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Abstract

Objective: There is considerable uncertainty regarding the optimal use of rifampicin for the
treatment of tuberculous (TB) meningitis. A pharmacokinetic modeling and simulation study of
rifampicin concentrations in cerebrospinal fluid (CSF) during TB meningitis treatment was
performed in this study.

Methods: Parameters for rifampicin pharmacokinetics in CSF were estimated using individual-
level rifampicin pharmacokinetic data, and the model was externally validated in three separate
patient cohorts. Monte Carlo simulations of rifampicin serum and CSF concentrations were
performed. The area under the rifampicin CSF concentration-versus-time curve during 24 h
(AUC(_o4) relative to the minimum inhibitory concentration (MIC) served as the
pharmacodynamic target.

Results: Across all simulated patients on the first treatment day, 85% attained the target
AUC_»4/MIC ratio of 30 under a weight-based dosing scheme approximating 10 mg/kg. At the
rifampicin MIC of 0.5 mg/l, the probability of AUCy_»4/MIC target attainment was 26%. With an
intensified dosing strategy corresponding to 20 mg/kg, target attainment increased to 99%,
including 93% with a MIC of 0.5 mg/l.
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Conclusions: Under standard dosing guidelines, few TB meningitis patients would be expected
to attain therapeutic rifampicin exposures in CSF when the MIC is <0.5 mg/I. Either downward
adjustment of the rifampicin MIC breakpoint in the context of TB meningitis, or intensified
rifampicin dosing upwards of 20 mg/kg/day, would reflect the likelihood of pharmacodynamic
target attainment in CSF.
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Introduction

Meningitis is the most devastating clinical manifestation of active tuberculosis (TB) disease
(Thwaites et al., 2013; Gu et al., 2015), and disproportionately affects children and
individuals with impaired immune response (Leeds et al., 2012; Centers for Disease Control
and Prevention, 2003). As there have been few trials of antimicrobial treatment for TB
meningitis, treatment regimens have largely been extrapolated from principles of treatment
of pulmonary TB. Among TB meningitis patients without suspected drug-resistant disease,
the first-line anti-TB drugs (rifampicin, isoniazid, pyrazinamide, and ethambutol) are
administered according to weight-based dosing guidelines that are identical to those for the
treatment of pulmonary TB, with treatment duration extended from 6 months to 9-12
months (Centers for Disease Control and Prevention, 2003).

The rupture of tuberculomas adjacent to the meninges, with release of Mycobacterium
tuberculosis bacilli directly into the cerebrospinal fluid (CSF), is essential to the
pathogenesis of TB meningitis (Rock et al., 2008). In the treatment of bacterial meningitis,
rapid sterilization of the CSF is critical for survival without neurological disability (Nau et
al., 1998). One goal of therapy in TB meningitis is to achieve antimicrobial concentrations in
the CSF that are sufficient to achieve bacterial sterilization, which depends on the intrinsic
susceptibility of the infecting M. tuberculosis strain to the antimicrobial agent, as defined by
the minimum inhibitory concentration (MIC). Thus, attaining sufficient drug exposures in
the CSF during TB meningitis therapy depends both on the pharmacokinetic variability of
the drug and the underlying variability in the susceptibility of the M. tuberculosis strain.
Drug susceptibility testing for M. fuberculosis is typically performed by public health
laboratories at a single drug concentration (the ‘breakpoint”), which defines the isolate as
resistant or sensitive to the tested drug, and identical breakpoints are used regardless of the
site of disease.

Historically, the mortality rate of TB meningitis began to decline several decades ago with
the introduction of rifampicin into the first-line treatment regimen. The importance of
rifampicin has been demonstrated by the significant increase in TB meningitis mortality
conferred by rifampicin-resistant strains, despite the pharmacological properties of
rifampicin (including protein-binding) that limit its distribution into the CSF (Tho et al.,
2012; Vinnard et al., 2011; Donald, 2016). Intensified rifampicin dosing regimens have
gained increasing focus in the treatment of TB disease. Yet, two recent clinical trials of
increased rifampicin dosing for TB meningitis demonstrated mixed results. Among adult TB
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meningitis patients in Indonesia, high-dose intravenous rifampicin improved survival, with
or without the inclusion of a fluoroquinolone (Ruslami et al., 2013). In contrast, among adult
TB meningitis patients in Vietnam, intensified oral rifampicin dosing (approximating 15
mg/kg in weight-based dosing bands) accompanied by a fluoroquinolone failed to
demonstrate a mortality benefit (Heemskerk et al., 2016).

