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With this study, we aim to test the hypothesis that the effect of cannabidiol on drop‐

seizure frequency in patients with Lennox–Gastaut syndrome and Dravet syndrome

could be attributed to a drug–drug interaction with clobazam. We performed clinical

trial simulations for the effect of 20 mg/kg/day cannabidiol on drop‐seizure fre-

quency in patients with Lennox–Gastaut syndrome. We assumed that patients taking

10 or 20 mg clobazam would have a 2‐ to 7‐fold increase in N‐desmethylclobazam

exposure, whereas patients not taking clobazam would have a median reduction in

drop‐seizure frequency and a variability in the percent reduction similar to the pla-

cebo group. The results show that the effect of cannabidiol on the median reduction

in drop‐seizure frequency in patients with Lennox–Gastaut syndrome may be

explained by a drug–drug interaction with clobazam. This may have important impli-

cations for the use of cannabidiol and its Food and Drug Administration registration.
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1 | INTRODUCTION

Cannabidiol appears to be the most promising nonintoxicating and

nonpsychoactive ingredient of cannabis. Its anticonvulsant properties

and minimal neurotoxicity nominate cannabidiol as a potential treat-

ment agent of seizures and epilepsy in children and adults.1-4

In June 2018 cannabidiol was approved by the US Food and Drug

Administration (FDA) as the add‐on antiepileptic drug Epidiolex in

patients aged 2 years and older with Lennox–Gastaut and Dravet syn-

dromes. The drug is currently under regulatory review with the Euro-

pean Medicines Agency and a decision is expected in the first quarter

of 2019.5

Three phase 3 double‐blind, randomised controlled trials with

cannabidiol in patients with Lennox–Gastaut and Dravet syndromes

were pivotal to the FDA approval.6-8 The results of the 2 trials in

patient with Lennox–Gastaut syndrome (GWPCARE3 and

GWPCARE4) showed that 20 mg/kg/day of cannabidiol induced a
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median percent reduction in drop‐seizure frequency of 41.9% as com-

pared to 17.2% in the placebo group (GWPCARE3)6 or of 43.9% as

compared to 21.8% in the placebo group in the GWPCARE4 trial.8 A

reduction in convulsive seizure frequency of 38.9% compared to

13.3% was observed in the placebo group in the GWPCARE1 trial in

patients with Dravet syndrome.7 The FDA‐approved maintenance

dose of cannabidiol was 10 mg/kg/day with a maximum recom-

mended dose of 20 mg/kg/day.

The use of cannabidiol as an approved medicine has been subject

of ongoing discussion, because of its unique history of recreational

use and the evolved consideration that cannabidiol could be part of

a routine medical treatment. “Science lags behind the proposed uses,”

was noted by Martin and Cranswick in the special issue of the British

Journal of Clinical Pharmacology, summarising the current knowledge

and limitations of cannabinoids (volume 84, issue 11).9 In this issue,

several authors addressed the limited availability of pharmacokinetic

and pharmacodynamic data regarding the use of cannabidiol.10-13 Spe-

cial attention was given to the unknown effects of cannabidiol on

addiction and mental health when given to children compared to
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What is already known about this subject

• Effects of cannabidiol on drop‐seizure frequency in
3 randomised controlled trials in patients with Dravet
and Lennox–Gastaut syndromes led to the Food and
Drug Administration approval of cannabidiol as an
antiepileptic drug.

• Clobazam and N‐desmethylclobazam reduce the drop‐
seizure frequency in patients with Lennox–Gastaut
syndrome.

• Cannabidiol increases the exposure of N‐
desmethylclobazam, suggesting a drug–drug interaction
effect between cannabidiol and clobazam.

