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ABSTRACT Limited knowledge is available on the pharmacokinetics of rifampicin in
children with tuberculous meningitis (TBM) and its penetration into brain tissue,
which is the site of infection. In this analysis, we characterize the distribution of
rifampicin in cerebrospinal fluid (CSF), lumbar (LCSF) and ventricular (VCSF), and
brain extracellular fluid (ECF). Children with TBM were included in this pharmacoki-
netic analysis. Sparse plasma, LCSF, and VCSF samples were collected opportunisti-
cally, as clinically indicated. Brain ECF was sampled using microdialysis (MD).
Rifampicin was quantified with liquid chromatography with tandem mass spectrome-
try in all samples, and 25-desacetyl rifampicin in the plasma samples. The data were
interpreted with nonlinear mixed-effects modeling, with the CSF and brain ECF mod-
eled as “effect compartments.” Data were available from 61 children, with median
(min-max) age of 2 (0.3 to 10) years and weight of 11.0 (4.8 to 49.0) kg. A one-com-
partment model for parent and metabolite with first-order absorption and elimination
via saturable hepatic clearance described the data well. Allometric scaling, maturation,
and auto-induction of clearance were included. The pseudopartition coefficient between
plasma and LCSF/VCSF was ~5%, while the value for ECF was only ~0.5%, possibly
reflecting low recovery of rifampicin using MD. The equilibration half-life between plasma
and LCSF/VCSF was ~4 h and between plasma and ECF ~2 h. Our study confirms previous
reports showing that rifampicin concentrations in the LCSF are lower than in plasma and
provides novel knowledge about rifampicin in the VCSF and the brain tissue. Despite MD
being semiquantitative because the relative recovery cannot be quantified, our study
presents a proof-of-concept that rifampicin reaches the brain tissue and that MD is an
attractive technique to study site-of-disease pharmacokinetics in TBM.

KEYWORDS WHO, brain extracellular fluid, cerebrospinal fluid, children, meningitis,

. . . . . . . . . Copyright © 2023 American Society for
microdialysis, population pharmacokinetics, rifampicin, tuberculosis

Microbiology. All Rights Reserved.

Address correspondence to Paolo Denti,
paolo.denti@uct.ac.za.

uberculous meningitis (TBM) is the most severe manifestation of tuberculosis (TB) The authors declare no conflict of interest.

and results in high rates of death and disability. Children are among the most vul- Pereived) 2 Nevarilber 2022
nerable populations and TBM remains the most common childhood meningitis in Returned for modification 16 November
. . . 2022
South Africa (1). The WHO-recommended regimen for TBM is the same as that for pul- Accepted 6 January 2023
monary TB but with a longer continuation phase (10 months for TBM versus 4 months Published 23 February 2023

for pulmonary TB) (2). Due to the poor blood-brain barrier (BBB) penetration of anti-TB
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drugs, the TBM regimen probably results in suboptimal concentrations in the central
nervous system (CNS) (1). Drugs targeted at TBM should cross several barriers to reach
their site of action in the CNS. The systemic circulation is separated from the CNS by the
BBB and the blood-cerebrospinal fluid barrier (BCSFB). These barriers pose a therapeutic
challenge by limiting entry of drugs into the CNS. Moreover, disease-specific changes in
BBB permeability may have important implications for drug penetration into the brain (3).
Recent reports, including a report from South Africa, investigated a shorter regimen with
higher doses that proved successful (4) which led the WHO to include the short intensive
regimen as an alternative in the latest update of their guidelines for TBM treatment in chil-
dren (released March 21, 2022) (5).

Most TBM studies investigating CNS concentrations rely on lumbar CSF (LCSF) as a
surrogate for anti-TB drug concentrations in the ventricular CSF (VCSF) and in the brain
and for which repeated sampling cannot be performed. Microdialysis (MD) is a semi-
invasive technique that uses a probe implanted in tissue, including the brain (6). It ena-
bles continuous measurement of the unbound concentration of molecules in the inter-
stitial compartment of the brain over time. As such, MD enables sampling of the brain
extracellular fluid (ECF) and provides complementary information on the drug distribu-
tion in the brain because repeated sampling can be performed (7). However, when
used to obtain brain ECF samples, it is only semiquantitative because the extraction ef-
ficiency or relative recovery cannot be calculated (8).