The optimal initial treatment regimen for TB meningitis remains uncertain, including the
role for intensified rifampicin dosing strategies. The objective of the present study was to
evaluate rifampicin pharmacodynamic target attainment in the CSF under standard and
intensified weight-based dosing strategies, considering variability in both the
pharmacokinetics of rifampicin distribution into the CSF and the variability in rifampicin
MIC levels among infecting M. tuberculosis strains. It was hypothesized that some M.
tuberculosis strains classified as ‘rifampicin-susceptible’ based on the standard MIC
breakpoint of 1.0 mg/l would demonstrate de facto resistance when evaluated from the
perspective of pharmacodynamic target attainment in the CSF.

Materials and methods

Semi-mechanistic model of serum rifampicin with auto-induction and saturation of hepatic

extraction

Pharmacokinetic model-building was started with a simplified model of first-order oral
absorption from the gastrointestinal tract and a one-compartment distributional model.
Chirehwa et al. analyzed rifampicin pharmacokinetic data from 61 TB patients, with samples
collected on days 1, 8, 15, and 29 of TB treatment (Chirehwa et al., 2015). After first-pass
metabolism in the liver, rifampicin transfers between the liver compartment and the central
compartment. Hepatic clearance (CLp) is defined as the product of hepatic blood flow (Qp)
and hepatic extraction (Ep):

CLy =0y Ey

En is determined by the unbound fraction of rifampicin (£,) and the intrinsic hepatic
clearance of rifampicin (CL;ny):

CLipi fy
H=CL, ~f +0,

int

E, =

To include the saturation effects of hepatic extraction, CL;q is defined by the Michaelis—
Menten relationship between the maximum hepatic clearance (CLn; max) and the Michaelis
constant (Kpy,), according to the relationship:

CL = Lint, max K,
int CH+Km
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The intrinsic clearance of rifampicin at any time (2 during treatment is characterized by an

exponential relationship between the maximum intrinsic clearance at baseline (CL?nt max)

. o . s .
and the maximum intrinsic clearance under steady-state conditions (CLim’ max)» €apturing the

effect of rifampicin auto-induction of clearance, according to the relationship:
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CSF rifampicin concentrations linked to serum concentrations

CSF concentrations of rifampicin (Ccgg) were determined by the rate constant of transfer
between central (serum) and CSF compartments (Keg), and the penetration coefficient (PC)
(Savic et al., 2015):

dCegp

R

serum ~ €CSF)

The CSF compartment was joined to the mechanistic model of serum rifampicin
concentrations, incorporating both saturation of hepatic extraction and auto-induction of
systemic clearance, as shown in Figure 1.

Comparison of model predicted and observed rifampicin serum and CSF concentrations
among TB meningitis patients

D’Oliveira (D’Oliveira (1972)) reported a study of 10 TB meningitis patients treated with
oral rifampicin (300 mg twice daily, approximating 10 mg/kg per day), with serum and CSF
samples taken at various time points during the first 3 days of treatment. This
pharmacokinetic dataset included a total of 80 rifampicin CSF concentrations and 80
rifampicin serum concentrations. These intensive pharmacokinetic data were fitted to the
model described above, which included saturation of hepatic extraction and auto-induction
of systemic clearance. Volume and clearance parameters were estimated for the central
compartment, and PC and Keq for the CSF compartment, while fixing all other model
parameters at literature estimates (Chirehwa et al., 2015). Reasonable levels were set for
between-subject variability in the central volume of distribution (20%), systemic clearance
(20%), and the penetration coefficient PC (30%). Rifampicin serum concentrations included
a combined additive and proportional error model, and CSF concentrations included a
proportional error model. Visual predictive checks of the observed data and model-predicted
concentrations in both serum and CSF were plotted.

