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Background. Linezolid is evaluated in novel treatment regimens for tuberculous meningitis (TBM). Linezolid
pharmacokinetics have not been characterized in this population, particularly in cerebrospinal fluid (CSF), as well as, following
its co-administration with high-dose rifampicin. We aimed to characterize linezolid plasma and CSF pharmacokinetics in adults
with TBM.

Methods. In the LASER-TBM pharmacokinetic substudy, the intervention groups received high-dose rifampicin (35 mg/kg)
plus 1200 mg/day of linezolid for 28 days, which was then reduced to 600 mg/day. Plasma sampling was done on day 3
(intensive) and day 28 (sparse). A lumbar CSF sample was obtained on both visits.

Results. Thirty participants contributed 247 plasma and 28 CSF observations. Their median age and weight were 40 years
(range, 27-56) and 58 kg (range, 30-96). Plasma pharmacokinetics was described by a 1-compartment model with first-order
absorption and saturable elimination. Maximal clearance was 7.25 L/h, and the Michaelis-Menten constant was 27.2 mg/L.
Rifampicin cotreatment duration did not affect linezolid pharmacokinetics. CSF-plasma partitioning correlated with CSF total
protein up to 1.2 g/L, where the partition coefficient reached a maximal value of 37%. The plasma-CSF equilibration half-life

was ~3.5 hours.
Conclusions.

Linezolid was readily detected in CSF despite high-dose rifampicin coadministration. These findings support

continued clinical evaluation of linezolid plus high-dose rifampicin for the treatment of TBM in adults.

Clinical Trials Registration.
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Tuberculous meningitis (TBM) is the most fatal and debilitat-
ing form of tuberculosis, with a particularly high burden among
people living with HIV [1]. One reason for severe outcomes is
that the current regimen for TBM is based on treatment for pul-
monary tuberculous (TB) and may result in suboptimal central
nervous system (CNS) concentrations [2]. Drugs targeted at
TBM should cross several barriers to reach the site of disease,
including the blood-brain barrier and the blood-cerebrospinal
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fluid (CSF) barrier, which separate systemic circulation from
their site of action in the CNS. These barriers pose a therapeutic
challenge by limiting entry of drugs into the CNS. Moreover,
disease-related changes in blood-brain barrier permeability
and dynamic changes in protein concentrations may have im-
portant implications for drug penetration into the brain [3].

Linezolid, an oxazolidinone antibiotic, is highly effective for
the treatment of drug-resistant pulmonary TB. Linezolid is also
used to treat gram-positive bacterial infections in the CNS [4-
6], where good drug penetration has been documented, making
it an attractive candidate for TBM treatment [7-9]. Small ob-
servational studies have shown improved clinical parameters
with linezolid use in children and adults with TBM [10, 11].
Based on these encouraging observations, linezolid is being in-
vestigated as part of intensified antibiotic therapy in several
clinical trials for TBM [12].

Specific features of TBM may influence the pharmacokinet-
ics (PK) of linezolid, with potential implications for safety and
efficacy, given its narrow therapeutic window. These include

1200 « JID 2024:229 (15 April) « Abdelgawad et al


https://orcid.org/0000-0002-4907-345X
https://orcid.org/0000-0002-9070-8699
https://orcid.org/0000-0001-7494-079X
mailto:abdnoh001@myuct.ac.za
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/infdis/jiad413

host factors (eg, body size) and disease factors, such as CSF pro-
tein concentrations and blood-brain barrier permeability. Also,
clinical trials pair linezolid with high-dose rifampicin in TBM
treatment regimens. As a potent inducer of the cytochrome
P450 (CYP) system and upregulator of drug transporters
[13], rifampicin could affect the PK of linezolid. Studies in
healthy volunteers and pulmonary TB have shown a moderate
reduction in linezolid exposure when administered with
standard-dose rifampicin [14, 15]. The impact on site of disease
(CSF) concentrations and clinical implications of this PK inter-
action is unknown but could theoretically lead to suboptimal
treatment or the development of antimicrobial resistance.

The objectives of this analysis were to describe the PK of line-
zolid in the plasma and CSF of adults with TBM to explore the
effect of high-dose rifampicin on linezolid PK, evaluate covar-
iate effects on plasma and CSF drug levels, and simulate expo-
sures for optimized dosing strategies.

