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1 | INTRODUCTION

More than 60 million people are affected by epilepsy world-
wide.! The incidence of experiencing one epileptic seizure dur-
ing a lifetime is 10%, and about one-third of people who suffer
one seizure will progress to recurrent seizures and a diagnosis of
epilepsy.2 There are currently >20 antiepileptic drugs (AEDs)
available for the treatment of different types of epilepsy; how-
ever, 20%-40% of epilepsy patients develop drug-resistant epi-
lepsy> and represent an unmet therapeutic need.

Brivaracetam (BRV) is a recently approved AED for
monotherapy (in the United States) or adjunctive (in the
European Union and the United States) treatment of focal
seizures. Neither BRV nor levetiracetam (LEV) is indi-
cated for status epilepticus (SE). BRV is structurally related
to LEV, and both drugs bind to synaptic vesicle glycopro-
tein 2A (SV2A),°® an integral transmembrane glycoprotein
specifically localized to secretory vesicles.”!® BRV has a
15-30-fold increased affinity8 and greater selectivity toward
high-voltage—activated calcium channels and o-amino-3-
hydroxy-5-methyl-4-isoxazoleproprionic acid receptors than
LEV.!"! BRV represents the first selective SV2A ligand for
epilepsy treatment.'!

In vitro studies have demonstrated that BRV has higher li-
pophilicity and passive diffusion permeability across Caco-2
cell membranes than LEV.'? In audiogenic mice, BRV
achieved maximal pharmacological activity 30 minutes post-
dose when plasma concentrations were maximum. In con-
trast, LEV peak activity was delayed by nearly 1 hour from
peak plasma levels. Furthermore, brain entry of BRV was
faster than for LEV in rats after single intravenous dosing,
and the relatively slow brain penetration of LEV was con-
firmed in dogs. Together, these studies suggest that the rate of
brain penetration and the onset of action were faster for BRV
than for LEV.'?

Positron emission tomography (PET) can be used nonin-
vasively to determine drug target engagement and occupancy
in living subjects. Several PET radioligands have recently
been developed for imaging of SV2A,"*!'* with "'C-UCB-J
being considered best in class thus far.'>1° We previously
demonstrated that ''C-UCB-J binding could be displaced
by intravenous infusion of BRV (5 mg/kg) or LEV (30 mg/
kg) in nonhuman primates. The doses were chosen in that
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Significance: BRV achieves high SO more rapidly than LEV when intravenously
administered at therapeutic doses. Thus, BRV may have utility in treating acute sei-

zures; further clinical studies are needed for confirmation.

''C_UCB-J, brivaracetam, levetiracetam, positron emission tomography, synaptic vesicle glycoprotein 2A

Key Points

e BRYV enters the human brain faster than LEV

e BRYV has ninefold higher SV2A affinity than LEV
in humans, consistent with in vitro binding studies
and in vivo efficacy studies in animals

e SV2A occupancy by BRV was consistent between
acute and steady state conditions

study to provide plasma levels in rhesus monkeys similar to
those achieved in humans after intravenous doses of 100 mg
BRYV and 1500 mg LEV. The mean estimated displacement
half-times of ''C-UCB-J binding were 10 minutes for BRV
and 30 minutes for LEV,12 consistent with a faster brain
penetration for BRV. The tracer displacement half-times
were expected to be an overestimation of the time taken for
drug SV2A occupancy (SO), and an approximate correction
yielded estimated drug entry half-times of 3 and 23 minutes
for BRV and LEV, respectively. In the current study, we de-
termined brain entry rates for BRV and LEV using a displace-
ment paradigm with C-.UCB-J following single intravenous
dosing in healthy volunteers. In addition, SO studies were
performed to determine the half-saturation concentrations
(ICsy) of BRV and LEV.

2 | MATERIALS AND METHODS
The study was performed under a protocol approved by the
Yale University Human Investigation Committee and the
Yale New Haven Hospital Radiation Safety Committee, and
in accordance with US federal policy for the protection of
human research subjects contained in Title 45 Part 46 of the
Code of Federal Regulations. Written informed consent was
obtained from all participants after complete explanation of
study procedures.

