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Background. Several ongoing clinical trials are evaluating high-dose rifampicin (up to 35 mg/kg) for tuberculous meningitis 
(TBM). However, rifampicin pharmacokinetics at higher doses is not fully characterized, particularly in cerebrospinal fluid 
(CSF), the site of TBM disease.

Methods. In a randomized controlled trial, adults with HIV-associated TBM were assigned to experimental arms of high-dose 
rifampicin (oral, 35 mg/kg; intravenous, 20 mg/kg) plus linezolid, with or without aspirin, or a control arm that received the 
standard of care with 10 mg/kg of oral rifampicin. Rifampicin concentrations, including the unbound fraction, were measured 
on plasma samples, and CSF was collected on days 3 and 28 of study enrollment. Data were analyzed by nonlinear mixed effects 
modeling.

Results. In total, 400 plasma and 44 CSF rifampicin concentrations from 48 participants were used for model development. The 
median (range) age and weight were 39 years (25–78) and 60 kg (30–107). Rifampicin pharmacokinetics was best described by a 
2-compartment disposition model with first-order transit oral absorption and elimination via saturable hepatic extraction. 
Typical clearance values for the standard dose for days 3 and 28 were 33.1 and 41.4 L/h, respectively; high-dose values were 46.1 
and 70.2 L/h. The CSF-plasma ratio was approximately 6% and the equilibration half-life was 3.2 hours. Simulated standard- 
dose rifampicin did not reach CSF concentrations above the critical concentration for Mycobacterium tuberculosis.

Conclusions. CSF penetration with standard-dose rifampicin is low. Our findings support continued evaluation of high-dose 
rifampicin for TBM treatment.

Keywords. cerebrospinal fluid; high-dose rifampicin; modeling and simulation; population pharmacokinetics; tuberculosis 
meningitis.
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Tuberculosis meningitis (TBM) is a severe form of extrapulmo-
nary tuberculosis (TB) involving the central nervous system 
(CNS). Despite treatment, case fatality is approximately 25% 
in individuals who are HIV negative and up to 50% in those 
with HIV, with permanent disability in approximately 20% of 
survivors [1, 2]. Most deaths from TBM occur early in the 

illness; therefore, more rapid and effective treatment may im-
prove outcomes [3].

One way to achieve this is to optimize dosing to ensure at-
tainment of therapeutic drug concentrations in the CNS, the 
site of the disease [2]. Drugs targeted at TBM need to cross sev-
eral barriers, including the blood-brain barrier and the blood– 
cerebrospinal fluid barrier, which separate systemic circulation 
from the CNS. This should occur rapidly and at adequate con-
centrations for effective antitubercular activity. Disease-related 
changes in blood-brain barrier permeability and dynamic 
changes in protein concentrations may importantly influence 
drug penetration into the CNS [4].

Rifampicin remains the cornerstone of TBM management 
but is still dosed at 10 mg/kg, the same as for pulmonary TB, 
whose disease site is in the lungs. Clinical studies of pulmonary 
TB show a correlation between rifampicin dose and sputum 
culture conversion [5], suggesting that higher doses may be 
beneficial to achieve higher site-of-disease exposures and po-
tentially better clinical outcomes. There is evidence that 
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rifampicin doses ≥30 mg/kg are required to achieve adequate 
intralesional concentrations in TBM [6] and that CSF concen-
trations increase with higher doses [7]. This has led to several 
trials investigating higher-dose rifampicin for TBM: clinical 
outcomes of this approach have been variable, and there re-
mains uncertainty around the dose selection that optimizes 
CSF exposure.

