] 0.062 

HAZ, mean (SD) [min, 
max] 

-0.905 (1.20) [-3.76, 
1.43] -1.26 (1.23) [-4.02, 1.79] 

-1.12 (1.22) [-4.02, 
1.79] 0.189 

BAZ, mean (SD) [min, 
max] 

-0.009 (1.21) [-2.41, 
2.89] 

-0.236 (1.24) [-3.98, 
1.88] 

-0.148 (1.23) [-3.98, 
2.89] 0.411 

Route of 
administrationc, n (%) 

       

      Oral 25 (75.8) 46 (88.5) 71 (83.5)  

      Nasogastric tube 8 (24.2) 6 (11.5) 14 (16.5) 0.124 

Moxifloxacin dose 
(mg/kg)c, median (IQR) 
[min, max] 

9.99 (9.88 to 10.0) [6.06, 
14.9] 

12.4 (11.3 to 14.2) [8.58, 
19.1] 

10.9 (10.0 to 13.1) 
[6.06, 19.1] 

<0.001 

Formulation 
administered c, n (%) 

       

      Whole tablet 20 (60.6) 8 (15.4) 28 (32.9)  

      Crushed tablet 7 (21.2) 2 (3.8) 9 (10.6)  

      Extemporaneous    
suspension 

6 (18.2) 42 (80.8) 48 (56.5) <0.001 

a percentage reflects percent of children living with HIV 
b children < 10 years only, [n=19] for MDR-PK1 and [n=46] for MDR-PK2 
c values are based on the first pharmacokinetic sampling occasion 
d medians were compared for continuous variables not normally distributed using the Wilcoxon rank-sum test, and 
means were compared using t-tests for variables normally distributed.  Proportions were compared using Chi-squared 
or Fisher Exact test (n<5) as appropriate for categorical variables.  
 
HAZ: height for age z-score; WAZ: weight for age z-score; EFV: efavirenz; LPV/r: lopinavir/ritonavir; IQR: interquartile 
range; SD: standard deviation. 
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Moxifloxacin pharmacokinetics and population model 

Moxifloxacin pharmacokinetic profiles were similar between studies (Figure 4.2). The population 

pharmacokinetics were best described with two compartment distribution and transit 

compartment (N=1) absorption.27 

 

 

 

 

Figure 4.2 Moxifloxacin pharmacokinetic profiles in children treated for rifampicin-resistant 
tuberculosis.  
Gray lines connect individual observed concentrations (circle = MDR-PK1; triangle = MDR-PK2) 
over time at unique sampling occasions. Mean concentrations over time are shown in bold lines 
(blue = MDR-PK1; pink = MDR-PK2). Trough concentrations are shown as the actual time after 
the previous recorded dose. 
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Allometric scaling (fixed exponent: 0.75 for clearance and 1 for volume) by fat-free mass 

resulted in a similar fit to body weight; thus, body weight was chosen. HIV-positive children had 

44% higher clearance (CL/F). Low height-for-age z-score (HAZ) increased CL/F by 9.8% per 

unit decrease in HAZ (Table 4.2). These effects remained whether fat-free mass or total body 

weight was used for allometric scaling. Crushing or suspending the moxifloxacin tablet resulted 

in faster absorption. No difference was observed in relative bioavailability by formulation in the 

bioequivalence group (n=8, MDR-PK2) (Figure 4.3).  

 

Maturation of CL/F with age was not supported. Conversely, a statistically significant decrease 

in CL/F with age was observed after adjusting for weight. This effect (-2.5% per year of age) 

was driven by children older than 12 years (n=14). Given the small effect size and no 

physiological explanation, it was excluded from the final model.  

 

The final population pharmacokinetic model predicted the observed data well (Figure 4.4). 

Table 4.2 shows the final parameter estimates. The median (2.5th, 97.5th percentiles) individual 

Bayesian estimates of maximum concentration (Cmax) were 3.05 (1.81, 4.43) mg/L and of AUC24 

were 25.9 (13.6, 51.5) mg*h/L. Children who were stunted (HAZ < -2) or of low weight had lower 

dose-adjusted AUC24 and higher weight-adjusted CL/F (Figure 4.5).  
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Table 4.2. Population pharmacokinetic and QTcF parameter estimates in children treated 

for moxifloxacin for rifampicin-resistant tuberculosis. 

 Population Estimate (RSE, %) Interindividual Variability, %CV e (RSE, %) 

Pharmacokinetic model   

CL/F a,b (L/h) 6.95 (3.59) 29.1 (7.92) 

V/F a (L) 40.7 (9.54) - 

MTT (h) c 1.44 (12.7) 51.5 (8.2) 

Q/F a (L/h) 1.98 (50.0) - 

VP/F a (L) 24.1 (68.0) - 

Effect of HIV on CL/F (%) + 44.0 (32.3)  

Effect of HAZ on CL/F (% per 
HAZ) 

- 9.83 (56.8)  

Effect of formulation on MTT (%)   

Whole tablet Reference  

Crushed tablet - 39.6 (44.2)  

Extemporaneous suspension - 22.5 (41.8)  

, proportional (%) 20.4 (12.1) - 

, additive (mg/L) 0.0455 (43.4) - 

   

QTcF model d   

Baseline (ms) f  26.5 (12.6) 

MDR-PK1 381 (1.01)  

MDR-PK2 354 (32.1)  

Emax (ms)  9.75 (31.3) g 

MFX alone 8.80 (64.3)  

MFX+CFZ 28.4 (91.6)  

EC50 (mg/L) 0.293 (55.4) - 

Effect of age <= 2.6 years on 
baseline (% per year) 

7.05 (17.6)  

Effect of age > 2.6 years on 
baseline (% per year) 

0 *  

, additive (ms) 17.8 (5.20) - 
a allometrically scaled to median weight of population (16 kg) with exponent of 0.75 for CL/F and Q/F and 1 for 
V/F and VP/F.  
b CL/F = pop  (WT/16)0.75  (1 + HIV)  (1 + HAZ  (HAZ + 1.06))  
c MTT = pop  (1 + form) 
d QTcF = Baseline  (1 + age  (age – 2.6 years)) + Emax  Cp / (EC50 + Cp) +  
e Inter-individual variability was modelled exponentially for pharmacokinetic parameters and additively for 
QTcF parameters. 
f Baseline was modeled based on pre-dose QTcF data from MDR-PK2 during levofloxacin treatment. The 
estimate was adjusted for MDR-PK1 children.  
g Modeled as intra-individual variability. 
* Estimate was approximately 0 and therefore fixed. 
 
CL/F: apparent clearance; Q/F: apparent intercompartmental clearance; V/F: apparent volume of distribution; 

VP/F: apparent peripheral volume of distribution; MTT: mean transit time; pop : population estimate; HIV : 

effect of HIV positive status on CL/F; HAZ : effect of height for age z-score (HAZ) on CL/F, centered at the 

population median HAZ of -1.06; form: effect of formulation (crushed or suspended tablet) on MTT; Emax : 

maximum drug effect; EC50: concentration at 50% maximum effect; MDRPK1: effect of MDRPK1 study on 

baseline QTcF; age: effect of age on baseline QTcF, centered at the population median of 2.6 years; Cp: 

concentration of moxifloxacin in plasma; WT: body weight (kg); QTcF: QT-interval corrected by Fridericia 

formula; RSE: relative standard error;  : residual unexplained error; MFX: moxifloxacin; MFX+CFZ: 
moxifloxacin and clofazimine. 
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Figure 4.3 Pharmacokinetic profiles in 8 subjects that received two formulations in MDRPK2. 
Panel (A) shows the data as time since first dose. Panel (B) shows the data as time after dose, 
where lines connect unique sampling dates and pre-dose values are shown at -0.5 h. 
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Figure 4.4 Visual predictive check of the final (a) pharmacokinetic model and (b) 
pharmacokinetic-QTcF model.  
Dots represent observed data. Lines correspond to 5 th (dashed), 50th (solid), 95th (dashed) 
percentiles of observed data. Shaded areas are the model-predicted 95% confidence intervals for 
the 5th, 50th, and 95th percentiles obtained from 1000 simulated datasets. 
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Figure 4.5 Moxifloxacin AUC24 (a,c) and apparent clearance (b,d) by nutritional status and body 
weight.  
Nutritional status is shown by height-for-age z-score (HAZ) and body weight by World Health 
Organization (WHO) weight band. AUC24 is adjusted for the mg/kg dose. CL/F is adjusted for 
body weight. The sample size (n) of each group is displayed in text and the size of the center 
point represents the relative sample size. Center points represent the median. Lines represent 
the 2.5th to 97.5th percentile range. 
 

 

 

Cardiac safety 

There were 57 children (n=45 younger than 7 years) who contributed ECG data (n=711 

measurements) after repeated oral dosing of moxifloxacin. Ten children contributed data on 2 

occasions (n=67 total occasions). Clofazimine was the major concomitantly used QT-prolonging 

anti-TB agent: clofazimine (n=3 MDR-PK1; n=26 MDR-PK2), delamanid (n=1), bedaquiline 

(n=0). The median (range) maximum QTcF interval was 409 (325 to 491) ms and time of peak 

QTcF was 1.88 (0-10) hours. High intra-individual variability was observed among triplicate 
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QTcF measures at the same time point and occasion (mean +/- SD absolute difference, 20.2 +/- 

15.8 ms). No child had a QTcF interval > 500 ms or clinical cardiac adverse event (i.e., 

arrhythmia). There were 3 (4.5%) out of 67 occasions with QTcF >450 to <480 ms, and 2 (2.9%) 

>480 to <500 ms; 4 of 5 occasions with QTcF >450 ms occurred in children receiving 

clofazimine. The median (range) maximum change in QTcF (QTcF) was 16.3 (-27.7, 61.3) ms: 

13.7 (-27.7 to 47.0) ms in children not receiving clofazimine and 23.3 (-11.8 to 61.3) ms in 

children receiving clofazimine (Figure 4.6). There were 11 (19%) children with maximum QTcF 

>30 to <60 ms, and 1 (1.7%) of QTcF > 60 ms. 

 

Moxifloxacin concentration-QTcF relationship 

The pharmacokinetic-QTcF model estimates are shown in Table 4.2. Moxifloxacin-induced 

QTcF prolongation was best characterized with a direct concentration-response model and 

maximum effect (Emax) relationship. An effect compartment model (time delay) was evaluated to 

explain sustained QTcF prolongation after 4 hours post-dose (i.e., time of moxifloxacin Cmax). 

The models had similar fit, so the direct model (simplest) was chosen. Younger children had 

lower baseline QTcF, which increased linearly up to age 2.6 years with no effect thereafter. 

Clofazimine use increased Emax from 8.8 ms to 28 ms but did not increase baseline QTcF. 

Visual diagnostics show that QTcF interval data were well predicted by the model (Figure 4.5). 

 

Optimal dosing and simulations 

Model-informed optimized doses were 10-50% higher than current WHO recommendations for 

children < 24 kg (Table 4.3). In children > 30 kg, doses above 400 mg were required to match 

the AUC target, but the dose was limited to 400 mg. Model simulations predict low target 

attainment among children 5-15 kg, which improved with model-informed dosing (Figure 4.7). 
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Figure 4.6  QTcF profiles in children treated with moxifloxacin for rifampicin-resistant 
tuberculosis as (a) QTcF interval over time and (b) maximum change in QTcF during the dosing 
interval in children receiving clofazimine (n= 29) and not (n=27).  
(a) Gray lines represent distinct children and sampling occasions with individual observations as 
triangles (MDR-PK1) or circles (MDR-PK2). The bold line (pink = clofazimine group; blue= no 
clofazimine group) is the population mean. (b) Boxplots represent the median, interquartile 
range, and whiskers show 95th and 5th percentile. QTcF = Fridericia-corrected QT interval. AE 
= adverse event. 
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Table 4.3. Currently recommended and optimized pediatric weight band dosing for 

moxifloxacin. 

 
Current WHO Dosing Model-informed Optimized Dosing 

 
100 mg dt 400 mg tab 100 mg dt 400 mg tab 

Weight band Tabs Dose Tabs Dose Tabs Dose Tabs Dose 

5-6 kg 0.8 80 mg 2 mL* 80 mg 1.5 150 mg 4 mL* 160 mg 

7-9 kg 1.5 150 mg 3 mL* 120 mg 2 200 mg 5 mL* 200 mg 

10-15 kg 2 200 mg 5 mL* 200 mg 3 300 mg 7 mL* 280 mg 

16-23 kg 3 300 mg 0.5 200 mg 4 400 mg 1 400 mg 

24-30 kg 4 400 mg 4 400 mg 4 400 mg 1 400 mg 

31-34 kg 4 400 mg 4 400 mg 4 400 mg 1 400 mg 

>34 kg 4 400 mg 4 400 mg 4 400 mg 1 400 mg 

*400 mg tab dissolved in 10 mL water (40 mg/mL). dt = dispersible tablet. 
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Figure 4.7 Simulated moxifloxacin (a) AUC24 and (b) maximum concentration at steady state 
with weight band dosing according to current WHO recommendations (blue) and model-
informed optimized doses (yellow).  
Data are based on 500 simulations. Weight band doses are shown in Table 4.3. Dashed line in 
(a) represents the target AUC. dt = dispersible tablet.  
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Discussion 

 

This is the first report of moxifloxacin population pharmacokinetics and cardiac safety in young 

children with TB. We show that moxifloxacin did not prolong the QTcF interval to ≥500 ms with 

10-15 mg/kg once daily in children, including those cotreated with clofazimine. However, 

moxifloxacin concentrations were below adult target concentrations at the doses evaluated. 

