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Background. Dexamethasone is recommended as adjunctive therapy for tuberculous meningitis (TBM). Co-administration
with rifampicin is expected to reduce dexamethasone exposure in TBM, an effect that may be more pronounced with the higher
rifampicin doses currently being evaluated in clinical trials.

Methods. This pharmacokinetic study was nested in a randomized controlled trial comparing the safety of high-dose rifampicin
(oral, 35 mg/kg; intravenous, 20 mg/kg) plus linezolid, with or without aspirin, versus standard-dose rifampicin (10 mg/kg) for
adults with HIV-associated TBM. All participants received adjunctive oral dexamethasone every 12 hours starting at a dose of
0.4 mg/kg/day. Dexamethasone concentrations were measured on intensively sampled plasma on day 3 after study enrollment
and analysed using nonlinear mixed-effects modeling.

Results. In total, 261 dexamethasone concentrations from 43 participants were available for model development. Eight (18%)
participants were on efavirenz-based ART and five (11%) were on a lopinavir/ritonavir-based regimen. The median duration of
rifampicin therapy at the time of pharmacokinetic sampling was 4 days (range: 0-7). Dexamethasone pharmacokinetics was best
described by a one-compartment disposition model with first-order absorption and elimination. Typical oral clearance (CL/F)
was 131 L/h, reduced to 11.5 L/h with concomitant lopinavir/ritonavir. High-dose rifampicin had no significant additional

effect on dexamethasone pharmacokinetic parameters compared with the standard-dose.

Conclusions. In adults with HIV-associated TBM, there was high dexamethasone clearance, likely related to a drug-drug
interaction with rifampicin. High-dose rifampicin had no additional effect on dexamethasone exposure.
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Tuberculous meningitis (TBM) is associated with high mor-
tality, particularly among people with HIV, and survivors
are often left with chronic neurological disability [1].
Disease severity in TBM is driven by intracerebral inflamma-
tion, caused by a dysregulated immune response to
Mycobacterium tuberculosis. Host inflammation is modulated
by dexamethasone, which confers modest survival benefit
when provided with antituberculosis drugs in randomized
controlled trials [2-4]. Adjunctive dexamethasone is therefore
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recommended by international treatment guidelines for all
adults with TBM.

Dexamethasone is a substrate of cytochrome P450 3A4
(CYP3A4) and P-glycoprotein (P-gp), making it susceptible
to drug-drug interactions (DDI). Multiple doses of dexametha-
sone can also increase the transcription of both proteins [5].
Coadministration with rifampicin, the cornerstone of TBM
treatment and a potent inducer of CYP3A4 and P-gp transport-
er activity, may reduce dexamethasone exposure [6, 7], poten-
tially affecting anti-inflammatory efficacy. This DDI may be
more pronounced with higher rifampicin doses (>20 mg/kg)
currently being evaluated in TBM trials [8]. Additionally, anti-
retroviral drugs may be CYP3A4 inhibitors or inducers, further
increasing the risk for dexamethasone DDI in HIV-associated
TBM.

We aimed to characterize the pharmacokinetics of dexame-
thasone co-administered with standard (10 mg/kg) or high-dose
rifampicin (35 mg/kg) among adults with HIV-associated TBM,
specifically to evaluate whether use of high-dose rifampicin re-
duced dexamethasone exposure in this population.
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METHODS

Study Design

This pharmacokinetic study was nested in the LASER-TBM
trial (NCT03927313), which evaluated safety of intensified an-
tituberculosis therapy among South African adults with
HIV-associated TBM [9]. Participants were randomized within
five days of starting TBM treatment to receive either the stan-
dard antituberculosis regimen containing rifampicin 10 mg/
kg together with isoniazid, pyrazinamide, and ethambutol
(R1oHZE) or an experimental regimen containing high-dose ri-
fampicin (oral 35 mg/kg or intravenous 20 mg/kg, determined
by a second randomization) (R;sHZE) and adding linezolid,
with or without daily aspirin 1000 mg. Oral dexamethasone
was administered to all participants every 12 hours for 4 weeks,
starting at a dose of 0.4 mg/kg/day and tapering by 0.1 mg/kg
per week, as recommended by national treatment guidelines.
Experimental therapy was provided for 56 days, after which
participants continued standard treatment.