METHODS

Study Data

This was a substudy of LASER-TBM [16], a phase IIb open-label
trial that evaluated the safety and PK of intensified antibiotic
therapy in adults with HIV and TBM [12]. Participants were en-
rolled from 4 public hospitals in Cape Town and Ggeberha,
South Africa, and randomized to study interventions within
5 days of starting antituberculosis treatment. The standard-of-
care group (control) received fixed-dose combination oral tab-
lets (rifampicin, 10 mg/kg; isoniazid, 5 mg/kg; pyrazinamide,
25 mg/kg; ethambutol, 15 mg/kg) according to World Health
Organization weight bands. Participants allocated to experi-
mental groups were administered the standard regimen with a
higher dose of rifampicin (35 mg/kg in total with bespoke
weight bands [17]) and linezolid for 56 days (1200 mg once daily
for the first 28 days, then 600 mg once daily), with or without as-
pirin. All participants received adjunctive dexamethasone.

PK sampling visits were scheduled on day 3 (+2 days) and day
28 (+2 days) after study entry. At the day 3 visit, plasma was col-
lected at predose and 0.5, 1, 2, 3, 6, 8 to 10, and 24 hours post-
dose (intensive) and, on day 28, at predose and 2 and 4 hours
postdose (sparse). Sparse sampling was performed on day 3
for participants who declined intensive sampling or for whom
intensive sampling could not be done. One lumbar CSF sample
was collected at each PK sampling visit, with timing randomized
to intervals of 1 to 3, 3 to 6, 6 to 10, and 24 hours after dosing.
Clinical information was collected, and full blood count and se-
rum chemistry data were obtained at each visit. Total protein,
albumin, and glucose were measured in CSF samples.

Linezolid plasma and CSF concentrations were measured in
the Division of Clinical Pharmacology at the University of Cape
Town. The plasma assay summary has been described [18].
Cholesterol and 4-B hydroxy cholesterol (4B-OHC) were also

measured in predose plasma samples collected on both PK vis-
its. 4B-OHC is a metabolite of cholesterol formed by CYP3A4,
and the ratio between its concentration and that of cholesterol
is used as a marker of CYP3A4/5 endogenous activity [19].
Additionally, the unbound concentration of linezolid in plasma
was quantified in a subset of samples to estimate the degree of
plasma protein binding. Details of analytic assays are outlined
in the supplementary file.

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

PK Modeling

Nonlinear mixed-effects modeling was used to create a popula-
tion PK model describing linezolid PK in plasma and lumbar
CSFE. The model was developed sequentially: first describing
plasma linezolid and then including CSF concentrations.

For the plasma PK, we tested 1- and 2-compartment dispo-
sition models with linear or saturable elimination and first-pass
effect. The CSF concentrations were described via a hypothet-
ical effect compartment linked to the central (plasma) compart-
ment, which estimates the first-order equilibration rate
constant of linezolid between the central and effect compart-
ments  (Kplasma-csp) and the pseudo-partition coefficient
(PPC). Further details on the modeling approach are available
in the supplementary file.

Following the development of the structural model, we tested
the effect of potential covariates: creatinine clearance (calculated
with the Cockceroft-Gault equation [20]), age, study visit, dura-
tion of concomitant rifampicin treatment, study site, and treat-
ment arm. For the CSF PK parameters PPC and kjjasma-cses
we also tested the effect of CSF total protein, albumin, and
glucose concentrations. The precision of the parameter estimates
of the final model, expressed as 95% CIs and percentage relative
SE, was assessed via sampling/importance resampling [21].

In the plasma samples with matched free and total linezolid
concentrations available, the free concentrations were re-
gressed against the total concentration with an intercept of
0 per Deming regression [22, 23]. The fraction unbound (fu)
was estimated from the slope of the regression line.

Simulations

The model-derived area under the concentration-time curve
from time 0 to 24 hours postdose (AUC_,4;) and the concen-
tration at 24 hours postdose (C,y,) were calculated for
the available profiles. Monte Carlo simulations (n=10000)
were performed with final model parameters to simulate
concentration-time profiles in plasma and CSF following daily
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linezolid doses of 600 or 1200 mg at steady state for a typical
participant with a median fat-free mass of 45 kg and CSF pro-
tein of 0.995 mg/mL.