Suboptimal exposures are predicted in all weight bands with current WHO dosing 

recommendations.1 The model-informed optimized doses proposed here ensure adequate 

exposures in children of all weights, align with WHO weight bands, and can be practically 

implemented with available oral formulations.  

 

We observed comparatively higher moxifloxacin CL/F in our pediatric population. In adults with 

TB, moxifloxacin CL/F was 6.66-8.50 L/h, which scales to 2-3 L/h compared to our estimate of 

6.95 L/h in a typical 16 kg child.26,28,29 This difference may be explained, in part, by our 

observation of decreased CL/F in children older than 12 years, after applied allometric scaling, 

suggesting CL/F changes minimally with weight after childhood. In a pediatric study, CL/F was 

5.48 L/h (median weight, 16.5 kg) 12, adjusting for 90% oral bioavailability.9 A population 

pharmacokinetic analysis of children 3 months to 17 years estimated 0.45 L/h/kg0.75, similar to 

our estimate (0.43 L/h/kg0.75).30 Clearance maturation was not supported with our data, which 

agrees with Willmann et al., suggesting adult activity is reached early in childhood.30 However, 

few children aged <1 year were included in either study. Moxifloxacin is eliminated unchanged 

through glomerular filtration and biliary excretion (45%) and through phase II metabolism via 

Sulfotransferase 2A1 (38%) and UDP-glucuronosyltransferase 1A1 (14%) in adults.9 Ontogeny 

of these enzymes is not well understood, but it is reasonable to conclude that at least 80% of 

adult activity is reached by one year post-natal age.31-33  Pharmacokinetic data in children <1 



 106 

year and adolescents 12-18 years are needed to characterize moxifloxacin pharmacokinetics 

from infancy to adulthood. 

 

Children with low HAZ had higher moxifloxacin clearance and lower AUC compared to children 

of normal HAZ. Low HAZ (ie, stunting) typically represents chronic undernutrition. We did not 

find an association with weight-for-age or BMI-for-age with moxifloxacin pharmacokinetics. HAZ 

or stunting has been associated with low exposures of first-line TB drugs in children.34,35 Higher 

CL/F in children with low HAZ may reflect under-prediction of CL/F by total body weight alone. 

Interestingly, this effect persisted when estimated fat-free mass was used in place of body 

weight. While total body weight is lower, liver size may not differ in malnourished children.36 

Further, malnutrition may compromise drug absorption thereby increasing the apparent CL/F.37 

Given the prevalence of stunting in TB-endemic countries, it is important to consider the 

pharmacokinetics and dosing needs in representative populations.38 

 

Efavirenz induces UDP-glucuronosyltransferase activity.39 Naidoo and colleagues reported 42% 

higher moxifloxacin clearance in TB/HIV co-infected adults receiving efavirenz, similar to the 

44% increase we observed in HIV-positive children.40 Distinguishing HIV from efavirenz was not 

possible since only four (50%) HIV-positive children received efavirenz. More data in HIV/TB co-

infected children receiving efavirenz is required to understand if dose adjustments are needed.  

 

The median maximum QTcF observed in the children in our study was similar to adults 

receiving 400 mg of moxifloxacin; however, we estimated a weaker concentration response.16,41-

44 In healthy adults, reported Emax was 34 ms and concentration at 50% Emax (EC50) was 3.9 

mg/L compared to 8.4 ms (Emax) and 0.28 mg/L (EC50) in our study.43 Other adult studies report 

2.3-4.1 ms increase in QTcF per mg/L of moxifloxacin.16,41,44 We observed high intra-individual 

variability in QTcF measures, potentially limiting estimation of a strong moxifloxacin effect. 
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Therefore, our model cannot confidently predict QTcF intervals at higher doses. Nonetheless, 

simulated Cmax with the optimized doses do not exceed Cmax observed after intravenous infusion 

(up to 10 mg/L), which was safe from severe QTcF prolongation.9,12 Future QTcF studies in 

children should ideally include pre-drug ECGs collected under the same conditions and time of 

day as during pharmacokinetic sampling to improve estimation of concentration-QTcF response. 

 

At the population level, QTcF prolongation appeared sustained after the time of moxifloxacin 

Cmax. However, at the individual level, QTcF profiles were highly heterogeneous. The sustained 

effect was equally described with direct and delayed drug-effect models. Sustained QT interval 

prolongation with moxifloxacin has been described previously.42 Without a control arm, we were 

unable to account for normal fluctuations in QTcF, so the simplest model was most appropriate. 

In our study, the majority of QTcF sampling times were near the bounds of predicted 

moxifloxacin Cmax (1.5 to 4 hours after dose). Additional QTcF measures 2-3 hours after dose, 

along with true baseline measures, might be helpful in future studies to fully understand if a 

delayed effect on QTcF prolongation occurs in children.  

 

Current WHO guidelines for drug-resistant TB recommend treatment with clofazimine and 

fluoroquinolones, potentially also in combination with bedaquiline.1 Emax was 3.3-fold higher with 

concomitant clofazimine use compared to moxifloxacin alone, likely reflecting additional QT-

prolongation from clofazimine. While clofazimine has known QT-prolonging risk45,46, no 

significant QT prolongation occurred in 27 children treated with clofazimine for Mycobacterium 

abscessus infection.47 In our study, two children had QTcF > 50 ms and were taking 

clofazimine. No child experienced QTcF > 500 ms or clinical cardiac event. Therefore, 

concomitant use of moxifloxacin and clofazimine was safe from severe QT prolongation at the 

studied doses.  
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The model-informed doses proposed here align with WHO weight bands and available 

formulations and ensure target exposure attainment in all weight bands where the maximum 

daily dose was not reached. This has important implications for RR-TB treatment as 

fluoroquinolones have higher bactericidal activity than other second-line anti-TB medications 45. 

Although most children treated for RR-TB have good outcomes, children living with HIV, poor 

nutritional status, and severe TB, including adolescents, have worse outcomes 48. These 

populations all had suboptimal moxifloxacin exposure in this study. Proposed doses for children 

<10 kg should be interpreted with caution as few data were available in these groups. Targeted 

pharmacokinetic studies in these vulnerable populations are essential to ensure RR-TB dosing 

is optimized for all.  

 

Furthermore, moxifloxacin is a component of multiple shortened regimens for RR-TB currently 

under evaluation. Recently, a 4-month regimen with moxifloxacin demonstrated non-inferiority to 

the standard 6-month regimen without moxifloxacin in adults with drug-susceptible TB 8. 

Ensuring appropriate dosing may be even more important for efficacy of novel regimens 

containing fewer drugs and/or shortened durations. Our findings now have broader relevance 

for pediatric TB treatment, as many more children develop drug-susceptible TB each year (1.19 

million) compared to rifampicin-resistant TB (~26-30,000) 49.  

 

In conclusion, up to 15 mg/kg of moxifloxacin was safe in children with RR-TB. Higher than 

currently recommended doses are needed to match adult exposures. Further investigation of 

QTcF interval prolongation with higher doses and concomitant use with other QT-prolonging 

agents is urgently needed. 
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Supplemental Table 4.1. Moxifloxacin weight banded dosing used in MDR-PK2 

Targeted adult dose: 400 mg once daily 
Available formulations: 400 mg tablet; 20 mg/mL extemporaneously prepared suspension 

 Moxifloxacin dose (mg)  
Number of tabs OR mL 

suspension 

2 to <3 40 1.5 mL 

3 to <5 60 3 mL 

5 to <10 100 5 mL 

10 to <15 160 8 mL 

15 to <20 200 1/2 tab 

20 to <30 300 3/4 tab 

30 to <40 400 1 tab 

 

 

 

Supplemental Table 4.2. Demographics of child population with TB used for 

pharmacokinetic simulations. 

Weight band 
Number of 
children 

Height for age z-score (HAZ) 
Median (2.5th to 97.5th percentile) 

Age (year) 
Median (2.5th to 97.5th percentile) 

5-6 kg 48 -1.92 (-5.74 to 5.33) 0.5 (0.2 to 1.9) 

7-9 kg 93 -2.21 (-5.44 to 1.73) 1.2 (0.2 to 3) 

10-15 kg 153 -1.63 (-5.61 to 2.65) 2.6 (0.8 to 8.3) 

16-23 kg 76 -1.47 (-5.95 to 1.1) 6.6 (3.2 to 11.6) 

24-30 kg 21 -1.09 (-3.96 to 2.21) 9.9 (6.7 to 14.2) 

31-34 kg 13 -0.82 (-2.69 to 0.33) 12.6 (10.6 to 15.3) 

>34 kg 19 -0.28 (-1.79 to 1.84) 13.8 (10.6 to 15.3) 
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Chapter 5.  Rifapentine population pharmacokinetics and dosing 

recommendations for latent tuberculosis infection * 

 

 

Abstract 

Rationale: Rifapentine has been investigated at various doses, frequencies, and dosing 

algorithms but clarity on the optimal dosing approach is lacking. 

Objectives: In this individual participant data meta-analysis of rifapentine pharmacokinetics, we 

characterize rifapentine population pharmacokinetics, including autoinduction, and determine 

optimal dosing strategies for short-course rifapentine-based regimens for latent tuberculosis 

infection. 

Methods: Rifapentine pharmacokinetic studies were identified though a systematic review of 

literature. Individual plasma concentrations were pooled, and non-linear mixed effects modeling 

was performed. A subset of data was reserved for external validation. Simulations were 

performed under various dosing conditions including current weight-based methods and 

alternative methods driven by identified covariates.  

Measurements and Main Results: We identified nine clinical studies with a total of 863 

participants with pharmacokinetic data (n=4301 plasma samples). Rifapentine population 

pharmacokinetics were described successfully with a one-compartment distribution model. 

 

 

* Modified from the publication: Hibma JE and Radtke KK, Dorman SE, Jindani A, Dooley KE, Weiner M, 
McIlleron HM, Savic RM (2020). Rifapentine Population Pharmacokinetics and Dosing Recommendations 
for Latent Tuberculosis Infection. Am J Respir Crit Care Med. 202(6):866-877. PMID: 32412342. 
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Autoinduction of clearance was driven by rifapentine plasma concentration. The maximum effect 

was a 72% increase in clearance and was reached after 21 days. Drug bioavailability decreased 

by 27% with HIV infection, decreased by 28% with fasting, and increased by 49% with a high-fat 

meal. Body weight was not a clinically relevant predictor of clearance. Pharmacokinetic 

simulations showed that current weight-based dosing leads to lower exposures in low weight 

individuals, which can be overcome with flat dosing. In HIV-positive patients, 30% higher doses 

are required to match drug exposure in HIV-negative patients. 

Conclusions: Weight-based dosing of rifapentine should be removed from clinical guidelines and 

higher doses for HIV-positive patients should be considered to provide equivalent efficacy.  

 

 

Introduction 

 

The World Health Organization (WHO) estimates that 23% of the world’s population has latent 

tuberculosis infection (LTBI) and is at risk of developing active disease.1 Standard treatment for 

LTBI has historically been nine months of daily isoniazid, for which patient compliance is poor 

and hepatotoxicity is a concern.2,3 Recently, novel rifapentine-based regimens have 

demonstrated efficacy in preventing tuberculosis disease with much shorter treatment 

durations.4,5 Additionally, these regimens have shown equal to better safety profiles and higher 

patient compliance. The first regimen was three months of once-weekly rifapentine plus 

isoniazid (3HP);4 it received FDA approval in 2014 and is now recommended by the Centers for 

Disease Control and the WHO for individuals with LTBI.6-8 An ultra-short-course regimen, one 

month of daily isoniazid-rifapentine (1HP), has also shown efficacy, safety, and improved 

compliance in HIV-infected patients at high risk of developing tuberculosis disease;5 1HP 

inclusion into WHO guidelines is under review.9  
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Rifapentine has high anti-mycobacterial activity and a long elimination half-life of 15 hours that 

makes it an attractive candidate for treatment shortening regimens.6,10,11 However, unlike in 

LTBI, it is still unknown if rifapentine will be effective in short-course regimens for active drug-

sensitive tuberculosis disease (DS-TB). The only completed Phase 3 clinical trial (Rifaquin) 

failed to demonstrate non-inferiority of intermittent rifapentine regimens in DS-TB patients 

compared to the 6-month standard of care.12 

 

Robust characterization of rifapentine pharmacokinetics is required to determine optimal dosing 

strategies for new short-course regimens and for special populations. Current rifapentine-based 

regimens for LTBI use weight band dosing.6,8 However, these recommendations are not based 

on pharmacokinetic evidence; rather, they are drawn from the historical mg/kg doses used in 

rifampin-based therapy. The influence of body weight on rifapentine clearance remains 

inconclusive as current studies report conflicting findings.13,14 Meal-type, dose amount, HIV 

status, race, and age may also impact rifapentine concentration.14-18 Additionally, repeated 

dosing of twice weekly and daily administration results in lower rifapentine exposures over time, 

suggesting that rifapentine induces its own metabolism.19,20 

 

Several pharmacokinetic studies have been conducted with varying rifapentine doses (up to 20 

mg/kg daily), frequencies (once weekly to twice daily), and methods (weight-based or flat 

dose).19-22 Our aim here was to perform an individual participant data meta-analysis and pool 

individual pharmacokinetic data from all relevant clinical studies in various populations (healthy 

volunteers and LTBI and DS-TB patients with and without HIV infection). The goals are (i) to 

characterize rifapentine population pharmacokinetics, including the time course of autoinduction 

and relevant covariates that may have a significant clinical impact on rifapentine exposures and 
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clinical efficacy, and (ii) to derive dosing recommendations to inform optimal current and future 

use of rifapentine in tuberculosis infection and disease. 

