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Abstract

Riluzole, a benzothiazole sodium channel blocker that received US Food and Drug Administration approval to attenuate neurodegeneration in
amyotrophic lateral sclerosis in 1995, was found to be safe and potentially efficacious in a spinal cord injury (SCI) population, as evident in a phase I
clinical trial. The acute and progressive nature of traumatic SCI and the complexity of secondary injury processes can alter the pharmacokinetics of
therapeutics. A 1-compartment with first-order elimination population pharmacokinetic model for riluzole incorporating time-dependent clearance
and volume of distribution was developed from combined data of the phase 1 and the ongoing phase 2/3 trials. This change in therapeutic exposure
may lead to a biased estimate of the exposure-response relationship when evaluating therapeutic effects.With the developed model, a rational, optimal
dosing scheme can be designed with time-dependent modification that preserves the required therapeutic exposure of riluzole.
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Spinal cord injury (SCI) impairs physical and psycho-
logical health, independence, and quality of life of
patients. Approximately 17 810 new cases of SCI are
reported every year, and currently between 250 000 and
368 000 people are chronically affected by SCI in North
America alone.1
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Establishing effective therapies for patients with SCI
is an ongoing effort. Currently, a leading candidate to
improve neurological outcomes following traumatic
injury, based on initial clinical studies, is riluzole.2 It is
a US Food and Drug Administration (FDA)–approved
drug for amyotrophic lateral sclerosis (ALS).3,4

http://creativecommons.org/licenses/by-nc/4.0/
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Riluzole, a benzothiazole anticonvulsant sodium
channel blocker, has the potential to protect nerve
cells and promote functional neurological recovery
after physical injury.5,6 Neuroprotective mechanism
attenuates secondary injury cascade by maintaining
neuronal ionic balance and inhibiting excitotoxic
glutamate release. Preclinical studies using a rodent
SCI model have demonstrated the association between
riluzole treatment and reduced neurological tissue
destruction at the injury site, thus improving functional
outcomes. Riluzole is an oral tablet that is well
absorbed from the gastrointestinal tract with absolute
bioavailability of approximately 60%. A high-fat meal
significantly reduces the bioavailability of the drug by
prolonging absorption. Despite large interindividual
variability, riluzole plasma concentrations are linearly
related to the administered dose over dose ranges of
25-250 mg.7 Riluzole is extensively metabolized in
the liver by cytochrome P450 (CYP1) A1/2, followed
by glucuronide conjugation to be eliminated renally,
with only 0.5% of dose excreted unchanged.7 Having
an intermediate extraction ratio and high plasma
protein binding (96%), riluzole plasma concentration
is influenced by blood flow, intrinsic clearance, and
fraction unbound. The drug distributes extensively
into the tissues and have been shown to cross the
blood-brain/spinal cord barrier. Preclinical and clinical
data obtained after repeated dosing do not suggest any
autoinduction or autoinhibition capability of riluzole
on CYP1A1/2 enzymes.

It is important to understand how traumatic SCI
uniquely affects drug levels to optimize the treatment
protocols. A successful phase 1 clinical trial indi-
cated that riluzole taken orally is well tolerated and
potentially efficacious in improving neurological out-
comes of traumatic cervical SCI patients. However, the
progressive nature of SCI pathology leads to altered
pharmacokinetics (PK) of the orally delivered riluzole
during the treatment course of 14 days. The phase 1
PK study documented the riluzole PK changes show-
ing a significantly higher peak concentration (Cpeak),
trough concentration (Ctrough), and 12-hour exposure
(AUC0→12) on day 3 post–drug initiation than on day
14, a robust phenomenon consistently observed in all
patients at all clinical sites.8 PK analysis revealed that
these changes resulted from higher clearance (CL/F)
and larger volume of distribution (Vd/F) on day 14
compared with those on day 3. Lower exposure of
riluzole on the same dose basis at the later stage of treat-
ment can limit treatment efficacy. Therefore, it is im-
perative to quantitatively characterize the trend in PK
changes and understand the potential impacts of those
changes on the overall neurologic recovery, functional
outcomes, mortality, and adverse events. A multicenter
randomized, placebo-controlled, double-blindRiluzole

in Acute Spinal Cord Injury Study (RISCIS) phase 2/3
trial is currently ongoing, in which a PK substudy is
performed to characterize the dynamic PK changes that
take place between day 3 and day 14 of the treatment.9

