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Abstract

Synaptic vesicle glycoprotein 2A (SV2A) is ubiquitously present in presynaptic terminals. Here we report kinetic model-
ing and test—retest reproducibility assessment of the SV2A positron emission tomography (PET) radioligand ['' CJUCB-|
in humans. Five volunteers were examined twice on the HRRT after bolus injection of ['' CJUCB-J. Arterial blood samples
were collected for measurements of radiometabolites and free fraction. Regional time—activity curves were analyzed with
I-tissue (1T) and 2-tissue (2T) compartment models to estimate volumes of distribution (V7). Parametric maps were
generated using the | T model. [''CJUCB-] metabolized fairly quickly, with parent fraction of 36 & 13% at |5 min after
injection. Plasma free fraction was 324 |%. Regional time—activity curves displayed rapid kinetics and were well
described by the IT model, except for the cerebellum and hippocampus. V1 values estimated with the 2T model
were similar to |T values. Parametric maps were of high quality and V1 values correlated well with time activity
curve (TAC)-based estimates. Shortening of acquisition time from 120 min to 60 min had a negligible effect on Vt
values. The mean absolute test-retest reproducibility for Vr was 3-9% across regions. In conclusion, [''CJUCB-J
exhibited excellent PET tracer characteristics and has potential as a general purpose tool for measuring synaptic density
in neurodegenerative disorders.
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Synaptic vesicles proteins, such as SV2A, have pre-
viously been established as histologic markers of syn-
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brain is restricted to synaptic boutons and SV2A is ubi-
quitously and homogeneously present in synaptic ves-
icles.® SV2 is the vesicle protein with the least variation
in the number of copies per vesicle, i.e. most ““‘mono-
dispersed”, and this vesicle homogeneity makes SV2A a
promising candidate for quantification of synaptic
density."' Quantification of SV2A as a synaptic
marker has recently been demonstrated in a mouse
model of Alzheimer’s disease in which Src family
kinase inhibitor AZD0530 rescued both memory and
synapse (SV2A) loss.'> Thus, quantification of SV2A
in the living brain has the potential to be an excellent
in vivo proxy of synaptic density.

A number of SV2A PET radioligands have recently
been reported, including ['!'CJlevetiracetam, [''CJUCB-A,
['"®FJUCB-H and [''CJUCB-J."* ' Radiolabeling of levetir-
acetam itself is feasible, but the SV2A affinity of levetirace-
tam (K;= 1.6 uM) is likely too low for it to be a useful PET
radioligand, and no in vivo evaluation has been reported so
far.'>!” The binding of [''CJUCB-A in the brain of rats and
pigs was found to be SV2A-specific, but binding kinetics
were slow in both species, possibly related to slow metab-
olism and slow excretion of the tracer."* Binding kinetics of
['"®FJUCB-H were promising in rats and nonhuman pri-
mates, ['*FJUCB-H has acceptable dosimetry in rats and
humans, and a simpler synthetic route has recently been
described, but an in vivo brain quantification study has
not yet been reported.'®'® 2! Also, in nonhuman primates,
[''CJUCB-J had higher SV2A specific binding than
["*FJUCB-H."

We previously reported the development of
["'CJUCB-J ((R)-1-((3-["'C]methylpyridin-4-yl)methyl)-
4-(3.4,5-trifluorophenyl)pyrrolidin-2-one).'* [''CJUCB-
J exhibited excellent characteristics as an SV2A PET
radioligand in nonhuman primates, including high
brain uptake and fast kinetics. Pretreatment studies
with levetiracetam and displacement studies with bri-
varacetam confirmed specific binding to SV2A.?> More
recently, we demonstrated in a baboon PET-postmor-
tem study that SV2A is a valid alternative synaptic
density marker to synaptophysin.?® Initial first-in-
human PET studies demonstrated that [''C]JUCB-J
had high brain uptake and fast kinetics in humans
and that ['"C]JUCB-J binding could be displaced by
levetiracetam.® Most importantly, large local changes
in ["'"C]JUCB-J medial temporal lobe binding were
shown in patients with temporal lobe epilepsy.*

To further validate the use of [''CJUCB-J in clinical
studies, we here performed a kinetic evaluation of
[''CJUCB-J in human volunteers. Five healthy subjects
were examined twice with [''CJUCB-J to assess the
reproducibility of [''C]JUCB-J pharmacokinetic and
binding parameters between the test and retest PET
measurements.