 

 

Methods 

 

Clinical Studies 

Rifapentine pharmacokinetic studies were identified through a literature search in PubMed with 

the terms ‘rifapentine’ AND (‘study’ OR ‘trial’) from 1 January 1980 to 31 December 2015 

according to PRISMA guidelines.23 Additional studies were identified through author 

collaborations. Corresponding authors of the study were invited to contribute data if the studies 

were prospective and multiple dose, pharmacokinetic measurements were available and 

validated, and covariates of interest were documented (e.g., HIV status, meal-type, and weight). 

All studies included in the analysis received ethical approval by their local ethical review boards.  

 

Population Pharmacokinetic Analysis 

Identified studies were split into an analysis cohort for structural model development and a 

validation cohort for external validation. We sought to conserve 1/3 of drug concentration data 

for the validation cohort and to match dosing schedules and covariates (e.g., HIV) between 

cohorts when possible. Rifapentine plasma concentrations were natural log-transformed and 

analyzed using non-linear mixed effects modeling with NONMEM 7.41 (ICON Development 

Solutions, Elliott City, Maryland). Pharmacokinetic parameter estimation was performed with the 

first-order conditional method. Inter-individual variability was modeled exponentially assuming a 

log-normal distribution. The residual error was described by an additive error on the individually 
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predicted logarithmic concentrations (i.e., equivalent to an exponential error on non-logarithmic 

concentrations). Pharmacokinetic data without an associated dosing record were excluded.  

 

Population pharmacokinetic model building followed standard procedures by first characterizing 

the base structural model.24 One and two compartment disposition models were evaluated with 

first-order absorption to describe rifapentine pharmacokinetics. Drug absorption delays were 

further evaluated with the addition of a lag time or a more flexible chain of transit compartments. 

Since only oral data were available, the relative bioavailability was fixed to 1. Inter-individual 

variability was tested on absorption parameters (i.e., bioavailability and mean transit time), drug 

clearance, and volume of distribution. Once a stable model was established, previously 

identified and well-established covariates (i.e., dose, meal-type, and HIV status) were 

incorporated into the base structural model followed by formal statistical assessment. Next, 

rifapentine autoinduction was described by employing a semi-mechanistic enzyme turnover 

model.25  

 

Following model evaluation, pharmacokinetic parameters were re-estimated with all data 

(analysis and validation datasets), and covariate analysis was performed to further explore 

factors that explain inter-individual variability in clearance and/or bioavailability. Additional 

candidate covariates included weight, age, race, BMI and sex. Covariates were identified using 

stepwise covariate modeling (SCM) approach: covariates were added one at a time and then 

removed one at a time in a stepwise manner and evaluated using the likelihood ratio test. A 

significance level of p<0.05 was used for forward selection, and p<0.01 was used for backward 

elimination. Final inclusion of identified covariates considered statistical significance, clinical 

relevance, and scientific plausibility. The threshold for clinical relevance was a 20% change in 

the parameter estimate.26 
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Model development was guided by graphical assessment of goodness-of-fit plots, condition 

number, and the likelihood ratio test. Simulation-based diagnostics, or visual predictive checks 

(VPCs), were used for model validation. Due to large variability in the dose for the combined 

dataset, the observed and simulated concentrations were normalized based on the typical 

population predictions.27 VPCs were based on 500 simulations using fixed and random effect 

parameter estimates, including dosing information and demographic information for each 

subject. The precision of all final parameters was evaluated using a nonparametric bootstrap 

approach with 1,000 resampled datasets. The predictive performance of the model was 

evaluated through an external model validation: 500 simulations of rifapentine concentration 

were performed with the validation cohort using the base structural model and parameter 

estimates from the analysis cohort alone. Simulated concentrations were compared to observed 

concentrations through VPC. 

 

Rifapentine metabolite modelling procedures 

To complete the model, 25-desacetyl-rifapentine concentration data were added and modeled. 

All the included studies except Riomar and Rifaquin had metabolite data to contribute. All 

parameters from the parent drug model were fixed except residual variability. Then, the 

metabolite clearance (CLm) and volume of distribution (Vd) were estimated. One and two 

compartment distribution models were tested, along with nonlinear elimination, and dose-

dependent fraction metabolized (fm) in accordance with previously published models.14,15,17 

Stepwise covariate modeling was also performed; weight, HIV status, and sex were tested on 

metabolite parameters. Those with statistically significant effects and clinically relevant effect 

sizes were included in the model. 
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Software 

R software (version 3.4.2) was used for all data management, analyses, and graphical 

visualization. The xpose (version 0.4.4) and vpc (version 1.0.1) packages were used for visual 

diagnostics. Nonparametric bootstrap and covariate modeling were performed with Perl-speaks-

NONMEM (version 4.7.0). 

 

Dosing simulations 

Simulations were performed with the final model to (i) predict the autoinduction process with 

different doses and dosing schedules, (ii) assess the impact of clinically relevant patient factors 

(e.g., HIV, weight) on rifapentine exposure, and (iii) to propose pragmatic dosing for rifapentine-

containing LTBI regimens. Pharmacokinetic profiles were evaluated by different drivers of 

pharmacodynamics, including time above minimum inhibitory concentration (MIC), area under 

the concentration-time curve (AUC), AUC/MIC, maximum concentration (Cmax), and Cmax/MIC, 

with MIC set to 0.06 mg/L.28 For 1HP and 3HP simulations, we predicted rifapentine exposure 

following current weight band dosing (1HP: 300 mg [<35 kg], 450 mg [35-45 kg], or 600 mg [>45 

kg] daily; 3HP: 750 mg [<50 kg] and 900 mg [>50 kg] once weekly).4,5 Alternative dosing 

methods were explored based on identified covariates. All simulations were performed under 

low-fat meal conditions (the referent, where relative bioavailability =1) given label 

recommendations. 

 

Univariate analysis of month 2 culture conversion 

Microbiological outcome data (i.e., liquid and solid culture data) was acquired from two Phase II 

clinical studies: TBTC-29 and TBTC-29x.22,29 Participant body weight and rifapentine AUC were 

evaluated as predictors of month 2 culture conversion by logistic regression. Body weight was 

categorized as < 50 kg or > 50 kg, consistent with the weight band dosing strategy used in 

these studies. AUC was categorized at the median AUC.  
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Results 

 

Clinical Studies 

We identified nine clinical studies with rifapentine pharmacokinetic data for the pooled analysis 

(Figure 5.1), including Phase 3 (n=2), Phase 2 (n=4), and Phase 1 (n=3) studies.12,14,19-21,29-32 

Overall, 863 subjects were included: 84 healthy volunteers, 702 patients with DS-TB, and 77 

persons treated for LTBI. The analysis cohort included 360 subjects (n=3273 samples) from five 

studies. The validation cohort included 503 subjects (n=1115 samples) from four studies. 

Participant and trial characteristics are shown in Table 5.1. The analysis and validation cohorts 

were similar in design and participant characteristics. Overall, the median age was 34 years, the 

median weight was 59 kg, 31% were men, and 9% of patients were HIV-positive. There was a 

wide range of rifapentine doses, dosing frequencies, and diets that were tested across studies 

(Table 5.1).  

 

  



 124 

 

 

Figure 5.1 PRISMA Flow Diagram. 
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Table 5.1 Baseline characteristics of the study participants in the pooled datasets 

Trial* (Ref) 
Rifapentine 
Regimen 

N Individuals, 
(N samples) 

Age, yr  Weight, kg  
Female 
sex 

HIV-
positive 

Analysis cohort       

06-0050 19 
    Phase 1 
    HV 
    PM 

900 mg thrice 
weekly with low fat 

meal 

14, (269) 41 (24-64) 76 (50-97) 3 (21.4) - 

Rifaquin 12 
   Phase 3 
   DS-TB 
   PM 

900 mg twice 
weekly or 1200 
mg once weekly 

with high-fat meal 

241, (846) 32 (18-80) 56 (38-78) 88 (36.5) 46 (19.1) 

TBTC-29B 14 
   Phase 1 
   HV 
   P[Mdz] 

5 - 20 mg/kg once 
daily with low-fat 

meal 

26, (504) 47 (24-60) 82 (60-99) 5 (19.2) - 

TBTC-25 30 
   Phase 2 
   DS-TB 
   PH 

600, 900, or 1200 
mg once weekly 

on empty stomach 

35, (357) 44 (18-68) 65 (46-110) 12 (34.3) - 

ACTG-A5311 21 
   Phase 1 
   HV 
   P 

10 mg/kg twice 
daily or 15 or 20 
mg/kg once daily 
with low- or high-

fat meal 

44, (1210) 35 (20-59) 82 (60-99) 12 (27.3) - 

Validation cohort       

TBTC-29X 29 
   Phase 2 
   DS-TB 
   PHZE 

10, 15, or 20 
mg/kg once daily 
with high-fat meal 

225, (713) 30 (18-70) 55 (40-83) 66 (29.3) 19 (8.4) 

TBTC-26 31 
   Phase 3 
   LTBI 
   PH 

900 mg once 
weekly with food 

77, (77) 40 (19-63) 81 (49-169) 37 (48.1) - 

TBTC-29 22 
   Phase 2 
   DS-TB 
   PHZE 

10 mg/kg 5 days 
per week on 

empty stomach 

158, (158) 36 (18-86) 60 (40-101) 46 (29.1) 16 (10.1) 

RioMar 32 
   Phase 2 
   DS-TB 
   PHMZ 

7.5 mg/kg once 
daily with food 

43, (167) - 58 (45-83) NR - 

Data are expressed as median (range) or number (percentage). 

* A description of each trial is below including study phase, population, and drug regimen. 
Definition of abbreviations:  NR = not recorded; HV= healthy volunteers; DS-TB = drug-sensitive tuberculosis; LTBI 
= latent tuberculosis infection; P = rifapentine; H = isoniazid. M = moxifloxacin; [Mdz] = midazolam, only 
administered in some of the study participants; Z = pyrazinamide; E = ethambutol. 
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Pharmacokinetic-enzyme model 

The final rifapentine pharmacokinetic-enzyme model is shown in Figure 5.2, and final 

parameter estimates are in Table 5.2. All pharmacokinetic parameters were well estimated with 

low relative standard errors. Rifapentine apparent clearance was estimated to be 1.11 L/h in the 

typical adult and increased up to 1.92 L/h (173%) over time as a result of autoinduction. The 

induction process was described using an indirect response semi-mechanistic enzyme turnover 

model (Figure 5.2). The full compartmental model for rifapentine pharmacokinetics with 

incorporated autoinduction can be represented with equations (Eq) 5.1-5.3, where Eq 5.1 

represents the amount of drug in the absorption compartment (Aa) with a series of n transit 

compartments,33 Eq 5.2 represents the amount of drug in the central compartment (Ac), and Eq 

5.3 is the amount of enzyme (ENZ), initially equal to 1 and increased as a result of the drug 

effect (EFF):  

 

 

Eq 5.1   
dAa 

dt
 =  𝐹 ∙ Dose ∙ 𝑘tr ∙

(𝑘tr ∙ 𝑡)𝑛 ∙ 𝑒−𝑘tr ∙ 𝑡

√2𝜋 ∙ 𝑛𝑛+0.5 ∙ 𝑒−𝑛  −  𝑘𝑎  ∙ A𝑎    

Eq 5.2   
dAc 

dt
 =  𝑘𝑎 ∙ A𝑎  −  CL

V⁄  ∙ A𝑐 ∙ ENZ  

Eq 5.3  
dENZ 

dt
 =  𝑘𝐸𝑁𝑍 ∙ (1 + EFF) −  𝑘𝐸𝑁𝑍 ∙ ENZ 

 Eq 5.4  EFF = ( 
Emax∙ Cp 𝛾

EC50 𝛾+ Cp 𝛾
) 

 

 

In the above equations, ktr is the transit rate constant, F is relative bioavailability, ka is the 

absorption rate constant, CL is the clearance, V is the volume of distribution, and kENZ is the 

enzyme turnover rate. Linear and nonlinear drug effect (EFF) relationships were evaluated as a 

function of rifapentine concentration in plasma (Cp); the sigmoid maximum effect (Emax) model 
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was the best (Eq. 5.4), with an estimated concentration at 50% maximum effect (EC50) of 4.27 

mg/L and steepness factor () of 10. Maximum autoinduction is expected at the steady state 

concentrations achieved with daily doses of 300 mg or more, and clearance stabilizes by day 21 

of therapy, assuming 5 half-lives to steady state (Figure 5.3).  