2.1 | Study design and participants

Thirteen healthy subjects (seven males and six females) par-
ticipated in the PET imaging studies using the SV2A-selective
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tracer ''C-UCB-J (EP0074; NCT02602860). To be eligible,
subjects had to be between 18 and 55 years of age and in good
health as confirmed by comprehensive medical and psychiat-
ric histories, physical examination, neurological and mental
status examinations, routine laboratory studies, and electro-
cardiogram. Exclusions included any current or past clini-
cally significant medical or neurological illness, a history of
alcohol or substance abuse, current pregnancy (as documented
by pregnancy testing at screening and on the day of the PET
imaging study), breast-feeding, and contraindications to mag-
netic resonance imaging.

In Cohort 1, four healthy subjects (two males and two fe-
males) participated in a baseline and displacement PET mea-
surement. Each subject underwent two PET measurements
(baseline and BRV [n = 2] or LEV [n = 2] displacement) on
the same day. BRV (100 mg) or LEV (1500 mg) was intrave-
nously infused over 5 minutes starting 60 minutes after the
beginning of the ''C-UCB-J infusion'” (K,,; = 150 minutes).
One subject (Subject 3) underwent only a displacement PET
measurement with LEV. The subject information and PET
measurement data, including mass and radioactivity amounts,
are presented in Table S1.

In Cohort 2, five healthy volunteers (three males and two
females) participated in a displacement and postdose mea-
surement. Each subject underwent a total of four PET mea-
surements (BRV and LEV displacement and postdose). One
subject (Subject 9) had only two PET measurements (BRV
displacement and postdose). BRV (50 mg, n = 1; 100 mg,
n=2; 200 mg, n =2) or LEV (1500 mg, n = 4) were intra-
venously administered at 60 minutes (80 minutes for BRV
displacement, Subject 6) after Hc-ucB-J injection. The
postdose PET measurement was performed approximately
4 hours postinfusion. The subject information and PET mea-
surement data are presented in Table S2.

In Cohort 3, four healthy volunteers (two males and two
females) participated in a baseline and three postdose mea-
surements. Each subject had two PET measurements (base-
line and 2 hours postdose for oral BRV administration) on
Day 1. The subjects continued oral BRV dosing (50 mg twice
daily [BID], n = 2; 100 mg BID, n = 2) for 4 days, that is, to
reach steady state (SS). On Day 5, the subjects received the
last oral BRV dosing, followed by two postdose PET mea-
surements. One was at 2 hours postdose, at peak plasma con-
centration (SS peak) and the other was at 8 hours postdose
(SS trough).

Three of the four volunteers in Cohort 3 (one male and two
females) had an additional LEV postdose PET measurement
at least 7 days after the last BRV postdose PET measurement.
Each subject completed the fifth PET measurement 4 hours
after intravenous administration of LEV (250 mg, n=2;
600 mg, n = 1). The subject information and PET measure-
ment data are presented in Table S3.
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Magnetic resonance images were obtained on all subjects
for PET image registration and definition of regions of in-
terest. Magnetic resonance imaging was performed using a
3-dimensional magnetization-prepared rapid gradient-echo
pulse sequence with an echo time of 2.77 milliseconds, repe-
tition time of 2530 milliseconds, inversion time of 1100 mil-
liseconds, and flip angle of 7° on a 3-T whole-body scanner
(TrioTrim; Siemens Medical Solutions) with a circularly po-
larized head coil.

Magnetic resonance imaging

2.3 | PET imaging with "'C-UCB-J

"C-UCB-J was radiolabeled as previously described.'® All
subjects underwent PET examinations with HC-UCB-J fol-
lowing an intravenous bolus plus constant infusion using a
K, value of 150 minutes to the end of the PET acquisition.15
PET examinations were conducted on the high-resolution
research tomograph (Siemens), which acquires 207 slices
(1.2-mm slice separation) with a reconstructed image resolu-
tion of ~3 mm at full width at half maximum. Before tracer
injection, a 6-minute transmission measurement was per-
formed for attenuation correction. PET data were acquired in
list-mode for 120 minutes and reconstructed into 33 frames
(6x0.5,3x%x1,2x2, and 22 X 5 minutes) with corrections
for attenuation, normalization, scatter, randoms, and dead
time using the MOLAR algorithm. Event-by-event motion
correction was performed using the Polaris Vicra optical
tracking system (NDI Systems) with reflectors mounted on a
swim cap worn by the subject.18 PET images were corrected
for any uncorrected motion using a mutual information al-
gorithm (FSL-FLIRT) by frame-by-frame registration to a
summed image (0-10 minutes postinjection).
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Magnetic resonance images were skull- and muscle-stripped
(FMRIB's Brain Extraction Tool, http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/BET) for coregistration with PET images and the
template magnetic resonance image. An average PET image
corresponding to the mean of the frames of 0-10 minutes after
'c-ucB-J injection was aligned to each subject's magnetic
resonance image via a rigid registration with mutual informa-
tion. The individual magnetic resonance image was normal-
ized to Montreal Neurological Institute (MNI) space using an
affine linear plus nonlinear registration (Biolmage Suite 2.5),
to extract regions of interest (ROIs) from the automated ana-
tomic labeling (AAL) template.lg’zo A number of ROIs were
modified versions of the AAL template region (anterior insula,
posterior insula, and ventromedial prefrontal cortex), defined
on previous PET imaging data (substantia nigra and ventral