Rifampicin is an important drug in the treatment of TBM owing to its potent antimi-
crobial effect (9). Following oral administration, rifampicin is readily absorbed, but
administration with food makes absorption variable. After absorption, rifampicin enters
the hepatoportal system, where it is converted primarily to 25-desacetyl rifampicin and
mainly eliminated in the bile (10). Rifampicin induces its own clearance, with clearance
approximately doubling after 2 weeks due to this autoinduction effect. Saturable elimi-
nation has been reported for rifampicin at higher doses due to saturation of the biliary
transport mechanisms (11, 12). Rifampicin is widely distributed throughout the body
and its plasma protein binding is about 80%, with most of the unbound fraction not
ionized and diffusing freely into tissues (13). However, due to its lipophilicity and high
molecular mass, rifampicin’s CSF penetration is suboptimal, particularly when menin-
geal inflammation is resolving (14, 15). Therefore, sampling brain compartments clos-
est to the site of infection would provide useful information. In children, factors such
as maturation of enzymes, body size, nutritional status, and disease severity affect
children’s ability to absorb, metabolize, and eliminate the drug (16).

The objective of this study was to develop a population pharmacokinetic (PK) model for
the characterization of rifampicin in plasma, LCSF, VCSF, and brain ECF for children diag-
nosed with definite or probable TBM. Additionally, simulations were performed to compare
rifampicin exposures from the current and former WHO recommended dosing regimens.

RESULTS

Data. A total of 61 children were enrolled in the study. The median age, weight, and
weight-for-age z-score were 2 (0.3 to 10) years, 11 (4.8 to 49) kg, and —1.23 (—4.97 to 2.44),
respectively. Height was missing in 25/61 (41%) of the children. The median (min - max)
duration on rifampicin treatment before PK sampling was 4 (0 to 72) days. A summary of
the baseline patient characteristics is shown in Table 1. A total of 307 samples were avail-
able, 91 plasma (8 below the limit of quantification [BLQ], 8.4%), 84 lumbar CSF (13 BLQ,
14.8%), 53 ventricular CSF (8 BLQ, 16.0%), and 79 brain ECF (17 BLQ, 21.5%).

Population pharmacokinetic analysis. The schematic representation of the final
structural model is depicted in Fig. 1.

(i) Rifampicin in plasma joint parent-metabolite model. The final parent-metab-
olite model is a one-compartment disposition model with transit compartments
absorption with the absorption rate constant, ka, fixed to be equal to the first-order
transit rate constant (ktr) to simplify the model. Elimination was characterized with sat-
urable hepatic clearance. The effect of body size on the disposition parameters of both
the parent and the metabolite was included in the model using allometric scaling by
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TABLE 1 Baseline participant characteristics

Median (min to max) or no. (%)

Participant characteristic Total (N=61)

Sex: females/males 32 (52.5%)/29 (47.5%)
Age (yrs) 2(0.3to 10)

Wt (kg) 11 (4.8 t0 49)
Wi-for-age z-score? —1.23 (—4.97 to 2.44)
Htb (cm) 81(61to 131)
Ht-for-age z-score®® —0.996 (—7.12 to 1.74)
Days since start of treatment (days) 4(0to72)

Dose per body wt (mg/kg) 18.0 (9.38 t0 22.5)

aThe WHO and CDC tables were used for the calculation of the z-scores.
bHeight and height-for-age z-scores were missing for 25/61 (41.0%) participants.

weight as suggested by Anderson and Holford (17). This improved the model fit as
shown by the drop in objective function value of 40 points. Allometric scaling using
fat-free mass (FFM) was not tested because the height was missing for 41% of the partic-
ipants. The effect of age on clearance was included by incorporating a maturation factor
(MF). A MF as defined by Anderson and Holford (16) was added to the clearance as well
because allometry alone cannot account for the differences in clearance between chil-
dren and adults.

Estimates from Denti et al. (18) were used as priors to guide the estimation of intrin-
sic clearance (CLju¢ max), central volume of distribution (V), saturation and maturation of
clearance and bioavailability parameters, while estimates from Chirehwa et al. (12)
were used as priors for the autoinduction of clearance (ratio of CLjy max at steady-state
t0 Clintmax at baseline [CLSy, ... /CLY, . 1 and INDs,). The uncertainty for all priors was
10%, except for CLysmax @and V, which was 30%. The prior values used are shown in
Table 2 footnotes. Uninformative priors, which carry the lowest weight or influence but
still allow for good estimation, were used for between-subject variability in clearance.
A metabolite compartment was added, where the fraction of parent converted to
metabolite, FM was fixed to the reference value of 1 to make the model identifiable.
The between-subject variability (BSV) in clearance of metabolite (CLM) (BSVCLM) was
100% correlated with the BSV in clearance. Thus, subjects were assumed to have the
same random effect for both clearance and CLM, then BSVCLM was inflated by a factor
that was estimated to be 2.92 as follows: BSVCLM = BSVCL x factor, therefore, allowing
for more variability in BSVCLM. The effect of nasogastric tube administration was not
statistically significant. The final parameter estimates are shown in Table 2.