Orally administered rifampicin is well absorbed, with >86% 
absolute bioavailability [8]. It exhibits nonlinear elimination 
with a saturable first-pass effect at higher doses [9, 10], and it 
induces many enzymes and transporters via activation of the 
pregnane X receptor, including those involved in its clearance. 
For this reason, rifampicin clearance is expected to double after 
about 2 weeks of administration [11]. It is highly protein bound 
(approximately 80%), with poor penetration in CNS tissues 
[12]. Rifampicin plasma pharmacokinetics has been extensively 
described among pulmonary TB populations, but limited data 
are available on its CSF pharmacokinetics, especially among pa-
tients with TBM where disease effects may influence penetra-
tion and equilibration into this compartment. We therefore 
characterized rifampicin pharmacokinetics in plasma and 
CSF in adults with HIV-associated TBM following the admin-
istration of high-dose rifampicin, either orally (35 mg/kg) or 
intravenously (20 mg/kg), and standard-dose rifampicin orally 
(10 mg/kg).

METHODS

Parent Study and Interventions

This was a pharmacokinetic substudy of LASER-TBM, a phase 
2A trial investigating the safety and tolerability of intensified 
antibiotic therapy in adults with HIV-associated TBM. 
Participants were enrolled within 5 days of anti-TB treatment 
initiation from 4 hospitals in South Africa and randomly as-
signed to either a control group or 1 of 2 experimental regi-
mens. The control group received the standard-of-care TBM 
regimen according to World Health Organization weight bands 
(rifampicin, 10 mg/kg; isoniazid, 5 mg/kg; pyrazinamide, 
25 mg/kg; ethambutol, 15 mg/kg), which was administered as 
fixed-dose combination (FDC) tablets. Individuals allocated 
to experimental arms received additional rifampicin plus daily 
oral linezolid (1200 mg) with or without aspirin. They under-
went a second randomization to receive either high-dose oral 
(35 mg/kg) or intravenous (IV; 20 mg/kg) rifampicin for the 
first 3 days of treatment; after day 3, all participants in the ex-
perimental arms continued oral high-dose rifampicin (35 mg/kg) 
daily until the end of the study. High-dose oral rifampicin 
was administered as FDC tablets topped with individual rifam-
picin tablets according to bespoke weight bands designed to 
balance exposures across weight groups [13]. Those in the IV 
rifampicin group received the full rifampicin dose (20 mg/kg) 
as a 1-hour infusion. All participants received adjunctive 

corticosteroids. More details about LASER-TBM can be found 
in the publication by Davis et al [14].

The study was approved by the University of Cape Town 
Human Research Ethics Committee (reference 293/2018), 
Walter Sisulu University (reference 012/2019), and the South 
African Health Products Regulatory Authority (reference 
20180622). The trial was registered on clinicaltrials.gov
(NCT03927313). Informed consent was obtained from all par-
ticipants or their proxies.

Pharmacokinetic Sampling

All trial participants underwent pharmacokinetic sampling on 
days 3 (visit 1) and 28 (visit 2) ±2 days after study enrollment. 
Plasma samples were collected predose and 0.5, 1, 2, 3, 6, 8 to 
10, and 24 hours postdose on day 3 and predose and 2 and 
4 hours postdose on day 28. One lumbar CSF sample was col-
lected at each sampling visit, with sampling time randomized 
to intervals of 1 to 3, 3 to 6, 6 to 10, and 24 hours postdose. 
Immediately following collection, samples were processed 
on-site and stored at −80 °C. Total rifampicin concentrations 
(protein bound and unbound) were quantified in all collected 
plasma and CSF samples, and free plasma rifampicin concen-
trations (unbound) were measured in a subset of participants. 
Drug quantification was performed by a validated liquid chro-
matography–tandem mass spectrometry assay developed at the 
Division of Clinical Pharmacology, University of Cape Town. 
Additional details regarding the assay method are presented 
in the supplementary material. The unbound fraction (fu) of 
plasma rifampicin was estimated by Deming regression to re-
gress measured free concentrations against total concentrations 
with an intercept of zero [15, 16]. Participant characteristics, 
clinical information, and blood chemistry were obtained on 
each visit. Total protein, albumin, and glucose were measured 
in CSF samples.

