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Abstract
Purpose A [11C]UCB-J blocking study was performed in healthy volunteers to validate simplified, non-invasive measures for
quantifying presynaptic SV2A expression using subcortical white matter as reference tissue.
Methods Ninety minutes dynamic [11C]UCB-J PET scanning with arterial blood sampling was performed in 10 healthy volun-
teers (8 M/2F; age 27.6 ± 10.0 yrs), before and after administration of a novel chemical entity with selective affinity for SV2A.
The centrum semi-ovale (SO) was validated as reference region by comparing baseline and post treatment distribution volume
(VT). Using SO as reference tissue, Binding Potential (BPSO) using a Simplified Reference TissueModel (SRTM, down to 60min
acquisition) and Standardized Uptake Value Ratios (60-90 min post injection - SUVRSO,60-90min) were compared with regional
distribution volume ratios (DVR). Next, SV2A occupancy values based on SRTM BPSO and SUVRSO,60-90min were compared to
occupancy estimates using regional VT values and a Lassen plot.
Results After pretreatment, regional VT values were reduced significantly except for SO. Highly significant correlations were
found between DVR, SRTM BPSO and SUVRSO,60–90min. Compared to DVR, baseline SRTM BPSO showed a small bias (≤
6.1%) with lower precision for shorter acquisition times, while SUVRSO,60-90min showed 3.5% bias with similar precision.
Differences between SV2A occupancy values based on SUVRSO,60-90min and occupancy estimates using VT and a Lassen plot
were small but significant, while negligible bias was found for SRTM based occupancy estimates (at least 70 min acquisition).
Conclusion This [11C]UCB-J blocking study validated SO as a suitable reference region for non-invasive quantification of SV2A
availability and drug occupancy in the human brain. Accurate quantification can be achieved by using either SUVRSO,60-90min

with a 60–90 min PET acquisition or SRTM BPSOwith at least 70 min dynamic PET acquisition.
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Introduction

Synaptic vesicle glycoprotein 2A (SV2A) [1–3] is an integral
membrane protein, located in the presynaptic vesicle mem-
brane, ubiquitously and homogenously expressed in all

synapses across the brain. Synaptic pathology is a fundamen-
tal finding in many post-mortem studies and has been associ-
ated with many neurological and psychiatric disorders.
Reduced synaptic density has been reported in the seizure
onset zone of patients with epilepsy [4–6]. Moreover, also in
stroke, traumatic brain injury, and various forms of neurode-
generation synaptic density changes are associated with clin-
ical deficiencies. For example, decreased synaptic density in
the hippocampus and cerebral cortex is closely related with
cognitive impairment in Alzheimer’s disease [7, 8]. Also in
psychiatric disorders, such as autism [9], depression [10] and
schizophrenia [11, 12], changes in synaptic density are
thought to play a role in the phenotyping of the disease.

Development of levetiracetam-based radioligands, such as
[11C]UCB-A [13], [18F]UCB-H [14] and most recently also
[11C]UCB-J [3], expressing high affinity and specificity for
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SV2A, enable in vivo positron emission tomography (PET)
imaging of presynaptic SV2A expression. More specifically,
[11C]UCB-J has demonstrated optimal pharmacokinetics and
quantification properties with no evidence of brain penetrating
radiometabolites [2]. As such, the distribution volume of
[11C]UCB-J binding in brain tissue is considered to be an ex-
cellent in vivo proxy of synaptic density [2]. To further support
research on synaptic pathology and improve clinical applicabil-
ity, we propose and evaluate a minimally invasive, reference
tissue based quantification of synaptic density in the human
brain using [11C]UCB-J PET imaging. For this purpose, we first
determined whether the distribution volume of [11C]UCB-J up-
take in subcortical white matter (specifically the centrum semi-
ovale) is representative for non-displaceable [11C]UCB-J up-
take in target brain regions using human blocking studies.
Second, we compared the distribution volume ratio of
[11C]UCB-J brain uptake relative to the centrum semi-ovale
determined by full kinetic modeling with reference tissue based
estimates for specific over non-displaceable tracer binding
using centrum semi-ovale as reference tissue. Third, we evalu-
ated the time-stability of the kinetic parameters by reducing the
acquisition time and evaluated a static reference tissue approach
to analyze [11C]UCB-J PET blocking studies and to determine
the corresponding SV2A occupancy.