Materials and methods
Human volunteers

Five volunteers participated in the study (four men
and one woman; age: 37413 years, range: 25-55
years; weight: 83 + 18 kg, range: 58—108 kg). The sub-
jects are the same as in a previous study in which
data of the initial baseline studies were included.?
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
the United States federal policy for the protection of
human research subjects contained in Title 45 Part 46
of the Code of Federal Regulations (45 CFR 46).
Written informed consent was obtained from all
participants after complete explanation of study
procedures.

Radiotracer synthesis

["'CJUCB-J was synthesized according to previously
described procedures.'*

PET imaging experiments

All subjects underwent two [''CJUCB-J PET measure-
ments on the same day. The time between injections
was 4.9 £ 1.6 h, range: 2.9-7.2 h. Subjects were allowed
to consume a light lunch during the interval between
the two PET measurements. PET scans were conducted
on the High Resolution Research Tomograph (HRRT;
Siemens, Medical Solutions, Knoxville, TN, USA),
which acquires 207 slices (1.2mm slice separation)
with a reconstructed image resolution (FWHM) of
~3mm. Before every [''CJUCB-J injection, a 6-min
transmission scan was performed for attenuation cor-
rection. PET data were acquired in list-mode for
120 min after intravenous infusion of [''C]JUCB-J over
I min by an automated infusion pump (Harvard PHD
22/2000; Harvard Apparatus, Holliston, MA, USA).
The injected mass was limited to 10pg of UCB-J
and 1pg of other UV components per injection.
The dynamic emission data were reconstructed into
33 frames (6x0.5min, 3 x Imin, 2 x2min, and
22 x 5min) with corrections for attenuation, normaliza-
tion, scatter, randoms, and dead time using the
MOLAR algorithm.>* Event-by-event motion correc-
tion was included in the reconstruction based
on motion detection with a Polaris Vicra® optical
tracking system (NDI Systems, Waterloo, Canada)
using reflectors mounted on a swim cap worn by the
subject.”
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Blood analyses

All subjects underwent arterial cannulation and blood
was collected for measurement of the time course of
[''CJUCB-J in plasma, including radiometabolite ana-
lysis. Samples were drawn every 10s for the first 90s
and at 1.75, 2, 2.25,2.5,2.75, 3,4, 5, 6, 8, 10, 15, 20, 25,
30, 45, 60, 75, 90, 105, and 120min after [''CJUCB-J
injection. For each sample, plasma was obtained by
centrifugation at 4°C (2,930 g for Smin). Whole blood
and plasma samples were counted in cross-
calibrated gamma-counters (1480 Wizard; Perkin-
Elmer, Waltham, MA, USA). The tail of the blood
and plasma radioactivity curves was fitted to a sum of
exponentials to reduce noise in the input function.

Radiometabolite analyses were performed for
plasma samples at 3, 8, 15, 30, 60, and 90 min using
an automatic column-switching HPLC system as
described in our previous publication.’**” All HPLC
eluate was fraction-collected and counted in
the gamma-counters (2480 Wizard; Perkin-Elmer,
Waltham, MA, USA). The sample recovery rate,
extraction efficiency, and HPLC fraction recovery
were monitored by measuring radioactivity in the
plasma, plasma filter, plasma filtrate, and HPLC frac-
tions. The unmetabolized parent fraction was deter-
mined as the ratio of the radioactivity corresponding
to the parent to the total amount of radioactivity col-
lected and fitted with an inverted integrated gamma
function. The curve was normalized with the time-vary-
ing extraction efficiency, which was determined by cor-
responding reference plasma samples and fitted with an
exponential function. The arterial plasma input func-
tion was calculated as the product of the total plasma
activity, the [''C]JUCB-J HPLC fraction curve, and the
extraction efficiency curve.”” The HPLC method was
optimized to allow for proper separation of three radio-
metabolite fractions in plasma during the PET meas-
urements in volunteers 1 and 2. Radiometabolite
fractions were quantified in volunteers 3-5. All peaks
present in the radiochromatogram were integrated and
radiometabolite fractions were expressed as relative to
the total area under the curve.

Plasma free fraction (f,) was measured in triplicate
using an ultrafiltration method (Millipore Centrifree®
micropartition device 4104, Billerica, MA, USA) fol-
lowing the guidelines provided by the manufacturer
with 4mL of arterial blood sample taken immediately
prior to injection. The f,, values were determined as the
radioactivity ratio of ultrafiltrate to plasma.