What this study adds

• This simulation study demonstrates that the reduction in

drop‐seizure frequency observed in patients taking

cannabidiol may be explained by a drug–drug

interaction with clobazam.
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adults,14 and to the pharmacodynamic interactions that may occur if

cannabis is administered with other central nervous system depres-

sant drugs.10 Still, insufficient data are available that support the effi-

cacy of cannabidiol as (adjunctive) treatment for epilepsy and

underlying pharmacodynamics interactions.15

Previous studies identified significant drug–drug interactions

between cannabidiol and other antiepileptic drugs, such as topiramate,

eslicarbazepine, zonisamide, rufinamide and N‐desmethylclobazam,

the active metabolite of clobazam.16-18 Cannabidiol doses of

20 mg/kg/day (or 1500 mg/day) increased the exposure of N‐

desmethylclobazam with a mean of 6‐fold (95% CI of the median

fold‐increase of 1.9–7.01 at week 4 and 2.17–6.33 at week 8) in chil-

dren with refractory epilepsy despite clobazam dose reductions,17

with 3‐fold in adults with epilepsy18 and with 3.4‐fold in healthy sub-

jects.19 Cannabidiol doses of 5, 10 and 20 mg/kg/day resulted in a

mean increase of N‐desmathylclobazam of 3.6, 2.7 and 3.3‐fold,

respectively, in children with Dravet syndrome.20 Data from the 2 tri-

als in patients with Lennox–Gastaut and 1 trial in patients with Dravet

syndrome moreover showed that respectively 49%, 48% and 66% of

the patients taking cannabidiol during the studies, were taking

clobazam as a concomitant antiepileptic drug.

We therefore hypothesise that the reported effect of cannabidiol

on drop‐seizure frequency in the 3 trials in patients with Lennox–

Gastaut and Dravet syndromes could be attributed solely to the

drug–drug interaction with clobazam. To evaluate this hypothesis,

we conducted clinical trial simulations with emphasis on the

GWPCARE3 trial in patients with Lennox–Gastaut syndrome.6

Clinical trial simulations are valuable tools in pharmacology investi-

gations to complement real‐world clinical trials and give insight into

e.g. improved trial planning and interpretation of trial results.21,22 In

the special issue in the British Journal of Clinical Pharmacology, Liu

and Martin also emphasised the relevance of pharmacokinetic model-

ling to inform dosing of cannabidiol in special groups, such as chil-

dren.11 In a recent publication, simulations were performed to assess

the impact of drug–drug interactions between several antiepileptic

drugs, including clobazam but not cannabidiol, and to evaluate the

need for dose adjustments in patients requiring combination

therapy.23
2 | METHODS

We performed clinical trial simulations for the effect of 20 mg/kg/day

cannabidiol on drop‐seizure frequency in patients with Lennox–

Gastaut syndrome with the assumptions that patients taking clobazam

(47%) would have a 2‐ to 7‐fold increase in N‐desmethylclobazam

exposure, whereas patients not taking clobazam (53%) would have a

median reduction in drop‐seizure frequency and a variability in the

percent reduction similar to the placebo group. The dose level of

clobazam used by patients in GWPCARE3 trial was not reported by

Devinsky et al,6 but was set to 10 and 20 mg, based on a brief survey

among neurologists in the Netherlands treating patients with Lennox–

Gastaut syndrome. The GWPCARE3 trial was chosen due to the
availability of an exposure–response model for the effect of clobazam

on drop‐seizure in patients with Lennox–Gastaut syndrome.
2.1 | Clobazam and N‐desmethylclobazam
concentrations

Clobazam and N‐desmethylclobazam exposure were simulated with a

population pharmacokinetic model published by Tolbert et al,24,25

from which the individual average concentration of clobazam (pi) and

N‐desmethylclobazam (mi) were calculated using equations [A] and

[B] with individual parameters as defined in [C] (see Table 1 for the

used equations, parameter definitions and estimates).
2.2 | Drop‐seizure frequency

The effect of clobazam and N‐desmethylclobazam on drop‐seizure

frequency in patients with Lennox–Gastaut syndrome was simulated

with a population pharmacokinetic/pharmacodynamic model account-

ing for competitive agonism between clobazam and N‐

desmethylclobazam25 with the addition of a drug–drug interaction

effect resulting in an increase in N‐desmethylclobazam average expo-

sure (see equation [D] and Table 1 for the used equation, parameter

definitions and estimates).