Pharmacokinetic Modeling

Population pharmacokinetic modeling was used to describe to-
tal rifampicin plasma and CSF concentrations. The model was 
developed stepwise: first, we used the IV dosing plasma concen-
trations to test different disposition models; second, we includ-
ed the oral dosing plasma concentrations; finally, we added the 
CSF concentrations. For the CSF “effect” compartment, we es-
timated a pseudo-partition coefficient (PPC; ie, CSF to plasma 
drug ratio) and an equilibration half-life (T1/2eq; ie, the delay in 
equilibration between the plasma and CSF, as described in the 
supplementary material). All plasma and CSF parameters were 
estimated simultaneously. A previously published model by 
Chirehwa et al [11] was used as a starting point to develop 
the plasma pharmacokinetic model. We compared saturable 
hepatic elimination and first-pass effect vs linear clearance. 
We also tested different approaches to describe clearance auto-
induction. These included an exponential model with clearance 
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increasing as a function of days on rifampicin treatment [11], 
an enzyme turnover model [10], and estimation of separate val-
ues for typical intrinsic clearance and the fraction unbound (CLint, 

max·fu) for each visit. Allometric scaling was applied for all dispo-
sition parameters via the fixed power exponents of 0.75 for clear-
ance parameters and 1 for volume parameters [17]. Either total 
body weight or fat-free mass (FFM; calculated by the formula 
from Janmahasatian et al [18]) was tested as a body size descrip-
tor. Lag time and transit compartments were tested to capture the 
delay in absorption. We tested the inclusion of between-subject 
and between-visit variabilities for the disposition parameters 
and bioavailability and between-occasion variability for the ab-
sorption parameters. An occasion was defined as any dosing 
event with at least 1 observation postdose, and a visit refers to 
a predose sample, dosing, and postdose observations on a visit 
to the clinical site.

The influence of potential covariates on plasma pharmacoki-
netic parameters was tested following the development of the 
structural model. Covariates included the effect of rifampicin 
dose, duration since start of treatment, and study arm. We 
also tested whether FDC tablets and top-up individual tablets 
had significantly different bioavailability, as previously report-
ed [19, 20]. The effects of various laboratory and clinical covar-
iates were tested on PPC, including CSF protein, CSF albumin, 
CSF glucose, polymorphonuclear cells, lymphocytes, and the 
Glasgow Coma Scale. Additional details for the modeling 
methods and imputation of missing covariates are provided 
in the supplementary material. Covariate selection was based 
on the drop in objective function value (dOFV) and physiologic 
plausibility.

Simulations

The final model was used to predict the area under the 
concentration-time curve from time 0 to 24 hours postdose 
(AUC0–24h) and the concentration at 24 hours postdose for 
the available concentration-time profiles. We also predicted 
concentration-time profiles in plasma and CSF following 
standard-dose (10 mg/kg) and high-dose (35 mg/kg) rifampi-
cin for a typical participant in this cohort. The critical concen-
tration (CC) referenced in the World Health Organization 
technical report on CCs for drug susceptibility testing of isoni-
azid and the rifamycins (rifampicin, rifabutin, and rifapentine) 
[21] was used as a reference value. Minimum inhibitory con-
centration tests were not performed on Mycobacterium tuber-
culosis isolates from the patients of this study.

RESULTS

Study Data

Forty-nine participants underwent pharmacokinetic sampling 
on day 3, and 34 participants were sampled on day 28, provid-
ing 411 plasma samples (56 below limit of quantitation) and 

46 CSF samples (13 below limit of quantitation) for model de-
velopment. We excluded rifampicin concentrations from 1 par-
ticipant, who had observations only for the first visit due to 
dislocation of the IV catheter and tissue extravasation of the 
drug.

Baseline clinical characteristics are summarized in Table 1. The 
median (range) age, weight, and FFM were 39 years (25–78), 60 
kg (30–107), and 45 kg (30–59), respectively. The median (range) 
duration since the start of rifampicin-based TB treatment was 5 
days (1–8) on the first visit and 30 days (26–38) on the second.