External validation of the rifampicin pharmacokinetic model during TB meningitis
treatment using independent external datasets

The rifampicin pharmacokinetic model was validated using rifampicin serum and CSF
pharmacokinetic data from two independent cohorts of TB meningitis patients in Indonesia
(Dian et al., 2018) and Thailand (Kaojarern et al., 1991), with 7= 1000 patients per
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simulation run. The Indonesian study included 60 adult TB meningitis patients assigned
randomly to daily administration of 10 mg/kg, 20 mg/kg, or 30 mg/kg oral rifampicin
dosing, with intensive serum sampling (0, 1, 2, 4, 8, and 12 h post-dosing) and sparse CSF
sampling (between 3 and 6 h) performed on day 1 and day 10 of TB meningitis treatment.
The Thailand study included eight TB meningitis patients administered 10 mg/kg oral
rifampicin, with serum and CSF rifampicin concentrations obtained weekly during the first 6
weeks of TB meningitis treatment. In addition, the rifampicin serum and CSF
pharmacokinetic model was evaluated using a cohort of seven patients with intraventricular
shunt placement and intensive sampling of blood and CSF following rifampicin
administration (600 mg intravenously), with CSF samples obtained 0.5, 1, 2, 4, 6, 8, 10, 12,
and 14 h post-dosing (Nau et al., 1992). Overall, the performance of the pharmacokinetic
model in this validation step was used to guide the selection of dosing regimens and
observation time periods for the Monte Carlo simulations.

Monte Carlo simulation of rifampicin CSF concentrations during the first 8 weeks of

treatment

Population simulations of the rifampicin CSF pharmacokinetic model were performed with
1000 virtual TB meningitis patients under each scenario, varying the rifampicin dosing
regimen and observation time-point during treatment. Body weight was sampled from a
normal distribution with a mean of 55 kg and a standard deviation (SD) of 8 kg. Rifampicin
dose was first assigned according to World Health Organization (WHO) guidelines by
weight bands, approximating 10 mg/kg (World Health Organization, 2010). Next, an
intensified weight-based oral rifampicin dosing strategy corresponding to a doubling of
rifampicin dose size for each weight stratum (approximating 20 mg/kg) was evaluated, as
shown in Table 1.

Pharmacodynamic target attainment in CSF

A literature review was performed to identify the efficacy thresholds for CSF rifampicin
concentrations. For the primary analysis, the area under the rifampicin CSF concentration-
versus-time curve during 24 h (AUCg_»4)/MIC ratio of 30 was selected as the minimum
pharmacodynamic target, which was associated with a 1-log fall in colony-forming units
for extracellular M. tuberculosis (Jayaram et al., 2003). As a secondary target, the rifampicin
CSF AUC(_o4/MIC ratio of 297 was examined as the optimal pharmacodynamic target,
which corresponded to 50% of the maximal effect of rifampicin efficacy against
extracellular M. tuberculosis (ECsg). For each population simulation, rifampicin MICs were
sampled from a wild-type distribution of M. tuberculosis isolates with rifampicin MICs
below the clinical breakpoint of 1.0 mg/l (Schén et al., 2009), thus defined as rifampicin-
susceptible, and the AUCy_o4/MIC ratio in CSF was determined. For each scenario in the
population simulation, the proportion of TB meningitis patients that successfully achieved
the pharmacodynamic target across the range of wild-type MIC values was plotted. An
additional plasma pharmacokinetic target predictive of a favorable outcome, independent of
rifampicin MIC, identified in a cohort of adult Indonesian TB meningitis patients treated
with rifampicin according to standard (10 mg/kg oral) or high-dose (13.5 mg/kg intravenous)
dosing regimens, was examined (te Brake et al., 2015). All pharmacokinetic modeling and
simulation was performed using Phoenix NLME 7.0 (Certara USA, Inc., Princeton, NJ,
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USA), and figures were generated using GraphPad Prism 6 (GraphPad Software, La Jolla,
CA, USA). Rifampicin pharmacokinetic data were extracted from published figures using
WebPlot-Digitizer V3.9 (https://automeris.io/\WebPlotDigitizer/).

Results

Estimation of pharmacokinetic parameters for the CSF compartment

Using the intensive serum and CSF pharmacokinetic data reported by D’Oliveira et al., key

pharmacokinetic parameters for serum (V,CL.0 cL ) and CSF (PC, Kgq) were

int, max’ int, max
estimated, as shown in Table 2, while fixing other pharmacokinetic parameters at previously
reported population values (Chirehwa et al., 2015). The visual predictive checks for the
pharmacokinetic model are shown in Figure 2, including comparisons of the serum (Figure
2a) and CSF (Figure 2b) predicted concentrations with the observed values in the estimation
cohort. Given the sparse nature of the pharmacokinetic data used in model estimation, it was
not possible to include covariate effects on the pharmacokinetic parameters, aside from
allometric scaling of weight and clearance parameters.