PET image analysis
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striatum) or manually defined in the MNI atlas (centrum semi-
ovale). The ROI for the centrum semiovale was eroded by
two voxels on all borders to minimize partial volume effects.
Regional time-activity curves were obtained by applying the
template ROIs to PET space using the transformations.

2.5 | Blood analysis

All subjects underwent arterial cannulation, and blood was
collected for measurement of the time course of ''C-UCB-J
in plasma, including radiometabolite analysis. Samples were
drawn every 10 seconds for the first 90 seconds and at 1.75,
2,2.25,25,2.75,3,4,5, 6, 8, 10, 15, 20, 25, 30, 45, 60,
75, 90, 105, and 120 minutes after ''C-UCB-J injection.
For each sample, plasma was obtained by centrifugation at
4°C (2930 g for 5 minutes). Whole blood and plasma sam-
ples were counted in cross-calibrated gamma-counters (1480
Wizard; Perkin-Elmer).

Radiometabolite analyses, performed for plasma sam-
ples at 3, 8, 15, 30, 60, and 90 minutes using an automatic
column-switching high-performance liquid chromatography
system, and blood processing were performed as described in
our previous publication.21

Additional blood samples were collected for measure-
ment of BRV or LEV plasma concentrations, immediately
before, at the middle of, and at the end of the postdrug PET
measurements.

2.6 | Quantitative analysis

In Cohorts 1 and 2, five regional time-activity curve (TAC)
were generated to assess drug-induced tracer displacement,
including the centrum semiovale, cerebellum, frontal cortex,
temporal cortex, and putamen.

The entry of BRV or LEV into brain and binding to
SV2A will result in a reduction in the available binding
sites for ''C-UCB-J. In the displacement studies, the rate
of reduction in the ''C-UCB-J signal can be quantified and
used as a measure of rate of entry and binding of BRV or
LEV. Tracer displacement half-times, the time it takes from
drug administration to 50% maximal tracer displacement,
were estimated using the change over time in the radio-
activity concentration ratio between each brain region and
metabolite-corrected plasma; when brain and plasma con-
centrations are at equilibrium, this ratio represents the vol-
ume of distribution (Vy gq). Regional time activity curves
from end of infusion to end of PET measurement were fit
by the following equation'?:

Vigo(®)=Vnp +p1 Xexp (—p,f) (1)

where Vyp accounts for nondisplaceable tracer uptake and
D> (min™") is the observed rate of change in specific bind-
ing. Vyp was determined as the mean Vr,gq (1) value of the

° L] ®
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centrum semiovale region from 90 to 120 minutes after tracer
injection. Tracer displacement half-times (minutes) were es-
timated as In(2)/p, in the four regions (cerebellum, frontal
cortex, temporal cortex, and putamen) and averaged.

Because tracer displacement requires drug entry and
tracer clearance, a corrected brain entry half-time of the
drugs was also estimated by subtracting the tracer clear-
ance half-time from the tracer displacement half-time.'?
The tracer clearance half-time was calculated from the
maximum tracer clearance rate as k, = K, / Vyp, in which
K, was obtained from a 1TC model fit to time-activity
curves of four regions (cerebellum, frontal cortex, temporal
cortex, and putamen) and Vyp was obtained as described
above. The tracer clearance half-time (minutes) was esti-
mated as In(2)/p, in the four regions and averaged across
BRV and LEV displacement measurements. For a given
drug, the observed rate of change in specific tracer binding
is expected to depend on dose, as higher doses will reach a
given occupancy faster.