In this article, information gained from PK studies of
both phase 1 and partially accomplished phase 2/3 are
used to develop a population pharmacokinetic model
that can describe the time-varying parameters induced
by SCI progression. The resulting validated population
pharmacokinetic model can be used to guide rational
dosing to maintain the therapeutic exposure of riluzole
treatment throughout the course of 2 weeks, despite the
heterogeneous nature of injury in the population and
the complex cotreatments for secondary adverse events.

Methods
SCI Patient Demographics
The concentration-time data used for analysis were
collected from 2 clinical trials, both of which received
ethical institutional review board approval from the
individual participating institutions. Informed consent
was obtained from all patients. The phase 1 clinical
trial investigating the safety and pharmacokinetics of
riluzole was completed in 2011 (ClinicalTrials.gov Iden-
tifier:NCT00876889). RISCIS (ClinicalTrials.gov Iden-
tifier: NCT01597518) is presently an ongoing phase 2/3
multicenter randomized, placebo-controlled, double-
blind trial to evaluate efficacy and safety of riluzole
in the treatment of patients with acute SCI. The sites
funded by the Department of Defense received Human
Research Protection Office approval. The protocols
that followed were in compliance with Good Clinical
Practices.

The phase 1 trial recruited 36 patients with these
inclusion criteria: age from 18 to 70 years; American
Spinal Injury Association impairment scale grades A,
B, or C; able to receive the drug within 12 hours of
injury; written informed consent; and traumatic SCI
injury level between C4 and T12. The subsequent phase
2/3 trial has recruited 146 patients for inclusion in
this study, with 31 patients enrolled in this sub-PK
study. Inclusion criteria for phase 2/3 were similar to
those of phase 1, except for SCI injury level between
C4 and C8. The exclusion criteria for both studies
included hypersensitivity to riluzole; penetrating injury;
concomitant head injury, defined as Glasgow Coma
Scale score < 14; preexisting neurologic or mental
disorder; history of chemical substance dependence;
liver or kidney disease; pregnancy; prisoner; and par-
ticipation in another clinical trial. In total, 227 riluzole
plasma concentrations from 47 patients (34 from phase
1 and 13 from phase 2/3) were used in this analysis. The
medication log for each patient was obtained to screen
for potential concomitant drug-drug interactions.
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Riluzole Treatment and Blood Sampling Protocol
Phase 1 participants received a 50-mg dose every
12 hours for 14 days. The dose was selected based on
a randomized, controlled trial of riluzole in patients
with ALS, in which the efficacy and safety of riluzole
in twice-daily doses of 25, 50, and 100 mg were inves-
tigated. The dose of 50 mg twice daily was selected
because the dose of 25 mg offers insignificant merit
over placebo; doses of 50 and 100 mg are superior to
placebo, with no difference between the 2 doses, but the
dose of 50 mg twice daily had the best benefit/harm
ratio.4 In this phase 1 study, plasma samples were
collected 1 hour predose and within 1-2 hours postdose
on the third and 14th days.

Phase 2/3 participants received a 100-mg loading
dose every 12 hours on the first day, followed by a
50-mg dose every 12 hours for the remaining 13 days
of the treatment. To supplement the observation of
variant PK from the phase 1 study, additional samples
on days 7 and 10 were collected. Specifically, plasma
sampling was performed immediately before dose, and
approximately 3 hours postdose on days 3, 7, 10, and
14.8 Recognizing different sampling times between the 2
studies, actual dosing and sampling times for each study
were recorded and applied in our data file.

Riluzole was taken at least an hour before or 2
hours after, a meal to avoid a food-related decrease
in bioavailability. SCI patients often experience injury-
related complications that require administration of
several concomitant medications. Only noncontraindi-
cated concomitant medications were administered and
recorded.