Validation of the rifampicin pharmacokinetic model of serum and CSF concentrations

The comparisons of rifampicin concentrations predicted by the pharmacokinetic model with
the observed distributions are shown in Figure 3, including the serum rifampicin AUCy_p,4 at
each dose size (Figure 3a) and sparse CSF samples obtained between 3 and 6 h post-dosing
(Figure 3b). As shown, substantial overlap was observed between model-predicted and
observed serum AUCq_y4 Values across all dose groups, at each time-point (days 1 and 10).
While the 10 mg/kg dosing group demonstrated agreement between model-predicted and
observed CSF concentrations at both time-points (days 1 and 10), the 20 mg/kg dosing
group demonstrated agreement only on day 1 of treatment. In the 30 mg/ kg dose group, the
pharmacokinetic model over-predicted CSF concentrations, most notably on day 10 of
treatment.

Next, the rifampicin CSF pharmacokinetic model was evaluated in an additional cohort of
eight Thai TB meningitis patients (Kaojarern et al., 1991) with sparse sampling of
rifampicin CSF concentrations obtained 3 h post-dosing during the first 6 weeks of treatment
(600 mg dose size, patient weight not reported). A pharmacokinetic simulation of CSF
rifampicin concentrations during the first 6 weeks of treatment with 10 mg/kg dosing was
performed, and the 3-6 h CSF concentrations were compared between model-predicted and
observed distributions (Figure 3c). As shown, overlap was observed between model-
predicted and observed rifampicin CSF concentrations throughout the 6-week period of
observation.

Finally, the rifampicin CSF pharmacokinetic model was evaluated in a cohort of seven
patients with ventricular shunt placement and intensive rifampicin sampling from serum and
CSF following 600 mg dose sizes (Figure 4). Agreement with model-predicted and observed
rifampicin concentrations was observed in both serum and CSF over a period of 20 h
following intravenous dosing in this cohort.
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Comparison of target attainment between rifampicin dosing strategies

Based on the performance of the pharmacokinetic model in the evaluation step, Monte Carlo
simulations of standard and intensified rifampicin dosing strategies, corresponding to 10 mg/
kg and 20 mg/kg, administered as weight-based dosing bands, were performed. Although
clinical data support rifampicin dosing upwards of 20 mg/kg, simulations of target
attainment beyond 20 mg/kg were not performed because of the poor agreement of predicted
and observed CSF concentrations in model evaluation at the 30 mg/kg dose size. Along with
rifampicin population pharmacokinetic variability, rifampicin MIC variability in the
infecting M. tuberculosis strain was incorporated, with each virtual patient assigned an
infecting M. tuberculosis strain with rifampicin MIC randomly sampled from the
distribution observed among rifampicin-susceptible strains (i.e., rifampicin MIC below the
breakpoint of 1.0 mg/l). Under each scenario, a population (n= 1000) of TB meningitis
patients was simulated, and oral rifampicin was administered according to standard and
alternative weight-based dosing strategies (Table 1). In these simulations, we examined
pharmacodynamic target attainment with the rifampicin dose size of 10 mg/kg and 20
mg/kg, with a rifampicin AUCg_»4/ MIC ratio of 30 in the primary analysis, and a higher
rifampicin AUCq_»4/MIC ratio of 297 in the secondary analysis (World Health Organization,
2010).

The pharmacodynamic target attainment probabilities on the first day of treatment,
according to M. tuberculosis rifampicin MIC levels, are shown in Figure 5, with separate
plots for the lower AUCq_4/MIC target ratio of 30 (Figure 5a) and the higher AUCq_o4/
MIC target ratio of 297 (Figure 5b). Under standard WHO guidelines using weight-based
dosing bands that approximate 10 mg/kg, an 84% overall probability of attaining rifampicin
AUC,_ 24/MIC ratio of 30 was observed, with a probability of 24% at the MIC level of 0.5
mg/l, and a 1% overall probability of attaining an AUCy_»4/MIC ratio of 297. Next, the
performance of an intensified weight-based oral rifampicin dosing strategy was examined,
using double dose sizes for each WHO weight-based dosing band, beginning on day 1 of
treatment (corresponding to approximately 20 mg/kg). The overall probability of
pharmacodynamic target attainment in CSF was 99% for the lower target (AUCy_24/MIC
ratio of 30) and 25% for the higher target (AUCy_24/MIC ratio of 297). Yet even under the
intensified dosing strategy, there were no virtual patients that attained this higher
AUC_o4/MIC target at the M. tuberculosis MIC level of 0.5 mg/l (Figure 5b).