In Cohorts 2 and 3, V; values were computed using the
1TC model to fit regional time-activity curves.”*? The Vr
estimate was derived from the model fit parameters, K, and
k,. Regional Vi values were computed for 23 regions, in-
cluding amygdala, anterior cingulum, anterior insula, cau-
date nucleus, cerebellum, dorsolateral prefrontal cortex,
frontal cortex, fusiform, globus pallidus, hippocampus, in-
sula, occipital cortex, orbitofrontal cortex, parahippocampal
gyrus, parietal cortex, posterior cingulum, posterior insula,
putamen, substantia nigra, temporal cortex, thalamus, ventro-
medial prefrontal cortex, and ventral striatum.

In Cohort 2, a baseline V was estimated from the first
60 minutes (before displacement) of the first PET measure-
ment, and postdose Vi was estimated from the postdose
PET measurements. In Cohort 3, baseline V; was estimated
from the baseline PET measurement, and postdose Vi was
estimated from each postdose PET measurement. These V;
estimates were used to determine SO by BRV and LEV.

SO was determined using pairs of baseline and postdose
PET measurements and the Lassen plot approach.23 This ap-
proach can be used to estimate brain occupancy when there
is no region in the brain that is devoid of specific binding, in
which the level of nonspecific binding can be estimated. It
uses the principle that regions with higher specific binding
(higher V) at baseline will show a larger absolute reduction
in binding during blockade. By regressing the change in V;
against the baseline V; across regions, the SO and the non-
specific binding can be estimated.

Vr(baseline) — Vi (drug) = SO(V(baseline) — Vyp)  (2)

Note that this equation is based on the assumption that SO
and Vyp are uniform across brain regions and PET measure-
ments. Linear regression analysis is used to derive SO from
the slope of the fitted line.
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The pharmacokinetic-brain target occupancy relationship
between drug plasma concentration and SO was evaluated
using the conventional E,, model assuming that maximum
occupancy is 100%. A two-parameter (E, .., ICsq) Epax
model (ie, maximal occupancy not constrained to 100%) was
also evaluated. The extra-sum-of-squares F test was used to
determine which model more appropriately represented the
data.

Drug concentration in plasma was calculated from an
average of three blood samples acquired during the PET
measurements (beginning, middle, and end). ICs, was
computed for each drug by grouping data from all subjects
(“global”: Cohort 2, LEV, and BRV; Cohort 3, LEV, and
BRV) and independently for each subject (“individual”:
Cohort 3, BRV).

All image processing and kinetic modeling were per-
formed with in-house programs written within IDL 8.0 (ITT
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Visual Information Solutions). Tracer displacement half-
times were computed using GraphPad Prism.

3 | RESULTS

3.1 | Displacement of ''C-UCB-J

The radioactivity concentration ratio between brain region
and metabolite-corrected plasma (Vpgg) reached an ap-
proximately constant value after 40-50 minutes postinjec-
tion (Figure 1). The tracer displacement curves indicate a
faster displacement by 100 mg BRV (n =4, mean + SD =
18.0 + 6.3 minutes, range = 13.7-27.3 minutes) and 200 mg
BRV (9.7 and 10.1 minutes) than 1500 mg LEV (n = 6, mean
+ SD = 28.5 + 5.7 minutes, range = 21.7-36.2 minutes)
in all gray matter regions (Figure 1). Corrected half-time
values were lower, 10.0 + 6.3 minutes for BRV (100 mg,

Subject 2 - 1500 mg LEV

0 L | L] | L | L | | ] 1

0 20 40 60 80 100 120 140
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Subject 4 - 1500 mg LEV
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Representative regional time-activity curves of V. Eq Values in five brain regions (Cer, cerebellum; CS, centrum semiovale;