RESULTS

Study Data
Thirty participants underwent PK sampling on day 3 of the
study (the first PK visit), and 18 had PK sampling on day 28
(the second PK visit)—1 of whom was excluded from this anal-
ysis because all 3 samples were below the limit of quantification
(BLQ; later confirmed to have missed dosing). Reasons for
missing the second PK visit included death, interrupting line-
zolid dose due to adverse events, or withdrawing consent.
Concentrations available for PK modeling totaled 247 for plas-
ma (6 BLQ, 2.43%) and 28 for CSF (7 BLQ, 25%). All partici-
pants were receiving 1200 mg of linezolid daily at the first PK
visit; on day 28, 13 received 1200 mg and 4 received 600 mg.
Baseline clinical characteristics are summarized in Table 1.
Median CD4 count was 137 cells/mm?® (range, 2-890).
Median duration on rifampicin therapy was 5 days (range,
0-7) at the day 3 PK visit and 30 days (range, 27-38) at the
day 28 visit. Median CSF total protein concentrations decreased
from 1.46 g/L (range, 0.31-54.7) at day 3 to 0.75 g/L (range,
0.22-2.19) at day 28.

PK Modeling

The plasma PK of linezolid was best characterized by a 1-com-
partment disposition model, saturable elimination with
Michaelis-Menten, and first-order absorption preceded by a
chain of transit compartments. Saturable elimination resulted
in a better model fit than linear elimination (drop in objective
function value [dOFV]=-9.03, P=.00205, df =1). A sche-
matic diagram of the model in shown in Figure 1.
Two-compartment disposition was tested but did not result in
a significant improvement of fit. Maximal clearance (CLmax)
and volume of distribution (V) were allometrically scaled with
fat-free mass (dOFV =—30 vs —7.7 with total body weight).
In a typical participant (median fat-free mass, 45 kg), the value
of CLmax was 7.25 L/h; the Michaelis-Menten constant (k,,),
which is a parameter that governs saturable hepatic elimination
and represents the linezolid concentration at which half the
CLmax is reached, was 27.2 mg/L; and the V was 40.8 L. The in-
clusion of between-visit variability in CLmax improved the
model fit, but no systematic increase or decrease was observed
with duration of treatment. Longitudinal changes in clearance
were explored by testing autoinhibition and duration of rifam-
picin cotreatment, but no significant effect was found for either.
We also could not find any effect when testing the ratio of
4B-OHC to cholesterol, creatinine clearance, or age on CLmax
and bioavailability (F). The final parameter estimates are

Table 1. Clinical Characteristics by Visit Day
Median (Range) or No. (%)

Day 3 (n=230) Day 28 (n=17)
Sex: male 18 (60) 11 (65)
Age,y 40 (27-56) 37 (27-51)
Weight, kg 58 (30-96) 61 (37-81)
Height,®® m 1.61(1.48-1.80)  1.61(1.57-1.80)
Fat-free mass,>° kg 45 (30-59) 48 (32-60)
Serum creatinine, mmol/L 61 (27-87) 50 (34-86)

4B-OHC/cholesterol,4 molar
ratiox 107°

1.48 (0.313-6.79)  1.90 (0.384-5.50)

Daily linezolid oral dose, mg

1200 30 10

600 0 7
Duration of rifampicin treatment,® d 5 (0-7) 30 (27-38)
CSFf

Total protein, g/L 1.46 (0.310-564.7)  0.750 (0.220-2.19)

Albumin, g/L 3.32(0.93-23.34) 4.47 (0.46-11.41)

Glucose, mmol/L 2.9 (1.0-5.3) 3.2 (2.2-3.6)
Antiretroviral therapy

Previous 11 (37) 6 (35)

Naive 10 (33) 5 (29)

Undergoing 9 (30) 6 (35)
Participants concomitantly taking

Tenofovir/femtricitabine/efavirenz 7 5

Abacavir/lamivudine/lopinavir 2 1

Abbreviations: 48-OHC, 4-B hydroxy cholesterol; CSF, cerebrospinal fluid.

