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Abstract

Purpose: ['®FJUCB-H is a specific positron emission tomography (PET) biomarker for the
Synaptic Vesicle protein 2A (SV2A), the binding site of the antiepileptic drug levetiracetam. With
a view to optimising acquisition time and simplifying data analysis with this radiotracer, we
compared two parameters: the distribution volume (Vt) obtained from Logan graphical analysis
using a Population-Based Input Function, and the Standardised Uptake Value (SUV).
Procedures: Twelve Sprague Dawley male rats, pre-treated with three different doses of
levetiracetam were employed to develop the methodology. Three additional kainic acid (KA)
treated rats (temporal lobe epilepsy model) were also used to test the procedure. Image
analyses focused on: (i) length of the dynamic acquisition (90 versus 60 min); (ii) correlations
between Vit and SUV over 20-min consecutive time-frames; (iii) and (iv) evaluation of differences
between groups using the Vt and the SUV; and (v) preliminary evaluation of the methodology in
the KA epilepsy model.

Results: A large correlation between the Vit issued from 60 to 90-min acquisitions was observed.
Further analyses highlighted a large correlation (r> 0.8) between the Vt and the SUV. Equivalent
differences between groups were detected for both parameters, especially in the 20-40 and 40—
60-min time-frames. The same results were also obtained with the epilepsy model.
Conclusions: Our results enable the acquisition setting to be changed from a 90-min dynamic to
a 20-min static PET acquisition. According to a better image quality, the 20—40-min time-frame
appears optimal. Due to its equivalence to the Vt, the SUV parameter can be considered in order
to quantify ['®FJUCB-H uptake in the rat brain. This work, therefore, establishes a starting point
for the simplification of SV2A in vivo quantification with ['®FJUCB-H, and represents a step
forward to the clinical application of this PET radiotracer.
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Introduction

Positron emission tomography imaging (PET) is able to
- provide quantitative information about physiological and
Correspondence to: Maria Serrano; e-mail: meserrano@uliege.be pathological in vivo processes [1-3]. However, to quantify
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the results, the PET data must be processed usually by
means of kinetic modelling [4-9]. The implementation of
this mathematical method requires the use of several blood
samples to calculate the arterial input function (IF), which
describes the evolution over time of the concentration of the
non-metabolised radiotracer in arterial plasma. The necessity
of drawing arterial blood samples leads to invasive proce-
dures which hamper any easy application in research and
clinical routines [1, 4, 10, 11]. In order to simplify the
procedures, alternative approaches have been proposed as,
for example, the image-derived IF which allows the measure
of the blood tracer concentration directly from dynamic PET
images, through the detection of voxels belonging to the
aorta, the carotid artery or the heart cavities [12, 13].
Another example is the use of a Population-Based Input
Function (PBIF), derived from averaged individual IF
obtained from a population [14—18]. However, both options
include the use, even when minimal, of blood samples [13].
Other approaches currently employed are the use of a
reference tissue with non-existent (or very low) specific
uptake [1, 14, 19] or the semi-quantitative Standardised
Uptake Value (SUV), which normalise data according to the
dose injected and the weight of the individuals [11, 20, 21].
This last parameter, the SUV, appears as an interesting
choice in daily clinical and preclinical practices, thanks to
the fact that the procedure ensures minimal discomfort to the
patient, simple image processing and fast data analysis [1,
10]. Despite the existence of multiple alternatives to quantify
PET images, the equivalence between the semi-quantitative
parameters, as the SUV, to the quantitative parameters, as
the distribution volume (Vt) or the binding potential has
seldom been assessed. During the last few years, different
studies have focussed on this crucial issue [20], showing in
some of them a large correlation between the results
expressed in both parameters. Most of these evaluations
have been performed in cancerology, using the 2-deoxy-2-
['*F]fluoro-p-glucose [21-23]. Currently, the possibility of
shortening the acquisition time and simplifying the data
analyses for different radiotracers is also being evaluated in
neurology [24, 25].