FCx, frontal cortex; Put, putamen; TCx, temporal cortex) (Cohort 1). Brivaracetam (BRV) or levetiracetam (LEV) was administered intravenously
(vertical dotted lines) and reduced the binding of ''C-UCB-J. Data were fitted to estimate tracer displacement half-time (solid line, see Equation 1
in Materials and Methods section). Horizontal dotted lines indicate the Vyp value estimated from the CS value from 90-120 minutes postinjection
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TABLE 1 T, andcT,, calculated as T,,, minus mean tracer clearance half-time (8 minutes), of "'C-UCB-T following intravenous infusion
of BRV or LEV
BRV LEV
Cohort ID Dose, mg Ty, min cT/;, min Dose, mg T}/, min cT, min
1 1 100 13.7 5.7
2 100 16.8 8.8
3 1500 34.6 26.6
4 1500 25.8 17.8
2 5 100 27.3 19.3 1500 36.2 28.2
6 100 14.2 6.2 1500 27.4 19.4
7 200 9.7 1.7 1500 21.7 13.7
8 200 10.1 2.1 1500 25.0 17.0
9 50 30.1 22.1
BRYV, brivaracetam; cT),, corrected half-time; ID, subject identifier; LEV, levetiracetam; T, tracer displacement half-time.
BRV LEV
F‘,-!
§ 20- - 200mg - -e- 1500 mg
3 & 50 mg - 250 mg
=
S
=15 15 Y = 0.840(X - 2.864)
=
a Y = 0.854(X - 2.926)
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©
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Vy(baseline) (mL/cm?)
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FIGURE 2 Representative Lassen occupancy plots for brivaracetam (BRV; red) and levetiracetam (LEV; blue) for two different doses. The
values on the x-axis represent regional V; values during baseline and on the y-axis represent the difference between V. values during baseline and
Vr values postdrug. The SV2A occupancy was derived from the slope of the linear fit, that is, 50% for BRV (50 mg), 85% for BRV (200 mg), 52%

for LEV (250 mg), and 84% for LEV (1500 mg)

n=4), 1.7 and 2.1 minutes for BRV (200 mg, n =2), and
20.5 + 5.7 minutes for LEV (1500 mg, n = 6). The tracer
displacement half-times for all examined doses of BRV and
LEV are listed in Table 1. The tracer displacement half-times
for BRV were dose-dependent, as expected, and longer for
lower BRV doses.

It was noted that Subject 5 had a higher half-time for BRV
100 mg compared to other subjects at the same dose. This same
subject showed a relatively high half-time for LEV 1500 mg
also. We do not have a definite explanation for these observa-
tions in this one subject. The plasma concentrations and occu-
pancies observed for this subject at these doses were similar to
those of other subjects. The observation may be due to mea-
surement variability, but the difference is considerable com-
pared to the rest of the dataset. Because BRV and LEV are not
P-glycoprotein substrates, it cannot be explained on that basis.
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SO was estimated from the regional V; values using the
Lassen plot approach. In Figure 2, two examples of Lassen
plots are shown for each drug representing a higher dose
(circles, BRV =200 mg, LEV = 1500 mg) and a lower dose
(squares, BRV =50 mg, LEV =250 mg). The plots show
linear relationships for all doses, indicating good data fitting.
Vap values, determined as the x-intercepts from the Lassen
plots in the postdose studies, were similar for BRV (mean
+ SD =2.80 +£0.66, n =9) and LEV (2.80 + 0.59, n =7).
The SO values were dose-dependent for both BRV and LEV
and are shown in Table 2. The occupancy was 66% and 70%
for intravenous 100 mg BRV, 84% and 85% for intravenous
200 mg BRV, and 78%-84% for intravenous 1500 mg LEV
(median = 78%, n = 4) approximately 4 hours postdose.

SV2A occupancy
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TABLE 2 Plasma concentration, SV2A occupancy, Vyp and ICs, for BRV or LEV
IC5, ng/
Plasma conc., SV2A mL, ICs, pg/
Cohort ID  Drug  Studystate  Dose, mg pg/mL occupancy, % Vaps mL/cm®  individual mL, global
2 5 BRV Postdose 100 1.04 66 2.28 N/A 0.51
6 100 0.98 70 3.06
7 200 3.61 85 2.93
8 200 2.94 84 2.36
9 50 0.53 50 1.50
5 LEV 1500 16.2 78 2.57 N/A 4.90
6 1500 16.5 78 2.79
7 1500 23.1 84 2.86
8 1500 23.6 78 2.76
3 10 BRV Postdose 100 1.63 74 3.25 0.54 0.45
SS peak 291 86 3.05
SS trough 1.7 76 3.80
11 Postdose 50 0.98 72 3.73 0.44
SS peak 1.61 76 3.78
SS trough 0.84 64 3.97
12 Postdose 100 1.23 80 3.08 0.32
SS peak 2.53 87 2.90
SS trough 1.43 82 3.24
13 Postdose 50 0.91 67 3.04 0.50
SS peak 1.99 78 2.71
SS trough 1.22 70 2.89
12 LEV Postdose 250 3.65 58 4.01 N/A 3.58
13 Postdose 600 10.7 68 2.51
11 Postdose 250 4.25 52 2.10
2 and 3 BRV 0.46
LEV 4.02

BRYV, brivaracetam; conc., concentration; ID, subject identifier; LEV, levetiracetam; N/A, not available; SS, steady state.