“Heights were missing for 18 (60%) of 30 participants and imputed by sex and weight as
outlined in the supplementary file.

bData represent the nonmissing values (ie, data do not include the imputed values).
°Fat-free mass was calculated by sex, weight, and height according to the formula of
Janmahasatian et al [24].

9The ratio of 4-OHC to cholesterol was missing in 4 and 3 participants on days 3 and 28,
respectively.

®The total number of days since the start of tuberculosis treatment, which was ~1 to 3 days
before recruitment into the study and start of the investigational treatment. When starting
treatment, participants took the standard dose of rifampicin (10 mg/kg) and then switched to
a high dose (35 mg/kg) at the start of the study.

*Participants with CSF observations, CSF protein, aloumin, and glucose were missing for 2/
18 (11%) on day 3 and for 3/10 (30%) on day 28.
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Figure 1. Representation of the final model:  is the rate constant for the drug
passage through the transit compartments; Kyjasma-csr is the equilibration rate cons-
tant for plasma—cerebrospinal fluid (CSF), which describes how soon the change in
plasma is reflected in the CSF; k;, absorption rate constant; PPCpjasma-csr is the
pseudo-partition coefficient, which represents the ratio of drug in CSF to the
plasma.
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presented in Table 2. A visual predictive check showing ade-
quate model fit is depicted in Supplementary Figure 1.

The CSF concentrations were linked to the plasma concen-
trations with an equilibration half-life of 3.5 hours (95% CI,
2.04-8.16) and the steady-state equilibrium ratio (PPC), indi-
cating the relative amount of linezolid exposure in CSF, which
was dependent on CSF protein levels. Figure S2 shows the in-
terpretability of the equilibration rate constant and the PPC

Table 2. Final Population Pharmacokinetic Parameter Estimates for

Linezolid in Plasma and Lumbar CSF

Parameter

Estimate (95% CI)
[RSE, %]°

CLmax: maximal clearance, L/h°
km: Michaelis-Menten constant, mg/L
V: volume of distribution, L°
F: bioavailability
MTT: mean transit time, h
NN: No. of absorption transit compartments
ks: absorption rate constant, h™"
Plasma

Proportional error, %

Additive error, mg/L°®
BSV: between-subject variability in CLmax, %
BVV: between-visit variability in CLmax, %
BOV: between-occasion variability in ks, %
BOV in MTT, %

7.25 (6.09-8.86) [9.93]

27.2 (16.0-46.4) [29.1]

40.8 (37.9-43.6) [3.65]
1 fixed

0.211 (.112-.342) [28.6]

5.68 (2.36-11.8) [43.5]

1.21 (.831-1.76) [19.6]

21.5(18.8-24.7) [7.06]
0.173 (.0379-.355) [47.1]
9.60 (3.44-13.9) [61.9]
20.3 (15.3-26.9) [30.7]
87.9 (66.4-110) [25.9]
110 (75.8-144) [32.8]

0.198 (.0849-.340) [33.7]
0.365 (.238-.566) [23.2]

Kolasma-csr: €quilibration rate constant to CSF, e

PPCmax: maximal pseudo-partition coefficient
to CSF

CSF proteinmax: CSF protein at which PPC .«
is reached, mg/mL®

CSF
Proportional error, %
Additive error, mg/L°®

1.18 (.730-1.90) [24.4]

91.5 (63.3-151) [23.4]
0.02 fixed

Abbreviations: CSF, cerebrospinal fluid; RSE, relative SE.

#95% Cls and RSEs were computed with sampling/importance resampling on the final
model.

®CLmax and V were allometrically scaled, so the values reported here refer to the typical
participant (ie, a median fat-free mass of 45 kg).

°The estimated additive component of the error was not significantly different from its lower
boundary of 20% of the lower limit of quantitation, so it was fixed to this value.
dCorresponds to an equilibration half-life of 3.5 hours (95% Cl, 2.04-8.16 hours).