(ii) Rifampicin in CSF and brain model. Rifampicin concentrations in the CSF and
brain ECF were linked to the plasma concentrations using pseudopartition coefficients
(PPC) of 4.08% for the lumbar and ventricular CSF and 0.459% for brain ECF, and equili-
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FIG 1 Schematic representation of the final model. CL,,, hepatic clearance; CL,,, metabolite clearance;
ko_g, equilibration rate constant plasma-brain extracellular fluid; k,_,, equilibration rate constant
plasma-lumbar cerebrospinal fluid (CSF); k,_,, equilibration rate constant plasma-ventricular CSF; Q,,,
hepatic flow rate.
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TABLE 2 Final population pharmacokinetic parameter estimates for rifampicin

Parameter Typical value (95% Cl)?
Plasma (parent) parameters

Vol of distribution of plasma, V' (L)°
Mean transit time, MTT (h)¢
No. of absorption transit compartments, NN (_)

Saturation of clearance
Michaelis-Menten constant, Km (mg/L)?
Hepatic vol of distribution, VH (L)¢
Hepatic blood flow, QH (L/h)®
Unbound fraction, fu (L)

Clearance autoinduction
insi s
Intrinsic clearance at steady-state, C Ly, ..
CLS, e/ Intrinsic clearance at baseline (CL

Induction half-life, IND, (days)”

(L/h)e
0

xnt.max) (—)f

Maturation of clearance
Postmenstrual age when maturation reaches 50%, TMs, (mo)
Shape factor for maturation, Hill (_)?
Bioavailability, F ()

Maturation of F
F at birth ()¢
Age at which F reaches full maturation, Ageg ¢ (yrs)?

Between-subject variability in CLiy yax (%)
Between-occasion variability in F (%)
Between-occasion variability in MTT (%)
Proportional error, parent (%)

Additive error, parent (mg/L)¢

Plasma (metabolite) parameters

Vol of metabolite compartment, VM (L)

Clearance of metabolite, CLM (L/h)

Fraction of parent drug metabolized, FM (_)

Factor for Between-subject variability in CLM (-fold)
Proportional error, metabolite (%)

Additive error, metabolite (mg/L)?

Correlation between errors (parent and metabolite) (%)

18.2 (15.7 to 23.0)
0.251 Fixed

0.269 (0.037 to 0.556)

9.03(7.45t011.2)
1 Fixed

90 Fixed

0.2 Fixed

34.8 (27.3to 43.1)
1.60 (1.35 to 1.90)
4.53 (3.69 to0 5.52)

12.2(10.1 to 14.4)
3.29 (2.73t0 3.97)
1 Fixed

0.642 (0.544 t0 0.776)

2.80 (2.26 to 3.43)

46.3 (32.6 to 59.5)
34.9(26.2t0 44.7)
179 (66 to 245)
33.8(27.1t0 42.6)
0.023 Fixed

7.76 (41410 11.7)
13.7 (8.56 t0 20.5)
1 Fixed

2.92(2.48 to 3.65)
48.6 (40.1 -60.3)
0.008 Fixed

85.7 (75.8t091.8)

aValues in parentheses are the 95% confidence interval, computed with sampling importance resampling (SIR)
on the final model. SIR was done sequentially; first for the plasma model then for the effect compartments
model, while fixing the plasma model parameter estimates.

bThe disposition parameters, CL;,, ..., ¥, CLM, and VM, were allometrically scaled by weight, and the values
reported here refer to an 11-kg participant (the median weight in the cohort). Priors from Denti et al. (18) with
typical values of 8.58 L/h for CL3y,., and 17.3 L for V were used with 30% uncertainty.

The value of MTT was estimated from the data, but was fixed in the final runs to improve the model stability.

9Priors from Denti et al. (18) were used with 10% uncertainty. The values of the priors were 12.48 months for
TM,, 3.22 for Hill, 0.655 for F at birth, and 2.72 years for Age ¢-

€These values refer to a 70-kg adult and were scaled allometrically with weight.

fPriors from Chirehwa et al. with typical values of 2 for CL3; . ../Clearance at baseline (CLY, ..,) and 4.5 days for
IND,, were used with 10% uncertainty.