Pharmacokinetic Modeling

Plasma pharmacokinetics of rifampicin concentrations was 
best described by a 2-compartment disposition model vs a 
1-compartment disposition (dOFV, −10.9; P = .004), with first- 
order absorption preceded by a chain of transit compartments 
and elimination with saturable hepatic extraction. A depiction 
of the structural model is shown in Figure 1. Robust estimation 
of the Km was challenging; therefore, we used a prior value from 
the model by Chirehwa et al [11] to guide its estimation. The 
model fit improved significantly upon including clearance sat-
uration vs linear clearance (dOFV, 10.6; P < .005).

Table 1. Participant Characteristics

Median (Range) or No. (%)

Visit Day 3  
(n = 49)

Visit Day 28  
(n = 34)

Males 27 (55.1) 20 (58.8)

Age, y 39 (25–78) 39 (25–57)

Weight, kg 59.5 (30–107.2) 61.7 (37.4–105.1)

Height, ma 1.60 (1.48–1.80) 1.60 (1.49–1.80)

Fat-free mass, kgb 45.2 (30.3–59.4) 45.5 (32.4–60)

Days taking rifampicin until PK visit datec 4 (0–7) 30 (26–38)

CSF

Total protein, g/Ld 1.16 (0.2–55) 1.21 (0.2–55)

Albumin, mg/Le 387 (46–7601) 373 (46.0–1269)

Glucose, mmol/Ld 3.05 (0.05–5.9) 2.8 (0.3–5.9)

Antiretroviral therapy

Previous 14 (28.6) 10 (29.4)

Naive 20 (40.8) 14 (41.2)

Undergoing 15 (30.6) 10 (29.4)

Abbreviation: CSF, cerebrospinal fluid; PK, pharmacokinetics.
aHeights were missing for 29 and 19 participants on days 3 and 28, respectively. The 
missing heights were imputed by sex and weight according to the details provided in the 
supplementary file. The median (range) values reported here are for the nonmissing 
values (ie, they do not include the imputed values).
bFat-free mass was calculated by sex, weight, and height according to the formula from 
Janmahasatian et al [18]. The median (range) values reported here are for the nonmissing 
values (ie, they do not include the imputed values).
cThis refers to the total number of days since the start of treatment, which was 
approximately 1 to 3 days before the investigational product start date until the PK visit 
date. All participants were assumed to be taking standard-dose rifampicin (10 mg/kg) 
when starting treatment and before study enrollment.
dCSF total protein and glucose values were missing for 17 and 8 participants on days 3 and 
28, respectively.
eCSF albumin values were missing for 23 and 13 participants on days 3 and 28, respectively.
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Considering that the bioavailability of the IV dose was 100%, 
oral prehepatic bioavailability was estimated at 93.4% before 
first-pass hepatic extraction. Clearance was higher in partici-
pants receiving larger doses of rifampicin and at visit 2 as com-
pared with visit 1: attempts to describe this by the exponential 
change over time suggested by Chirehwa et al [11] or by an en-
zyme turnover model similar to that by Svensson et al [10] (also 
with prior values to help guide parameter estimation) did not 
result in robust parameter estimation, as the models did not 
converge properly. Therefore, clearance was estimated by sep-
arate CLint,max·fu values for each visit. The typical CLint,max·fu 

values for the standard dose were 33.1 L/h for visit 1 and 41.4 
L/h for visit 2, while the high-dose values were 46.1 L/h for visit 
1 and 70.2 L/h for visit 2. Allometry with FFM resulted in better 
model fit as compared with body weight (dOFV, 33.1 points 
[P < .0001] for FFM vs 13.7 points [P < .001] for body weight). 
We did not find a statistically significant difference in bioavail-
ability for the FDC and the individual top-up tablets or for bio-
markers such as creatinine, aspartate aminotransferase, and 
alanine aminotransferase.

CSF equilibration half-life and the PPC were estimated to be 
3.1 hours and 5.3%, respectively. None of the covariates tested 
resulted in a statistically significant effect on the PPC or the 
equilibration half-life. All parameter estimates are presented 
in Table 2, and the visual predictive check for the plasma and 
CSF observations is displayed in Supplementary Figure 1, 

showing good agreement between documented concentrations 
and model predictions.