Liquid Chromatography-Tandem Mass Spectrometry
Quantification
Riluzole concentrations were quantified using an liq-
uid chromatography-tandem mass spectrometry assay
method previously developed and validated.10 Riluzole
and its radiolabeled internal standard (IS) [13C,15N2]
riluzole were isolated from plasma by liquid-liquid
extraction using ethyl acetate. Riluzole and IS elution
at 1.9 minutes was achieved using 0.4 mL/min iso-
cratic flow through a Waters AQUITY UPLC BEH
C18 column (2.1 × 50 mm, 1.7-μm particle size)
with the mobile phase composed of 20% ACN and
80% MeOH:water (70:30, v/v) containing 0.1% formic
acid. Riluzole (m/z 235 → 166) and IS (m/z 238 →
169) were detected by electrospray ionization using
multiple reaction monitoring in a positive mode on a
QTRAP 3200 System (AB SCIEX, Framingham, Mas-
sachusetts). The assay had linearity established between
0.5 (the lower limit of quantitation) and 800 ng/mL
and intraday and interday accuracy and precision of
riluzole assay within 10%, meeting the requirements of
FDA guidelines.

PK Data Analysis
PK analysis was executed in Phoenix NLME, version
8.2 (Certara L.P. Pharsight, St. Louis, Missouri). The
population analysis of phase 1 data provided rea-
sonable initial estimates and structural modeling for
the final model, which included both phase 1 and
phase 2/3 data.8 Although the PK parameters were
estimated using only 2 concentration-time data on each
sampling day, potentially limiting the structural model
to having only 1 compartment, the model generated
can still serve our purpose of describing the dynamic
PK changes that took place throughout the 14-day
treatment period. A naive-pooled method was used to
confirm the initial estimates and structural model using
Akaike information criterion (AIC), an extension of the
minus twice the log likelihood, as the selection criterion.
AIC differences of ≥4 were regarded as significant.
Nonlinear mixed-effects modeling was performed using
the first-order conditional estimation–extended least-
squares (FOCE-ELS) approach to generate the model.
The interpatient variability of estimated parameters
was assumed to follow a normal distribution, with a
mean of 0 and variance of ω2. Residual variability,
referring to unexplained intrapatient variability, experi-
mental error, andmodelmisspecification, was estimated
using additive, multiplicative, and combined residual
models, respectively.

Model selection was informed by evaluating
goodness-of-fit criteria, including AIC, precision,
and scientific plausibility of parameter estimates and
visual inspection of graphical goodness-of-fit plots.
Internal validation was performed by nonparametric
bootstrapping without stratification (n = 1000).

One-compartment models incorporating empirical
equations for time-varying CL and V were explored
to describe the change in the PK of riluzole over
the 2-week period of treatment. Several approaches
to capturing the time-dependent components of
CL and Vd have been discussed in the literature
to characterize the PK of several antibodies for
anticancer immunotherapies.11–13 Liu et al modeled the
decrease in CL of nivolumab, human PD-1 blocking
antibody, as a sigmoidal maximal inhibitory response
process.11 The same approach was used by Wilkins
et al to explain the time-dependent increase in CL of
avelumab, human anti-PD-L1 antibody.12 Gibiansky’s
time-varying CL model for obinutuzumab, humanized
anti-CD20 monoclonal antibody, included parallel
time-independent and time-dependent CL processes.13

However, these approaches did not support the model
fitting for our data. Our PK study was designed to
capture the trends in which clearance and volume of
distribution were changing throughout the treatment
period and thus only had 2 concentration-time data per
dose. The time-varying models previously described
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in the literature were made possible by having
frequent sample collections that enabled complex
parameterization. Moreover, these suggested models
were developed to describe large molecules, which
behave differently in terms of mechanism and PK
fate.14 Very few publications described small molecules
exhibiting time-variant PK. One of these publications
comprehensively discussed several mathematical
models, including linear, exponential, concave,
sigmoidal Emax, and Weibull functions to characterize
the increase in elimination over time of polyethylene
glycol (PEG)–conjugated asparaginase oncaspar.15