In the present study, we used the ['"*FJUCB-H, radiotracer
which was developed to evaluate the expression of the
Synaptic Vesicle protein 2A (SV2A) in the brain [26-29].
This protein is thought to play a key role in the epileptic
process. Indeed, current top-of-the-range antiepileptic drugs,
such as Levetiracetam (LEV: Keppra®) or Brivaracetam,
target this protein to treat the symptoms [30-32]. Further-
more, recent PET studies in healthy volunteers have shown
the suitability of this radiotracer as a marker of synaptic
density [12, 33]. However, the ubiquitous brain expression
of the SV2A protein rules out the use of a reference region
to simplify the data analysis [34]. The use of a population-
based input function was validated in rats [29]. This
interesting approach requires careful validation for the
population under investigation. In fact, it has not yet been
established with certainty that the input function remains the

same for both young and old participants or for healthy and
pathological patients.

The aim of this work was to investigate to what extent it
would be possible to simplify the procedure for the in vivo
study of the SV2A proteins with ['*FJUCB-H and PET. To
this end, we compared two parameters: the distribution
volume (Vt), obtained through full kinetic modelling (Logan
model) using a Population-Based Input Function [29], and
the Standardised Uptake Value.

Materials and Methods

Animals

Five-week-old Sprague Dawley CD rats were obtained from
Janvier Laboratories (France) and prior to experimentation,
housed in pairs during a two-week period in 12 h:12 h light-
dark conditions, while maintaining room temperature at
22 °C, and humidity at approximately 50 %. Standard pellet
food and water were provided ad libitum.

To develop the methodology, 12 male rats were used.
These rats were divided into three groups (n =4 each): LEV
1 mg/kg, LEV 10 mg/kg and SAL. Each animal underwent a
pre-treatment consisting an intraperitoneal (IP) injection of
either levetiracetam at 1 mg/kg or 10 mg/kg (LEV,
Keppra®, UCB Pharma S.A., Belgium) or saline (SAL)
30 min before the PET acquisition. Minimum sample size
for the experiment was estimated with G*Power software
[35], setting the power level at 0.8 and the alpha level at
0.05. These parameters were set as to detect large effect size
(n?>0.5) differences.

In addition, three supplementary animals were used to
perform a preliminary evaluation of the methodology in a
temporal lobe epilepsy model (KASE).

Induction of the Temporal Lobe Epilepsy Model

Following the procedure designed by Hellier [36], two of the
three animals (KASE) received multiple systemic injections
(IP) from 2.5 to 5 mg/kg of kainic acid (KA, kainic acid
monohydrate >99 % (TLC), Sigma Aldrich, USA) every
30 min, until the first convulsive seizure (class 5 on Racine’s
scale, [37]). The total administered dose was 15 mg/kg for
both rats. The third rat (Sham) received multiple systemic
injections of saline, instead of KA, serving us as control.
These three rats were scanned 12 weeks after the KA/saline
administration (chronic phase of epilepsy) [38—40].

Radiochemistry and PET Studies

The enantiomerically pure ['*FJUCB-H, referred in [29] as
(R)-['®*F]JUCB-H, was produced through one-step
radiolabelling of a pyridyliodonium precursor, in accordance
with a reported method [41]. The molar activity reached by
this method was 10 Ci/pmol.
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The PET acquisition protocol was the same for all the subjects:
the ['*FJUCB-H (40 + 3 MBq, 0.55 ml) was administered via the
caudal vein and, immediately after the radiotracer injection, the
PET emission data were recorded in list mode on a Siemens
FOCUS 120 microPET (Siemens, Knoxville, TN). Subsequently,
a 10-min PET transmission scan was performed in single event
acquisition mode, using a Co-57 source. Data were reframed as
follows: 6 X 55s,6%x10s,3x20s,5%30s,5%x60s,8%150sand
6 %300 s. For each frame, a total of 95 trans-axial slices were
obtained using Fourier rebinning (FORE) followed by 2D ramp
filtered back projection in a 256 x 256 matrix. The slice thickness
was 0.796 mm, and the in-slice pixel size was 0.433 x 0.433 mm”.
The resolution of the system was around 1.5-2.0 mm [42].