°For CSF protein < CSF protein.x (ie, the breakpoint): PPC,= PPC,,., - [slope - (CSF protein
— breakpoint)], where the breakpoint was an estimated 1.18 mg/mL and the slope was
0.847. The slope was calculated from the following equation: slope = (amplitude —
intercept) / (breakpoint — 0), where the intercept and amplitude were fixed to 0 and 1,
respectively. For CSF protein > CSF proteinma.: PPC; = PPCrax. The PPC-CSF protein
relationship is depicted in Figure 2, and more details are provided in the supplementary file.

in the context of effect compartment modelling approach.
The PPC-CSF protein relationship was described by a piecewise
linear function (broken stick), where the PPC increased with
higher CSF protein levels until reaching a maximal CSF protein
value where it plateaued (ie, a maximal PPC value). The break-
point was estimated, while the slope (ie, the change in PPC per
change in CSF protein) was calculated from the breakpoint and
the intercept (minimum PPC), which was fixed at 0 to prevent
the estimation of negative PPC values, which are physiological-
ly unplausible. For each 0.1-mg/mL increase in CSF protein, we
found an increase of 3% in PPC up to 1.18 mg/mL of CSF pro-
tein, after which the PPC reached a maximal value of 0.365
(95% CI, .238-.566; Figure 2). CSF protein and albumin corre-
lated significantly with PPC; note, however, that both are highly
positively correlated. Only CSF protein was included in the fi-
nal model because it resulted in a more significant dOFV and
because albumin is a component of the proteins measured.

The regression plots of linezolid-free vs total concentrations
and linezolid fu vs total linezolid concentration (milligram/liter)
are shown in Supplementary Figures 3 and 4. There was no
apparent trend of changing fu across the observed range of total
linezolid concentration.

Simulations

Figure 3 depicts the simulated plasma and CSF concentration
time profiles for the typical participant in our cohort following
a once daily dose of linezolid (600 or 1200 mg). The model-
derived individual values for the steady-state AUC,_,4, and
concentrations at 24 hours post-dose are shown in Figure 4
and summarized in Table 3.

DISCUSSION

Linezolid is being evaluated in several clinical trials as part of
enhanced antimicrobial therapy for TBM. This is based on lim-
ited clinical evidence from small observational studies in TBM
[10, 11] and reports of successful use in gram-positive CNS
infection. However, there is scarce information on linezolid ex-
posure in the CSF, especially among patients with TBM, a pre-
sumed requirement for clinical efficacy in this condition. We
characterized the PK of linezolid in plasma and CSF from a co-
hort of South African patients with HIV-associated TBM. The
extent of linezolid penetration into the CSF was on average

Table 3. Linezolid Model-Derived AUC for 24 Hours and Concentrations at 24 Hours Postdose

Plasma

Cerebrospinal Fluid

1200 mg (n=40)

600 mg (n=7)

1200 mg (n=40) 600 mg (n=7)

AUCq_an, mg-h/L
Ca4, mg/L

278 (87.3-762)
1.69 (0.1564-13.5)

93.7 (66.7-167)
0.406 (0.0614-1.67)

81.6 (19.7-234)
1.32 (0.327-6.48)

24.0 (6.55-56.8)
0.369 (0.0495-1.02)

Data are presented as median (Min-Max.). Within-group comparisons are by daily dose (1200 and 600 mg).

Abbreviation: AUCq_24p, area under the curve from time 0 to 24 hours.
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Figure 2. The relationship of the pseudo-partition coefficient (PPC) vs the cerebrospinal fluid (CSF) protein level via the piecewise function (broken stick). The solid line
represents the median, and the shaded areas represent the uncertainty around the estimates of the breakpoint (the maximal CSF protein value at which PPC,,, is reached)
and the calculated slope. The dashed line depicts the extrapolated part of the PPC—-CSF protein relationship for CSF protein values outside the range observed in the study
cohort; the lowest observed value was 0.22 mg/mL. The ticks on the x-axis represent the values of the CSF protein observed in our cohort; CSF protein values >3 mg/mL were
truncated for better figure visibility. Some ticks are overlapping because there are some duplicated CSF protein values.

~30% of plasma exposure and correlated with CSF protein con-
centrations; specifically, CSF penetration was higher in partic-
ipants with higher CSF protein, reaching a maximal value of
~37%. Coadministration with high-dose rifampicin (35 mg/
kg/d), when comparing the duration of rifampicin treatment
on day 3 vs day 28, did not have a significant effect on the
PK of linezolid.