Plasma protein binding was calculated as 82.8%, and there 
was no evidence of nonlinearities in binding at higher rifampi-
cin concentrations (Supplementary Figure 2).

Simulations

The simulated standard-dose CSF profile did not reach concen-
trations above the rifampicin CC of 0.5 mg/L [21], whereas the 
high dose achieved concentrations above this CC level 
(Figure 2). Model-derived individual steady-state AUC0–24h 

and trough concentrations are summarized in Table 3 and de-
picted in Figure 3.

DISCUSSION

We characterized the pharmacokinetics of rifampicin in plasma 
and CSF among South African adults with HIV-associated TBM. 
Our population pharmacokinetic model was based on data fol-
lowing high (35 mg/kg) and standard (10 mg/kg) dosing, as 
well as oral vs IV administration. The CSF partition coefficient 
of rifampicin, a measure of drug penetration, was approximately 
6%, and the equilibration half-life, indicative of the delay be-
tween the plasma and CSF concentrations, was approximately 
3 hours. Rifampicin plasma clearance increased over time and 
was relatively lower for the standard dose than the high dose.

Figure 1. Illustration of the final structural model (from left to right): Foral,prehepatic is the prehepatic oral bioavailability. ktr is the first-order rate constant for drug passage 
through transit compartments. ka is the first-order absorption rate constant. QH is the hepatic blood flow. FH is the hepatic bioavailability. EH is the hepatic extraction. VH is the 
hepatic volume of distribution. Vc is the central volume of distribution. FIV is the absolute intravenous bioavailability. Vp is the peripheral volume of distribution. Q is the 
intercompartmental clearance. Km is the Michaelis-Menten constant. Vmax is the maximum rate of elimination. CH is the hepatic drug concentration. CLint is the intrinsic 
clearance. PPCplasma-CSF is the pseudo-partition coefficient, which represents the ratio of drug in CSF to plasma, and HLplasma-CSF is the equilibration half-life between plasma 
and CSF, which describes how soon the change in plasma is reflected in the CSF. CSF, cerebrospinal fluid; IV, intravenous.
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Previous rifampicin CSF models for TBM have been devel-
oped through studies in children and adults receiving doses be-
tween 15 and 20 mg/kg [22–25]. Their estimates ranged from 
4.60% to 8.07% for PPC and between 2.07 and 5.78 hours for 
equilibration half-life, in line with our findings. An exception 
is a study by Panjasawatwong et al [24], who reported a PPC 
of 17% in children with TBM administered rifampicin at 

10 mg/kg. While the plasma and CSF concentrations were sim-
ilar to the standard-dose arm in our study, a different modeling 
approach was used to estimate CSF penetration. The CSF was 
modeled as a “real” distribution compartment—with volume 
fixed for each participant by an empirical formula according 
to age—and the presence of mass transfer to and from the cen-
tral compartment. In our analysis, we circumvented the need to 
estimate CSF volume by modeling CSF as an effect compart-
ment, assuming no volume of distribution for the CSF com-
partment with no or negligible transfer to and from the plasma.

Similar to Savic et al [22] and Abdelgawad et al [25], we did 
not find a significant effect from CSF albumin or total protein 
concentrations, a marker of meningeal inflammation, on ri-
fampicin partitioning into CSF. This is in contrast to studies 
that have demonstrated a positive correlation between rifampi-
cin CSF penetration and increasing CSF protein levels [23, 24], 
which could be explained by increased permeability of the pro-
tective barriers in TBM, leading to higher concentrations of 
protein and total drug in the CSF. Another reason could be 
that increased CSF protein production from local inflammation 
leads to changes in CSF drug-binding kinetics and higher total 
drug levels. Measuring free (unbound) drug concentrations in 
the CSF could provide a clearer understanding of the relation-
ship between CSF proteins and drug concentrations. The lack 
of an association between CSF protein and drug exposure 
seen in our study could be due to the small sample size and 
the narrow range of CSF protein values in our cohort.