 

 

 

 

Figure 5.2 Final rifapentine pharmacokinetic-enzyme model.  
The number of transit compartments (NN) was estimated using the relationship of kTR = 
(NN+1)/MTT, where MTT is the mean transit time and kTR is the transit rate constant. The 
absorption rate constant (ka) was assumed equal to kTR. Rifapentine autoinduction was modeled 
with an enzyme turnover model, where the effect (EFF) of rifapentine concentration in the 
central compartment increased the enzyme production rate (kENZ), thereby increasing the 
enzyme pool (ENZ). Rifapentine clearance (CL) increased as a result of increased ENZ. V is the 
apparent volume of distribution. The fraction of the drug absorbed (F; relative bioavailability) 
increased (+) or decreased (-) as indicated.  
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Table 5.2. Final parameter estimates for the rifapentine population pharmacokinetic model 

Parameter 
Population Estimate Inter-individual variability 

Value [%RSE] 95% CI† %CV [%RSE] 95% CI† 

CL/F (L/h) 1.11 [1.92] 0.952 - 1.48 24.3 [9.34] 12.8 - 28.0 

V/F (L) 36.7 [1.99] 28.5 - 40.9 17.6 [17.7] 10.5 - 24.0 

MTT (h) 1.94 [2.97] 1.83 - 2.04 - - 

NN 2.15 [5.44] 1.66 - 2.70 - - 

Bioavailability  100 fixed - 29.8 [10.8] 21.5 - 34.6 

Fixed effects on 
bioavailability‡ 

    

   Dose 0.0167 [5.30] 0.00343 - 0.0287 - - 

   HIV infection  0.729 [6.26] 0.584 - 0.815 - - 

   High-fat meal 1.49 [3.05] 1.37 - 1.64 - - 

   Fasting 0.731 [5.51] 0.546 - 0.776 - - 

kENZ (h-1)*, || 0.00587 [32.1] 0.00291 - 0.0135 - - 

Emax (%)* 73.0 [25.2] 51.0 - 116 - - 

EC50 (mg/L)* 4.27 [39.8] 1.80 - 6.57 - - 

 10 fixed - - - 

Residual error of 
rifapentine 

0.577 [4.13] 0.573 - 0.699 - - 

CLm/fm (L/h) 3.11 [12.2] 1.89-6.26 40.0 [6.69] 34.2-44.6 

Vm/fm (L) 2.15 [7.07] 1.67-3.15 - - 

fm, dose ** 0.0185 [3.56] 0.0004 -0.0266 - - 

HIV effect on CLm 1.36 [9.85] - - - 

Residual error of 
metabolite 

0.631 [5.59] 0.560-0.695 - - 

* autoinduction parameters were estimated based on the analysis dataset alone. 
† Confidence intervals were based on 926 (out of 1000) successful bootstrap runs for rifapentine model 
and 999 (out of 1000) successful bootstrap runs for metabolite model. 
‡ Fixed effects on bioavailability (F) were relative to HIV-negative individuals taking 300 mg of 
rifapentine with a low-fat meal, where F=1 for each reference condition. Relative bioavailability is 
calculated as: F=Fdose*FHIV*Fhigh-fat*Ffasting, where Fdose is the relative reduction in bioavailability per 100 
mg above 300 mg (equal to 1- estimate*(dose/100 mg), FHIV is the relative bioavailability in HIV-positive 
individuals, Fhigh-fat is the relative bioavailability with a high-fat meal (vs. low-fat meal), and Ffasting is the 
relative bioavailability with fasting (vs. low-fat meal). 
|| Translates to an enzyme turnover half-life of 118 hours. 
** Fraction metabolized is a function of dose, where fm= 1- fm,dose*(dose/100 mg). 

 

Definition of abbreviations: RSE=relative standard error; CI=confidence interval; CV=coefficient of 
variation; CL/F=apparent clearance; V/F=apparent volume of distribution; MTT=mean transit time; 
NN=number of transit compartments; kENZ=enzyme production rate; EC50=concentration where effect is 

50% of maximum; Emax=maximum effect;  =steepness for Emax equation;  CLm/fm =metabolite 

clearance;  Vm/fm =metabolite volume of distribution; fm,dose= dose-dependent reduction in fraction 
metabolized. 



 129 

 

Figure 5.3 Rifapentine autoinduction profile.  
(A) The sigmoid relationship between rifapentine concentration and autoinduction is shown in 
the black line. Dashed lines represent the average concentration at steady state of daily therapy 
with 300 mg (yellow), 450 mg (green), and 600 mg (navy) of rifapentine in a typical HIV-negative 
individual. (B) Rifapentine induction over time following daily administration of 600 mg. Black 
dashed line represents the time at which the induction process reaches steady state. 
 

 

 

Rifapentine model evaluation and validation 

The VPC of the basic structural model (built with analysis cohort data alone) shows that the 

model predicted the analysis cohort raw data well: the median, 5 th, and 95th percentiles of raw 

data fell within or near the percentiles of model-predicted concentrations for all time points 

(Figure 5.4A). Further, we show that model-predicted concentrations matched the raw data of 

an external dataset (i.e., the validation cohort, which was not used in model development; 

Figure 5.4B). After model validation, data from both cohorts were pooled and parameters re-

estimated. The final model predicted rifapentine concentrations well for all studies (Figure 5.5). 
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Figure 5.5 Final visual predictive check (VPC) of full rifapentine population pharmacokinetic 
model, stratified by study.  
Dots represent observed rifapentine concentrations. Lines correspond to 5 th (dashed), 50th 
(solid), 95th (dashed) percentiles of observed data. Shaded areas are the model-predicted 95% 
confidence intervals for the median (light blue), and 5th and 95 th (dark blue) percentiles obtained 
from 500 simulated datasets. 
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Rifapentine metabolite model results 

The pharmacokinetics of 25-desacetyl-rifapentine were best described with a one compartment 

distribution model with first order elimination and dose-dependent fraction metabolized. The 

typical CLm was 3.11 L/h and Vm was 2.15 L. HIV infection was found to be a strong predictor 

(p<0.001) of CLm, such that HIV-positive individuals had 35% higher CLm. Model evaluation 

through VPC (Figure 5.6) demonstrated that the model predicted the metabolite concentrations 

well.  

 

 

 

 

Figure 5.6 Visual predictive check (VPC) of 25-desacetyl-rifapentine (i.e., metabolite) 
pharmacokinetic model.  
Dots represent observed 25-desacetyl-rifapentine concentrations. Lines correspond to 5th 
(dashed), 50th (solid), 95th (dashed) percentiles of observed data. Shaded areas are the model-
predicted 95% confidence intervals for the median (light blue), and 5th and 95th (dark blue) 
percentiles obtained from 500 simulated datasets. The dependent variable was prediction 
corrected.27 
  



 133 

Impact of covariates on rifapentine pharmacokinetics 

Rifapentine bioavailability was strongly (p<0.001) influenced by HIV status, food, and dose with 

clinically relevant effect sizes. The relative effects on bioavailability of HIV-positive status (vs. 

HIV-negative), high-fat meal or fasting condition (vs. low-fat meal), and dose per 100 mg above 

300 mg (the referent) are shown in Table 5.2. Body weight was related to rifapentine clearance 

(p<0.001) with a 0.1 L/h (9%) increase in clearance per 10 kg increase in weight (Figure 5.7). 

However, weight explained only 2.9% of the inter-individual variability in clearance, and the 

effect size did not meet our criteria for clinical relevance. Further, the majority of statistical 

significance was from a few influential individuals over 90 kg in weight (Figure 5.8). 

Allometrically scaling clearance did not provide any additional improvement over the linear 

relationship, and the functions were nearly identical at relevant weight ranges (40-100 kg). 

Therefore, the only covariates included in the final model were HIV, food, and dose. 

 

 

 

 

Figure 5.7 Relationship between weight and rifapentine clearance.  
The relationship was assessed for (A) all subjects and (B) only DS-TB and LTBI patients with 
final model parameter estimates.  Dashed line represents loess regression curve.  
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Figure 5.8 Individuals influencing the relationship between weight and clearance.  
Each circle represents one individual. Influential individuals are those with change in iOFV > 
|3.84|. Red dashed lines represent the statistical significance threshold (p=0.05) per likelihood 
ratio test. iOFV = individual objective function.  
 

 

 

Rifapentine simulations of different dosing schedules 

The effect of dose and dosing frequency on rifapentine pharmacokinetics is shown in Figure 

5.9. With intermittent dosing, autoinduction was minimal to moderate and clearance increased 

slightly with larger doses (Table 5.5). With daily dosing, maximum induction was achieved with 

doses of 300 mg or more. All dosing schedules were able to maintain concentrations above MIC 

during the dosing interval except once weekly in which concentrations fall below MIC just prior 

to the next dose. Cmax/MIC and AUC/MIC were highest with daily dosing, due to drug 

accumulation, and increased with increasing dose (Table 5.4). 
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Figure 5.9 Effect of dose and dosing frequency on rifapentine exposure.   
(A) Rifapentine concentration over time, and (B) concentration over time in log-scale, in a typical 
HIV-uninfected individual following once daily, thrice weekly, twice weekly, and once weekly 
administration of 600 mg (yellow), 900 mg (green), or 1200 mg (dark blue). Black dashed line = 
minimum inhibitory concentration (MIC; equal to 0.06 mg/L) 
 

 

 

Table 5.3 Change in rifapentine clearance by dose and dosing frequency. Values reflect the 

percent change from first dose to last dose of a one-month treatment course. 

 Increase in clearance 

 Once Weekly Twice Weekly Thrice Weekly Daily 

600 mg 16% 29% 44% 72% 

900 mg 20% 35% 52% 72% 

1200 mg 26% 39% 56% 72% 
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Table 5.4. Pharmacokinetic-pharmacodynamic indices by rifapentine dose and dosing 
frequency.  

 AUC/MIC 
Free 

AUC/MIC 
Cmax/MIC 

Free 
Cmax/MIC 

600 mg once weekly 3936 78.7 226.4 4.5 

600 mg twice weekly 4011 80.2 236.8 4.7 

600 mg thrice weekly 3846 76.9 232.1 4.6 

600 mg daily 4928 98.6 308.6 6.2 

900 mg once weekly 5481 109.6 317 6.3 

900 mg twice weekly 5500 110 328.5 6.6 

900 mg thrice weekly 5248 105 321.2 6.4 

900 mg daily 6921 138.4 433.2 8.7 

1200 mg once weekly 6773 135.5 393.1 7.9 

1200 mg twice weekly 6733 134.7 405.1 8.1 

1200 mg thrice weekly 6415 128.3 395.8 7.9 

1200 mg daily 8600 172 538.1 10.8 

Values reflect a typical HIV-negative individual. AUC was integrated over 24 hours on day 
21 of therapy, and thus, reflects steady state AUC for daily dosing. Free AUC and Cmax 
assume a fraction unbound of 0.02. MIC (minimum inhibitory concentration) was set to 
0.06 mg/L. AUC = area under the concentration time curve. Cmax = maximum 
concentration. 

 

 

 

Rifapentine simulations for 1HP and 3HP therapy  

We simulated rifapentine drug concentrations under the 1HP and 3HP regimens for LTBI in both 

HIV-positive and HIV-negative adults. The typical HIV-positive patient had lower drug 

concentrations than the typical HIV-negative patient when given the same dose due to 

decreased rifapentine bioavailability (Figure 5.10).  Lower drug concentrations are also 

predicted in low weight individuals with the current weight band dosing. Removing weight bands 

and administering the same flat dose to all individuals would result in equal exposures across 

weights; however, it did not equalize exposures by HIV status (Figure 5.11). With a stratified 

regimen, where HIV-positive individuals receive ~30% higher doses, similar exposures are 

expected by HIV status and weight for both 1HP and 3HP (Figure 5.11).  
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Figure 5.10 Pharmacokinetic profiles of rifapentine following (A) 1HP and (B) 3HP regimens. 
 Concentration-time profiles over 24 hours are shown for the typical adult by HIV status on (A) 
day 21 of therapy, to reflect steady state concentrations, and (B) after first dose since no 
accumulation occurs with weekly dosing. 
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Figure 5.11 Predicted rifapentine exposures with different dosing methods for (A) 1HP and (B) 
3HP regimens.  
Drug exposure over 24 hours (AUC0-24h) profiles are based on 500 simulations. (A) 1HP 
predictions reflect steady state exposures to account for autoinduction. ‘Weight band’ rifapentine 
doses were 300 mg for < 35 kg, 450 mg for 35-45 kg, and 600 mg for >45 kg, as currently 
recommended for 1HP. The ‘Flat’ approach prescribed 600 mg to all individuals, and ‘HIV 
stratified’ increased dose in HIV-positive to 750 mg. (B) 3HP doses were 750 mg for <50 kg and 
900 mg for 50+ kg for the ‘weight band’ approach, as currently recommended. The ‘Flat’ 
approach prescribed 900 mg to all individuals, and ‘HIV stratified’ increased dose in HIV-positive 
to 1200 mg. Gray dashed lines represent (B) the median AUC0-24h (=317 mg*h/L) observed in 
patients treated with 3HP in the PREVENT-TB trial (i.e., TBTC-26) and (A) the median predicted 
AUC0-24h in HIV-positive patients with 600 mg daily (=219 mg*h/L). 
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Univariate analysis of month 2 culture conversion 

A total of 363 individuals treated with 10 mg/kg rifapentine had Phase II microbiological data 

available. Univariate logistic regression results for month 2 culture conversion of liquid media 

are shown in Figure 5.12. Month 2 culture conversion was less likely in individuals who had 

lower rifapentine AUC (Odds ratio = 0.49) and in those who weighed less than 50 kg (Odds ratio 

= 0.60). 