Image analysis

T1-weighted magnetic resonance (MR) images were
acquired on a 3-T whole-body scanner (Trio, Siemens

Medical Solutions, Erlangen, Germany) with a circu-
larly polarized head coil. The dimension and pixel size
of MR images were 256 x256x 176 and 0.98 x
0.98 x 1.0mm?>, respectively. Post-processing of the
MR images included skull- and muscle stripping pro-
cedures (FMRIB’s Brain Extraction Tool, http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/BET) and were performed
to obtain “brain tissue only” images for coregistration
with the PET images and the template MRI.

Image registration and definition of regions
of interest

An average PET image (mean of the frames corres-
ponding to 0-10min) was aligned to each subject’s
MR image via a rigid registration with mutual infor-
mation. The individual MR image was normalized to
Montreal Neurological Institute space using an affine
linear plus nonlinear registration (Biolmage Suite 2.5),
to extract regions-of-interest (ROIs) from the auto-
mated anatomic labeling (AAL) template.”>?’
Regional time—activity curves were obtained by apply-
ing the template ROIs to PET space using the inverse of
the two image-transformations (i.e. PET-to-MRI and
MR-to-template). The following AAL regions were
included: amygdala, anterior cingulate cortex, caudate
nucleus, cerebellum, frontal cortex, globus pallidus,
hippocampus, insular cortex, occipital cortex, parietal
cortex, posterior cingulate cortex, putamen, temporal
cortex and thalamus. The ROI for the centrum semio-
vale was based on the AAL region but was eroded by
two voxels on all borders to minimize partial volume
effects.

Quantitative analysis

Kinetic analysis was performed with the regional TACs
using the metabolite-corrected arterial plasma TAC as
an input function. The outcome measure distribution
volume (V1) was calculated with the 1-tissue compart-
ment model (1T) and 2-tissue compartment model (27T).
The time delay was determined globally by adding this
parameter to the 1T model and fitting the first 10 min of
the whole-brain TAC; this value was fixed in all subse-
quent fits. To evaluate the effect of a blood volume term
in the model, blood volume fraction was fit or fixed to
0.05. The relative performance of 1T and 2T models
was based on the Akaike Information Criterion
(AIC), F tests, and comparison of V't and K; values
and their reproducibility. The AIC was calculated as
follow

AIC = N x In(SumSQ/N) + 2 x k
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Here N is the number of fitted frames, and k is the
number of fitted parameters. For parameter estimation,
data points were weighted based on the noise equiva-
lent counts in each frame.’® Percentage standard error
(%SE) was estimated from the theoretical parameter
covariance matrix. Comparison of K;, Vr and Vy/f,
values calculated by different models was limited to
the values which were reliably estimated, e.g. with a
%SE less than 25%. Parametric images for the 1T
model were created with a basis function method with
k> limited to the range (0.01-1.0min~") and with no
post-smoothing. All modeling was performed with in-
house programs written within IDL 8.0 (ITT Visual
Information Solutions, Boulder, CO, USA).

The time-stability of V' values was evaluated by fit-
ting the regional TACs for PET data with truncated
acquisition times, ranging from 120 to 20 min. The
ratio of regional VT value from the truncated scan to
that from the 120 min measurement was computed for
each ROI. Minimum acceptable acquisition time was
assessed for each region according the following two
criteria: (1) the average V't ratio was between 95 and
105%:; (2) the interindividual standard deviation of the
ratio was lower than 10%.

The reproducibility of the obtained outcome param-
eters was examined by calculation of the relative test—
retest variability (TRV) and the absolute TRV (aTRYV).
The TRV and aTRV were calculated as following:

retest value — test value

TRV x 200%

" (test value + retest value)

_|retest value — test value

aTRV x 200%

" (test value + retest value)

To evaluate within-subject variability relative to
between-subject variability, intraclass correlation coef-
ficient (ICC) values were calculated for each region as
following:

(BSMSS — WSMSS)
(BSMSS + WSMSS)

ICC =

Here BSMSS indicates the between-subject mean
sum of squares and WSMSS indicates the within-sub-
ject mean sum of squares. ICC can vary from —1
(no reliability) to +1 (perfect reliability).