To account for the fact that patients were already on clobazam

treatment prior to initiation of the trial, the exposure–response rela-

tionship was rescaled by equation [E]. Eff(1,0) was the reduction in sei-

zure frequency by clobazam prior to initiation of the trial as calculated

by equation [D] with the assumption of no placebo effect, i.e. maxi-

mum achievable effect is 1, and no drug–drug interaction effect. The

effect per individual, i, was hereafter simulated using equation [F].



TABLE 1 Equations, parameter definitions and estimates used for simulations

Equations

[A] Cavg; pi ¼
Dose

CL=Fð Þi ·24 [D] Eff DDI;Peffð Þi ¼ 1 − Peffð Þ· Cavg; pi

EC50p· 1þDDI·Cavg; mi

EC50m

� �
þ Cavg; pi

þ DDI·Cavg; mi

EC50m· 1þ Cavg; pi
EC50p

� �
þDDI·Cavg; mi

0
BB@

1
CCA

[B] Cavg; mi ¼ Fmi·Dose
K40i·24

[E] Effscaledi ¼ Eff DDI;Peffð Þi þ Peff − EFF 1;0ð Þi
1 − EFF 1;0ð Þi

� �

[C] (CL/F)i = (CL/F) · exp(ηCL/Fi)
K40i = K40 · exp(ηK40i)

Fmi ¼ exp Pmþ ηPmið Þ
1þ exp Pmþ ηPmið Þð Þ

[F] Reduction in seizure frequency for subject i ¼ Effscaledi þ ηeff;i
� �

·100% if on clobazam

Peffþ ηeff;i
� �

·100% if not on clobazam

(

Definitions and parameter estimates

Parameter Definition
Estimates

Unit Value SE Source

Cavg, p Average concentration of clobazam μg/mL

Cavg, m Average concentration of N‐desmethylclobazam μg/mL

Dose Total daily dose Mg

Fm Fraction of clobazam metabolised to N‐desmethylclobazam

η Random effect; normally distributed with mean 0 and variance ω2

Eff (DDI, Peff) Exposure–response relationship

1‐Peff Maximum effect attributed to the drug

Effscaled Rescaled effect, taking into account clobazam treatment prior to trial

Eff (1,0) Reduction in seizure frequency by clobazam prior to initiation of the trial

CL/F Apparent total clobazam clearance L/h 2.8 0.137 24,25

Pm Logit of Fm −3.15 0.092 24,25

K40 Individual clearance of N‐desmethylclobazam 1/h 0.019 0.0001 24,25

EC50p Exposure of clobazam μg/mL 0.303 0 25

EC50m Exposure of N‐desmethylclobazam μg/mL 0.899 0 25

Peff Placebo effect 0.172 0a 6

DDI Drug–drug interaction effect 2–7 17-20

ω2
CL/F Variance for random effect of CL/F 0.361 0.049 24,25

ω2
Pm Variance for random effect of Pm 1 0.105 24,25

ω2
K40 Variance for random effect of K40 0.021 0.016 24,25

ω2
eff

b Variance for random effect of reduction in drop‐seizure frequency 0.08 0.0144 25

aPlacebo effect was fixed to the level observed in the GWPCARE3 trial.
bValue was increased from 0.0563 to 0.08 to obtain a similar variability in the percent reduction in drop‐seizure frequency as the placebo group in the

GWPCARE3 trial. The SE was hereafter calculated based on a relative standard error of 18% as reported in.25
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2.3 | Simulations

For simulation of the median reduction in seizure frequency, 50 000

subjects were simulated using the values of the parameter estimates

as presented in Table 1. First, the placebo effect was simulated and

the variability of the effect was changed in an iterative manner until

simulations and observations in the placebo group of the GWPCARE3

trial were similar. For simulations of the confidence interval around the

median, 5000 trials of 76 subjects per dose group were simulated with

for each trial a unique set of parameter values drawn from normal
distributions with mean values and standard errors given in Table 1.