 

 

 

Figure 5.12 Predictors of month 2 culture conversion.  
Data were acquired from two Phase II clinical studies (TBTC29, TBTC29x) where participants 
received 10 mg/kg rifapentine daily. Odds ratios are from univariate analysis. 
 

 

 

 Discussion 

In this study, we used a pooled individual-data approach with an external validation to describe 

rifapentine population pharmacokinetics in a large cohort of subjects. This analysis included 

nine clinical studies with a wide range of rifapentine doses and scheduling frequencies, allowing 

for successful characterization of rifapentine autoinduction with respect to drug concentration. It 

represents the largest analysis of rifapentine population pharmacokinetics to date. Our results 
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establish several findings that may help guide rifapentine dosing strategies: (i) pharmacokinetic 

data do not support dosing rifapentine by body weight; (ii) HIV-positive individuals require at 

least 30% higher doses to achieve equal drug exposures to HIV-negative persons; (iii) 

rifapentine autoinduction is strongly influenced by dosing frequency rather than dose amount.  

 

Since rifapentine’s approval, several studies have shown evidence of rifapentine inducing its 

own elimination but none have characterized autoinduction with respect to rifapentine 

concentration.14,16,17,19,20 Previously published models have described rifapentine autoinduction 

empirically with time-varying clearance model14,17 or reduced bioavailability.16 While these 

approaches are adequate for describing data, they have limited utility in clinical settings and for 

dose determination in new clinical trials.  In our analysis, we used a semi-mechanistic turnover 

model where rifapentine concentration was the driver of autoinduction.25 This method is 

advantageous in that it allows for predicting the magnitude of autoinduction with different 

rifapentine regimens of various doses and frequencies, including those which have not yet been 

tested in a clinical trial.  

 

Rifapentine autoinduction is strongly influenced by dosing frequency. Simulated 

pharmacokinetic profiles showed increasing Cmax and AUC in the first week of therapy with daily 

dosing due to drug accumulation but decreased thereafter as a result of clearance induction. 

This effect was most prominent with daily dosing, moderate with thrice weekly dosing, and 

minimal with less frequent dosing. These findings are in agreement with previous reports from 

non-compartmental analyses.20,31,34 Dose amount had little effect on the magnitude of 

autoinduction (~10% higher clearance with 1200 mg vs. 600 mg), regardless of dosing 

frequency. A dose effect on rifapentine autoinduction has been described previously.17,19 In our 

model, nonproportional increases in drug exposure with increasing dose were described 

through a reduction in bioavailability, consistent with saturable absorption.14 Still, as the 
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induction process is a function of rifapentine plasma concentration in our model, any additional 

dose effects on clearance would be captured. While full autoinduction is predicted with daily 

dosing, drug accumulation was also high, leading to superior Cmax/MIC and AUC/MIC compared 

to less frequent dosing. This confirms that daily dosing has the highest potential for 

concentration-dependent killing of M. tuberculosis. Further, this work is an important contribution 

to the understanding of the rifapentine dose-exposure relationship, especially in the context of 

DS-TB where daily dosing is likely required.15 

 

Currently, body weight is the only dose determining factor for rifapentine, which was not 

supported in our analysis. In three previously described population pharmacokinetic models, 

weight did not influence rifapentine pharmacokinetics.15 14,17 Furthermore, Savic and colleagues 

supported flat dosing of rifapentine, which was later implemented in a Phase 3 clinical trial for 

DS-TB (Study 31, Clinicaltrials.gov NCT02410772).15 Contrarily, Langdon and colleagues report 

a change in rifapentine clearance by 0.5 L/h per 10 kg of body weight in a small cohort of 46 

patients.13 However, their model did not incorporate dose-dependent absorption (i.e., reduced 

bioavailability with increased dose), which likely would reduce the estimated weight effect on 

clearance since the study dosed by weight, and clearance and bioavailability are indirectly 

linked with oral dosing.13 Francis et al. allometrically scaled clearance by fat-free mass.16 The 

model’s application to rifapentine dosing, which is based on total body weight, was not 

described. Our study is the largest population pharmacokinetic study to-date with over 800 

patients and healthy volunteers. While a small weight effect was observed (<10% change in 

clearance per 10 kg in body weight), it does not justify a 150 mg (~30%) change in dose as 

currently recommended in LTBI dosing guidelines. Weight and patient population appeared 

correlated in our dataset (i.e., DS-TB patients weighed less on average); therefore, we 

investigated the weight effect in healthy volunteers, individuals with LTBI, and DS-TB patients 

separately. The weight effect was comparable and remained clinically irrelevant. We conclude 
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that weight is not a clinically relevant predictor of rifapentine clearance and that weight-based 

dosing should not be recommended.  

 

Simulations of the 1HP and 3HP regimens showed lower rifapentine exposures in low weight 

individuals who receive lower doses with current weight band dosing. This ultimately puts the 

smallest, most vulnerable individuals at risk of underexposure and consequently, treatment 

failure.35,36 A univariate analysis of Phase 2 culture data from two DS-TB studies showed month 

2 culture conversion was less likely in low weight individuals and those with low rifapentine 

exposure. While the pharmacokinetic-pharmacodynamic relationships in LTBI have not been 

established, rifamycins show concentration-dependent killing of M. tuberculosis and rifapentine 

AUC is a strong predictor of month 2 culture conversion.15,37 Flat dosing of rifapentine (e.g., 

prescribing the same dose to all adults) ensures equal rifapentine exposure in adult patients of 

all sizes and thus, equal chance of successful outcome. Moreover, flat dosing simplifies the 

regimen in adults and encourages coformulation of rifapentine and isoniazid into a fixed-dose 

combination tablet, reducing pill burden and simplifying the regimen even further.  

 

Dose discrimination may be warranted by HIV status. HIV-positive persons have 27% lower 

rifapentine bioavailability, resulting in lower exposures than HIV-negative adults. Reduced 

bioavailability of rifamycins with HIV infection has been reported previously15,17 and has been 

attributed to malabsorption.38-40 While antiretroviral drugs may also explain decreases in 

rifamycin concentration, the HIV-positive participants in our analysis did not receive antiretroviral 

therapy.12,22,29 Given rifapentine’s main metabolite has activity against M. tuberculosis, we also 

looked at metabolite concentrations by HIV status. It appeared that HIV-positive individuals had 

lower exposures of both rifapentine and its metabolite, confirming need for higher doses in HIV+ 

patients.  Increasing the 3HP dose to 1200 mg once weekly in HIV-positive patients results in 

similar exposures to 900 mg once weekly in HIV-negative patients. Likewise, 750 mg daily in 
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HIV-positive adults is similar to 600 mg daily in HIV-negative adults for the 1HP regimen. While 

1HP at 600 mg daily was effective in preventing tuberculosis disease in HIV-positive 

individuals5, this may reflect the minimum effective dose and higher doses may provide better 

protection. 

 

The proposed dosing recommendations are limited by the lack of established pharmacokinetic 

targets in LTBI. We proposed doses that would match median exposures following the standard 

doses tested in clinical trials with demonstrated efficacy. Given the development of tuberculosis 

was rare in those studies, these pharmacokinetic targets are reasonable, and we would expect 

the proposed doses to result in similar efficacy to that observed in clinical trial. The 

pharmacokinetic target for 1HP regimen reflects the median predicted exposure in a typical HIV-

positive adult receiving 600 mg daily and may be on the low end. Pharmacokinetic data from 

BRIEF-TB and future trials are urgently needed to confirm pharmacokinetic thresholds for 1HP. 

Additionally, one study showed higher rifapentine bioavailability in Asians compared to Africans, 

which could impact dose requirement.15 This finding could not be confirmed in our study 

because TBTC 29X was the only study contributing substantial Asian population. Further 

investigation of race effects on rifapentine pharmacokinetics is required.  

 

Our systematic review included all relevant studies published prior to 2016. Only one 

pharmacokinetic study was identified in more recent literature and would not have met our 

inclusion criteria due to non-standardized meal administration.16  Thus, our model represents 

the most up-to-date analysis of rifapentine pharmacokinetics. Of note, the analysis includes only 

one study in LTBI participants. To-date, these remain the only pharmacokinetic data in this 

population. Further, there is no evidence to suggest pharmacokinetics would differ by disease 

state, so we do not expect this to impact the generalizability of our work to LTBI treatment. 
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In conclusion, rifapentine exhibits autoinduction which is strongly influenced by dosing 

frequency. Weight was not a clinically relevant predictor of rifapentine clearance; thus, dosing 

should not be based on an individual’s weight. In fact, weight-based dosing results in 

substantially lower drug concentrations that could ultimately compromise treatment efficacy. If 

stratified dosing is to be implemented, it should be done on the basis of HIV status to ensure 

that HIV-positive individuals are adequately exposed to drug. Lastly, as rifapentine use 

becomes more widespread in tuberculosis treatment and prevention, this model can serve as a 

useful tool in clinical practice and in clinical trial design for dose determination and exposure 

prediction. 
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Chapter 6.  Pragmatic global dosing recommendations for the 3-

month, once-weekly rifapentine and isoniazid preventive TB regimen 

in children* 

 

 

Introduction 

The End TB Strategy, proposed by the World Health Organization (WHO) in 2014, calls for a 

90% reduction in tuberculosis (TB)-related deaths and an 80% reduction in the TB incidence by 

2030.1 TB remains a leading cause of death in children under five years of age,2 and 

interventions to eliminate preventable child deaths from TB are urgently needed. Additional and 

effective TB prevention measures are crucial for the End TB Strategy goals to be met.3  

 

Children have a high risk of progressing to TB disease following Mycobacterium tuberculosis 

infection, especially if young (<5 years of age) or HIV-infected.4 Since 2014, the WHO has 

placed an increased emphasis on TB prevention with multiple guidelines promoting household 

contact investigation and management to identify children at the greatest risk of TB disease.5,6 

The updated 2019 WHO guidelines for latent TB infection recommend TB preventive therapy in 

at-risk children, including all children living with HIV and children under 5 years of age with a 

household TB source case.6  

 

 

* Modified from the publication: Radtke KK, Hibma JE, Hesseling AC, Savic RM (2020). Pragmatic global 
dosing recommendations for the 3-month, once-weekly rifapentine and isoniazid preventive TB regimen 
in children. Eur Respir J. 57(1):2001756. PMID: 32703775. 
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A 3-month regimen of once-weekly rifapentine and isoniazid (3HP) has demonstrated efficacy 

and improved safety and tolerability in preventing TB disease in adults and children (>2 

years).7,8 However, these drugs are not co-formulated, and rifapentine is not available in a child-

friendly formulation. Based on existing pediatric pharmacokinetic data, rifapentine dosing follows 

a weight band algorithm.6,9 In contrast, isoniazid is dosed in mg/kg, which differs in young 

children versus adolescents and adults.6 This requires healthcare workers to calculate and 

round isoniazid doses to determine the appropriate tablet count for children. Dosing complexity 

is a major barrier to children receiving this effective, short-course preventive regimen in the field.   

 

To address these shortcomings, we performed pharmacokinetic modelling and simulations to 

devise a synchronized, simple and pragmatic dosing strategy for 3HP in children that utilizes 

currently available formulations based on request from the WHO PK-PD Task Force. This work 

will provide interim guidance on the optimal dosing with existing formulations (rifapentine 150 

mg; isoniazid 100 mg), while informing the development of child-friendly rifapentine formulations 

for young children.  

 

Methods 

We performed dosing simulations with pediatric population pharmacokinetic models for 

isoniazid10 and rifapentine9 to predict concentrations using the current once-weekly 3HP dosing 

recommendations and adult formulations: rifapentine 300 mg (10-14 kg), 450 mg (14.1-25 kg), 

600 mg (25.1-32 kg), or 750 mg (32.1-50 kg) and isoniazid 25 mg/kg (age 2-11 years) or 15 

mg/kg (age > 12 years).6 With predicted drug exposures, unified weight band doses were 

determined for each drug and aligned with WHO pre-specified weight bands for TB treatment in 

children and current formulations. Dosing simulations were performed for adults using drug-
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specific population pharmacokinetic models and recommended dosing: 900 mg rifapentine and 

600 mg (< 50 kg) or 900 mg (50+ kg) isoniazid.11,12 

 

Demographic data (i.e., gender, weight, age) representative of actual pediatric global 

populations acquired from national surveys (e.g., Demographic and Health Surveys Program) 

were used in simulations of children 2-4 years.13 Child demographics from the randomized 

controlled trial on 3HP (PREVENT-TB) were used for children 5-14 years.9 Children <10 kg 

were excluded due to the lack of rifapentine pharmacokinetic data in this group.  