The authors found that sigmoidal Emax and Weibull
models with clearance as a function of time after
dose, rather than time after first administration, best
described the time dependence of PEG-ASNase. This
suggested that drug-related effects were predominantly
driving the increase in elimination of Oncaspar.
The PK of riluzole, however, is clearly affected by
pathophysiological changes as a result of injury and
therefore would be best characterized by a function of
time after the initial dose that eventually plateaus, as
the nature of all biological processes. Consequently, the
final riluzole model was built using a simplified version
of Wilkins’s approach to describe the time-dependent
increase in parameters observed in our data, using
Michaelis Menten kinetics as illustrated in equation 1:

PARi,t = tvPAR× exp
(
Imax,i × Timei
t50,i + Timei

)

× exp (yPARi ) (1)

where PARi,t is the parameter value of individual i at
time t, tvPAR is the typical values of PK parameters for
the population, Imax,i is themaximal fold-change of that
parameter relative to baseline, Timei is the time after
the first dose in individual i, t50i indicates the time at
which 50% of Imax is reached, and ηPARi is interpatient
variability in the parameter estimate for individual i.

We performed visual predictive checks at each in-
dividual development step leading to the final model.
Concentration-time profiles were simulated 1000 times
using the corresponding dosing regimen for phase 1
and phase 2/3 patients. The prediction intervals at 5%,
50%, and 95% quantiles obtained from the simulation
were compared and plotted against the observation
intervals. The predictive performance of the model was
evaluated based on the capability of prediction intervals
to encompass original observations.

Results
Base Population PK Model
Riluzole concentrations in SCI patients were presented
in waterfall plots on days 3 (n = 34) and 14 (n =
31) from phase 1 and on days 3 (n = 13), 7 (n =
13), 10 (n = 13), and 14 (n = 12) from phase 2/3
(Figure 1). In phase 1, day 3 concentrations were higher
than day 14 concentrations, with higher ranges (8.7-
126 vs 2.9-46.0 ng/mL for Ctrough; 21.5-270 vs 12.4-
154.5 ng/mL for Cpeak) and higher medians (37.2 vs
16.2 ng/mL for Ctrough; 87 vs 51.6 ng/mL for Cpeak).
In phase 2/3, the same trend was observed, with day 3

Figure 1. Riluzole concentrations presented in low-high order on days 3, 7, 10, and 14.
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Table 1. Summary of Riluzole Concentrations From Phase 1 and Phase 2/3 Trials

Study Parameters Statistics Day 3 Day 7 Day 10 Day 14

Phase 1 Ctrough Median (ng/mL) 37.2 16.2
Range (ng/mL) 8.7-126.0 2.9-46.0

Cpeak Median (ng/mL) 87.0 51.6
Range (ng/mL) 21.5-270.0 12.4-154.5

Phase 2/3 Ctrough Median (ng/mL) 60.6 48.9 27.8 25.3
Range (ng/mL) 25.7-165.0 17.3-113.9 11.9-87.5 8.3-64.3

Cpeak Median (ng/mL) 130.8 99.1 84.9 77.7
Range (ng/mL) 63.7-320.8 49.7-247.4 42.8-208.4 37.6-185.4

Figure 2. Comparison between diagnostic CWRES-IVAR plots for base model (A) versus final model (B).

having higher ranges (25.7-165.0 vs 8.3-64.3 ng/mL for
Ctrough; 63.7-320.8 vs 37.6-185.4 ng/mL for Cpeak) and
higher medians (60.6 vs 25.3 ng/mL for Ctrough; 130.8 vs
77.7 ng/mL for Cpeak) than those on day 14 (Table 1).
The observation confirmed the time-varying PK of
riluzole in the SCI population previously documented
in a phase 1 clinical trial.8

This phase 1 study revealed that the Cmax and
AUC0-12 achieved in SCI patients were lower than those
in ALS patients on the same dose basis, particularly
because of a higher CL/F and larger Vd/F.8 The report
applied individual and population PK analysis on day
3 and day 14 separately and concluded that Cmax, Cmin,
and AUC0-12 (128.9 ng/mL, 45.6 ng/mL, and 982.0
ng·h/mL, respectively) were significantly higher on day
3 than on day 14 (76.5 ng/mL, 19.1 ng/mL, and 521.0
ng·h/mL, respectively).8 CL/F was lower (49.5 vs 106.2
L/h) and Vd/F (557.1 vs 1297.9 L) was smaller on day 3
compared with those on day 14.8