Finally, we determined the probabilities of attaining a plasma pharmacokinetic target
(AUCq_g of 70 mg*h/l) linked to a favorable outcome among Indonesian TB meningitis
patients treated with rifampicin under standard (10 mg/kg orally administered) and high-
dose (13.5 mg/kg intravenously administered) regimens (te Brake et al., 2015). On the first
day of treatment, it was found that 2% of 1000 virtual patients administered rifampicin
orally according to WHO guidelines (approximating 10 mg/kg) achieved this threshold
(median AUCy_g 36.2 mg*h/l, 90% confidence interval (Cl) 21.4-54.8 mg*h/l), compared
with 59% of patients administered rifampicin according to an intensified regimen that
approximated 20 mg/kg (median AUCq_g 76.7 mg*h/l, 90% CI 45.2-116.9 mg*h/Il). By day
10 of treatment, the proportion of patients achieving the plasma target under the intensified
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regimen had decreased to 42% (median AUCq_g 64.9 mg*h/l, 90% CI 35.9-105.2 mg*hr/l),
reflecting the effects of rifampicin auto-induction of hepatic clearance.

Discussion

There is a critical need to identify interventions that can reduce early mortality in TB
meningitis (Vinnard et al., 2017). In this modeling and simulation study, it was found that
doubling the rifampicin dose sizes for each WHO weight band, approximating an increase
from 10 mg/kg to 20 mg/kg, led to marked improvements in the probability of
pharmacodynamic target attainment during TB meningitis treatment, whether those targets
were defined according to plasma rifampicin AUCq_g levels, or CSF rifampicin
AUC_o4/MIC ratios.

It has been suggested that the failure of a recent randomized clinical trial of intensified
rifampicin dosing among Vietnamese TB meningitis patients could be attributed to an
insufficiently intensive dosing regimen, with an average oral daily dose size of 15 mg/kg in
the intensive treatment arm (Boeree et al., 2016). In this context, it is noteworthy that
pediatric outcomes of TB meningitis are often better than reports from adult patients, and the
higher rifampicin dose that is used in treating children with TB meningitis (up to 20 mg/kg)
may contribute to this difference, although this practice is not universally followed (van Well
et al., 2009). Ongoing clinical trials of intensive rifampicin dosing in TB meningitis,
including intensive pharmacokinetic sampling, are also essential to refine our understanding
of the “‘minimal’ and ‘optimal’ pharmacodynamic targets in the treatment of TB meningitis.