 

Results 

The revised weight bands matched WHO pre-specified weight bands for anti-TB drug dosing in 

children (Table 1). These weight band breakpoints differ from those currently in the rifapentine 

product label by 1-2 kg. Isoniazid doses for each weight band in the revised recommendations 

are clearly defined and match available formulations (Table 6.1). Under this revised dosing 

method, median (interquartile range) rifapentine exposures were 725 (549-952) mg*h/L in 

children 10-15 kg, 888 (670-1177) mg*h/L in children 16-23 kg, 955 (724-1272) mg*h/L in 

children 24-30 kg, and 909 (679-1189) mg*h/L in children >30 kg compared to 660 (509-839) 

mg*h/L in adults. Median (interquartile range) isoniazid exposures were 66 (38-113) mg*h/L in 

children 10-15 kg, 84 (47-148) mg*h/L in children 16-23 kg, 64 (37-115) mg*h/L in children 24-

30 kg, and 52 (30-90) mg*h/L in children >30 kg compared to 55 (41-90) mg*h/L in adults, 

assuming 1:1 ratio of slow:fast acetylator. 
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Table 6.1. Revised dosing recommendations for 3-month, once-weekly rifapentine 

and isoniazid (3HP) preventive treatment regimen 

Weight band 
Rifapentine (P) Isoniazid (H) 

Dose Tablets Dose Tablets 

Children1     

10-15 kg 300 mg 2 300 mg 3 

16-23 kg 450 mg 3 500 mg 5 

24-30 kg 600 mg 4 600 mg 6 

> 31 kg 750 mg 5 600 mg 6 

Adults2     

< 50 kg 900 mg 6 600 mg 2 

> 50 kg 900 mg 6 900 mg 3 

1 Child tablet sizes are 150 mg (P) and 100 mg (H) 
2 Adult tablet sizes are 150 mg (P) and 300 mg (H) 

 

 

Discussion 

We propose a revised pragmatic dosing table for the 3HP regimen that (1) simplifies isoniazid 

dosing into weight bands, (2) aligns with pre-specified WHO weight bands for pediatric TB 

dosing, and (3) utilizes the available and registered formulations in the field. We demonstrate 

adequate rifapentine and isoniazid exposure in children 2-14 years with these revised doses, 

and therefore expect equal efficacy to current dosing practices.  

 

Our field-friendly dosing table is readily accessible to healthcare workers in TB services and 

clearly defines rifapentine and isoniazid doses by weight band. This new dosing strategy is a 

substantial improvement to current guidelines that require calculations and rounding for 

isoniazid that may potentiate dosing errors and add complexity to regimen implementation, 

especially high TB burden regions where human resources for TB services are typically limited. 

Aligning weight bands with other TB drugs simplifies pediatric dose determination across TB 
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disease states and is an important next step towards co-formulation of this important TB 

prevention regimen. 

 

These dosing recommendations are based on data from normal weight children and cannot be 

confidently applied to overweight or obese children as no pharmacokinetic data currently exist in 

this population. Given the growing global issue of childhood obesity, pharmacokinetic studies 

are urgently needed in obese children to establish optimal dosing approaches and avoid sub- or 

supra-therapeutic exposures. 

 

Despite FDA approval for pediatric use in 2014, no child-friendly rifapentine formulation is 

licensed or routinely available; such formulations are currently limited to pediatric phase I/II 

trials. A novel child-friendly rifapentine formulation is urgently needed to support safe and 

effective 3HP dosing in all children, including those <2 years of age who have the highest risk of 

TB disease progression and disseminated TB, and as new data emerge from very young 

children (i.e., Study 35: clinicaltrials.gov NCT03730181). Our work demonstrates adequate 

rifapentine exposure with a 150 mg tablet, supporting development of a dispersible formulation 

at this strength. The dispersible tablet should be scored to allow for accurate dosing in small 

children and be palatable. This will allow for evaluation and potential programmatic use in novel 

ultrashort regimens (e.g., 28 days of daily rifapentine/isoniazid) and potentially TB disease as 

data emerge (Study 31; clinicaltrials.gov NCT02410772). The time between drug approval and 

pediatric dosing and formulation development has historically been long in TB. The WHO has 

established the Global Accelerator for Paediatric Formulations (GAP-f), which will hopefully 

accelerate child formulation development and uptake across diseases. 

 

Implementing safe and effective shorter TB prevention therapy in children needs to be scaled up 

worldwide, especially in the context of HIV and novel pandemics like SARS-CoV-2 given the 
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dramatic impact such diseases may have on TB burden.  It is essential that TB services, 

including testing, prevention, and treatment, are maintained as a small decline in TB services 

may dramatically increase TB incidence and mortality.14 Simple, pragmatic dosing and short-

course TB prevention therapy will aid efforts to significantly prevent morbidity and death due to 

TB in children.  
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Chapter 7.  Prediction of optimal opening doses of rifapentine-

based tuberculosis preventive therapy for evaluation in novel 

pediatric clinical trials 

 

Introduction 

Prevention of tuberculosis (TB) in children through post-exposure preventive pharmacotherapy 

is an important public health strategy to reduce the TB burden amongst children.1 This is 

especially important for children under the age of 5 years, who have a high risk of disease 

progression and developing severe forms of TB following exposure to and infection with 

Mycobacterium tuberculosis. Anti-TB medications are effective at preventing the progression of 

TB disease among individuals with latent TB infection or household contacts of active cases. 

However, adherence to preventive TB therapy is particularly poor in children, especially in high-

burden settings, partly due to long therapy durations (e.g., 6-9 months of isoniazid daily).2,3 This 

greatly limits the effectiveness in the field. 

 

Novel short-course and ultra-short-course prevention regimens have the potential to improve 

patient compliance and thus, efficacy. Three months of once weekly rifapentine and isoniazid 

(3HP) was non-inferior to 9 months of isoniazid and improved treatment completion (82% 

versus 69%).4 Similar results were found in 905 children and adolescents 2 years and older, 

where treatment completion was 88% with 3HP versus 81% with isoniazid alone (p=0.003).5 

Emerging data from the field confirm high completion rates with 3HP in children.6,7 The newer 

and shorter one-month regimen of daily rifapentine and isoniazid (1HP) was also non-inferior to 

nine months of isoniazid, and 97% of participants completed treatment in a randomized clinical 
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trial.8 Notably, these individuals were all HIV-positive and at risk of TB but did not necessarily 

have confirmed TB infection. 

 

The 3HP is the shortest TB preventive regimen approved for use in children but only for children 

2 years and older due to the lack of rifapentine pharmacokinetic (PK) and safety data in younger 

children.9 As such, TB preventive therapy in children under 2 years of age is limited to 4 months 

of daily rifampicin or 6-9 months of daily isoniazid. Two pediatric PK and safety studies will be 

performed to support the approval and programmatic use of shorter, rifapentine-based regimens 

for TB prevention. These include Tuberculosis Trials Consortium (TBTC) Study 35, evaluating 

3HP in HIV-positive and -negative children 0-12 years, and International Maternal Pediatric 

Adolescent AIDS Clinical Trials Network (IMPAACT) 2024, evaluating 1HP in HIV-positive and -

negative children 0-15 years. We perform model-informed dose selection to support opening 

pediatric doses of 3HP and 1HP in the corresponding Phase I/II dose-finding studies.  

 

 

Methods 

Rifapentine PK model 

Two separate rifapentine population PK models were used to predict apparent clearance 

(CL/Fpred) for (a) children 2 years and older and (b) children under 2 years of age, in which the 

maturation function (fmat) and typical value of apparent clearance (TVCL) varied (equation 7.1). 

The rationale behind separate models is that rifapentine PK are unknown in children under 2 

years of age. Therefore, in this population, an adult population PK model10 (TVCL =1.11 L/h) 

was allometrically scaled by body weight and a rifampicin maturation function (fmat) was applied 

(equation 7.2a),11 where 50% maturation occurs at 54 weeks post-menstrual age (PMA). An 

adjustment factor of 1.55 was applied to fmat in equation 7.2-a based on emerging rifampicin 
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data that showed faster apparent clearance maturation.12 In children 2 years and older, 

rifapentine pharmacokinetics have been described.13 In this model, the TVCL was 1.65 L/h 

when rifapentine was administered with a low-fat meal, and the fmat followed an exponential 

decay function with a half-life of 1.49 years (equation 7.2b). The resulting combined rifapentine 

clearance function is shown in Figure 7.1. 

 

 

Equation 7.1    CL/Fpred =  TVCL ∙  (
Weight

70 kg
)

0.75
∙  𝑓mat 

Equation 7.2a    𝑓mat =
PMA−3.22

54−3.22+PMA−3.22 ⋅ 1.55  

Equation 7.2b  𝑓mat = (1 − 0.22 + 0.22 ⋅  e [−(Age − 2 years) ⋅
ln(2)

1.49
]) 

 

 

 

Figure 7.1 Typical value of rifapentine clearance (TVCL) in children 0-15 years based on 
assumed functions.  
Median weight for age per WHO and CDC growth standards was used for age-weight inputs. 
Dashed line represents the adult TVCL, 1.11 L/h.  
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PK targets 

PK targets were based on the typical area under the concentration-time curve (AUC) in adults 

receiving standard doses (equation 7.3). Based on the standard doses of 900 mg for 3HP and 

600 mg for 1HP and population estimates of TVCL and relative bioavailability (F),10 the 3HP 

AUCtarget was 688 mg*h/L and the 1HP AUCtarget was 486 mg*h/L. 

 

Equation 7.3   AUCtarget =  
F ∙ Dose

TVCL
 

 

Rifapentine formulations and administration 

The available rifapentine formulations for 3HP dosing were 20 mg rifapentine dispersible tablet 

(experimental), 100 mg rifapentine dispersible tablet (experimental), 150/150 mg 

rifapentine/isoniazid dispersible combination tablet (experimental), and 100 mg isoniazid 

dispersible tablet. The available formulations for 1HP dosing were 150 mg rifapentine film-

coated tablet (commercial) and 100 mg isoniazid dispersible tablet (commercial).  

 

Opening dose predictions 

3HP is FDA-approved in children 2 years and older. Therefore, 3HP dose predictions were only 

performed for children under 2 years of age. Isoniazid doses were chosen based on WHO 

mg/kg dose recommendations: up to 25 mg/kg for 3HP and 7-15 mg/kg for 1HP, based on daily 

isoniazid recommendations.9 Rifapentine doses were predicted using equation 7.4, where 

AUCtarget is determined by equation 7.3 and CL/Fpred is determined by equation 7.1. Real world 

anthropometric data from national/international surveys in TB-endemic countries and pediatric 

clinical trials were used for age and weight inputs, as previously described.14 Opening doses 

were summarized (median, interquartile range) in body weight increments of 1 kg and the 

appropriate weight band cutoffs determined for each regimen considering formulation and 
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pragmatic use. For the smallest children, ¼ or ½ tablets were allowed for tailored dosing. Since 

dispersible rifapentine tablets were not available for the 1HP trial, doses were predicted under 

different assumptions of a tablet crushing effect on bioavailability (a 26% reduction was 

determined in a previous trial but was based on sparse data).13 Given the good safety profile of 

rifapentine,13 higher doses were allowed to prevent potential underdosing. Finally, simulations 

were performed with inter-individual variability to confirm target attainment and exposure 

distribution. All analyses were performed in RStudio © (version 1.2.5019). 

 

Equation 7.4   Dosepred =  AUCtarget ∙ CL/Fpred 

 

Results 

Opening doses of 3HP 

The predicted optimal doses of isoniazid and rifapentine in the 3HP regimen for children under 2 

years of age are shown in Table 7.1. The rifapentine dose ranged from 16 to 36 mg/kg 

depending on weight. All weight bands required use of the FDC plus a standalone rifapentine 

formulation to supplement higher rifapentine dose requirements. Rifapentine PK simulations 

predicted good target attainment (Figure 7.2). 
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Table 7.1 Opening doses for 3HP in children under 2 years of age 

 RPT dosing INH dosing 
Formulation,  

number of tablets 

Weight band 

(kg) 

RPT  

Dose 

RPT 

mg/kg 

INH  

Dose 

 

INH 

mg/kg 

 

RPT/INH 

150/150 

FDC 

  

RPT  

100 

  

3.0-3.9 62.5 mg 16-21 37.5 mg 10-13 0.25 0.25 

4.0-4.9 87.5 mg 18-22 37.5 mg 8-9 0.25 0.5 

5.0-6.9 125 mg 18-25 75 mg 11-15 0.5 0.5 

7.0-8.9 250 mg 28-36 150mg 17-21 1 1 

9.0-12.9 300 mg 23-33 150 mg 12-17 1 1.5 

13.0-15.9 350 mg 22–27 300 mg 19-23 2 0.5 

RPT/INH 150/150 FDC: 150 mg RPT, 150 mg INH, fixed dose combination, dispersible, not 
scored 
RPT 100: 100 mg RPT not scored, dispersible 
RPT=Rifapentine, INH=Isoniazid  

 

 

 

 

Figure 7.2 Simulated rifapentine AUC with opening 3HP doses in children under 2 years. 
Horizontal lines represent the AUC target (red, solid), lower bound (yellow, dashed; based on 5 th 
percentile from PREVENTTB (900 mg rifapentine weekly)), and upper bound (black, dashed; 
based on 95th percentile from Tuberculosis Trials Consortium Study 31 (1200 mg rifapentine 
daily)). 
  