Several prior studies may help to contextualize our findings.
A recent observational study reported CSF linezolid concentra-
tions from 17 patients with TBM (only 1 with HIV) who re-
ceived 600 mg of linezolid daily [25]. At 2 and 6 hours
postdose, the median CSF concentrations were 0.90 and
3.14 mg/L and the CSF/serum ratios were 0.25 and 0.59, respec-
tively. CSF linezolid concentrations were also reported from 2
small neurosurgical cohorts receiving 600 mg of linezolid intra-
venously every 12 hours. In the smaller study (n = 7), the mean
observed CSF/plasma AUC ratio was 0.565 (n =7); the mean
(SD) AUC,_, after the first dose was 37.7 (23.9) mg-h/L; and
AUC, 5y, after the fifth dose was 53.7 (50.3) mg-h/L. In the
slightly larger study (n =14), the mean observed CSF/plasma
AUC ratio was 0.66, and the mean (SD) AUC in CSF was 101
(59.6) mg-h/L [26, 27]. Direct comparison is limited because
of differences in population (HIV status, disease type and se-
verity), dosing and administration, and drug assays. CSF/plasma
concentration and AUC ratios should be cautiously interpreted
in these prior studies [25-27] since observed CSF and plasma
concentrations were compared at the same time points, not
accounting for delay in distribution between the plasma and
CSEF. Despite having access to only a single CSF sample per visit
(due to the invasive nature of lumbar puncture), using a model-
based approach allowed us to describe the time course for

linezolid entry into CSF. The limitation of sparse CSF sampling
in our study was further mitigated by randomizing participants
to different sampling times so that CSF samples could be ob-
tained over the full dosing interval. Another limitation is the
relatively high proportion of BLQ CSF samples, which gives
high variability in the observed CSF concentrations that is re-
flected in the proportional error estimate for the CSF observa-
tions. To test the effect of these samples on our analysis, we
conducted a sensitivity analysis after excluding the BLQ sam-
ples. Their exclusion mainly affected the estimate of the pro-
portional error, which decreased but did not affect the
estimates of the PPC and the equilibration half-life.
Additionally, we performed a parametric bootstrap (stochastic
simulation and estimation), which yielded uncertainty values in
line with the values obtained from sampling/importance re-
sampling, thus corroborating our confidence in the results [28].
Other studies have reported a relationship between the levels
of CSF total protein (or albumin) and antituberculosis drugs in
TBM [29, 30]. In a pediatric population, there was a linear re-
lationship between log-transformed CSF protein concentration
and the CSF penetration of rifampicin, with a 63% increase in
the penetration coefficient for every 10-fold change in protein
levels [29]. In a pediatric cohort with TBM, an exponential
function was used to describe the relationship between CSF
protein concentrations and the partition coefficient of rifampi-
cin, where an increase of 1 g/L in CSF protein concentration re-
sulted in a 1.28-fold increase in the partition coefficient [30].
There are 2 plausible, potentially overlapping, explanations
for our finding of a correlation between CSF protein levels
and extent of CSF linezolid partitioning. In a healthy state,
the blood-CSF barrier is intact, and just a small fraction of
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plasma proteins can enter into the CNS, leaving only unbound
drug fraction available for penetration into this compartment
[7]. Inflammation associated with TBM may increase
blood-CSF barrier permeability, causing plasma protein and to-
tal drug concentrations to be higher in the CSF. Another pos-
sible explanation for this relationship is higher endogenous
CSF protein production from local inflammation, leading to al-
terations in CSF drug binding kinetics and higher concentra-
tions of total drug in TBM. Quantification of free drug CSF
concentrations may help to further delineate CSF protein-
drug relationships.

Linezolid is provided with high-dose rifampicin (35 mg/kg/
d) in ongoing efficacy trials for TBM. Because of prior reports
of a drug-drug interaction between rifampicin and linezolid—
plus the likelihood of a rifampicin dose effect on metabolizing
enzyme activity [31], which could affect the linezolid plasma
exposure and hence the CSF exposure—we investigated a po-
tential effect of rifampicin on linezolid PK. In our study, there
was no control group that received only linezolid without
rifampicin to clearly identify a drug-drug interaction.
However, estimated linezolid clearance in our cohort was com-
parable to that reported from patients receiving linezolid for
drug-resistant pulmonary TB without concomitant rifampicin.
In addition, since the maximal CYP induction effect of rifam-
picin occurs after at least a week [32], we investigated the effect
of the duration of rifampicin therapy on linezolid PK (rather
than rifampicin coadministration as a categorical covariate)
and could not detect any significant trends. Furthermore, we
found no relationship between 4B-OHC/cholesterol ratio or
4B-OHC alone (as a predictive biomarker of enzyme induction
by rifampicin) and linezolid clearance or bioavailability. Our
data indicate that even if rifampicin had an effect on linezolid
exposures, it is unlikely to be clinically relevant.