Statistical analysis between test and retest conditions
was performed with two-tailed, paired t-tests with
P <0.05. A Bonferroni correction was used to correct
for multiple comparisons in the laterality examination
(12 regions, excluded were anterior cingulate cortex,
centrum semiovale and posterior cingulate cortex). All
data are presented as mean =+ standard deviation (SD).

Results
Injection parameters

The radiochemical purity of [''CJUCB-J was over 99%.
The injected radioactivity of [''CJUCB-J was 544 + 145
MBq (range: 306702 MBq) for the test PET measure-
ments and 538 + 150 MBq (range: 358-715 MBq) for
the retest PET measurements. The specific radioactivity
at the time of injection was 107 £21 GBq/umol (range:
74-132 GBg/umol) for the test PET measurements
and 1354+44 GBq/umol (range: 88-193 GBgq/umol)
for the retest PET measurements. The correspond-
ing mean injected mass dose of UCB-J was
1.654+0.30 pg (range: 1.34-2.08 ug) and 1.38 +£0.46 pug
(range: 0.71-1.93 pg) for the test and retest PET meas-
urements, respectively. There were no statistical sig-
nificant differences between the test and retest
condition in the injected amount of radioactivity, spe-
cific radioactivity, or injected mass dose. The mean
injected mass dose of UCB-J was 19+ 5ng/kg and
expected to induce <1% SV2A occupancy based on
the in vivo affinity of UCB-J previously determined as
3.4nM (~20pg/kg) in nonhuman primates.'* Thus,
there is no likelihood of carryover effects between the
two injections.

Blood analysis

The mean extraction efficiency and HPLC fraction
recovery value were >97% at all time points.
Representative  HPLC radiochromatograms from
plasma samples obtained at 3, 8, 15, 30, 60 and 90
after injection of [''CJUCB-J in volunteer 3 are dis-
played in Figure 1(a). After injection of [''CJUCB-J,
three radiometabolite fractions were detected during
the course of the PET measurement. The three radio-
metabolite fractions had a retention time of
6.4 (["'CM0), 69 (''CcM1) and 7.7 (''CIM2)
min, respectively, eluting earlier than [''CJUCB-J
(10.5min). Figure 1(b) to (d) displays the average of
the total radioactivity concentration in plasma, the
parent and radiometabolite fractions, and the parent
plasma concentration over the time course of the
test and retest PET measurements, respectively.
The [''CJUCB-J fraction in plasma was slightly smaller
in the retest condition (Figure 1(c)), with a statistical
significant difference of 10£6.7% at 8min. There
was no significant difference in the integral of the
[''CJUCB-J plasma concentration (Figure 1(d)).
The f, of [''CJUCB-J was 0.3240.007 (range: 0.32—
0.33) for the test and 0.32+0.019 (range: 0.29-0.34)
for the retest PET measurement (P =0.90),
respectively. The TRV of fp was 0£6% and the
aTRV was 4 £4%.
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Figure |. Radioactivity content in plasma after intravenous injection of [''CJUCB-] in human. (a) HPLC radiochromatograms of

plasma content 3, 8, 15, 30, 60 and 90 min after ['' CJUCB-J injection in volunteer 3 during test condition. (b) Total plasma radioactivity
concentration over time (data are mean & SD). (c) Unchanged ['' CJUCB-J and radiometabolite fractions in plasma over time (data are
mean =+ SD). (d) ['' CJUCB-| concentration in plasma over time (data are mean, 95% confidence interval is indicated with solid line for

test and with dotted line for retest condition). *P < 0.05.
SUV: standard uptake value.

Quantification of ['' CJUCB binding

After injection of [''CJUCB-J, there was a rapid uptake
of radioactivity in the brain, with high radioactivity
concentrations in gray matter regions and low concen-
trations in white matter regions (Figures 2 and 3). The
peak standardized uptake value was 6-12 across the
gray matter brain regions, and was achieved
10-25min after [''CJUCB-J injection. The uptake in
the white matter region, centrum semiovale, was con-
siderably lower than in all examined gray matter
regions. A steady decline in regional radioactivity
over time was observed starting approximately 20 min
after injection.

Evaluation of the fitting of the regional TACs was
initiated with determining the time delay between the
arrival of radioligand in the brain and radial artery
blood samples. The estimated delay was 20+4s,
(range: 15-25s, n=95) and 14+5s, (range: 8-19s,
n=>5) for the test and retest PET measurement

(P=0.11), respectively. Inclusion of the blood volume
fraction into the 1T fit decreased the delay from
17 £ 5sec to 8+ 5s with a fixed blood volume of 5%,
and to 5+ 3s with free fit of blood volume fraction.