Pharmacokinetic Sampling

Plasma samples were collected on day 3 (+2 days) after
study enrollment pre-dose, at 0.5, 1, 2, 3, 6, and 8-10 hours fol-
lowing the morning dose, and at 12 hours post-evening dose.
Immediately following collection, samples were processed on-
site and stored at —80°C. Dexamethasone concentrations
were quantified using a validated liquid chromatography-
tandem mass spectrometry assay (lower limit of quantification
[LLOQ]: 0.938 ng/mL) performed at the Division of Clinical
Pharmacology, University of Cape Town (Supplementary
material 1).

Pharmacokinetic Modeling

Dexamethasone concentrations were described using nonline-
ar mixed-effects modeling in NONMEM v7.5.1 [10]. One- and
two-compartment disposition models were tested with first-
order absorption (with or without lag time or chain of transit
compartments) and first-order elimination. Allometric scaling
was applied for disposition parameters, testing body weight or
fat-free mass (FFM) [11] as body size descriptors, with the ex-
ponents for clearance and volume fixed to 0.75 and 1, respec-
tively [12]. Other covariates, including creatinine clearance
(calculated using the Cockcroft-Gault formula [13]), age, treat-
ment arm, time on rifampicin, and concomitant antiretroviral
therapy (ART), were also assessed on pharmacokinetic param-
eters. Model development was guided by improvements in the
objective function value (AOFV), goodness-of-fit plots, physi-
ological plausibility and clinical relevance.

Random effects were included on the pharmacokinetic
parameters if statistically significant, using a log-normal distri-
bution [10]. Between-subject variability (BSV) was explored
for disposition parameters, and between-occasion variability

(BOV) was explored for absorption parameters and bioavail-
ability, with an occasion defined as a dosing event and its sub-
sequent observations.

Residual unexplained variability was described using an er-
ror model with both additive and proportional components,
with the additive component constrained to be at least 20%
of the assay’s LLOQ. Concentrations below the limit of quanti-
fication (BLQ) were handled using an adaptation of the M6
method proposed by Wijk et al. [14]. Details of population
pharmacokinetic modeling and handling of missing covariate
data are presented in Supplementary material 2.

The final population pharmacokinetics model was used to
estimate dexamethasone 12-hour area under the curve
(AUCy.12n) and maximum concentration (C,.,). Geometric
mean ratios (GMR) for secondary pharmacokinetic parameters
were computed for high-dose versus standard-dose rifampicin.

A post hoc power calculation showed that our study had
>80% power at an alpha of 0.05 to detect a 40% reduction in
dexamethasone exposure due to high-dose rifampicin.

RESULTS

Study Data

Dexamethasone concentrations from 43 individuals were avail-
able, consisting of 261 observations after excluding samples tak-
en 12 hours post-evening dose which could not be used because
the exact dose timing was unknown (Supplementary Figure 1).
35/261 (13%) of the samples were below the assay’s lower limit
of quantification, most of which were pre-dose observations.
The median duration of rifampicin therapy at the time of phar-
macokinetic sampling was 4 days (range: 0-7). All participants
were HIV-positive, 8 (18%) of whom were on efavirenz-based
ART and 5 (11%) on lopinavir/ritonavir-based ART, provided
at double the standard-dose (Table 1). Participants receiving
high-dose rifampicin had lower body weight (57 kg; range 30—
96) and thus received a lower total dexamethasone dose (9 mg;
range 6-16) compared with those on standard-dose rifampicin
(64 kg; range 42-107 and 12 mg; range 8-20, respectively)
(Supplementary Figure 2). Other baseline characteristics were
similar between the groups (Supplementary Table 1).

Pharmacokinetic Modeling

Dexamethasone pharmacokinetics was best described by a one-
compartment disposition model with first-order absorption
and elimination. The effect of body size was best characterized
using allometric scaling based on FFM (AOFV = —17.7), com-
pared with total body weight (AOFV = —12.3). The typical
subject (FFM: 45 kg) was estimated to have a volume of
distribution (V/F) of 26.6 L and an oral clearance (CL/F) of
131 L/h, which was reduced to 11.5 L/h with concomitant lopi-
navir/ritonavir (AOFV = —34.6, 1 degree of freedom, P < .001)
(Table 2). High-dose rifampicin had no significant effect on
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Table 1. Demographic and Clinical Characteristics

Table2. Final Pharmacokinetic Parameter Estimates for Dexamethasone

(n=43)