Other findings aligned with previous reports. With data 
obtained from IV administration, we estimated prehepatic 
oral bioavailability at 93.4%, which aligns with the previously 
reported absolute bioavailability of >86% [8], although our 
estimate refers to the fraction of drug available before hepatic 
extraction. Use of IV data enabled characterization of a 2-com-
partment disposition model, previously described for rifampi-
cin when IV data were available [7]. The degree of plasma 
protein binding noted in our study, 82.8%, agrees with the lit-
erature for patients with TB [26]. We did not see an increase in 
unbound fraction with higher plasma concentrations, which 
would have indicated saturation of plasma protein binding. 
We did see relatively constant protein binding over the ob-
served concentration range, suggesting that plasma protein 
binding does not become saturated with higher rifampicin ex-
posures. Lack of saturation up to rifampicin doses of 35 mg/kg 
was also noted in a study involving patients with pulmonary TB 
receiving rifampicin [27]. Since only the unbound nonionized 
fraction can cross membrane barriers and diffuse freely into tis-
sues, this indicates that about 34% of free rifampicin crosses 
into the CSF.

Simulations based on our model predict that the standard 
10-mg/kg dose of rifampicin achieves CSF concentrations far 
below the CC for M tuberculosis for most patients with TBM. 
This is overcome with the 35-mg/kg dose, supporting ongoing 

Table 2. Final Population Pharmacokinetic Parameter Estimates for 
Rifampicin in Plasma and CSF

Parametera Estimate (95% CI)b

CLint,max·fu, L/hc

Standard dose: visit 1 33.1 (25.2–42.9)

Standard dose: visit 2 41.4 (28.0–58.3)

High dose: visit 1 46.1 (34.2–62.3)

High dose: visit 2 70.2 (51.0–95.5)

Michaelis-Menten constant, Km, mg/Ld 2.97 (2.01–4.56)

Central volume of distribution, V, Lc 27.3 (22.8–34.0)

Bioavailability

Prehepatic orale 0.934 (0.852–0.991)

Intravenous, F 1 fixed

Peripheral volume of distribution, Vp, L 31.5 (25.3–37.1)

Intercompartmental flow, Q, L/h 11.0 (7.45–14.4)

Absorption rate constant, ka, h
−1 0.486 (0.365–0.638)

Mean transit time, h 0.634 (0.467–0.791)

No. of absorption transit compartmentsf 19 fixed

Equilibration half-life to CSF, HLplasma-CSF, h 3.20 (2.06–4.93)

Pseudo-partition coefficient to CSF, PPCplasma-CSF 0.0593 (0.0544–0.0672)

Between-subject variability, %

CLint,max·fu 25.3 (24.1–26.6)

Central volume 17.2 (14.8–18.5)

Infusion durationg 17.0 (14.9–18.6)

Between-occasion variability, %

Foral,prehepatic 18.2 (16.7 –20.1)

ka 78.1 (55.8–95.6)

Mean transit time 111 (87.7–137)

Error: plasma

Proportional, % 25.2 (22.3–29.7)

Additive, mg/L h 0.0234

Error: CSF

Proportional, % 98.4 (91.8–99.9)

Additive, µg/mLi 2.31 (1.77–2.93)

For definitions of variables, see Figure 1.

Abbreviations: CSF, cerebrospinal fluid; fu, fraction unbound.
aHepatic volume of distribution, hepatic intercompartmental clearance, and fraction 
unbound were fixed to 1 L, 90 L/h, and 0.2, respectively.
b95% CIs were computed with sampling importance resampling.
cAll disposition parameters were allometrically scaled by fat-free mass. The values reported 
here refer to the typical participant with a median fat-free mass of 45 kg.
dKm was estimated by a prior value from Chirehwa et al [11] of 3.35 mg/L with 30% 
uncertainty.
eThis refers to the oral bioavailability from the gastrointestinal tract before hepatic extraction.
fNumber of transit compartments was estimated in earlier runs and fixed in later runs for 
model stability.
gThe infusion duration is 1 hour according to the protocol. Between-subject variability was 
included to account for error in infusion rate duration or time.
hThe estimate of the additive component of the error was not significantly different from its 
lower boundary of 20% of the lower limit of quantification (0.117 mg/L), so it was fixed to this 
value.
iThe lower boundary of the additive error was fixed to 50% of the lower limit of quantification 
(0.005 mg/L).
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Figure 2. Simulated typical concentration-time profiles for plasma and cerebrospinal fluid (CSF) for oral daily doses at steady state: high (35 mg/kg) and standard (10 mg/ 
kg). The solid and dashed lines represent the high and standard doses, respectively. The horizontal dotted line shows the critical concentration (CC) value of rifampicin for 
Mycobacterium tuberculosis (0.5 mg/L) [21].