Following the PET acquisitions, the rats were transferred
into a 9.4T/310 ASR horizontal bore Agilent system and a
72-mm inner diameter volumetric coil (Rapid Biomedical
GmbH, Wiirzburg, Germany). Anatomical magnetic reso-
nance imaging (MRI) of the brain using T2-weighted images
were obtained with a fast spin echo multi-slice sequence
using the following parameters: TR =2000 ms, TE =40 ms,
matrix =256 x 256, FOV=45x45 mm?, 30 contiguous
slices of thickness=0.80 mm and in-plane pixel size=
0.176 x 0.176 mm”.

All the imaging procedures were performed under anaes-
thetic, using 4 % isoflurane in air at a flow rate of 1 I/min for
sleep induction and 2 to 2.5 % isoflurane in air at 0.6 I/min for
sleep maintenance. The animals remained awake in their cages
only between the saline or LEV pre-treatment and the
radioactivity administration. Respiration rate and rectal temper-
ature were continuously measured during the PET and MRI
scans using a physiological monitoring system. The temperature
was maintained at 37+0.5 °C using an air warming system
(Minerve, France). During the PET scan, one of the rats pre-
treated with LEV 10 mg/kg died, reducing the number of
animals of this group to n=3.

Imaging Data Processing

PMOD software (Version 3.6, PMOD Technologies, Zurich,
Switzerland) was used to process the imaging data. For each
rat, the structural MRI image was manually co-registered
with the corresponding PET images and, subsequently, rigid
body transformations were applied. The obtained MRI
image was then spatially normalised into the PMOD
structural MRI image template. Finally, the inversed
normalisation parameters were calculated and applied to
the PMOD rat brain atlas in order to bring it into the
individual PET space. From this atlas, four regions of
interest (ROIs) were chosen for the whole experiment due to
their significant expression of SV2A: the striatum, the
hippocampus, the thalamus and the whole brain.

The SUV was calculated using PMOD from time-activity
curves, normalised according to injected dose and animal
weight. The Logan plot kinetic modelling (9) was used to obtain
Vt at the ROI level, fixing the starting time of the linear section

(t*) at 15 min, based on our previous work [27]. PBIF recently
published by our laboratory [29] was used to avoid arterial blood
sampling during the acquisitions.

Data Analysis

In order to assess the feasibility of shortening the acquisition
time and simplifying the data processing, the following steps
were considered:

(i) Evaluation of the possibility of shortening the dynamic
scan duration: the Vt values for the total 90-min
acquisition (Vt-90) were compared with the Vt values
issued from the first 60 min of scanning (Vt-60) via the
Pearson r correlation coefficient and the Bland-Altman
method [43, 44], which provides a graphical representa-
tion of the differences and possible bias between two sets
of data obtained by alternative methods (here, Vt-90 and
Vt-60) [45].

(i1) Assessment of the feasibility to perform a static
acquisition: the Vt-90 values were compared with the
SUYV obtained for the various 20-min frames, by means
of the Pearson’s correlation coefficient. In order to
interpret the correlation coefficient strength, we
followed the guidelines suggested by Cohen [46]: small
correlation: r==+.10 to £.29; medium correlation: r=
+.30 to +.49; large correlation: r==.50 to + 1.

(ii1) Analysis of the differences between groups in Vt-90: we
used a one-way analysis of variance (ANOVA) followed by
a Bonferroni post-hoc tes t in order to detect differences
between groups pre-treated with LEV.