 164 

Opening doses of 1HP 

The predicted optimal doses of isoniazid and rifapentine in the 1HP regimen for children 0-15 

years of age are shown in Table 7.2. Rifapentine doses ranged from 13 to 30 mg/kg with higher 

mg/kg doses in children < 15 kg. Absolute rifapentine dose approached the adult recommended 

dose (600 mg) with increasing child body weight; however, higher than adult doses were 

required for crushed tablets: up to 1050 mg was required in children 31 kg or more under the 

extreme assumption (50% reduction in relative bioavailability (F)). Rifapentine PK simulations 

predicted good target attainment in all weight bands and tablet crushing assumptions (Figure 

7.3). Given the large variability in exposures, especially in young children, upper and lower AUC 

limits were utilized for comparison based on adult exposures with 1200 mg and 600 mg daily, 

respectively. 
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Figure 7.3 Simulated rifapentine AUC with opening 1HP doses.  
Panels represent different dosing schemes according to -0%, -20%, -30%, -40%, and -50% F 
(left to right) in Table 3.3.2. Horizontal lines represent the AUC target (red, solid), lower bound 
(yellow, dashed; based on 5th percentile from BRIEF-TB (600 mg rifapentine daily)), and upper 
bound (black, dashed; based on 95th percentile from Tuberculosis Trials Consortium Study 31 
(1200 mg rifapentine daily)). 
 

 

 

Discussion 

This work proposes opening doses for rifapentine and isoniazid as part of two short-course 

combination regimens for TB preventive treatment to be evaluated in novel pediatric clinical 

trials: TBTC-35 and IMPAACT 2024. We predict that these doses will result in efficacious and 

safe drug exposures in children treated with rifapentine and isoniazid daily for 1 month or 

weekly for 3 months.  

 

TB preventive therapy is a major component of the End TB strategy.15 There is an estimated 1.7 

billion individuals with latent TB infection globally, of which 97 million are children under the age 

of 15 years.16 The COVID-19 pandemic threatens to reverse much of the progress made in TB 

control.17 While physical distancing may help perturb TB spread and disease development, the 

disruptions in TB services in major high-burden countries is expected to have a major impact.18 
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TB burden could increase by 3 to 10% or more from 2020-2025 depending on shutdown and 

recovery times in high-burden countries.19 This is devastating considering the TB burden has 

decreased by 9% from 2015.17 As such, TB preventive therapy, especially if short, effective, and 

safe, is perhaps more crucial than ever before. 

 

For short rifapentine-based regimens to be widely utilized in pediatric populations, a child-

friendly rifapentine formulation needs to be developed. The optimal dose predictions for both 

TBTC-35 and IMPAACT 2024 clearly demonstrate this need. A scored, 150 mg rifapentine 

tablet or an unscored, 75 mg rifapentine tablet would serve weekly and daily rifapentine-based 

regimens well. Dose increments of 75 mg were advantageous for small children, in whom the 

drug exposures are sensitive to small differences in dose. A dispersible formulation would 

prevent potential drug loss from tablet crushing, which could increase dose requirements by up 

to 50%. Further, our analysis does not support a fixed-dose combination of rifapentine-isoniazid 

in a 1:1 ratio; children required greater rifapentine doses compared to isoniazid. Therefore, a 

standalone rifapentine formulation that is palatable and dispersible would be the most pragmatic 

and beneficial for development at this stage. This formulation could also be used in the 

treatment of drug-susceptible TB disease as part of the novel TBTC-31 regimen that recently 

demonstrated efficacy in adults.20 

 

This work leverages PK modeling and simulation to generate model-informed pediatric doses. 

Given no rifapentine PK data are available in children under 2 years of age, some assumptions 

were made. Rifapentine PK were assumed to fit an allometrically scaled adult model with a 

rifampicin maturation function. Rifapentine and rifampicin are both metabolized by esterases to 

form 25-desacetyl compounds as the major metabolite.21,22 Therefore, our assumption is 

reasonable. Further, the formulations for the 1HP regimen were limited to those commercially 

available. Therefore, tablet crushing will be required for young children who are unable to 
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swallow a whole tablet. The effect of tablet crushing on rifapentine bioavailability is unknown. 

We evaluated assumptions of 0 to 50% reduction in bioavailability and proposed doses for each 

assumption. Modeling from the PREVENT-TB study estimated a 26% reduction in rifapentine 

bioavailability with tablet crushing.13 However, this data was based on single drug 

concentrations from 80 children, of whom 55 (69%) received crushed tablets, and no child was 

under the age of 2 years. Therefore, there was low confidence in the -26% estimate, and a 

range of effect sizes were considered. 

 

In conclusion, the proposed opening trial doses of rifapentine and isoniazid for TBTC-35 and 

IMPAACT 2024 are expected to deliver safe and effective drug exposures with available trial 

formulations. While final recommendations will need to wait until these trials have been 

completed, a dispersible rifapentine formulation should be developed now so children across 

the globe can take advantage of this highly effective therapy.  
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Chapter 8.  Stochastic simulation and estimation to support 

pediatric clinical design: a case study with rifapentine for preventive 

tuberculosis treatment 

 

Introduction 

 

Pediatric therapeutics do not require the standard drug development pipeline of pre-clinical to 

phase 3 studies for pediatric labelling. When it is reasonable to assume that children have 

similar disease progression and response to an intervention as adults, extrapolation of efficacy 

can be employed according to United States Food and Drug Administration (FDA) guidance.1 In 

such cases, pharmacokinetic (PK) and safety studies are considered sufficient for drug approval 

in lieu of a formal efficacy trial. This has facilitated increased FDA approval of new pediatric 

indications, which is preferred over off-label use.2 

 

Pediatric clinical trial design is challenging for several reasons. Parental/guardian consent rates 

of vulnerable children are low, making recruitment of phase 3-level sample sizes incredibly 

challenging.3 Ethically, it is important to ensure trials will be safe and appropriate. Children 

cannot tolerate traditional PK study blood draws (10+ samples of 3 mL each) due to lower blood 

volumes. Therefore, semi-intensive or sparse sampling is often required. This combined with 

typically high PK variability and developing physiology that is difficult to predict creates statistical 

challenges for parameter estimation and covariate identification.3,4 Approximately 20% of 

pediatric trials fail due to inappropriate study design, suboptimal experiment planning, or 

inadequate participant enrollment.5,6 Therefore, it is imperative for pediatric studies to undergo 
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thoughtful design and leverage prior data and developmental pharmacology principles as much 

as possible. 

 

Pharmacokinetic/Pharmacodynamic modelling and simulation can play an important role in 

pediatric study design and mitigate several of these challenges.3,7,8 Non-linear mixed effects 

modelling facilitates the analysis of sparse data and non-standardized sampling time points 

between individuals. These models can also incorporate the complex and dynamic physiological 

processes that occur in children with age and weight as well as other important factors. 

Employing this approach through clinical trial simulations can inform dose selection, trial sample 

size, and optimal sampling design.2,3 

 

The aim of this work was to determine the effect of the sampling design, sample size, and inter-

individual variability on the success of a pediatric PK study. Specifically, a case study was 

performed with rifapentine as the drug of interest, an anti-tuberculosis agent with minimal 

pediatric data, applied to a trial currently in development: International Maternal Pediatric 

Adolescent AIDS Clinical Trials Network (IMPAACT) 2024 

(https://www.impaactnetwork.org/studies/impaact2024).  

  

 

Methods 

Clinical trial objectives and design overview 

IMPAACT 2024 is a phase I/II dose finding, safety and tolerability study of daily rifapentine 

combined with isoniazid (1HP) for tuberculosis prevention in infants, children, and adolescents. 

https://www.impaactnetwork.org/studies/impaact2024
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The drug regimen is daily rifapentine and isoniazid for 28 days. The primary study objectives are 

(1) to evaluate the relative bioavailability of rifapentine film-coated tablet when administered as 

a crushed or whole tablet, (2) to determine weight band-based dosing of rifapentine as part of 

the 1HP regimen in children 0-15 years with and without HIV, and (3) to evaluate the safety and 

tolerability of the 1HP regimen. The secondary objectives include evaluating the effect of 

rifapentine on dolutegravir and efavirenz PK and efavirenz on rifapentine PK in children with 

HIV, rifapentine induction effects, and the effect of covariates (e.g., age, gestational age, weight, 

sex, ethnicity, nutritional status, and HIV-1 infection) on the rifapentine PK when given daily.  

 

To enable assessment of primary and secondary objectives, study enrollment will be by age and 

HIV status: age 0-<3 years, age 3-<6 years, and age 6-<15 years. Age cutoffs were chosen to 

enrich for young age. HIV-negative and HIV-positive children will be enrolled in each age group. 

Given the transition from efavirenz- to dolutegravir-based antiretroviral therapy, there will be two 

HIV-positive arms: efavirenz-based therapy (3 years and older only) and dolutegravir-based 

therapy.  

 

Pharmacokinetic models and assumptions 

The true rifapentine PK model was assumed to follow an adult model, allometrically scaled by 

total body weight, with an applied rifampicin maturation function.9,10 The chosen adult model 

represents the highest quality rifapentine model available in literature, utilizing PK data from 863 

adults treated at various dose levels and dosing frequencies.11 Rifapentine clearance 

autoinduction is characterized through a dynamic function involving rifapentine concentration, 

with a maximum induction of 173%. The effect of efavirenz was assumed to be 30-50%, based 

on emerging data from a recent clinical trial evaluating rifapentine PK in adults with HIV treated 

with efavirenz.12 Inter-individual variability was applied exponentially to clearance and volume 

parameters with coefficients of variation (CV) ranging from 20 to 50%. Alternative models for 
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power assessment included: no enzyme maturation (i.e., 100% maturity at birth), no effect of 

weight, no effect of efavirenz, and no enzyme induction. For simplicity and faster run times, 

enzyme induction was implemented as a step function. 

 

Evaluation of different study designs 

Stochastic simulation and estimation (SSE) was performed in NONMEM (version 7.41) and Perl 

Speaks NONMEM (version 4.9) to evaluate parameter precision, estimate bias, and the power 

(1- error) to detect important factors influencing rifapentine PK parameters. An overview of the 

SSE procedure is shown in Figure 8.1. The estimation method used was first order conditional 

estimation with interaction.  

 

 

 

 

Figure 8.1 Stochastic simulation and estimation schematic. 
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SSE was performed under different sampling designs (Table 8.1), study sample sizes (20-100 

total children), and assumptions of inter-individual variability (IIV) in volume and clearance (20-

50% coefficient of variation (CV)). Study populations were sampled from true populations of 

children with TB and TB/HIV coinfection from available in-house data, enriching for young 

children (Figure 8.2).10,13  

 

 

 

Table 8.1 Overview of tested sampling designs 

 N Details 

Occasions: 1 Day 1 
 3 Day 1, 14, 28 

Time Points: 1 Trough 
 3 Trough, Cmax, post-Cmax 

 5 Trough, pre-Cmax, pre-Cmax, Cmax, post-Cmax 

 

 

 

 

 

Figure 8.2 Distribution of age in each simulated clinical trial population. 
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One-hundred simulated datasets were generated for each trial condition based on the assumed 

‘true’ model. The PK parameters were estimated with the ‘true’ model and alternative models 

(e.g., no effect of age). Relative precision (rRMSE; equation 8.1) and bias (rBias; equation 8.2) 

were determined through comparison of the mean estimates from SSE (est i) and the true 

estimates (truei) in the ‘true’ model for N datasets. Acceptable limits were 10% rBias, 20% 

rRMSE, and 80% power.  

 

 

Equation 8.1   rRMSE =  100% ∙ √
1

𝑁
∑

(𝑒𝑠𝑡𝑖−𝑡𝑟𝑢𝑒𝑖)2 

𝑡𝑟𝑢𝑒𝑖
2  

Equation 8.2   rBias =  100% ∙
1

𝑁
∑

(𝑒𝑠𝑡𝑖−𝑡𝑟𝑢𝑒𝑖) 

𝑡𝑟𝑢𝑒𝑖
 

 

 

 

Results 

rRMSE and rBias of rifapentine clearance 

The reliability of clearance estimation was evaluated by rRMSE and rBias for various study 

designs. rBias was lowest with 20% IIV and increased with increasing IIV (Figure 8.3). At 20% 

IIV, the simplest design of one PK occasions with 5 samples (5/0/0) resulted in acceptable rBias 

for a sample size of 40 or more children. With 40-50% IIV, a design with multiple sampling 

occasions and 100 children were required. There was little difference in rBias between 3 or 5 

samples collected at multiple occasions with 100 children in the study. rRMSE was large for 

most study designs tested (Figure 8.3). Our target threshold of 20% or lower rRMSE was only 

met with multiple occasion designs of 100 children with 20% IIV in clearance. These findings 

assume constant rifapentine clearance over time (i.e., no induction). With an autoinduction 
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effect (57% and 73% increase in clearance at occasion 2 and 3, respectively), the rBias was 

greater with N=20 but similar (<5% difference) with greater sample sizes at 40% IIV. The best 

designs were those with 3 or 5 samples on occasions 2 and 3. 

 

 

 

 

Figure 8.3 Relative bias (A) and RMSE (B) of rifapentine clearance under different study 
designs.  
Each panel displays the number of pharmacokinetic samples taken on occasions 1, 2, and 3. 
The dashed line shows the acceptable limit. IIV: interindividual variability expressed as % 
coefficient of variation. 
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rRMSE and rBias of rifapentine volume of distribution 

All designs resulted in acceptable rBias (Figure 8.4) for volume of distribution estimation. Unlike 

clearance, some designs resulted in negative rBias, where the estimate from clinical trial 

simulations was lower than the true value. All designs resulted in acceptable rRMSE except 

those with N=20 and 50% IIV in volume (Figure 8.4). rBias and rRMSE were higher with larger 

IIV, but the difference was small at sample sizes of 40 more. Similarly, 3 versus 5 samples on 

occasions 2 and 3 had little impact on rRMSE or rBias. 