The parameter estimates derived from this study
were used as initial estimates for the base model
combining phase 1 and phase 2/3 data that included
observations from day 7 and day 10 in addition to the
original sampling scheme on day 3 and day 14 after
the first dose. The base model was a time-stationary 1-

compartment model without a time-dependent factor.
The plot of conditional weighted residual (CWRES)–
independent variable (IVAR), time after the first dose
for the base model indicated an overestimation of the
observed riluzole concentrations toward later times,
suggesting that a time-varying PK property of riluzole
in this population was not adequately captured by the
time-stationary model (Figure 2A).

Time-Varying PK Model
The addition of the time-postinjury component to
both CL/F and V/F produced significant improvement
in the fitting (�AIC, −98). Figure 2 compares
CWRES-versus-time diagnostic plots for the base
model versus the final model. The apparent residual
decrease in the base model diminished after accounting
for time-dependent property in the final model
(Figure 2B). The residual error was best described
using a multiplicative error model. No noticeable
trends indicating model misspecification were detected
from the basic goodness-of-fit plots of the final
model (Figure 3). The observed concentration-versus-
population-predicted concentration plot (Figure 3A)
showed that data were dispersed around the line of
identity. The observed concentration-versus-
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Figure 3. Visual pharmacokinetic model checks. Observed versus population-predicted concentrations (A) and versus individual-predicted
concentrations (B). Conditional weighted residuals versus population-predicted concentrations (C). Individual weighted residuals versus individual
predicted concentrations (D). Quantile-quantile plot of the components of conditional weighted residuals (E).

individual-predicted concentration plot (Figure 3B)
revealed that data were scattered around the line of
identify, indicating that the structural component was
adequately fitted for most patients. The CWRES-
versus-population-predicted plot (Figure 3C)
demonstrated that residuals are evenly distributed
about zero with a majority of the points falling within
the 2-fold error boundaries, indicating no major
misspecifications in the structural model, residual
error model, or interindividual variability model.

The individual-weighted residual-versus-individual
predicted plot (Figure 3D) showed most points fall
within 2-fold error, indicating no major bias in the
error model or structural model. The quantile-quantile
plot (Figure 3E) clarified that the components of
conditional weighted residuals have nomajor deviation,
confirming that the structural model is adequate.
There was large shrinkage for ka (99%), which was
because of the incapability of capturing the absorption
phase with the limited sampling times. Therefore, the
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Table 2. Summary of Parameters of Riluzole From the Population PK Covariate Model

Parameters Description Estimates (CV%) 95%CIb Shrinkage

ka (h–1) Absorption rate constant 5a

CL/F (L/h) Initial apparent clearance 38.8 (16.3%) 28.2-54.4
Imax_CL Maximum fold increase in

clearance
4a

t50_CL (h) Time at which half the increase
in clearance is reached

800 (14%) 470-1572

V/F (L) Initial apparent volume of
distribution

21.4 (15.3%) 14.8-36.0

Imax_V Maximum fold increase in
volume of distribution

4a

t50_V (h) 7.89 (49.4%) 0.62-22.8
CL/F IIV (%) 45.1 (10.5%) 22.2-67.5 5.3
V/F IIV (%) 42.9 (15.0%) 11.5-80.4 10.1
Covariance

(CL,V)
41.6 (11.1%) 16.6-66.3

Multiplicative
residual error

0.454 (6.0%) 0.384-0.517 11.8

CL equation CLi,t/F = CL
F

× exp
(
ImaxCl∗ Timei
t50Cl + Timei

)
× exp (yCLi )

V equation Vi,t/F = V
F

× exp
(
ImaxV × Timei
t50V + Timei

)
× exp (yVi )

a
Fixed parameter.

b
95%CI is the 95th percentile confidence interval taken from a nonparametric bootstrap.