(iv) Identification of the optimal time-frame to perform the
static acquisition: we performed the same statistical
analysis described above, in section (iii), for the 20-min
time-frames presenting the largest correlation with the
Vt-90 (section (ii)). This analysis will allow us to
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Fig. 1. Representative parametric PET images of ['®FJUCB-
H binding in rat brain over a 90 min (Vi-90) and b the first
60 min (Vt-60). Rats were pre-treated 30 min before the PET
scan with an IP administration with a, d saline; b, e 1 mg/kg
LEV; c, f 10 mg/kg LEV.
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identify differences between groups in each time-frame. (v) Preliminary evaluation of the methodology in KASE

We subsequently compared these results with those
observed for the Vt-90 analysis in order to find which of
the three time-frames they were equivalent to.
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Fig. 2. The scatter plots illustrate the relation between the Vt value obtained for the first 60-min acquisition (Vt-60) and for the
whole 90-min acquisition (Vt-90) in a striatum, ¢ hippocampus, e thalamus and g whole brain. The value corresponding to the
Pearson correlation coefficient is included in bold font. The Bland-Altman plots represent the difference between Vi-90 and Vt-
60 values against the mean for the two acquisition schemes, for b striatum, d hippocampus, f thalamus and h whole brain. The
continuous lines represent the mean of the differences, whereas the dotted lines define the 95 % limits of agreement.
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Statistical Analysis

All the statistical analyses were carried out with SPSS
(IBM® SPSS® Statistics 24; USA) and the results were
given as the mean of SUV or Vt+the Standard Deviation
(SD). The critical level of statistical significance was
always set to p<0.05. GraphPad Prism 5 (GraphPad
Software, Inc.; USA) was used to graphically represent
the results.
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Results

Comparison Between Vt-90 and Vt-60

The Vt-90 values, obtained from the total 90-min acquisition
(Fig. la—c) were compared with the Vt-60 values, issued
from the first 60 min of scanning (Fig. 1d—f).

The analyses concerning the equivalence between both
parameters highlighted a large correlation (.996 <r<.998)
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Fig. 3. The scatter plots illustrate the relation between the Vt value for the 90-min acquisition and the SUV parameter for a 10-
min sliding window of 20 min duration, equivalent to a SUV20-40, b SUV30-50, ¢ SUV40-60, d SUV50-70, e SUV 60-80, f
SUV70-90. The data points correspond to the whole brain and to each of the four regions of interest. The line of best fit for the
whole data set is shown in bold, with the range of the Pearson correlation coefficient value obtained when considering each

region individually.



Serrano M.E. et al.: Quantification of ['®FJUCB-H Binding in Rat Brain 893

which was observed between both values for the four ROIs,
considering all rats together (n=11) (Fig. 2a—¢ & g).

The Bland-Altman analysis (Fig. 2b—f & h) presented no
bias between the Vt values obtained for both acquisition
times: all the Vt differences [(Vt-90) — (Vt-60)] were within
the 95 % limits of agreement (mean+ 1.96*Standard
Deviation), and the mean difference was not statistically
different from zero (p > 0.05).

Correlation Between Vt and SUV

The scatter plots in Fig. 3 illustrate the range of the
correlation between the Vt-90 and the SUV computed from
the six 20-min frames for the four ROIs. In general, the
strength of the correlation considering the three groups
together, was large (»=0.930+0.056), decreasing slightly
over time. The largest correlation was detected among Vt-90
and SUV20-40 (0.956 <r<0.986), followed by SUV40-60
(0.956 <r<0.982) and SUV60-80 (0.933 <r<0.963).

Differences Between Groups with Vt-90

We evaluated the differences between groups with Vt, in
order to measure the effect of the pre-treatment administered
(Fig. 4a). Statistical analysis highlighted a significant effect
of the levetiracetam doses used, present in all regions
(»<0.01; large effect size: 0.60 < qu <0.92). Statistically

significant differences were found in the whole brain, the
striatum, and the hippocampus between all groups, except
between the SAL and the LEV 1 mg/kg groups in the
thalamus.

Identification of the Optimal 20-min Time-Frame

The comparison between the results for the Vt-90 and the
SUV obtained for three 20-min windows is represented in
Fig. 4. Statistically significant differences were equivalent
between the dynamic acquisition (Vt-90) and two SUV 20-
min frames: SUV20-40 and SUV40-60. The SUV60-80 only
allowed to detect the large differences present between SAL
and LEV 10 mg/kg groups. These results are consistent with
those observed in section (ii), where the largest correlation
between the Vt and SUV parameters was observed for the
20—40- and 40—60-min time-frames.