 

 

 

 

Figure 8.4 Relative bias (A) and RMSE (B) of rifapentine volume of distribution under different 
study designs.  
Each panel displays the number of pharmacokinetic samples taken on occasions 1, 2, and 3. 
The dashed line shows the acceptable limit. IIV: interindividual variability expressed as % 
coefficient of variation. 
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Statistical power to detect pediatric covariates 

The power to identify body weight allometry, age maturation, clearance induction, and a drug-

drug interaction effect was tested separately. The results for an assumed IIV of 40% are shown 

in Figure 8.5. There was more than 80% power to detect a significant effect (p=0.05) of body 

weight, age, and enzyme autoinduction with sample sizes of 40 or more when more than one 

sampling occasion was performed. The induction effect could not be assessed for a single 

sampling occasion since there was only one time point. To detect a 50% increase in rifapentine 

clearance with coadministration of efavirenz, a study size of 100 children was required. For a 

30% effect size, the power for a study of 100 children was 64%. 

 

Formulation and PK estimation 

The effect of tablet crushing on rifapentine bioavailability (25% reduction) was assessed 

separately to determine the sample size required to maintain unbiased and precise parameter 

estimation. We assumed 90% of children <3 years, 75% of children 3 to <6 years, and 25% of 

children 6 to <15 years would require crushed tablets due to their inability to swallow whole 

tablets. A minimum sample size of 154 children was required, which resulted in an rRMSE of 

21% (clearance) and 27% (volume of distribution), rBias of -1.2% (clearance) and 25% (volume 

of distribution) with 5 samples collected on occasion 1 and 3 samples collected on occasions 2 

and 3 (i.e., 5/3/3 design). There was > 80% power to detect a 25% decrease in bioavailability 

with tablet crushing as well as age, weight, and efavirenz effects assuming 50% IIV. 
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Figure 8.5 Power to detect relevant factors influencing rifapentine clearance with 40% 
interindividual variability.  
Point and line colors represent the sampling design, labeled with number of pharmacokinetic 
samples taken on occasions 1, 2, and 3. 
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Discussion 

 

To our knowledge, this is the first study to assess the statistical power and PK parameter 

estimation precision of pediatric PK studies utilizing a nonlinear mixed effects modelling 

approach. Using rifapentine administered daily for tuberculosis preventive therapy as a case 

study, we determined that a study sample size of 100 children (0-15 years) and a design with 

three sampling occasions were required to be successful under our criteria. This clinical trial 

design provided reliable PK parameter estimation and statistical power to detect the dynamic 

and complex factors affecting pediatric PK. 

 

The primary goal of IMPAACT 2024, as well as many pediatric PK and safety studies, is to 

determine pediatric drug dosing. As rifapentine efficacy is likely driven by AUC,14,15 accurate and 

precise estimation of rifapentine clearance is most important. Our analysis shows that multiple 

PK occasions and sample sizes of at least 100 children were required for less than 10% rBias 

and 20% rRMSE. Conversely, precise and accurate volume estimation was achieved with 

simpler designs and less children. The likely explanation for this difference is the elimination 

half-life, which is 22 hours in a typical adult, making clearance estimation difficult with only one 

sampling occasion over the first 24 hours. Adding sampling occasions at steady state 

concentrations inform on the accumulation ratio, and thus, clearance. These findings suggest 

that the previously published rifapentine clearance estimates by Weiner and colleagues are 

likely biased as they are based on one PK sample, taken 24 hours after dose, from 80 

children.16 If multiple PK occasions are not feasible and no induction is expected, adding PK 

samples at 2-3 half-lives after dose could be another approach to improve clearance estimation 

and accurately inform on the optimal pediatric dose. 
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Due to challenges in recruitment, parental consent, and ethical considerations, pediatric PK 

studies often do not enroll sufficient sample sizes to capture all the complexity and variability in 

PK.17,18 For example, only 3 of the 14 recent rifampicin PK studies (presented in Table 2.1) 

recruited 100 children or more with a typical age range of 0-15 years. In our analysis, smaller 

sample sizes resulted in biased clearance, which could lead to dosing recommendations that 

are too low to match adult exposures in larger populations. Bias and RMSE were correlated with 

statistical power—designs that did not have enough statistical power to detect all existing 

covariate relationships resulted in inaccurate estimates. For example, bias in clearance was 

above our threshold at a sample size of 40 likely because there was insufficient power to 

identify efavirenz induction effects. As such, the population estimate was biased toward higher 

rifapentine clearance. Pediatric clinical trials must be powered to detect age and weight effects 

at minimum as these will undoubtedly affect the PK of all drugs. When other effects are 

anticipated that could impact dosing needs, investigators should consider powering studies to 

capture these effects as well to avoid biased estimates.   

 

A greater study sample size was required to detect a drug-drug interaction effect with efavirenz 

than for weight or age maturation effects. This is likely due to fewer children receiving efavirenz. 

Children under 3 years of age were not eligible for efavirenz therapy in accordance with 

guideline recommendations.19 Enrollment was further split by HIV status and anti-retroviral 

treatment, leaving only 1/3 of the enrollment groups with efavirenz co-treatment. These 

enrollment criteria limited the number of children receiving efavirenz, thereby increasing the total 

number of children required to have at least 80% power. In contrast, all children enrolled 

contributed to estimating age and weight effects. Therefore, when designing pediatric clinical 

trials, it is important to consider not only the total sample size but also, the expected sample 

size (or proportion of the total sample size) with the covariate of interest. If there is not sufficient 
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power to reject the null hypothesis, the typical value estimates will likely be biased and, as a 

result, so will the predicted doses required to reach a PK target.  

 

Our analysis applies nonlinear mixed effects modelling to pediatric PK data. This approach is 

becoming more widely utilized in pediatric research and has several advantages.3,17,18 Most 

relevant to this work is the ability to leverage sparse sampling, which can spare participants 

blood volume and missed school time, and to characterize within-subject and between-subject 

variability and patient-specific factors that explain variability. If, instead, traditional 

pharmacokinetic modeling, such as non-compartmental analysis, were performed, more 

samples and more children would likely be needed to accurately inform PK and dosing.18 

Furthermore, as population PK modelling can account for diverse populations, dosing schemes 

and sampling times, it can be applied to pooled data from several smaller studies to enhance 

PK characterization. 

 

In conclusion, multiple PK occasions, enriching young (<3 years) children, and sample sizes of 

at least 100 children were required to characterize rifapentine population PK precisely and 

accurately and, in turn, properly inform dose selection in children. This work demonstrates how 

SSE methods can serve as valuable tools to inform pediatric clinical trial design. 
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Chapter 9.  Conclusions and future directions 

 

The work presented in this dissertation significantly contributes to the understanding of 

pharmacokinetics and optimal dosing of key anti-tuberculosis (TB) drugs in children. 

Quantitative, model-based approaches were applied to propose dosing algorithms that ensure 

target exposure attainment. The research also prioritized identifying child populations at risk of 

subtherapeutic drug exposure. The proposed dosing algorithms were pragmatic in that 

formulation availability and ease of clinical implementation were considered. Several of these 

works have already contributed to TB policy while others have important policy implications, 

which will be highlighted below. 

 

In Chapter 2, a systematic review and meta-analysis of rifampicin pharmacokinetics was 

performed. This work was initiated by the World Health Organization (WHO) as a result of 

evidence presented at the 2020 Pediatric Anti-TB Drug Optimization (PADO-TB) group meeting, 

which suggested rifampicin concentrations in children were subtherapeutic. Part of the 

supporting evidence included the analyses and results presented in Chapter 3 of this 

dissertation, which highlights underdosing of first-line TB drugs in malnourished children and the 

potential impact on TB outcomes. Based on the evidence presented in Chapters 2 and 3, the 

following conclusions can be drawn: (i) rifampicin dosing is not optimized for pharmacokinetic 

targets in all children; (ii) stratified dosing algorithms, such as that proposed for malnourished 

children in Chapter 3, can be pragmatic and may improve outcomes; (iii) there is high 

heterogeneity in pediatric pharmacokinetic studies and the study sample sizes are generally 

small (n<100), greatly limiting our ability to understand key drivers of subtherapeutic drug 

exposures in children. 
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The obvious next step for optimizing rifampicin and other first-line TB drug dosing in children is 

to apply robust, quantitative methods with pooled data such as an individual participant data 

meta-analysis (IPD-MA). Ideally, these analyses would include both pharmacokinetic and 

clinical outcome data, which would further inform on the exposure-response relationships in all 

children but also, key high-risk groups (e.g., children with HIV, undernutrition or young age). 

With this approach, there will be sufficient sample sizes to understand the factors influencing the 

pharmacokinetics and pharmacodynamics of first-line TB medicines in children. These results 

can then be used to inform on optimal formulation strengths and strength ratios for fixed-dose 

combination tablets, dosing algorithms, and dose amounts.   

 

Moxifloxacin is a high-priority drug for rifampicin-resistant TB treatment and now a key 

component for treatment shortening of drug-susceptible TB.1,2 In Chapter 4, moxifloxacin 

pharmacokinetics in young children with rifampicin-resistant TB is described for the first time 

along with the impact on QT interval prolongation. The modeling work found that currently 

recommended weight band dosing of moxifloxacin in children produced drug exposures below 

those expected in adults and that up to 50% higher doses are needed. However, there are 

many unknowns that require further investigation, including (i) the lack of quality data in very 

young children (<1 year of age) and in adolescents 12-18 years of age limiting reliable 

estimation of oral clearance, (ii) nonlinearities and/or delays in QTcF response, and (iii) cardiac 

safety with the proposed higher mg/kg doses and (iv) cardiac safety of moxifloxacin at all doses 

when administered with other QT-prolonging second-line TB agents like bedaquiline, 

clofazimine, and delamanid. Despite these uncertainties, this research generated key insights 

that will inform moxifloxacin use in children with rifampicin-resistant TB and likely also drug-

susceptible TB. 
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Chapters 5-8 focus on optimization of rifapentine use in children and adults with latent TB 

infection. Rifapentine population pharmacokinetics were first characterized in an adult 

population with pooled data from several clinical trials. This analysis concluded that weight-

based dosing was not required in adults, and simple flat dose regimens could be recommended. 

Further, rifapentine’s autoinduction is mostly influenced by dosing frequency, such that 

intermittent frequencies have little induction but daily dosing, even with small dose amounts, 

results in maximal autoinduction. A revision of weight band doses for the 3-month once-weekly 

rifapentine and isoniazid (3HP) regimen in children was pursued in a subsequent analysis. This 

revision aligned rifapentine and isoniazid weight bands and proposed doses based on available 

formulations that would ensure pharmacokinetic target attainment. The two pieces of work 

(Chapter 5, Chapter 6) directly influenced WHO guidelines for TB preventive treatment, which 

were updated in 2020.3 

 

Tuberculosis Trials Consortium study 35 (TBTC-35) and International Maternal Pediatric 

Adolescent AIDS Clinical Trials Network (IMPAACT) study 2024 are two pediatric clinical trials 

evaluating the pharmacokinetics and safety of rifapentine for TB prevention in children. TBTC-

35 and IMPAACT 2024 are expected to inform rifapentine use in children with two major FDA 

label extensions: approval in children < 2 years of age, and approval for one month of daily use 

in combination with isoniazid (i.e., 1HP regimen). The analyses and results presented in 

Chapter 7 and Chapter 8 informed the design and implementation of these two clinical trials. 

The main conclusions were that (i) a child-friendly rifapentine formulation is urgently needed 

given the difficulty for young children to swallow large tablets and also, the potential variability 

and impact of tablet crushing on drug exposure, (ii) a scored, 150 mg dispersible rifapentine 

tablet would offer the most flexibility in use, and (iii) rifapentine pharmacokinetic studies need to 

include at least 100 children with multiple sampling occasions to precisely and accurately inform 

optimal rifapentine dosing. 
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In September 2020, the Pediatric Anti-tuberculosis Drug Optimization (PADO-TB) group 

convened to discuss top priorities for pediatric formulations of TB drugs.4 This forum provides an 

opportunity for clinicians, researchers, and other key stakeholders to work together to ensure 

that priority pediatric formulations are investigated and developed. The priority list includes 

rifapentine (150 mg, scored dispersible tablet) and rifampicin; a taste-masked moxifloxacin 

formulation is on the watch list.5 The research presented in this dissertation supported the 

PADO-TB discussions and resulting priorities. Future investigations (such as the mentioned 

IPD-MA of rifampicin pharmacokinetics) will be needed to determine the optimal strength of a 

standalone top-up rifampicin formulation for drug-susceptible TB treatment in children, but its 

necessity is no longer in question. Rifapentine and moxifloxacin together with isoniazid and 

pyrazinamide have recently demonstrated efficacy for drug-susceptible TB treatment in adults, 

shortening treatment to four months compared to the standard six months.1 A follow-up study in 

children is already being planned by TBTC. Therefore, accessible, useful, palatable, and child-

friendly formulations of rifapentine and moxifloxacin are more important than ever. 

 

In summary, we used quantitative, model-based approaches to optimize treatment of drug-

susceptible TB, drug-resistant TB, and latent TB infection in children. The presented work 

contributed to TB policy and initiatives that will save many children’s lives worldwide. 
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