9The estimate of the additive component of the error was not significantly different from its lower boundary of
20% of LLOQ, so it was fixed to this value.

bration rate constants of 0.176 h~" for CSF and 0.353 h~" for ECF, which correspond to
equilibration half-lives of 3.94 h for CSF and 1.96 h for ECF. It was not statistically signif-
icant to include in the model separate pseudopartition coefficients and equilibration
rate constants for each of lumbar CSF and ventricular CSF separately. It is important to
note that while the typical population PPC value was the same for both lumbar and
ventricular CSF, on an individual level, each participant had a different PPC for lumbar
and ventricular CSF. The final parameter estimates for the CSF and brain model are
shown in Table 3.

The effect of CSF albumin, CSF total protein, and ratio of CSF:plasma albumin on
the PPC were not statistically significant. The albumin and total protein values are
shown in Table S1. Fig. 2 shows the visual predictive check (VPC) of the final model.
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TABLE 3 Final population pharmacokinetic parameter estimates for rifampicin for the effect

compartments
Effect compartment model Typical value (95% Cl)?
Pseudopartition coefficient for lumbar CSF and ventricular 4.60(3.77 t0 5.24)
CSF, PPCp_1y(%)
Pseudopartition coefficient for brain ECF, PPCp_¢ (%) 0.435 (0.175t0 0.714)
Equilibration rate constant for lumbar CSF and ventricular CSF (h e 0.163 (0.122 to 0.206)
Equilibration rate constant for brain ECF (h™ )¢ 0.330(0.221 to0 0.580)
Between-subject variability in PPCp_;y (%) 21.6 (4.00 to 27.9)
Between-subject variability in PPCp_¢ (%) 114 (82.9to 155)
Proportional error, lumbar CSF (%) 78.6 (72.2 t0 98.0)
Additive error, lumbar CSF (mg/L)? 0.001 Fixed
Proportional error, ventricular CSF (%) 55.4 (44.4to 75.5)
Additive error, ventricular CSF (mg/L)? 0.001 Fixed
Proportional error, brain ECF (%) 51.1 (40.6 to 69.4)
Additive error, brain ECF (mg/L)? 0.001 Fixed

9Values in parentheses are the 95% confidence interval, computed with sampling importance resampling (SIR)
on the final model. SIR was done sequentially; first for the plasma model then for the effect compartments
model, while fixing the plasma model parameter estimates.

bThe equilibration rate constant corresponds to an equilibration half-life of 4.23 h for lumbar CSF and ventricular
CSF.

The equilibration rate constant corresponds to an equilibration half-life of 2.09 h for the brain ECF.

9The estimate of the additive component of the error was not significantly different from its lower boundary of
20% of LLOQ, so it was fixed to this value.

Simulations. The typical child with TBM in this cohort was 2 years old and weighed
11 kg. According to the short intensive regimen in the 2022 WHO guidelines (5), this
child would receive 4 HR 50/75 (isoniazid 50 mg / rifampicin 75 mg) dispersible tablets
(i.e., total dose of rifampicin is 300 mg, 27.3 mg/kg) versus 3 tablets of RHZ 60/30/150
(rifampicin 60 mg / isoniazid 30 mg / pyrazinamide 150 mg) (i.e., total dose of rifampi-
cin is 180 mg, 16.4 mg/kg) according to the 2014 WHO guidelines. The simulated typi-
cal concentration-time profiles in plasma, lumbar and ventricular CSF, and brain ECF
are presented in Fig. 3, in which we can see that with the newer regimen, the expo-
sures in both plasma and CSF are higher, which is particularly important in TBM
because it is needed to attain high exposure early in treatment. Fig. 4 shows the simu-
lated exposure in terms of area under the concentration-time curve from 0 to 24 hours
(AUC,_,,,) for the same compartments. Fig. S1 shows the simulated AUC,_,,, for
plasma, CSF, and ECF across all weight bands.