In contrast to our findings, smaller studies among healthy
volunteers and patients without TB have demonstrated a re-
duction in linezolid exposure when administered with rifampi-
cin [14, 33-35]. This interaction has been variously attributed
to either a large increase in the expression of the CYP3A4 iso-
enzyme, which typically has a small contribution to linezolid
clearance [14], or the increased upregulation of linezolid intes-
tinal secretion by rifampicin induction of P-glycoprotein [35].
There is no definitive evidence that linezolid is a substrate of
P-glycoprotein; plus, it is mainly metabolized (~68%) in the liv-
er via morpholine ring oxidation, which is independent of the
cytochrome system, with the remainder excreted unchanged
via the kidneys [14].

As reported for patients with pulmonary TB, saturable elim-
ination was observed at higher linezolid plasma concentrations,
resulting in nonlinear PK [36]. Despite subtle differences in
Michaelis-Menten elimination kinetics (k,,), our estimates for
CLmax and V are in line with previously published linezolid
models [36-41]. Prior models based on patient data from
non-TB [42] and pulmonary TB [43] samples included an em-
pirical inhibition compartment to describe concentration- and
time-dependent autoinhibition of elimination. We also tested
this approach, but it did not result in a better model fit for
our data; as such, clearance values estimated by these models
are similar to ours. An overview of these models and a compar-
ison with the current work are summarized in Supplementary
Table 1.

Our analysis had several limitations. First, the sparse plasma
sampling (3 samples) performed during the second PK visit
does not allow for robust estimation of the nonlinearity in
clearance, especially since only 7 participants were taking the
reduced dose (600 mg). However, the model fit improved sig-
nificantly (P <.001) when it included saturation of clearance
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Figure 4. Secondary model-derived exposure parameters: AUCq.,4, and concentration at 24 hours postdose (Cysp) stratified by dose. Horizontal lines indicates medians.
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AUC, area under the curve.

with higher concentrations, supporting this conclusion.
Second, a limitation of the PPC-CSF protein relationship in
our model is that the minimum PPC was fixed to 0—meaning
no linezolid enters the CSF—to prevent the estimation of neg-
ative PPC values, which are physiologically implausible. Yet, a
CSF protein value of 0 is not observed in people where it varies
between 0.2% and 0.5% of the total protein concentration of
blood [44]. It is considered that 80% of CSF proteins originate
in blood and that CSF proteins are diluted in a molecule size-
dependent concentration gradient [45]. Finally, we did not un-
dertake simulations to estimate probability of target attainment
because a PK efficacy target is not established for TBM. While
our simulations do suggest that 1200 mg of daily dosing will
achieve linezolid concentrations above the critical concentra-
tion/minimum inhibitory concentration for Mycobacterium
tuberculosis, it is important to note that this putative efficacy
target is established in vitro under conditions that are
completely different from CSF. Additionally, drug protein
binding in the CSF is unknown, as is the relative free fraction
of the active drug.

In conclusion, we successfully developed a population PK
model for linezolid among adults with HIV-associated TBM,
demonstrating that linezolid penetrates into the CSF, a surrogate
compartment for site of disease in TBM, at potentially therapeu-
tic concentrations, even with concomitant use of high-dose ri-
fampicin. More investigations on the CSF protein-binding
dynamics of linezolid are required to better understand its CSF

partition. These findings support continued clinical evaluation
of linezolid with rifamycins for the treatment of TBM in adults.
Our model provides a platform that can be used for exploring al-
ternative linezolid dosing strategies in TBM once effective and
safe treatment targets are established for this condition.

Supplementary Data

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by the
authors to benefit the reader, the posted materials are not copy-
edited and are the sole responsibility of the authors, so ques-
tions or comments should be addressed to the corresponding
author.
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