Males 22 (52)
Female 21 (48)
Weight (kg) 60 (30-107)
Height (cm)®© 160 (148-180) [15]
Fat-free mass (kg)>° 45 (30-59)
Age (y) 39 (25-78)
Creatinine clearance (mL/min) 94 (53-148)
Days on rifampicin® 4 (0-7)
Antiretroviral therapy (ART)

On ART 13 (30)

Efavirenz-based regimen 8 (18)

Lopinavir/ritonavir-based regimen 5(11)

ART Naive 19 (43)

Previous ART 11 (27)

Data is presented as median (range: min-max) or n (%). Numbers within square brackets
indicate the count of IDs with missing values.

“Heights were missing in 26 participants. The missing heights were estimated using the
provided details in the supplement S2.

°Fat-free mass was calculated by applying the formula from Janmahasatian et al [11].
°The reported median values along with the range (min—max) pertain exclusively to the
non-missing data; the imputed values were not included in these calculations.

%The total number of days corresponds to the duration since the initiation of treatment,
which commenced approximately 1-3 days before the start date for this study.
Participants were assumed to be on a standard-dose (10 mg/kg) of rifampicin at the
commencement of treatment and prior to study enrollment.

dexamethasone pharmacokinetic parameters compared with
the standard-dose (CL/F: AOFV = —1.54, P > .05; bioavailabil-
ity: AOFV =-0.09, P> .05) (Figure 1). No other covariates,
including efavirenz and aspirin, significantly influenced dexa-
methasone pharmacokinetics. Goodness-of-fit plots for the fi-
nal model are provided in Supplementary Figure 3.

The median dexamethasone AUC,_;,, among participants not
receiving lopinavir/ritonavir-based ART was 0.0864 mg-h/L
(range: 0.0333-0.201 mg-h/L), following a median dose of
10.5 mg (range: 6-20 mg). Among those co-treated with lopina-
vir/ritonavir-based ART, the median AUCy 5, was approxi-
mately 12 times higher, at 1.06 mg-h/L (range: 0.591-
2.51 mg-h/L), after a median dose of 10 mg (range: 8-16 mg)
(Figure 2). Dexamethasone median AUC,_,, was 0.0841 mg-h/
L (range: 0.0333-1.05) in the high-dose rifampicin group and
0.111 mg-h/L (range: 0.0364-2.51) in the standard-dose group,
corresponding to a GMR of 0.80 (95% CI: 0.43-1.50). Median
Ciax Was 0.0275 mg/L (range: 0.0113-0.128) and 0.0347 mg/L
(range: 0.00998-0.314) in the high-dose and standard-dose
groups, respectively (GMR: 0.77; 95% CI: 0.47-1.25) (Figure 3).
These differences are in line with the lower median total dexame-
thasone dose in the high-dose rifampicin group compared with
the standard-dose group (GMR: 0.83; 95% CI: 0.72-1.00).

DISCUSSION

We characterized the pharmacokinetics of oral dexamethasone
among adults with HIV-associated TBM receiving rifampicin-

Typical Values

Parameter (units) (95% CI)?
Clearance (L/h)° 131 (108-148)
Clearance with lopinavir/ritonavir-based ART (L/h) 11.5 (6.15-20.2)
Volume of distribution (L)° 26.6 (17.9-41.0)
Bioavailability (.) 1 Fixed
First-order absorption rate constant (h™") 0.397 (0.359-
0.437)
Between-subject variability in clearance (%) 61.8 (45.9-81.6)
Between-occasion variability in bioavailability 43.2 (25.7-55.4)
Between-occasion variability in first-order absorptionrate ~ 27.0 (17.9-35.1)
constant (%)
Proportional error (%) 33.4 (31.0-40.5)
Additive error (x1072 mg/L)° 0.180 Fixed

#Values in parentheses represent the 95% confidence interval, computed using sampling
importance resampling (SIR) on the final model.

SAll the disposition parameters were allometrically scaled using fat-free mass (FFM). The
reported typical values refer to the typical individual in the cohort with FFM of 45 kg.