Preliminary Evaluation of the Method in KASE
Rats

In Fig. 5, a qualitative comparison of the Sham and one
representative KASE rat already highlights differences in
['®F]JUCB-H binding. We can also appreciate that, as the 20—
40-min frame is closer to the injection time, the quality of
the image is better than the one reconstructed from 40 to
60 min.
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Fig. 4. Differences between groups in a Vt-90, b SUV 20-40, ¢ SUV 40-60 and d SUV 60-80 between groups pre-treated with
SAL (saline, n=4), LEV 1 mg/kg (n=4), and LEV 10 mg/kg (n = 3). Histograms represent the mean + SD. *p <0.05; *p <0.01,

with one-way ANOVA and Bonferroni post-hoc test.
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Fig. 5. lllustrative images of ['®FJUCB-H binding in rat brain
for the first 60 min of scan (Vt-60) for a saline (sham) and b
kainic acid-treated (KASE) rats. Images are also presented
for 20 to 40 min (SUV20-40) for ¢ sham and d KASE and for
40 to 60 min (SUV40-60) for e sham and f KASE. Animals
were treated with multiple systemic (IP) injections of saline
(sham) or kainic acid (KASE) and scanned with ['®FJUCB-H
12 weeks after (chronic phase of epilepsy).

Differences in the radioactivity uptake for the four ROIs
are represented in Fig. 6 a—c: it can be observed that the
reduction expressed as percentage of ["®F]JUCB-H binding in
KASE rats, measured with the Vt-60, amounts to 18.4 % =+
3.5 This reduction was around 22.7+8.4 in the case of
SUV20-40 and 21.5+ 8.5 for the SUV40-60.

In Fig. 6d and Fig. 6e, the Vt-60 values were compared
for the four ROIs with the SUV20-40 and the SUV40-60,
using of the Pearson’s correlation coefficient. We can
observe that, in both cases, there was a large and significant
correlation between the Vt and the SUV parameters.

Discussion

In the present preclinical study, we explored the possibility
of optimising acquisition time and data analysis for the
recently developed radiotracer ['*FJUCB-H. Our goal was
twofold: shortening the acquisition time, and validating the
use of the SUV to quantify the ['®*FJUCB-H binding on the
brain instead of the Vt. For that purpose, we firstly used rats

pre-treated with LEV 1 mg/kg and LEV 10 mg/kg. This pre-
treatment will allow us to produce a decrease in the
['*FJUCB-H binding around 13.3 % and 25.7 %, respec-
tively [27], similar to those reported in patients with chronic
epilepsy and animal models of epilepsy [47]. Subsequently,
we applied the methodology to a KASE model, evaluating
the ['*FJUCB-H binding during the chronic phase.

Our results suggest a large correlation between the Vt
measured during the first 60 min and during the whole 90-
min acquisition, showing an equivalency of between Vt-60
and Vt-90. Hence, based on these results, we can conclude
that it is possible to reduce the time of the dynamic
acquisition from 90 to 60 min. This reduction of the
acquisition time will facilitate the study with ['*FJUCB-H
of the pharmacokinetic of new compounds targeting the
SV2A protein, but in an optimal period of time and was
already applied to obtain the preliminary results with the
KASE group.

In addition, in order to facilitate the data analyses and
acquisitions, we studied the possibility of performing only
static acquisitions with the ['"*FJUCB-H radiotracer. We
started by evaluating the possibility of using the SUV
parameter, calculated from 20 min time-frames, instead of
the Vt. Statistical results showed a large correlation (r>
0.874) between the Vt and the SUV, particularly from 20 to
40 and from 40 to 60 min. Based on these results, we can
conclude that both parameters can be used equally. In
previous articles, the strengths and weaknesses of the use of
the SUV have been discussed [4, 10, 20]. Briefly, these
previous studies showed that, even though the SUV results
seem to depend on some factors (such as the quality of the
radiotracer administration, or the ROI inaccuracy), when
these factors are adequately corrected, the results obtained
with the SUV are similar to those obtained through kinetic
modelling. In our research, we can also observe equivalent
differences between groups with the Vt-90 and the time-
frames corresponding to SUV20-40 and SUV40-60. Both
parameters can detect statistically significant differences
between all the groups. Only in the thalamus, the differences
between the saline and LEV 1-mg/kg groups are not
statistically significant. Moreover, this group exhibited the
highest variability in the measure, which can be explained
by the large quantity of SV2A receptors present in this area
[48]. An increase in the number of measures might lead to
equivalent results for all the ROIs.