DISCUSSION

In this study, we characterized the pharmacokinetics of rifampicin in in plasma, lum-
bar and ventricular CSF, and brain ECF children with TBM. The population equilibration
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FIG 2 Visual predictive check (log scale) for the final model stratified by observation. The lower, middle, and upper solid lines are the 2.5th, 50th, and
97.5th percentiles of the observed concentrations. The shaded areas are the 95% confidence intervals for the same percentiles. The circles represent the

observed concentrations.
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FIG 3 Simulated typical concentration-time profiles for the typical participant (11 kg and 2 years of age) (a) plasma, (b) lumbar and ventricular
cerebrospinal fluid, and (c) brain extracellular fluid shown for the 2014 WHO regimen and the 2022 WHO short intensive TB meningitis regimen, as well as
for the first-dose versus the steady-state (please note that true rifampicin concentrations in the brain tissue are unknown as relative recovery cannot be
calculated). The dashed lines represent the MIC levels of 0.2 and 0.4 mg/L (42).

delay was 4 h between plasma and lumbar as well as ventricular CSF and was 2 h
between plasma and brain ECF. As described by the PPC, the extent of rifampicin’s
penetration was 5% for the lumbar and ventricular CSF and 0.4% for the brain ECF.
Importantly, our study is the first to report ventricular and ECF, which significantly
adds to the limited knowledge available on rifampicin’s distribution into the central
nervous system. These sites are more likely to reflect drug concentrations at the site of
TBM infection than the plasma and lumbar (spinal) CSF, of previously published phar-
macokinetic models, and therefore extend our understanding of rifampicin exposure
in the brain. Increasing evidence from protein, inflammatory mediator, and transcrip-
tomic data suggest that spinal CSF and ventricular (brain) CSF are different (19, 20), in
part perhaps because of the frequency of spinal disease in TBM patients that may
affect CSF dynamics (21) but also potentially because of barrier permeability differen-
ces between brain and spinal cord capillaries.

Recognizing the limits of spinal CSF to study brain penetration of drugs, the use of
MD to interpret drug concentrations in the brain is reported as a gold standard tech-
nigue for quantitative and time-resolved analysis of brain PK studies (22). However, the
interpretation of drug concentrations using MD has some limitations. First, it is difficult
to determine the relative recovery rate in the microdialysate from tissue ECF, i.e., what
percentage of the actual concentration in the tissue is retrieved in the MD samples.

a. Plasma b. Lumbar and Ventricular CSF C. Brain ECF
3001 12.51 4 WHO Regimen
- 2014
10.01 3]
o — 2022 short intensive
< 200
(o] =)
£ 1:5 "
8
S 5.0
2 100/ .
2.51

First Dose Steady-state First Dose Steady-state First Dose Steady-state

FIG 4 Expected exposures in terms of area under the curve (AUCy-24n) for the typical participant (11 kg and 2 years of age) in (a) plasma, (b) lumbar and
ventricular CSF, and (c) brain ECF for the 2014 WHO regimen and the 2022 WHO short intensive TB meningitis dosing recommendations, as well as, for the
first-dose versus the steady-state (please note that true rifampicin concentrations in the brain tissue are unknown as relative recovery cannot be calculated).
The box represents the median and interquartile range and the whiskers correspond to the 5th and 95th percentiles.
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Second, TBM is characterized by perfusion differences due to variable small and large
vessel disease; therefore, distribution of drug in the brain may be highly variable (21,
23). Nevertheless, our recovery of rifampicin in the brain ECF provides proof-of-concept
that rifampicin does penetrate the brain tissue—its targeted site of action in pediatric
TBM patients. Furthermore, under static conditions, the method provides the first dem-
onstration of repeated measures of rifampicin in the brain, i.e., the relative values pro-
vide multiple measures in a single patient over several time points postdose. The simu-
lations show that the short intensive regimen recently included in the 2022 WHO
operational handbook provides drug exposures that are higher and more equal across
the different weight bands.

The difference in the plasma-brain ECF and plasma-CSF equilibration rate could be
attributed to changes in CSF volume which may affect pressure equilibrium and the
concentration gradient between brain and CSF (24). Furthermore, previous simulations
showed that a change in CSF dynamics changed the CSF pharmacokinetic profiles but
not necessarily the brain ECF profiles regardless of the drug’s physiochemical proper-
ties (25). Pathologically, CSF dynamics will be affected by hydrocephalus (HCP), where
CSF volume in the ventricles is larger (which will affect dilution of drug entering
through the choroid plexus or brain interstitium) and spinal subarachnoid disease
(which will affect circulation between brain and spinal CSF) (25). Finally, differences in
the blood-spinal cord barrier (compared to the BBB) (26) and the influence of reduced
CSF flow on permeability must also be taken into account (27). Collectively, these find-
ings reiterate that caution must be applied when interpreting lumbar CSF as a proxy
for brain ECF concentrations in CNS diseases (25).