The relationship between SO and BRV or LEV plasma con-
centration is shown in Figure 3, and the /Cy, values are shown
in Table 2. The SO data followed the pharmacokinetic-brain
target occupancy relationship between drug plasma concentra-
tion and SO. The combined /Cs, estimate across Cohorts 2 and
3 was 0.46 pg/mL for BRV and 4.02 pg/mL for LEV, that is,
BRYV has 8.7-fold higher affinity for SV2A than LEV.

The BRV SS peak occupancy was 4%-12% higher than
the acute postdose occupancy. The SS trough occupancy
was 5%-12% lower than the SS peak occupancy. These data
demonstrate high reproducibility of the occupancy measures
with ''C-UCB-J, and the calculated SOs are fully explained
by the pharmacokinetic-brain target occupancy relationship
between drug plasma concentration and SO.

The ICs5, of BRV was also estimated on a subjectwise
basis using the postdose, SS peak, and SS trough occupancy
and drug concentration data in the four subjects in Cohort
3 (Table 2). The average ICs, across these subjects was

0.45 + 0.09 pg/mL, which was in excellent agreement with
the estimate of combined data from both cohorts.

Further evaluation of model fitting (ie, assuming maxi-
mum 100% occupancy or fitting the maximum occupancy
E..0) was performed with the combined occupancy and
plasma concentration data from both cohorts for both BRV
and LEV (Figure 3). The extra-sum-of-squares F test was
used to determine statistical significance between the two
model fits for each drug, with o = 0.05 and a critical F value
of F, _ | N -2 where N is the number of occupancy points
for BRV or LEV (Table 2), and 1 and 2 correspond to the
number of parameters in the one- and two-parameter models.
For BRYV, the calculated F statistic was less than the criti-
cal F value, so the assumption of 100% maximal occupancy
was not rejected. For LEV, the calculated F statistic (7.09)
was greater than the critical F value (6.61); from the two-
parameter fit, the estimated E,,, was 88.4%, which was sta-
tistically different from 100%.
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4 | DISCUSSION
The results of the current study provide the first direct clinical
evidence that BRV enters brain faster than LEV, consistent with
previous in vitro and in vivo preclinical data. Although brain
entry rate is an important contributing factor in the treatment of
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FIGURE 3 The relationship between the measured drug plasma
concentration during each positron emission tomography measurement
and SV2A occupancy is shown for all subjects in Cohorts 2 and 3. (Top)
One-parameter saturable binding fits are shown for SV2A occupancy
versus brivaracetam (BRV) concentration (red) or levetiracetam
(LEV) concentration (blue). Model comparison is shown between
one-parameter saturable binding fit (solid line) to estimate /Cs, and
two-parameter saturable binding fit (dotted line) to estimate /Cy, and
maximal occupancy (E,,,,,) for BRV (middle) and LEV (bottom)

some forms of acute seizures requiring rapid therapeutic inter-
vention, the therapeutic benefit of the faster brain entry of BRV
has yet to be confirmed in clinical studies. In addition, BRV has
8.7-fold higher SV2A affinity in humans than LEV. Also, SO
by BRV was consistent between acute and SS conditions.

The tracer displacement half-time analysis utilized in this
study follows our previous study in nonhuman primates12
and shows that BRV enters the brain approximately nine-
fold faster than LEV. The corrected half-times for 100 mg
BRYV and 1500 mg LEV in this clinical study are similar to
the 3-minute and 23- minute half-times observed in the non-
human primate study at doses intended to result in equiva-
lent plasma levels in humans. Despite neither BRV nor LEV
being indicated for SE, recent studies have suggested that SE
patients can be treated with BRV, with loading doses similar
to those in this study.24’25 A further recent study has reported
that a human dose of at least 2 mg/kg and up to 5 mg/kg is
necessary for efficacy in SE, suggesting that doses slightly
above 100 mg BRYV intravenously could be in the efficacious
range.26 The tracer displacement half-time is an underesti-
mation of the drug brain entry half-time, because of the time
taken for tracer clearance from tissue. The clearance of tracer
from tissue is expected to be the same for both treatments and
does not impact the observation that BRV brain entry is faster
than for LEV. More advanced modeling, including direct es-
timation of drug brain entry rates, requires incorporation of
the drug plasma input function and can be explored to more
accurately estimate the brain entrance rates of BRV and LEV.