There is increasing recognition that the susceptibility break-point for rifampicin during
pulmonary TB treatment should reflect the probability of pharmacodynamic target
attainment (Gumbo, 2010). In this study, it was found that the MIC value of 0.5 mg/l served
as a de facto breakpoint under standard dosing guidelines (approximating 10 mg/kg daily
dosing). We propose that the definition of rifampicin susceptibility or resistance (based on
the critical MIC threshold, or ‘breakpoint’) during TB meningitis treatment should be
informed by the likelihood of pharmacodynamic target attainment in the CSF. Notably, this
approach is used for the treatment of meningitis caused by Streptococcus pneumoniae,
where the penicillin breakpoints published by the Clinical and Laboratory Standards
Institute (CLSI) are lower for meningeal isolates compared with non-meningeal isolates
(Weinstein et al., 2009). Applied to TB meningitis, this paradigm shift would recognize that
sophisticated clinical assessments such as CSF pharmacokinetic monitoring or phenotypic
MIC values are infeasible in many high-burden TB settings with limited resources. The use
of a single, lower MIC breakpoint for M. tuberculosis in the context of TB meningitis,
redefining M. tuberculosis isolates with a rifampicin MIC of 0.5 mg/l as ‘resistant’ when
isolated from the CSF, would address the reality of limited rifampicin CSF penetration.
Alternatively, more aggressive adoption by TB control programs of intensified rifampicin
dosing strategies, at 20 mg/kg and beyond, for the treatment of TB meningitis would provide
improvement in target attainment among patients at this critical MIC value of 0.5 mg/I,
thereby limiting the use of more costly and toxic second-line treatment regimens.
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One surprising finding was the failure of the pharmacokinetic model to predict CSF
rifampicin exposures at 20 mg/kg and 30 mg/ kg at 10 days of treatment, with over-
prediction of rifampicin CSF concentrations despite agreement between predicted and
observed rifampicin serum concentrations at these dose sizes. One explanation for this
finding would be that rifampicin distribution into the CSF is determined by active transport
mechanisms along the choroid plexus epithelium, the anatomical site of the blood-CSF
barrier, which could become saturated at high substrate concentrations (Sanchez-
Covarrubias et al., 2014). Alternatively, increasing rifampicin exposures may induce the
expression of membrane efflux transporters that remove substrate from CSF into blood (such
as P-glycoprotein) (Spector, 2010). In either scenario, involvement of host drug transporters
along the blood—CSF barrier would explain the observation that non-linear dose—exposure
relationships for rifampicin were observed in serum but not CSF among TB meningitis
patients (Dian et al., 2018). Physiologically based pharmacokinetic modeling may provide
one avenue towards dissecting these potential mechanisms limiting CSF rifampicin
exposures under intensive dosing strategies (Cresswell et al., 2018).

This pharmacokinetic modeling and simulation study had several limitations. There is
considerable uncertainty regarding the relative contributions of M. tuberculosis killing and
the modulation of the host inflammatory response in determining the clinical response
during TB meningitis treatment (Thwaites et al., 2013). Furthermore, we evaluated MIC-
based pharmacodynamic targets in CSF (rifampicin CSF AUCq_o4/MIC ratios of 30 and
297) that were not established in the context of TB meningitis. Although a negligible role of
protein-binding in CSF was assumed, the blood—CSF barrier disruption that is characteristic
of TB meningitis may lead to non-negligible contributions of protein-bound rifampicin,
which requires further investigation (Shen et al., 2004; Tang et al., 2014). Finally, the oral
bioavailability of rifampicin is influenced by a single nucleotide polymorphism in a host
gene, SLCO1B1 (Weiner et al., 2010; Kwara et al., 2014), which encodes a membrane
transporter mediating biliary uptake and hepatic clearance, and limited data regarding the
distribution of SLCO1B1 alleles in populations of TB meningitis patients prevented the
inclusion of this variability in the pharmacokinetic model.

In summary, when rifampicin is administered according to standard weight-based dosing
guidelines, few adult TB meningitis patients would be expected to achieve therapeutic
rifampicin exposures in CSF when the rifampicin MIC is =0.5 mg/l. Until high-dose
strategies for rifampicin become widely adopted in the treatment of TB meningitis,
particularly during the early phase, a downward adjustment of the rifampicin MIC
breakpoint, from 1.0 mg/l to 0.5 mg/l, is supported by pharmacokinetic modeling and
simulation of CSF target attainment probabilities. The optimal approach for TB meningitis
patients with a rifampicin MIC of 0.5 mg/l — whether to add second-line drugs and/or
intensify rifampicin dosing — would be clarified with formal pharmacokinetic/
pharmacodynamics studies of CSF rifampicin exposures and clinical outcomes.

This work was supported by the National Institutes of Health (K23A1102639, RO1AI1137080 to CV) NICHD/
NIH1R01HDO074944-01, NINDS/NIH K23NS105935-01 to KTT. The funders had no role in the study design, data
collection and analysis, decision to publish, or preparation of the manuscript.
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Figurel.
Pharmacokinetic model of rifampicin in the treatment of TB meningitis, including serum

and CSF compartments. First-pass metabolism occurs in the liver compartment, followed by
distribution into the central compartment. Rifampicin distribution into the CSF is determined
by the penetration coefficient and the rate constant between the central and CSF
compartments. Abbreviations: Qu, hepatic flow rate (liters/hour); V, volume of hepatic
compartment (liters); K, absorption rate constant (hour—1); Kgo, rate constant for
rifampicin transfer between serum and CSF (hour—1); V, volume of the central compartment
(liters); En, hepatic extraction ratio.
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Figure2.
Visual predictive check of the rifampicin pharmacokinetic model. Rifampicin was