Due to the sparseness of the plasma data collected, priors from previous models (12,
18) were used to stabilize the estimation of the plasma model's parameter estimates.
CLint max is somewhat lower than the values from Denti et al. (18), Garcia-Prats et al. (Opti-
Rif trial) (28), and Zvada et al. (29) in South African children with pulmonary tuberculosis.
This could be attributed to the fact that children with TBM are typically sicker than those
with pulmonary TB, and particularly the children in this study cohort who were mostly in
the intensive care unit (ICU) and had HCP requiring intervention. In addition to surgical
interventions, critically ill patients have pathophysiological changes that may affect drug
pharmacokinetics (30). The plasma and CSF concentrations obtained in our cohort are sim-
ilar to those from studies in children with TBM receiving doses between 15 and 20 mg/kg
(31, 32). In the study by Panjasawatwong et al. (32), in children with TBM, the pseudoparti-
tion coefficient estimated was 17% versus 4% in our model. In their model, the lumbar
CSF observations were modeled as a CSF compartment linked to the plasma compartment
(33). Their model relies on an empirical formula to calculate the CSF compartment volume.
We get around the need to estimate a CSF volume by modeling the CSF as an effect com-
partment. Svensson et al. (30) and Savic et al. (31) have published models in adults with
TBM, where the pseudopartition coefficients and equilibration half-lives were 5% and 2 h
and 8% and 6 h, respectively. In addition, in previously published animal models, the brain
tissue:plasma rifampicin concentrations ratios were reported to be between 0.02 and 0.05
(23, 34). Both studies found the rifampicin CSF concentrations to be lower than those in
the brain tissue/lesion. However, comparing ECF concentrations to either the plasma or
the CSF in our study should be cautiously interpreted since the absolute concentrations
in the brain ECF samples obtained with MD cannot be calculated. Levels of CSF protein
or albumin are expected to correlate with the pseudopartition coefficient because these
are often considered markers of the degree of inflammation of the blood-brain barrier,
and hence, its permeability to drugs. Svensson et al. (33) found a linear relationship
between the CSF protein level and rifampicin penetration into the lumbar CSF; with
each 10-fold change in protein levels, the penetration coefficient increases by 63%. In
Panjasawatwong et al. (32), there is an exponential relationship between CSF protein
concentration and the PC where an increase of 1 g/L in CSF protein concentration
resulted in a 1.28-fold increase in PC. In our analysis, we did not find a significant effect
for either the levels of albumin or total protein, which could be due to fewer samples

March 2023 Volume 67 Issue 3

Antimicrobial Agents and Chemotherapy

10.1128/aac.01474-22

7


https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.01474-22

RPK of Rifampicin in Plasma, CSF, and Brain in TBM

and narrower range of CSF protein values in our cohort. However, we previously demon-
strated differences in biomarkers, inflammatory mediators, and differential gene expres-
sion in time-linked samples in patients with TBM. Combined with the recognition that
reduced spinal CSF may increase protein concentrations in spinal CSF compared to ven-
tricular CSF (27), these factors may contribute to the explanation of lack of effect.

Both strengths and limitations in our study are related to the use of MD sampling
technique. MD provides the unique opportunity to obtain rifampicin samples from the
brain tissue, which is the site of infection/drug action, in addition to, the opportunity
for serial/continuous sampling. On the other hand, the MD conditions, e.g., flow rate,
semipermeable membrane pore size, may affect the drug’s recovery in addition to the
limitations mentioned above. The exact location of MD catheter placement in the brain
tissue may also affect the concentrations measured; however, there is currently no
method that accomplishes both spatial and temporal resolution in studying the brain.
It has also been suggested that the CSF collection method may influence drug concen-
trations; however, the CSF drains were in the lateral ventricle which is likely the best
location for CSF sampling as it is the most proximal location based on current knowl-
edge on where the bulk of CSF is produced and on CSF flow dynamics (35, 36).
Comparison of ventricular CSF and lumbar CSF is limited by the opportunistic nature
of sampling and not all patients had time-linked samples for comparison; there may be
bias in why some participants had ventricular or lumbar sampling and not both. Lastly,
these data—like the existing literature on rifampicin pharmacokinetics in TBM—report
only total rifampicin concentrations, while only the unbound fraction that is active.
Our use of the 100 kDa membrane reflects total drug concentration rather than
unbound drug. Unfortunately, there are no data available for rifampicin protein bind-
ing in the CSF. CSF protein binding dynamics is expected to be different than that of
the plasma because the CSF protein levels are different and are more variable between
patients.