However, inclusion of the blood volume fraction
into the 1T or 2T model fit did not affect the regional
K, or Vt values (Supplemental Figures 1 and 2). The
aTRYV of K| and V't values was also not improved when
including the blood volume fraction (data not shown).
This result is consistent with the much lower plasma
radioactivity concentration (Figure 1(b)) than brain
radioactivity concentration (Figure 3). Therefore, the
blood volume fraction was excluded from the kinetic
evaluation.

The 1T and 2T models reached convergence in all
evaluated regional TACs (Figure 3). The mean K; value
estimated with the 1T model (n=10, Table 1) ranged
from 0.129 £0.014mL/cm® per minute in the centrum
semiovale to 0.38740.048 mL/cm® per minute in the
putamen. The mean value of V't in the 1T model
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RETEST

Figure 2. Template MR images (top) and aligned PET images of ['' CJUCB-J during test (middle) and retest (bottom) condition. PET
summation images (average of frames from 40 to 60 min) represent the mean of five subjects.
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Figure 3. Time course for regional brain radioactivity and curve fitting with the |IT (black solid line) and 2T (red dotted line) model

in volunteer | during (a and b) test and (c and d) retest condition.
SUV: standard uptake value.
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Table I. Kinetic parameters of [''CJUCB-| under test and retest condition derived with IT model from 120 min TACs.
Ki (mL/em® per min) Vr (ml/em?®) V/f, (mL/em?)

Region All Test Retest All Test Retest All Test Retest
Putamen 0.387 (12) 0.383 (12) 0391 (14) 224 (8) 22.4 (9) 22.4 (7) 70 (6) 70 (8) 69 (5)

Temporal cortex 0.333 (10) 0.330 (12) 0337 (10) 21.0(9) 21.1 (10)  20.9 (9) 65 (7) 66 (9) 65 (5)

Insular cortex 0.336 (12) 0.342 (13) 0.330(13) 20.8(8) 209 (10) 20.6 (7) 64 (6) 65 (8) 64 (5)

Ant. cingulate cortex  0.333 (13) 0.333 (I14) 0.333 (I5) 205 (8) 20.5 (8) 20.6 (9) 64 (6) 64 (7) 64 (5)

Amygdala 0.237 (14) 0.242 (18) 0.232 (I1) 19.6 (9) 198 (11) 19.3 (7) 61 (9) 62 (10) 60 (9)

Parietal cortex 0.348 (1) 0.350 (10) 0347 (13) 19.7.(11) 198 (12) 19.7(11) 61 (8) 6l (1) 61 (6)

Occipital cortex 0.359 (7) 0.363 (8) 0.355 (7) 19.4 (9) 19.6 (11) 19.3 (9) 60 (7) 61 (9) 60 (6)

Caudate nucleus 0.308 (18) 0.304 (19) 0313 (19) 187 (12) 188 (12) 186 (14) 58 (I1) 58 (l10) 58 (I3)
Frontal cortex 0.354 (1) 0.350 (1) 0.358(12) 18.8(9) 18.7 (10) 1838 (8) 58 (6) 58 (8) 58 (5)

Globus pallidus 0.279 (8) 0.278 (8) 0.279 (9) 15.3 (7) 15.6 (8) 15.0 (5) 47 (6) 49 (7) 46 (5)

Thalamus 0.352 (10)  0.340 (9) 0.364 (10) 15.5 (5) 15.4 (5) 15.6 (5) 48 (5) 48 (3) 48 (6)

Cerebellum 0.300 (10) 0.298 (10) 0.302 (10) 145 (7) 14.4 (8) 14.5 (7) 45 (5) 45 (7) 45 (5)

Hippocampus 0.237 (9) 0.238 (12) 0.235 (7) 14.2 (8) 142 (7) 14.1 (10) 44 (8) 44 (6) 44 (1)
Post. cingulate cortex  0.303 (12) 0.298 (14) 0.308 (I1) 14.1 (I5) 142 (16) 141 (16) 44 (14) 44 (150 44 (l6)
Centrum semiovale 0.129 (1) 0.130 (13) 0.128 (10) 5.3(10) 5.3 (10) 53 (1) 16 (8) 17 (10) 16 (7)

Note: Data are ranked in order according to V1 value. Data are mean and within parentheses are percentage coefficient of variation.
Ant.: anterior; Post.: posterior; IT: |-tissue compartment model; TAC: time activity curve.

ranged from 5.3 +0.5mL/cm? in the centrum semiovale
to 22.4+1.8mL/cm® in the putamen. Corresponding
regional Vr/f, values were between l6mL/cm® to
70 mL/cm?® (Table 1). There was no evidence of lateral-
ity in the Ky, V¢ or Vy/f,, values.