For each trial, patients on clobazam (n = 36) and not on clobazam

(n = 40) were randomly sampled. The 90% prediction interval was

obtained as the 5th and 95th percentiles of the simulated median values.

Additionally the proportion of subjects with ≤0%, >0–<25%, ≥25–

<50%, ≥50–75% and ≥75% reduction in drop‐seizure frequency from

baseline were summarised for placebo and 20 mg/kg/day of

cannabidiol based on 50000 simulated subjects from each treatment

group, and the results were compared to those from the GWP

CARE3 trial.25
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2.4 | Nomenclature of target and ligands

Key protein targets and ligands in this article were hyperlinked to cor-

responding entries in http://www.guidetopharmacology.org, the por-

tal for data from the IUPHAR/BPS Guide to PHARMACOLOGY and

are permanently archived in the Concise Guide to PHARMACOLOGY

2017/2018.26
3 | RESULTS

The clinical trial simulations show that the effect of cannabidiol on the

median reduction in drop‐seizure frequency may be explained entirely

by the drug–drug interaction given a clobazam dose of 20 mg and a 6‐

fold increase in N‐desmethylclobazam exposure (Figure 1). The simula-

tions also suggest that an increase in N‐desmethylclobazam of at least

3‐fold could result into the outcome observed in the GWPCARE3 trial

in patients with Lennox–Gastaut syndrome (Figure 1, prediction inter-

val contains 41.9%). The median predicted effect on drop‐seizure fre-

quency attributed to the drug–drug interaction is also substantial for

lower increases of N‐desmethylclobazam, namely a 35% reduction

for a 3‐fold increase in N‐desmethylclobazam as compared to an

observed reduction of 41.9%.

The results of the clinical trial simulations in relation to the second-

ary outcomes of the GWPCARE3 trial are shown in Figure 2. The simu-

lated proportion of patients with ≤0%, >0–<25%, ≥25–<50%, ≥50–

<75% and ≥75% reduction in drop‐seizure frequency from baseline

for the placebo group is similar to the observations in the trial in

patients with Lennox–Gastaut syndrome (Figure 2 top). A 4‐fold
FIGURE 1 Effect of cannabidiol on drop‐seizure frequency
explained by drug–drug interaction with clobazam according to
clinical trial simulations. Clinical trial simulations of a population for
which 47% are taking clobazam at doses of 10 or 20 mg show that the
effect of cannabidiol on the median reduction in drop‐seizure
frequency may be explained entirely by the drug–drug interaction
given a clobazam dose of 20 mg and a 6‐fold increase in N‐
desmethylclobazam (N‐CLB) exposure. The outcome of the
GWPCARE3 trial is included as a reference line (black dotted line).
Median (full line) and 90% prediction interval (PI) of the median
(shaded area) percent reduction in drop‐seizure frequency from
baseline
increase in N‐desmethylclobazam levels was sufficient to explain the

secondary outcomes in the 20 mg/kg/day cannabidiol dose group of

the GWPCARE3 trial in patients with Lennox–Gastaut syndrome

(Figure 2 bottom), whereas the proportion of patients with ≥75%

reduction in drop‐seizure frequency was under‐predicted when assum-

ing <4‐fold increase in N‐desmethylclobazam levels (figure not shown).
4 | DISCUSSION

Through clinical trial simulations, we demonstrate that the reduction in

drop‐seizure frequency observed in the cannabidiol groups is likely to

be largely explained by a drug–drug interaction with clobazam. If the

effects of cannabidiol on seizure frequency in Lennox–Gastaut

patients to a large extent can be explained through elevation of

plasma concentrations of clobazam, then this means that cannabidiol

in itself may not have any, or at best limited antiepileptic efficacy.

We believe this may have important implications for the use of

cannabidiol as an antiepileptic drug in Lennox–Gastaut syndrome.

Based on the results of this simulation study, we hypothesise that this

drug–drug interaction may be similar in patients with Dravet syn-

drome, which is a reasonable assumption knowing that 60% of the

patients with Dravet syndrome used clobazam in the Dravet study.