To overcome some of the methodological limitations of MD, suggested future
research include in vitro experiments to optimize the MD method. In terms of study
design, because oral absorption may be variable, particularly in critically ill patients,
the use of intravenous administration of rifampicin would be an attractive alternative
to eliminate the variability in rifampicin absorption following oral administration and
improve our description of plasma PK, as well as to mitigate the challenges of adminis-
tering drugs to children, e.g., crushing tablets and administration by an oral syringe. If
more CSF and brain ECF samples could be obtained, a more complex mechanistic
model that accounts for drug transfer between the LCSF, VCSF, and brain ECF could be
tested. Still, there is a substantial amount of the underlying physiology in humans that
require better definition and some uncertainties that still exist, largely because of lack
of human data and methodological limitations in the existing animal data. For exam-
ple, the flux between the ECF and ventricular CSF has been predicted but not yet fully
understood or quantified (22, 25). The flux with the spinal CSF also needs better defini-
tion because of the influence of relative blocks of CSF flow in pathology (27) and the
increased permeability of the tight junctions of capillaries supplying the spinal cord
(37).

In conclusion, we show that rifampicin’s extent of penetration into both the lumbar
and ventricular CSF is ~5% and provide proof-of-concept that rifampicin reaches the
brain tissue. Still, further studies need to be conducted to better define antitubercular
drug exposure in CSF and brain in children with TBM, including unbound drug, and
treatment strategies to increase this exposure.

MATERIALS AND METHODS

Study participants. Children presenting to the Red Cross War Memorial Children’s Hospital with definite
or probable TBM were enrolled between January 2017 and September 2019. They were enrolled regardless of
how long they had been on rifampicin-based treatment. All patients were managed according to standard insti-
tutional protocol (38) and no procedures were carried out for research. The patients were categorized into two
groups: (i) patients who underwent neurosurgical procedures to manage TBM HCP, and (i) patients who pre-
sented with lowered levels of consciousness, had invasive monitoring with MD, and had placement of external
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ventricular drain (EVD) that was part of the institutional protocol for urgent decrease of intracranial pressure.
Brain MD was used in critically ill patients to guide therapy based on changes in brain chemistry due cerebral is-
chemia (38). Further details about the clinical use of MD are included in the supplemental material. Remnant
ECF fluid (after bedside clinical analysis was performed) was frozen at —80°C and used for rifampicin assays.
Ethical approval was obtained from the University of Cape Town human research ethics committee (HREC 564/
2012 and 070/2018). Hospital clearance was obtained from the Western Cape Department of Health. In addition,
the parents or legal guardians of all participants provided informed consent on their behalf.

Drug administration. All TBM patients were treated according to the Western Cape regimen that is
typically used in South Africa which consists of rifampicin (20 mg/kg), isoniazid (15 to 20 mg/kg), pyra-
zinamide (40 mg/kg), and ethionamide (20 mg/kg) for 2 months followed by a 4-month continuation
phase of rifampicin and isoniazid, according to weight-band based dosing. A hospital nurse adminis-
tered the anti-TB drugs orally or via nasogastric tube.

Sample collection. (i) Plasma. Three serial blood samples (0.6 mL) were drawn on a single day in the
first and second week, and where possible at 2-, 4-, and 6-h postdose.

(ii) Lumbar and Ventricular CSF. Clinically indicated CSF samples were collected at random time
points, from procedures in published protocols (38), up to 24-h postdose into sterile 15-mL tubes and
kept on ice. Ventricular CSF samples were taken either at placement of a ventriculoperitoneal shunt or
an EVD, or when clinically indicated from an indwelling EVD. Lumbar CSF samples were taken either as a
diagnostic procedure or for medical therapy of raised intracranial pressure related to HCP.

(i) Brain ECF using MD technique. An MD catheter with a 100-kDa membrane was placed concur-
rently with the primary ventricular drain and monitor into the same region (usually right frontal white
matter) or sometimes on the side where hypodensity was more prominent on the initial head computed
tomography scan. MD vials were changed at hourly intervals and analyzed at the bedside for clinical
purposes. As MD volumes are typically small, remnant hourly samples were pooled over 2- to 3-h epochs
to ensure sufficient volumes for analysis. Concentrations of substances in the microdialysate are a per-
centage of the true concentrations in the ECF and not absolute concentrations. This percentage is
termed relative recovery. More details on sample collection and bedside protocols can be found in the
supplemental material.