It is well established that in vitro affinity of SV2A ligands
strongly correlates with their in vivo anticonvulsant potency
across seizure models.”” The SO measurements demonstrated that
BRYV has 8.7-fold higher SV2A affinity than LEV. These results
are consistent with in vitro studies demonstrating 20-fold higher
SV2A affinity in cells and human brain tissue and 10-fold higher
potency in in vivo models of epilepsy.***® Consistently, clinical
effective plasma concentrations of BRV are lower than for LEV.

The Vyp values from the Lassen plots were similar for
BRYV and LEV. Occupancy of SV2A by BRV was well de-
scribed by the one-parameter model, and the two-parameter
model did not outperform the one-parameter model. This
means that 100% of the tracer-specific binding could be
blocked by BRV. For LEV, there was an improvement of fit
when including E,,, in the model, although the number of
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data points was very limited. To assess whether the LEV
E, .« is lower than 100%, a more extensive occupancy study
applying a larger dose range is required. In addition, the oc-
cupancy analysis assumes that drug levels in plasma are in
equilibrium with those in the brain. It is possible that LEV
concentrations in brain were not in equilibrium with plasma
concentrations, especially given the slower entry rate of
LEV into the brain. Thus, this lack of equilibrium could con-
tribute to the slight lack of fit to the one-parameter model.
The relationship between SO and seizure protection in au-
diogenic mice as a function of time after single-dose adminis-
tration was first explored with LEV using an ex vivo binding
approach. The postadministration time needed to achieve
maximal SO was well correlated with the time needed for
maximal protection against seizures.”’ Interestingly, after
single oral dosing to audiogenic mice, BRV provided max-
imal protection against seizures 30 minutes postdose, when
maximal plasma concentrations were also achieved, whereas
peak anticonvulsant activity of LEV was delayed by almost
1 hour with respect to peak plasma levels.'? Further pharma-
cokinetic measurements also indicated that BRV showed a
faster entry into the rodent brain than LEV, which explained
faster onset of action against seizures in audiogenic mice.'?
LEV is approved in adults with epilepsy at doses
from 1000 to 3000 mg/d (maximum twice daily single
dose = 1500 mg). BRV is approved in adults with epilepsy
at doses from 50 to 200 mg/d (maximum twice daily single
dose = 100 mg). Despite the small difference in SO between
both 100 mg and 200 mg BRV and 1500 mg LEV in this
study, there was considerable overlap in the measured occu-
pancies at these doses. Variability in the occupancy between
subjects was well explained by plasma drug concentrations,
and each drug could be fitted to a single saturation occupancy
curve across the range of plasma concentrations. The differ-
ence in SO between the 4-hour postdose scans and the SS
peak and trough occupancies for BRV are explained by the
differences in drug plasma concentration, and the data fit the
same pharmacokinetic-brain target occupancy relationship.
More rapid penetration of BRV versus LEV provides the
potential for more rapid onset of action® and therefore could
be important in acute unremitting seizures requiring prompt
therapeutic intervention. A clinical study investigating the ef-
ficacy and safety of BRV as treatment for increased seizure
activity in an epilepsy monitoring unit setting (EP0087; www.
clinicaltrials.gov. NCT03021018) has been completed and
concluded that intravenous lorazepam, intravenous 100 mg
brivaracetam, and intravenous 200 mg brivaracetam showed
similar efficacy in acute seizures.”’ The therapeutic benefit of
the faster brain entry of BRV has yet to be confirmed; however,
brain-entry rate is an important contributing factor for assess-
ing the efficacy of drugs and their place in clinical practice.
In conclusion, BRV approximately ninefold more rapidly
achieves SO than LEV. At SS trough conditions, SO levels at

100 and 200 mg BRV were comparable to postdose 1500 mg
LEV occupancy. These studies indicate that BRV may have
utility in the treatment of acute seizures, and further clinical
studies are required to confirm such efficacy in patients.
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