absorption constant was assumed to be the same on
days 3, 7, 10, and 14 and fixed to 5/h, as previously
established in the ALS population.8,16 Omega
shrinkage was low for CL/F and Vd/F (5.3% and 10.1%,
respectively), suggesting that our data were sufficient
to precisely estimate the individual parameters. The
final PK parameters along with their unexplained
interindividual variation (IIV) and the final equations
describing apparent clearance and volume of
distribution changes over time are summarized in
Table 2. FOCE-ELS approach was employed to
estimate baseline clearance (CL/F), and volume of
distribution (Vd/F), which were 38.8 L/h, and 21.4 L,
respectively. The increase in CL/F and Vd/F could both
be described using the Michaelis Menten equation,
featuring an increase over time that reaches a maximal
change. Because t50 values are sensitive to changes in
Imax for our given set of data, maximal increase (Imax)
in CL and V was fixed to 4-fold to allow t50 to reflect
the rate of change over time. The fixed values of both
Imax (4) were determined by freezing Imax_CL, Imax_Vd,
t50_CL, and t50_Vd one term at a time to derive the
value that most stabilized and optimized the estimation
of the rest of the parameters. We also attempted
to capture variability in the rate of change between
patients by adding IIV components to t50 terms,
but the variations could not be accurately captured,
having high CV% and negative lower 2.5% confidence
interval, indicative of model overparameterization. In
the final model, smaller t50_Vd compared with t50_CL

is indicative of a faster increase in apparent volume of
distribution as compared with apparent clearance. The
t50_CL is estimated to be 800 hours, indicating a more
gradual linear increase in clearance during the 14 days
(336 hours) of riluzole treatment.

Serum albumin measured at baseline and on days
3, 7, 10, and 14 was explored as a potential covariate
to explain the increased PK over 14 days. However, in-
corporating serum albumin did not improve the model
fitting.

A visual predictive check was performed by simu-
lating new data sets using the final model parameters
(Figure 4). Prediction intervals (at 95%) constructed
from simulated concentration-time profiles adequately
captured the observed data.

Discussion
The population PK of riluzole has been studied in
the context of ALS; however, the PK of riluzole
patients with traumatic SCI has not been explored
extensively. The altered time-varying PK of riluzole is
a phenomenon only observed so far in the SCI pop-
ulation. Factors influencing absorption, metabolism,
distribution, and elimination might not be the same
among the inherently different neurological conditions,
including ALS. Sex and smoking status contribute to
the variations in riluzole exposure of ALS patients,16

but played no role in the disposition of riluzole in SCI
patients.8 There may be sources of variation that do
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Figure 4. Visual predictive check of riluzole population pharmacoki-
netic model. Individual observations are presented by the blue dots. The
5th,50th, and 95th percentiles of observed data are presented by the red
lines. The 5th, 50th, and 95th percentiles of predicted data are presented
by the black lines.

not exist in ALS contributed by SCI secondary injury
mechanisms that arose during the subacute phase (48
hours to 14 days) postinjury. Therefore, the aim of
this study was to characterize the PK of riluzole in
the heterogeneous SCI population, accounting for the
time-dependence property formaintaining the intended
exposure over the 2-week treatment period in the future.

This analysis demonstrated that a 1-compartment
PK model with time-varying CL/F and Vd/F ade-
quately describes the concentration-time course of rilu-
zole in patients with acute SCI. A Michaelis Menten
function was adapted to reflect a maximal change in
CL/F and Vd/F over the 14-day study period. This
approach sufficiently captured the varying degree of in-
creases in CL/F and Vd/F as SCI progresses postinjury.