Drug quantification. Total rifampicin was assayed in all samples: plasma, lumbar CSF, ventricular CSF,
and brain ECF. Additionally, rifampicin’s primary metabolite, 25-desacetyl rifampicin, was assayed in the
plasma samples. High-performance liquid chromatography with tandem mass spectrometry detection meth-
ods were developed and validated at the Division of Clinical Pharmacology, University of Cape Town for the
assays. The method was validated over the ranges 0.117 to 30.0 wg/mL for rifampicin and 0.0391 to 10.0 ng/
mL for 25-desacetyl-rifampicin in plasma, and 5 to 2,500 ng/mL for the rifampicin in CSF and ECF assay. A
more detailed description of the analytical methods can be found in the supplemental material.

Population PK analysis. A population pharmacokinetic model was developed to describe rifampicin
pharmacokinetics in plasma, CSF, and brain ECF using nonlinear mixed-effects modeling in NONMEM 7.5.0
and the algorithm first-order conditional estimation with eta-epsilon interaction (FOCE-I). Pirana was used
for model management, and Perl-speaks-NONMEM (PsN) 4.9.0 and R 4.0.3 were used for postprocessing
NONMEM results and generating figures (39). Modeling was done sequentially, first developing the joint
parent-metabolite model in plasma, including variability and residual error, then developing a full model
incorporating the CSF and brain ECF observations, while fixing the population parameter estimates for the
plasma joint model.

(i) Rifampicin in plasma joint parent-metabolite model. Previously published rifampicin models in
children with pulmonary TB by Denti et al. (18) and Zvada et al. (29) were used as a starting point for model-
ing the rifampicin in plasma data. Thereafter, the parent PK model was extended to include the metabolite.
From these data, it is not mathematically possible to estimate both the FM and VM simultaneously (i.e., the
model is structurally unidentifiable). In order to solve this identifiability issue, two methods were tested: the
first was to assume that the parent is fully converted to the metabolite, the second was to assume that
the volume of distribution of the metabolite is equal to that of the parent.

Therefore, FM was fixed to 1 and the VM and CLM were estimated. A correction factor was included
in the model to adjust for the difference in molecular weight at the conversion of rifampicin (822.94 g/
mol) to 25-desacetyl rifampicin (780.90 g/mol). Because rifampicin and its metabolite were quantified
simultaneously, a correlation of measurement error factor was included.

(ii) Rifampicin in CSF and brain model. The concentrations obtained from the LCSF, VCSF, and
brain ECF were modeled using three separate “effect compartments” in a manner similar to this described
by Sheiner et al. (40) with the following equation:

dt

= kplusma*E]f . (PPC . Cplusma 7CE]"f)

where Kpjusma—gp7 is the first-order equilibration rate constant between rifampicin in the central compart-
ment (i.e., plasma) and the effect compartment, and it can also be expressed as equilibration half-life.
PPC is the pseudopartition coefficient which describes the extent of partitioning or penetration of rifam-
picin between the plasma and each of the effect compartments. Cpyjan, is the predicted rifampicin con-
centration in plasma at time t. Cgy is the concentration in the effect compartment. Effect compartments
are assumed to have a negligible volume compared to the central compartment, with negligible drug
transfer between the two compartments.

The effects of CSF and plasma albumin, CSF total protein, CSF glucose, and CSF:plasma albumin ratio
were tested as covariates on the PPC, as well as the effects of body weight, age, weight-for-age z-score,
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duration of rifampicin treatment, and route of administration (oral versus nasogastric tube) on the
plasma model parameters. More details regarding the population pharmacokinetic modeling are in the
supplemental material.

Simulations. Simulations were done in Berkeley Madonna version 10.1.2 using the final model to
simulate rifampicin exposures in the different matrices for the typical TBM pediatric patient in the
cohort. For all matrices, concentration-time profiles were simulated and AUC,_,,, were calculated.
Additionally, Monte-Carlo Simulations were carried out in NONMEM to compare rifampicin exposures
following administration according to the newly released updated WHO dosing guidelines on March 21,
2022 (5) versus the previous WHO guidelines, in addition to comparing exposures on the first day of
rifampicin treatment versus at steady-state. The AUCy—,4, was compared for all weight bands for the
updated dosing guidelines using the virtual pediatric population in Wasmann et al. (41). Simulations
were repeated 10,000 times.

Data availability. The data that support this research can be made available upon reasonable
request by contacting Paolo Denti (paolo.denti@uct.ac.za).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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