administered as 300 mg orally every 12 h. (a) Model-predicted and observed serum
rifampicin concentrations during the first 3 days of TB meningitis treatment. Solid lines
represent the 10th, 50th, and 90th percentiles of observed serum rifampicin concentrations;
dashed lines represent the 10th, 50th, and 90th percentiles of predicted serum rifampicin
concentrations. Shaded regions correspond to the 90% confidence intervals for each
percentile. Squares represent the median observed serum rifampicin concentrations; circles
represent the 10th and 90th percentiles of observed serum rifampicin concentrations. (b)
Model-predicted and observed CSF rifampicin concentrations during the first 3 days of TB
meningitis treatment. Solid lines represent the 10th, 50th, and 90th percentiles of observed
CSF rifampicin concentrations; dashed lines represent the 10th, 50th, and 90th percentiles of
predicted CSF rifampicin concentrations. Shaded regions correspond to the 90% confidence
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intervals for each percentile. Squares represent the median observed CSF rifampicin
concentrations; circles represent the 10th and 90th percentiles of observed CSF rifampicin
concentrations.
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Figure3.

E)?ternal validation of the rifampicin pharmacokinetic model among adult TB meningitis
patients in Indonesia and Thailand. (a) Model-predicted and observed rifampicin serum
AUC(_»4 on day 1 of treatment of adult TB meningitis patients in Indonesia (Dian et al.,
2018). Tukey box plots of predicted rifampicin concentrations, with boxes corresponding to
median and interquartile range (IQR) and whiskers corresponding to T £.5 x IQR. Circles
represent the observed rifampicin serum AUCq_p4 at 10 mg/kg dosing; squares represent the
observed rifampicin serum AUCq_p4 at 20 mg/kg dosing. Line and whiskers correspond to
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the geometric mean and associated 95% confidence interval of observed rifampicin serum
AUC_»4 at each dose size and time-point. (b) Model-predicted and observed rifampicin
CSF concentrations on day 1 of treatment, between 3 h and 9 h post dosing (Dian et al.,
2018). Tukey box plots of predicted rifampicin concentrations, with boxes corresponding to
the median and interquartile range (IQR) and whiskers corresponding to + 1.5 x IQR.
Circles represent the observed rifampicin CSF concentrations at 10 mg/kg dosing; squares
represent the observed rifampicin concentrations at 20 mg/kg dosing. Line and whiskers
correspond to the geometric mean and associated 95% confidence interval of observed
rifampicin CSF concentrations at each dose size. (c) Model-predicted and observed
rifampicin CSF concentrations during the first 6 weeks of TB meningitis treatment
(Kaojarern et al., 1991). Tukey box plots of predicted rifampicin concentrations, with dark
grey shaded boxes corresponding to the median and interquartile range (IQR) and whiskers
corresponding to + 1.5 x IQR; light grey shaded rectangles correspond to the range of
observed CSF rifampicin concentrations between 3 h and 6 h post-dosing, and the line
corresponds to the geometric mean of the observations at each time-point.
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Figure4.
Model-predicted and observed rifampicin CSF concentrations during 24 h following

intravenous administration to seven patients post intraventricular shunt placement (Kaojarern
et al., 1991). Squares represent the highest observed rifampicin CSF concentrations among
study subjects; triangles represent the lowest observed rifampicin CSF concentrations among
study subjects. Black lines represent the median predicted rifampicin CSF concentrations;
grey dotted lines represent the 10th and 90th percentiles of predicted rifampicin CSF
concentrations.
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Figureb.
Monte Carlo simulation of CSF rifampicin target attainment according to rifampicin MIC

level, comparing standard (10 mg/kg) and intensified (20 mg/kg) dosing strategies. (a)
Rifampicin CSF AUC(_,4/MIC ratio of 30, corresponding to a 1-logyq fall in colony-
forming units for extracellular Mycobacterium tuberculosis. The dashed line and circles
represent the standard weight-based dosing bands, approximating 10 mg/kg. The solid line
and squares represent the intensive weight-based dosing bands, approximating 20 mg/kg. (b)
Optimal rifampicin CSF AUCq_»4/ MIC ratio of 297, corresponding to rifampicin ECsg
against extracellular M. tuberculosis. The dashed line and circles represent the standard
weight-based dosing bands, approximating 10 mg/kg. The solid line and squares represent
the intensive weight-based dosing bands, approximating 20 mg/kg.