Impact of SCI on Bioavailability
Although motor impairments may be the most obvious
manifestation of SCI, the autonomic repercussions
may be more catastrophic in comparison. Disruption
of spinal autonomic pathways induces dysfunction or
failure in multiple organs, manifesting as disordered
cardiovascular, gastrointestinal, and renal function.17

These autonomic dysfunctions can alter dispositions
of therapeutics prescribed and/or tested in this het-
erogeneous population. The disruption of autonomic
homeostasis may reduce absorption because of im-
paired gastric emptying, slow intestinal mobility, and
reduced microvascular gastrointestinal blood flow.18,19

In SCI patients, orally administrated drugs such as
aspirin and paracetamol take a longer time to absorb
and reach the peak concentration in plasma compared
with uninjured controls.20 The absorption process of
riluzolemay also be impaired, as the drug is taken orally
in our study. Because of the feasibility of the study,
sampling times are only taken at perceived peak and

trough times, and therefore the absorption phase was
not captured. Our model used a fixed ka of riluzole,
established from patients with ALS,16 to construct PK
profiles on days 3, 7, 10, and 14. This may or may
not represent the true physiological phenomena, but
the unaltered absorption process was assumed. In a
study with SCI rats, the time course of SCI-induced
disordered gastric emptying and motility showed that
the conditions persist but do not vary for 6 weeks
postinjury.21 Therefore, it is not unreasonable to assume
that the altered absorption of riluzole with SCI will
not change further but remain relatively steady at the
initial altered level post-SCI throughout the 2-week
treatment period. In addition, the lower bioavailability
because of the initial reduced absorption cannot ex-
plain themarked, continuous increases in F-normalized
CL (CL/F) and Vd (Vd/F) from day 3 to day 14.

Impact of SCI on Apparent Clearance
The lower clearance of riluzole at the start of treat-
ment compared with day 14 can be attributed to
the decreased hepatic microvascular blood flow and
hepatocyte gene expression immediately following the
injury. Immediately following neurogenic shock, there
is low circulation volume and low cardiac output, which
contribute to the decreased microvascular blood flow in
the liver, spleen, and skeletal muscle.19,22 The reduction
is likely from redirection of blood flow to maintain an
adequate perfusion of the brain and heart.23 Biotrans-
formation of drugs depends on the amount of drug
arriving in the liver and the expression of cytochrome
P450, both of which require adequate hepatic blood
flow. Consequently, reduced blood circulation into the
liver will cause a decrease in the metabolism of drugs.
Reports have shown thatmetabolism of high-extraction
drugs such as phenacetin, methylprednisolone, and
cyclosporine are lower in patients with SCI com-
pared with able-bodied controls.24–26 Riluzole has an
intermediate hepatic extraction ratio, which subjects
its metabolism to hepatic blood flow, protein bind-
ing, and intrinsic clearance. Therefore, impaired hep-
atic clearance shortly after injury may reduce riluzole
metabolism in the liver and thus may only temporarily
enhance its initial bioavailability in systemic circulation.
Therefore, impaired hepatic clearance alone could not
be adequately accounted for the observed continuous
increases of CL/F and Vd/F from day 3 to day 14. The
visual predictive check plot revealed an underprediction
for lower concentrations, which may have come from
a 1-compartment model being used instead of a 2-
compartment model because of limited data points. A
future study with intensive PK sampling in the SCI
population would benefit resolving the identifiability
issues with sparse sampling typically encountered in a
challenging population.
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Impaired renal function after SCI may cause a
decrease in elimination of polar drug molecules, po-
tentially accumulating to a toxic level,27 as seen with
ketamine, vancomycin, and lorazepam.31–33 However,
riluzole is excreted unchanged in urine at only 2% of
the dose, and thus its urinary excretion may not be
significantly affected by SCI.

Impact of SCI on Apparent Volume of Distribution
We initially speculated that the increase in riluzole
volume distribution fromday 3 to day 14was because of
the alterations in blood plasma constituents that drive
blood-tissue partitioning. The plasma concentration
of interleukin-2R is found to be significantly elevated
in SCI individuals, reflecting a nonspecific immune
response to system decentralization and autonomic
perturbation.28 Interleukin-2R induces albumin uptake
by endothelial cells, which leads to the redistribution of
albumin-rich intravascular fluid to extravascular sites.29

Albumin is the main plasma protein that is responsible
for drug transport. As a result of hypoalbuminemia,
drugs with high protein binding will have increased
distribution, whereas drugs with low protein binding
will not be affected.27 However, our analysis indicated
that albumin level was not a significant covariate (un-
published data), suggesting that the increase in volume
of distribution cannot be explained by albumin level
alone, but rather by a collective sum of autonomic con-
sequences. Young and Ensom found that the volume of
distribution of aminoglycosides is significantly higher
in the SCI population than the non-SCI population.30