For model selection, comparison of the AIC values
and F-test of the weighted sum of squared residuals of
the 1T and 2T model fits indicated that in, respectively,
83% and 73% of the 150 fits, the 2T model was the
preferred model (Supplemental Table 1). However, 6%
of the K; values and 20% of the V't values were not
reliably estimated with the 2T model (rSE >25%).
Comparing the reliable estimates, K; values from the
2T model were 8§ £10% (n=141) higher than the 1T
values. The mean underestimation in K; with 1T was
largest in  hippocampus (33+15%), amygdala
(16 £13%) and anterior cingulate cortex (1548%),
and <10% in other regions. V't values were in closer
agreement, with 2T values being 3+3% (n=120)
higher than 1T values. The mean underestimation in
Vt with 1T was largest in cerebellum (74+4%) and
<5% in other regions. Bland-Altman plots were con-
sistent with a negative bias in K; for 1T (Supplemental
Figure 3). K| values were well correlated between meth-
ods:  K;(2T)=0.966 x K;(1T)+0.0334, R*=0.8899,
while V't values were highly correlated between meth-
ods:  V1(2T)=1.018 x V(IT)+0.166;  R*=0.983
(Supplemental Figures 4 and 5). The 1T model thus
provides highly acceptable estimates of K; and V't

values except for the hippocampus and cerebellum,
respectively.

Voxel-based parametric maps were obtained for K;
and V1 values using the 1T model and 120 min of PET
data time (Figure 4). Comparison of the K; and Vt
values indicated that the values were, respectively,
0+1% (n=150) and 1+2% (n=150) higher from
the parametric maps than for the TAC based values.
Regional K; and V7 values from regional TAC based
values agreed extremely well with values obtained using
the parametric maps (R*=0.99) (Supplemental Figure
6(a) and (b)).

Table 2 lists the TRV and aTRV results for each
region for K;, Vy and Vy/f, obtained with the TAC-
based analysis. The mean regional TRV and aTRV
were 0.60£7.0% and 5.7+4.1% for K;, —0.8+5.7%
and 4.44+32% for Vy, and —1.0+8.1% and
6.74+3.4% for Vy/f,, respectively. These are all excel-
lent reproducibility values. For voxel-based analyses,
the TRV characteristics were virtually identical: the
regional mean TRV and aTRV were 0.4+6.9% and
5.6+4.0% for Ky, —0.7+£5.2% and 4.2+2.6% for
Vr,and —0.9+7.5% and 6.3 £3.0% for Vr/f,, respect-
ively (Supplemental Table 2). ICC values were similar
for TAC- and voxel-based analyses (Supplemental
Table 3). The ICC for K; and Vy were typically
above 0.6, but lower for K in the occipital cortex and
thalamus and lower for V't in small regions such as
amygdala and globus pallidum. ICC values for Vy/f,
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Figure 4. Individual MR images (left) and aligned parametric maps for K, and Vg of [''CJUCB-J using |-tissue model and 120 min of
PET data time during test and retest condition.
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Figure 5. Time stability analyses of outcome parameters K, and V. (a) K, values and (b) V1 values were calculated by I T model and
divided by the value measured using 120 min of PET data time. Data are means (n= 10), the SD was not displayed for the sake of

clarity.
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Table 2. Test—retest reproducibility of kinetic parameters of [''CJUCB- derived with IT model from 120 min of TACs.

K, (mL/cm® per min) Vr (ml/em®) V+/f, (mL/cm?)