Table 3. Model-Derived Rifampicin Area Under the Curve for 24 Hours and Concentrations at 24 Hours Postdose

High Dose, 35 mg/kg Standard Dose, 10 mg/kg

Day 3 Day 28 Day 3 Day 28

Median (Range) No. Median (Range) No. Median (Range) No. Median (Range) No.

AUC0–24, mg·h/L

Plasma 239 (120–668) 22 160 (58.4–477) 20 40.5 (16.4–122) 19 35.1 (13.4–59.8) 13

CSF 15.4 (7.13–38.1) 17 8.50 (3.61–14.8) 11 2.33 (1.05–4.93) 9 2.32 (0.754–3.41) 8

C24, mg/L

Plasma 0.551 (0.0628–12.0) 23 0.120 (0.0303–2.85) 21 0.0473 (0.0182–0.574) 19 0.0374 (0.00758–0.181) 13

CSF 0.173 (0.0327–0.658) 17 0.0556 (0.0199–0.173) 12 0.0144 (0.00929–0.0421) 9 0.0175 (0.00870–0.0399) 8

Abbreviations: AUC0–24h, area under the concentration-time curve from time 0 to 24 hours postdose; C24h, concentration at 24 hours postdose; CSF, cerebrospinal fluid.

Figure 3. Box and whisker plots show the secondary model-derived exposure parameters: area under concentration curve for 24 hours (AUC0–24) and concentration at 
24 hours postdose stratified by dose group. The dots represent individual values, and the whiskers are the 2.5th and 97.5th percentiles. Line, median; box, IQR. CSF, cere-
brospinal fluid.

6 • JID • Abdelgawad et al

D
ow

nloaded from
 https://academ

ic.oup.com
/jid/advance-article/doi/10.1093/infdis/jiaf178/8121427 by St G

eorge's, U
niversity of London user on 29 April 2025



clinical evaluation of high-dose rifampicin for TBM. However, 
no CSF target concentrations have been established for rifampi-
cin efficacy in TBM, and the CC may be an inappropriate phar-
macodynamic measure because it is determined under in vitro 
conditions that differ substantially from those in the CSF [21].

Our analysis had some limitations. In our model, we were un-
able to characterize clearance autoinduction semimechanistically 
using an enzyme turnover model or an exponential maturation 
model. The reason is that the study participants had started rifam-
picin treatment approximately a week before the first plasma sam-
ples were collected and observations from the uninduced state 
(first day of treatment) were unavailable. Additionally, there was 
uncertainty regarding the actual dose and duration of treatment 
before study enrollment. Also, plasma sampling on the second vis-
it was done only up to 4 hours, thus affecting the estimation of 
CLint,max·fu for the second visit. Furthermore, only 1 CSF sample 
could be obtained per visit due to the invasive nature of lumbar 
CSF sampling, with high variability in the CSF observations. 
This makes it difficult to distinguish between-subject variability 
from random variability (eg, error due to sample assays), requir-
ing a large proportional error for CSF observations.

In summary, we successfully developed a population pharma-
cokinetic model for rifampicin in plasma and CSF for adults 
with HIV-associated TBM. This model provides a tool to identify 
rifampicin dosing strategies to optimize TBM treatment once ex-
posure targets have been defined. Our major finding was that ri-
fampicin has poor CSF penetration, providing a rationale for 
ongoing evaluation of high-dose rifampicin and, potentially, novel 
rifamycin-free regimens to improve treatment outcomes in TBM.
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