Other drugs with increased distribution have also been
identified such as ketamine and lorazepam.31,32 Sim-
ilarly, the authors speculate that the smaller riluzole
tissue distribution at the start of therapy that increased
with time from day 3 to day 14 may be attributed,
in part, to the expanded extracellular fluid volume
characteristic of hyponatremia, a common electrolyte
disorder during the acute stage post-SCI.34 More data
reflective of SCI progression are needed to improve the
model fitting and explanation of the dynamic change in
volume of distribution of riluzole PK.

The SCI population is heterogeneous and requires
complex treatment regimens to alleviate comorbidities
from secondary complications. SCI patients may take
up to 21 concomitant medications during the acute
phase for pain, spasticity, urinary tract infection,
and pressure sores. The use of multiple medications
by SCI patients increased their risk for drug-drug
interactions. In future studies, we will evaluate the
effects of concomitant medications that interfere
with CYP1A2, a riluzole-metabolizing enzyme. In
addition, riluzole is a substrate for P-glycoprotein
(P-gp), a drug efflux transporter. P-gp is expressed
in multiple tissues of the body, including the luminal

membrane of capillary endothelial cells lining the
blood-brain barrier, blood-spinal cord barrier, and
gastrointestinal tract. Concurrent administration with
any P-gp substrate/inhibitor/inducer may alter riluzole
disposition. More recently, several studies have shown
that in neurological diseases characterized by high
excitotoxicity, oxidative stress, and inflammation in the
brain, P-gp can become pathologically overexpressed
at the blood-brain barrier, dramatically diminishing
delivery of therapeutic drugs to the central nervous
system.35–37 Therefore, it is imperative to identify com-
monly coadministered medications in this cohort that
pose a potential risk to alter riluzole PK. In addition,
it would be beneficial and interesting to investigate
whether other coadministered medications exhibit the
same PK changes over the course of the treatment.

Although this study achieved our aims of character-
izing the change in PK of riluzole over the treatment
course, the absence of mechanistic information has
to be noted as one of the limitations of the study.
A secondary injury cascade is complex and affects
multiple biological processes to varying degrees; as a
result, the changing PKwas not likely caused by a single
factor. To further understand the effects of SCI on
distribution, a biodistribution study repeated over time
using an SCI animal model can shed light on exactly
how partitioning into different organs changes as SCI
progresses. In addition, measurement of the CYP1A2
enzyme over time can confirm our hypothesis that the
reduced microvascular blood flow affecting intrinsic
clearance of riluzole. Our study did not investigate
active metabolites, which could potentially compensate
for increased metabolism and maintain therapeutic lev-
els of riluzole to preserve the intended efficacy. It will be
feasible to fully evaluate the effects of time-dependent
PK on neurological and behavioral recovery once the
current trial concludes and the pharmacodynamic (PD)
data are unblinded.

Development of effective treatment for SCI is chal-
lenging because of the substantial initial mechanical
damage and subsequent destructive biochemical cas-
cade. Understanding the PK and PD of therapeutics, as
well as how disease progression can affect these prop-
erties, can facilitate drug development via an optimal
dosing regimen design.

This study performed population PK modeling to
describe, for the first time, the longitudinal impact
of SCI-induced physiologic and molecular alterations
on PK changes in riluzole. This model serves as a
foundation to build a more elaborate model capable of
personalized dosing as a function of time postinjury.
Once the PK/PD relationship is established, the final
model will have the potential to accurately predict
patients’ time-varying riluzole profiles and thus modify
the regimen to maintain the optimal therapeutic levels
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with minimal toxicity by taking into consideration a
patient’s characteristics, clinical course, and concurrent
treatment for comorbidities. Going forward, additional
PK studies in the SCI population may be warranted
to enable the expansion of the developed PK model to
address the longitudinal impact of SCI on other utilized
drugs and potential drug-drug interactions, as well as
the risks related to polypharmacy in this population.
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