Region aTRV TRV aTRV TRV aTRV TRV
Putamen 4% 2%+ 5% 5% 0% + 6% 7% 0% £ 9%
Temporal cortex 7% 2%+ 10% 4% —1%+£5% 6% —1%+7%
Insular cortex 8% —3%+9% 5% —1% £ 6% 7% —1%+£9%
Ant. cingulate cortex 4% 0% £ 6% 5% 0% £ 6% 6% 0% £7%
Amygdala 9% 3%+ 11% 9% —2% =+ 14% 12% —3%+16%
Parietal cortex 5% —1%+7% 4% —1%+5% 5% —1% £ 6%
Occipital cortex 8% —2% =+ 11% 4% — 1%+ 5% 5% —2%+ 6%
Caudate nucleus 4% 3% 4% 4% —1% 1+ 6% 7% —1%+£9%
Frontal cortex 4% 2% +7% 3% 19% 1+ 4% 5% 0% + 6%
Globus pallidus 3% 0% + 4% 7% —4% + 8% 9% —4% £+ 10%
Thalamus 7% 7%£7% 3% 2%+ 4% 6% 1% 7%
Cerebellum 3% 19% + 4% 3% 19% + 3% 6% 1% £ 7%
Hippocampus 5% —1%+7% 4% — 1%+ 6% 8% —1%+9%
Post. cingulate cortex 6% 3%+£7% 3% —1%+3% 6% —1%+7%
Centrum semiovale 6% —1% 8% 3% —1% 5% 7% —2%+9%

Note: Data are mean + SD.

Ant.: anterior; aTRV: absolute test-retest variability; Post.: posterior; TRV: test—retest variability; I T: |-tissue compartment model; TAC: time activity

curve.

were lower than 0.6 in eight of the examined brain
regions.

To assess the time stability of the outcome measures,
the effect of the duration of the PET data period on K;
and V1 was estimated. The normalized K; and Vt
values (ratio to 120-min values) are displayed in
Figure 5. Overall, the K; and V-t values were extremely
stable. Using PET data time of 60 min resulted in mean
regional K| and V- values of 101 1% and 98 +3% of
the terminal value. Across the 10 scans and 15 regions,
at 60 min the largest difference in K; and V't values was
4% and 8%, respectively. Presented in another manner,
there was an excellent correlation (R*> 0.99) between
the K; and Vy values obtained from the parametric
maps using 60min and 120min of PET data time
(Supplemental Figure 7). Importantly, the ICC, TRV,
and aTRYV were not reduced when using only 60 min of
PET data time (Supplemental Tables 3 to 5).

Discussion

The current study included kinetic analysis and a test—
retest reproducibility examination of the regional out-
come parameters of [''CJUCB-J, a new PET SV2A
tracer. Overall, we found that [''CJUCB-J has excep-
tional kinetic properties and is an outstanding PET
radioligand for quantification of SV2A in the human
brain.

Evaluation of the radioactivity content in plasma
indicated the formation of at least three

radiometabolites, which were all more polar than
[''CJUCB-J. Comparative HPLC analysis of the radio-
activity content in plasma samples with chemical stand-
ards of two potential metabolites indicated that
["'CIM1 and [''C]M2 are likely formed by N-oxidation
and methyl hydroxylation, respectively (data not
shown). Both these radiometabolites were previously
shown to be present in rat plasma, but only at trace
levels (<1.5%) in the rat brain.'* The fraction of
["'CIMO was small, up to 10% of plasma radioactivity
at 90 min, and [''C]M0 was previously not observed in
rat plasma or brain, nor in human liver microsomes.
We hypothesize that [''C]M0 may be the product of
further oxidation of [''CIM1 or [''C]M2, resulting in
either methyl hydroxylation of the N-oxide or forma-
tion of the carboxylic acid, respectively. The results of
these blood-based analyses were also consistent with
the results of the kinetic modeling of the PET data,
which indicated that the time-stability of the regional
V't values was exceptionally good. In summary, there is
no evidence of a contribution of brain-penetrant radio-
metabolites to the PET signal in brain.

The very high brain uptake and regional distribution
of [''C]JUCB-J was consistent with our previous in vitro
and in vivo SV2A measurements in the nonhuman pri-
mate brain.'*?* The regional distribution of SV2A in
the human brain has not been described in detail by
other methods than with PET.* Previous studies
using post-mortem brain tissue included relative large
areas, such as cortex, hippocampus and cerebellum.'’
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Future studies are required, e.g., with autoradiography,
to allow for detailed comparison of SV2A distribution
between humans and nonhuman primates.