With regard to late time-frames, there is still a large
correlation between the Vt-90 and the SUV (r>.5), but it is
weaker than during early time-frames. This decrease in the
correlation strength is reflected in a reduced sensitivity to
detect differences between groups, as we can see with the
SUV60-80 time-frame. A dependency of the SUV on the
time interval between injection and scanning has already
been highlighted in the literature, explaining these different
results [10, 49].

With respect to the most suitable time-frame to perform a
static acquisition, we can observe that both, SUV20-40 and
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between both parameters. A difference in Vt-60, b SUV20-40, ¢ SUV40-60 between one rat pre-treated with saline (sham) and
two pre-treated with kainic acid (KASE) that were scanned with ['"®FJUCB-H 12 weeks after the treatment. d and e illustrate the
range of the correlation between the Vi-60 and the SUV20-40 and SUV40-60, respectively.

SUV40-60, seem to produce similar results. However, from
a practical standpoint, the quality of the images obtained
with SUV20-40 is better, due to the proximity to the
injection time. Furthermore, the use of the 20-40-min
time-frame will reduce the overall time for the total
procedure, making it more suitable than the 40-60-min
time-frame.

Finally, the preliminary results obtained with the meth-
odology in the KA epilepsy model highlighted a large
correlation between the Vt and the SUV in the case of the
['®FJUCB-H, confirming the equivalence between both

parameters. Furthermore, the decrease observed in the
radiotracer uptake (around 18.4 % with Vt60 and 22.7 %
with SUV20-40) were of the same order of magnitude to
those reported in the literature, using in vitro techniques
[47]. However, these results obtained with the KA epilepsy
model are preliminary and should be assessed carefully,
since the in vivo evaluation of SV2A in the case of epilepsy
by means of ['*FJUCB-H is a research project on its own.
In summary, our results primarily demonstrated the
equivalence between the Vt and the SUV parameters when
using the radiotracer ['*FJUCB-H. Furthermore, they
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emphasised the possibility of shortening the acquisition time
from 90 to 60 min (dynamic acquisitions) or to 20 min
(static acquisition), in the light of the observed large
correlation between the Vt and the SUV parameters.

Given the absence of a region of reference for the
quantification of the SV2A PET ligands [33, 34], our
findings regarding the feasibility of using the SUV lead to
an interesting alternative to quantify the ['*FJUCB-H in vivo
binding with PET in rats. This should greatly simplify the
use of this radiotracer in preclinical research and is worthy
of careful evaluation when applied to humans.

Conclusions

Previous studies have demonstrated the suitability of ['**FJUCB-
H as an in vivo biomarker of the synaptic density since it targets
the SV2A protein. In this study, we aimed to optimise the image
acquisition procedure, and the subsequent data analysis. We
compared the quantification of the ['*FJUCB-H binding in the
brain through the use of the Standardised Uptake Value (SUV)
instead of the quantitative volume of distribution (Vt). Due to the
large correlation between the results obtained with the Vt value
extracted from dynamic images and the SUV calculated from 20
to 40 min or from 40 to 60 min on simple static images, we
highlighted the possibility of shortening the acquisition time
from a 90-min dynamic acquisition to an easily accessible 20-
min static acquisition and to use the SUV parameter, preferably
in a 20-40-min time-frame. These results are worthy of careful
evaluation when applied to humans and open the door to a major
simplification of data acquisition and analyses for the in vivo
evaluation of the SV2A proteins with ['*FJUCB-H.
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