Int J Infect Dis. Author manuscript; available in PMC 2019 July 30.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mezochow et al.

Table 1

Page 19

Standard and intensified weight-based dosing bands for oral rifampicin therapy in TB meningitis treatment.

Weight band WHO guidelines Intensified oral therapy

<41 kg 300 mg oral
41-55.9 kg 450 mg oral
56-70.9 kg 600 mg oral
271 kg 750 mg oral

600 mg oral
900 mg oral
1200 mg oral
1500 mg oral

TB, tuberculosis; WHO, World Health Organization.

Int J Infect Dis. Author manuscript; available in PMC 2019 July 30.



Page 20

Mezochow et al.

"(226T "ea19M110. @) Swuanred siibuiusw g1 ul erep dnaujodeweyd udidweyn wody cmsz:mm_.Q
‘o100 §5aybram) 01 Buiploade pajeas Ajfearawol|y
G100 sanybIaMm) P02 pafeds AJ| v,
‘(6% ggnybiam) 03 Buipaodde pajeas >__8_:mEo__<w

‘pINnj [euidsoigaisd ‘4SD

%08E (95) wa19134909 uonied ayy ur Aljigerren 1aslgns-usamiag
%02 (%) Juswiredwod [ejuad 0 aWNJOA Ul Alljigerren 198lgns-usamiag
%02 (9%) @ourJea|d UI AljIgeLIeA 103[gns-usamiag
S0 4SD ul Jo41d [euoriodold
S0 winJas ul Jo.a [euoriodold
20 WINJ8s Ul 10113 SAIIPPY
810 2101800 LofensUsd
180°0 uATSoc ‘03y7) 4SO pue WNJaS UdaMIa( Jajsuel) uididwesil 1oy Jueisuod arey

Gge'e  (1/Bw ‘W) aouetes|d oneday uididuwieyll JO uoIeINIES BY) J0) JURISUOI UBIUBIA-SI|3RYDIN

Sy (sAep @) ssao0ad uonoNpul saueIEs|d UIdIdWeL 8U) JO )1]-HeH
20 () uoidweyls punogqun Jo uonoel4
00T (% ) Aunaeyreneorg
ST'T (3-Inoy ‘%) 1eIsuoo ajes uondiosqy
I (s1am] ‘HA) wEmEtmanu onjeday Jo awinjoA
Jnoyysiey| ‘H 81eJ MO[} 911eds|
05 (anoyysien ovqu 13 o1edaH
,XEU ‘Jur
Inoyy/sian : ,_89UBJE3]I WNWIXewW JISULUI JO anjeA ajels-Apes
G6bT (noy/ssan| 55 10) g I IXeL DISULIUI JO anjen ajels-Apeals
XBUW ‘Jur
1noyy/sia) : 90UEBJE3|D WNWIXeW JISULIUI JO aNJeA aul|ase
- (anoyyssen| 010,54 _ IXeW DISULIUL JO aN[eA auljaseg]
T8 (s10m] _\cb,m.EmEthEoo |eJ1U82 3y 4O BWN|OA
JInpe 63 GG e Jojanfen eoldA L RPWe red d1UIN0IRW feyd

“Juswieal) snibuluaw g1 Burnp suone.Iuadu0d 4SH pue WNJds JO [apow d1laujodewleyd uloiduwresry

¢ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Int J Infect Dis. Author manuscript; available in PMC 2019 July 30.



	Abstract
	Introduction
	Materials and methods
	Semi-mechanistic model of serum rifampicin with auto-induction and saturation of hepatic extraction
	CSF rifampicin concentrations linked to serum concentrations
	Comparison of model predicted and observed rifampicin serum and CSF concentrations among TB meningitis patients
	External validation of the rifampicin pharmacokinetic model during TB meningitis treatment using independent external datasets
	Monte Carlo simulation of rifampicin CSF concentrations during the first 8 weeks of treatment
	Pharmacodynamic target attainment in CSF

	Results
	Estimation of pharmacokinetic parameters for the CSF compartment
	Validation of the rifampicin pharmacokinetic model of serum and CSF concentrations
	Comparison of target attainment between rifampicin dosing strategies

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2