Radioactivity concentrations were high in all gray
matter regions and lowest in the centrum semiovale.
By strict modeling considerations, regional TACs
were best described with the 2T model. However Vet
estimates were unstable in 20% of the 2T fits, mainly
due to poor estimation of k4 even when fitting 120 min
of data. Overall, the 1T and 2T model provided K; and
V-t values which were nearly identical and highly corre-
lated. Underestimation of K; values in the hippocam-
pus by 1T was not due to region-specific differences in
delay or blood volume (see Supplemental Figure 2) and
may have been caused by tissue heterogeneity of gray
and white matter. The use of the 1T model for estima-
tion of K; values in hippocampus, amygdala and anter-
ior cingulate cortex should thus be performed with
caution. However, considering that the primary out-
come parameter is Vp, we chose the 1T model as
most appropriate. In general, use of the 1T model will
provide higher precision and ease of production of
parametric images.

The test—retest reproducibility of [''CJUCB-J V¢ was
exceptionally good, and better than we previously
reported for, e.g., kappa opioid receptor antagonist
["'CILY2795050 or dopamine D2/D3 receptor agonist
[''CJPHNO, using similar equipment and tech-
niques.*'** Correction of Vr for Jp can be considered
as the “gold standard” V't value, and could be reliably
performed for [''"CJUCB-J as the measurement of o
was very reproducible. There was a statistically signifi-
cant linear correlation between f, and Vrin 5 of the 15
examined brain regions (Supplemental Table 6), e.g.
frontal cortex in supplemental Figure 8. Correction
for f, worsened the TRV and aTRV, and even more
the ICC. There was variability of ICC across regions,
which was likely related to the small number of volun-
teers and relatively low within-subject variability in this
healthy control group. Use of ICC as a measure of
reliability will be more important in a patient popula-
tion, where intersubject variability reflects the hetero-
geneity of the disease. In summary, Vr values were
highly reproducible and correction for f, may be con-
sidered only when performing cross-sectional studies,
especially if there are potential group or treatment dif-
ferences in this value. The very low intersubject vari-
ability also implies that SV2A is highly conserved in
healthy subjects.

V't values from the parametric maps were very simi-
lar, and had comparable reproducibility to the TAC-
based analysis. The V1 maps were of high quality,
required no post-smoothing, and should enable high
quality measurements in small brain regions, which is
of high relevance for identifying small regional lesions

in epilepsy or localized synaptic loss in neurodegenera-
tive disorders. Alternatively, a substantially reduced
radioactivity dose should produce acceptable paramet-
ric maps, albeit with some post-smoothing.

Evaluation of the time-stability of ¥t indicated that
the PET scan duration could be feasibly shortened to
60 min. It can be anticipated that in most diseases with
loss of synapses, the V't values will generally be lower
and that less time will be required to approach equilib-
rium conditions. However, K; values, sensitive to blood
flow, may be lower as well, and thereby extend the time
to equilibrium in the diseased brain. It is thus import-
ant to re-evaluate this time-stability in disease-specific
patient groups.

The main advantage of dynamic PET scans, includ-
ing arterial blood sampling, is the opportunity to per-
form full kinetic modeling and determine individual
rate parameters. One such important parameter is Kj,
which is indicative of cerebral blood flow. Parametric
K, maps of [""CJUCB-J were also of high quality and
provided nearly identical values to the TAC based
method. Regional changes in K; can thus be examined
on the parametric maps but with caution for the biased
hippocampal region and can provide critical flow infor-
mation for neurodegenerative diseases, in a similar
approach as previously shown for [''C]PIB.*

An alternative methodology for obtaining ¥ values
is the use of a bolus plus constant infusion approach.?
During equilibrium conditions, arterial plasma concen-
trations may equilibrate with venous plasma concentra-
tions and venous samples may then suffice for
quantification of radioligand concentration in plasma,
as recently validated for mGIluRS5 radioligand
['"®F]FPEB.** When validated, the bolus plus constant
infusion approach may thus allow for determination of
Vr values without arterial cannulation, and potentially,
with an even shorter scan.

An alternative approach to make arterial cannula-
tion redundant is the use of a reference tissue model.
Previous experiments in nonhuman primates demon-
strated that the SV2A density was negligible in the cen-
trum semiovale.”® Using the centrum semiovale as a
reference region in the current study, regional BPnp
values (VT ROI/ VT centrum semiovale — l) ranged between
3.26 £0.32 in the putamen and 1.67£0.36 in the pos-
terior cingulate cortex, with a regional mean aTRV of
5.34+4.1%. Further validation studies with SV2A
selective inhibitors, e.g. levetiracetam or brivaracetam,
are required to confirm the promise of a reference
region approach for [''CJUCB-J.
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