°The estimate of the additive component of the residual unexplained variability did not
significantly differ from its lower boundary of 20% of LLOQ, it was consequently fixed to
this value.

based treatment. In this clinical trial population, receipt of
higher rifampicin doses had no additional effect on dexametha-
sone pharmacokinetics, and dexamethasone exposure was sim-
ilar among participants receiving high-dose rifampicin (35 mg/
kg) compared with standard dose rifampicin (10 mg/kg). By
contrast, there was a strong inhibitory effect from lopinavir/
ritonavir-based ART on dexamethasone clearance.

Limited data exist regarding dexamethasone pharmacoki-
netics in TBM patients, as well as its interactions with antitu-
berculosis and antiretroviral drugs. Pharmacokinetic studies
in healthy individuals receiving dexamethasone as monother-
apy have reported CL/F values of 15.6 L/h following oral ad-
ministration of 1.5 mg [5], and 18.1 L/h following an average
intravenous dose of 5.7 mg [16]. We observed substantially
higher dexamethasone CL/F of 131 L/h in our cohort of
South African patients with HIV-associated TBM. This value
exceeds hepatic blood flow (~90 L/h) [17], indicating low bio-
availability from significant first-pass metabolism [18].

A plausible explanation for the large dexamethasone CL/F
observed in our study is a DDI with rifampicin via induction
of CYP3A4 and increased expression of P-gp, enhancing dexa-
methasone clearance and reducing its bioavailability [19].
Previous reports support this hypothesis. A Japanese cohort
(n=27) involving TB patients and healthy volunteers receiving
intravenous dexamethasone reported a 5-fold increase in clear-
ance among individuals co-administered rifampicin compared
with those receiving dexamethasone alone [7]. Similarly, an-
other study involving healthy volunteers (n = 16) found that,
following oral administration, dexamethasone concentrations
measured at 8-hours post-dose were 5- to 10-fold lower in par-
ticipants co-treated with rifampicin compared with those not
receiving rifampicin [6].

Dexamethasone PK in TB Meningitis « CID « 3

GZ0z 1equada ¢z uo Jasn Bunoo] uopuoT jo Ajsianiun ‘s,061099 15 AlD Aq 08/228£8/2191eI0/PI0/SE0 L 01 /I0P/a]01He-20UBAPE/PID/WO9 dNO djWwapeoe//:sdyy wolj papeojumoq


http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaf642#supplementary-data

Standard-dose rifampicin (10 mg/kg) High-dose rifampicin (35 mg/kg)

No lopinavir/ritonavir With lopinavir/ritonavir No lopinavir/ritonavir With lopinavir/ritonavir

0.001

Dexamethasone concentration (mg/L)

Time after dose (hours)

Figure 1. Visual predictive check of dexamethasone concentrations versus time after dose, stratified by co-administered rifampicin dose level and further stratified by
lopinavir/ritonavir co-administration. Circles represent observed data. Solid and dashed lines indicate the 50th, 10th, and 90th percentiles of the observed data, while
the shaded areas represent the 95% model-predicted confidence intervals for the same percentiles.
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Indirect confirmation of the DDI with rifampicin is the
much higher dexamethasone exposure observed among partic-
ipants co-treated with lopinavir/ritonavir-based ART, likely
due to a DDI with ritonavir, a potent CYP3A4 inhibitor [20].
Dexamethasone CL/F in this subgroup (11.5 L/h) is consistent
with previous reports of dexamethasone administered alone
[5], suggesting that the potent inhibitory effect of ritonavir
counteracts rifampicin induction.

There is an established relationship between rifampicin con-
centration and CYP3A4 induction. This has been demonstrat-
ed in vitro, where a concentration-dependent effect from
rifampicin on CYP3A4 induction was shown in liver cell lines
[21], and among pulmonary TB patients (n = 24), where higher
doses of rifampicin (40 mg/kg) reduced exposure of the
CYP3A4 probe drug midazolam by 38% compared with stan-
dard rifampicin doses (10 mg/kg) [8]. Our study had >80%
power to detect such a drop in dexamethasone exposure due
to high-dose rifampicin, but no trend towards faster CL/F in
this group was visible in our data.