Less than 50% of all patients in the 20 mg/kg/day dose group in the

GWPCARE3 trial were on clobazam. Therefore, assumptions regarding

the reduction in drop‐seizure frequency and variability of this reduction

for the subjects not on clobazam are essential for a correct prediction of

the median reduction. Our results illustrate that the pharmacokinetic/

pharmacodynamic model correctly characterises variability in placebo

patients and thus also in patients not on clobazam. The simulations sug-

gest that patients showing >50% reduction in drop‐seizure frequency

are most likely to be patients on clobazam, whereas patients with

<25% reduction are expected not to take clobazam.

To our knowledge, there is no population pharmacokinetic model

available to model the interaction between cannabidiol and clobazam

on an individual level. Therefore, we could not account for clobazam

dose reduction on an individual level, which occurred in 23.7% of

the 20 mg/kg/day dose group in the GWPCARE3 trial. On a popula-

tion level (in the drug–drug interaction study published by Geffrey

et al.16), a 6‐fold increase in N‐desmethylclobazam concentrations

was observed, even though 77% of the subjects treated with

cannabidiol experienced clobazam dose reduction.

There were some limitations to our analyses. Simulation validity

may be limited, as we did not utilise real‐world data in our clinical trial

simulations.27 It is unknown how well our pharmacodynamics/

pharmacokinetics model reflected real‐world drug and patient charac-

teristics, e.g. drug compliance and disease progression, as clinical trial

simulations approximate drug behaviour based on mathematical

models and numerical methods. In addition, we concentrated on

drop‐seizure frequency and had to make several assumptions related

to the exact increase in concentrations of N‐desmethylclobazam, and

related to the dose of clobazam used by 49% of all patients with

Lennox–Gastaut syndrome in the 2018 study published in the New

England Journal of Medicine.

http://www.guidetopharmacology.org


FIGURE 2 Observed (Obs) variability in drop‐seizure frequency captured by clinical trial simulations (Sim, top) and 4‐fold increase in N‐
desmethylclobazam levels explained the reduction in drop‐seizure frequency from baseline for the 20 mg/kg/day cannabidiol dose group of the
GWPCARE3 trial (bottom). Clinical trial simulations show that the proportion of patients with ≤0%, >0–<25%, ≥25–<50%, ≥50–<75% and ≥75%
reduction in drop‐seizure frequency in the GWPCARE3 trial (black) and according to the simulation (grey) for the placebo group was similar (top). A
4‐fold increase in N‐desmethylclobazam levels was sufficient to explain the reduction in drop‐seizure frequency from baseline in the 20 mg/kg/
day cannabidiol dose group (bottom)
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A recently published study in patients with treatment‐resistant epi-

lepsy suggests that the effect of cannabidiol on the frequency of all

seizures may not be dependent on the drug–drug interaction with

clobazam, although the authors recognise that the finding may be a

consequence of the open‐label flexible treatment design.28 A compar-

ison with the outcomes of the GWPCARE1–4 trial series and our clin-

ical trial simulations are difficult due to the difference in study

population and design, as well as the different outcome measure and

data analytic model presented in the paper by Gaston et al.28 Further-

more, no information is provided on the number of subjects in each

responder category (≥50%, ≥75% etc).

In conclusion, the clinical trial simulations described here offer an

alternative explanation for the reduction in seizures observed in

Lennox–Gastaut syndrome when treated with cannabidiol, namely a

pharmacokinetic interaction between cannabidiol and clobazam. If

cannabidiol has any antiepileptic effects of its own, then these would

appear to be considerably smaller than the effect that elevated levels

of N‐desmethylclobazam exert on seizure frequency. To what extent
elevation of plasma concentrations of N‐desmethyl clobazam contrib-

ute to the antiepileptic effects observed of cannabidiol can be easily

appreciated if the authors of the papers and GW Pharmaceuticals,

the producer of Epidiolex, make all data of the trials of cannabidiol

in Lennox–Gastaut syndrome publicly available, so that our conclu-

sions can be strengthened or rejected.
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