An explanation for lack of observed effect in our study is that
differences in probe substrate exposure between high-dose and
standard-dose rifampicin are minor compared with the large
overall effect of rifampicin itself (vs no rifampicin) [22].
lustrating this, the mean oral midazolam exposure after a sin-
gle 15 mg dose without rifampicin is 170 pg-h/L [22] and, in the
study of pulmonary TB patients, was reduced by 95.8% (to

7.10 ug-h/L) with 10 mg/kg rifampicin and by 97.4% (to
4.4 ug-h/L) with 40 mg/kg rifampicin [8]. This may indicate
that the small additional effect of higher rifampicin doses on
CYP3A4 induction does not necessarily translate into clinically
significant lower dexamethasone exposures, as demonstrated in
our study. The slightly lower exposures we observed in the
high-dose group were attributable to receipt of lower total dex-
amethasone doses rather than a DDI effect from high-dose
rifampicin.

Our analysis, and the probe substrate data, suggests that
CYP3A4 induction from rifampicin significantly reduces dexa-
methasone exposure, which could potentially influence its effi-
cacy. The recommended dexamethasone dose was established
from a randomized controlled trial (n=545) conducted in
Vietnam, which demonstrated a modest survival benefit among
predominantly HIV-negative patients receiving rifampicin-
based TBM treatment [2]. Dexamethasone was administered
intravenously in that trial, at the same dose used for oral ad-
ministration in our study. Oral dexamethasone has a bioavail-
ability of approximately 70%-80% [23] resulting in lower
systemic concentrations compared with intravenous dosing;
this reduced bioavailability could be exacerbated because ri-
fampicin induction is likely to have a more pronounced effect
on oral dexamethasone due to extensive CYP3A4-mediated
first-pass metabolism [24]. Therefore, providing oral dexame-
thasone alongside rifampicin to TBM patients may achieve
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substantially lower dexamethasone exposures than those in the
Vietnam trial, with potentially reduced clinical benefit.

A more recent trial found a smaller, non-significant effect
from adjunctive intravenous dexamethasone on survival
among patients with HIV-associated TBM in Vietnam and
Indonesia (n=520) [3]. The reason for the reduced efficacy
in this population is uncertain. It may be related to secular
trends in standard of care which had better outcomes com-
pared with the original trial, reducing the relative effect from
dexamethasone on survival. Another potential explanation
is a DDI with efavirenz, a CYP3A4 inducer [25], resulting in
increased dexamethasone clearance, as around half of partici-
pants in the dexamethasone arm (104/263) were on efavirenz-
based ART [3]. In our study no differences in dexamethasone
pharmacokinetics were observed among the eight participants
on efavirenz-based ART, although this small sample size may
have limited power to detect an effect. Additionally, since the
enzyme induction pathway of efavirenz largely overlaps with
that of rifampicin via activation of the pregnane X receptor
[25], it is possible that no discernible effect of efavirenz was
observed because participants had already been exposed to ri-
fampicin for a median of 4 days by the time of the pharmaco-
kinetic visit.

Our study has some limitations. First, we were unable to di-
rectly evaluate the DDI between rifampicin and dexamethasone
in this population because there was no comparator group
without rifampicin. However, the inhibitory effect of lopina-
vir/ritonavir—resulting in dexamethasone clearance values
comparable to those reported historically for dexamethasone
administered alone—provides indirect evidence of a DDI
with rifampicin. Second, measurement of dexamethasone con-
centrations occurred after a median of 4 days of rifampicin ex-
posure, prior to the full induction effect on CYP3A4, expected
after about 1 week [26]. This may lead to underestimation
of a DDI effect from high-dose rifampicin, which may be
more pronounced after more prolonged coadministration.
However, later impact on dexamethasone exposure is difficult
to predict because of interindividual variability in CYP3A4 ac-
tivity and dynamic rifampicin exposure from autoinduction
[15]. Finally, since all patients in our study received dexametha-
sone orally, we were unable to estimate dexamethasone bioa-
vailability and separate the potentially different effects of
rifampicin induction on first-pass metabolism and systemic
clearance.

In summary, our analysis suggests that CYP3A4 induction
from rifampicin significantly reduces oral dexamethasone ex-
posure, which could potentially influence its efficacy.
Although the clinical implications are unclear—given that the
target exposure for dexamethasone in TBM is unknown—prior
knowledge of CYP3A4 substrate metabolism suggests that the
reduction in dexamethasone exposure with oral dosing is
much more pronounced than with intravenous dosing. The

similar dexamethasone exposures observed between standard-
and high-dose rifampicin in our study reduce the likelihood of
potential harm from high-dose rifampicin in TBM due to re-
duced dexamethasone exposure and, consequently, a reduced
anti-inflammatory effect.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding
author.
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