Materials and methods

Study design and [11C]UCB-J PET/MR imaging

Dynamic PET data were acquired in the context of a PET dose
occupancy study to evaluate receptor occupancy of
padsevonil (UCB Pharma, Brussels, Belgium), an investiga-
tional new drug for epilepsy with a selective affinity for both
presynaptic synaptic vesicle 2 (SV2) proteins and postsynap-
tic central benzodiazepine receptor (cBZR) sites on the
gamma-aminobutyric acid (GABAA) receptor. At presynaptic
sites, padsevonil binds with high affinity to all three subtypes
of the human synaptic vesicle 2 (hSV2) protein (ie, SV2A,
SV2B, and SV2C). In total, ten carefully screened healthy
volunteers (8 males and 2 females, age 27.6 ± 10.0 years
(mean ± SD) with an age range of 20–54 years) underwent
baseline scanning. Next, all subjects received a single oral
dose of padsevonil ranging from 6.25 up to 100 mg. Post drug
PET scanning was performed at 2 h (7 scans), 6 h (4 scans),
24 h (4 scans), 27 h (1 scan) and 30 h (2 scans) after drug
administration. Dose range and timing of the post drug PET
scans were based on the adaptive design of this study to
achieve different plasma levels of the drug and therefore dif-
ferent exposure and occupancy levels in the brain. This way,
an optimal sampling of the dose occupancy curve could be
achieved. In total, 17 post dose PET scans were performed
with two post drug PET scans performed for seven subjects

and only one post dose PETscan performed for three subjects.
The injected activity of [11C]UCB-J was 232.6 ± 67.7 MBq
(mean ± SD), with a specific activity of 91.3 ± 38.2 GBq/
μmol and injected mass of 0.98 ± 0.63 μg. The study was
approved by the Ethics Committee of the local University
Hospital where the study took place. Informed consent was
obtained from all individual participants included in the study.

Image acquisition and reconstruction parameters on the GE
Signa PET/MR are given in the Supplementary Materials and
Methods in detail. The synthesis, radiolabeling and quality
control of [11C]UCB-J was done according to the same pro-
cedure as described previously [3].

[11C]UCB-J brain PET kinetic modeling

Regional total distribution volume estimates (VT) were deter-
mined by applying a 1 and 2 tissue compartment model
(1TCM – 2TCM) with fixed blood volume of 5% and using
the composite cortical time activity curve (TAC) to estimate
potential small time shifts between PET TAC and arterial
blood/plasma input functions. The Akaike Information
Criterion (AIC) and F-test were used to select the most appro-
priate model for VTestimation. Next, VTestimates using a non-
compartment Logan Graphical Analysis (LGA) [15] were
compared to VT values estimated with the most appropriate
kinetic model.

SV2A occupancy estimates using regional [11C]UCB-J
VT values and a Lassen plot

With Vbase
S and Vdrug

S representing the regional distribution
volumes for specific tracer binding before and after drug ad-
ministration, respectively, the regional, drug-induced fractional
target occupancy OS can be estimated as the relative change in
specific binding between baseline and post drug PETscanning:

OS ¼ Vbase
S −Vdrug

S

Vbase
S

ð1Þ

If only regional VT values are available as quantitative end-
points as is the case for 1TCM based quantification, the
Lassen plot [16] combines baseline and post drug PET scan-
ning to determine a global, drug-induced occupancy level.
Considering that VT = VND + VS with VND the distribution vol-
ume for non-displaceable tracer binding and assuming that
VND remains constant for baseline and post drug PET scan-
ning, Eq. (1) can be rewritten as a Lassen plot:

Vbase
T −Vdrug

T ¼ OLassen Vbase
T −VND

� � ð2Þ

with the slope OLassen representing a global, drug-induced
occupancy estimate for all considered brain regions. Using
this approach and a non-weighted least squares fitting, global
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SV2A occupancy can be estimated based on regional
[11C]UCB-J VT values determined with the most appropriate
kinetic model. This global SV2A occupancy estimate OLassen

was considered as reference value for further method
comparison.

Validation of centrum semi-ovale as reference region
for [11C]UCB-J brain PET quantification

To consider the centrum semi-ovale as a suitable reference
region for [11C]UCB-J brain PET quantification, specific
[11C]UCB-J binding in this brain region should be negligible
such that the administration of a SV2A specific drug does not
induce significant changes in the centrum semi-ovale distribu-
tion volume VSO. Therefore we compared baseline and post
drug [11C]UCB-J VSO to evaluate potential drug-induced
changes.

On the other hand, VSO should be representative for VND.

As such, regional Vbase
S and Vdrug

S values together with corre-
sponding OSO , can be estimated directly by subtracting VSO

from the regional Vbase
T and Vdrug

T values and using a non-
weighted least squares fitting of Eq. (1). As the Lassen plot
does not make any assumptions about a reference region, we
compared OSO with OLassen occupancy values to evaluate the
validity of centrum semi-ovale as reference tissue for
[11C]UCB-J brain uptake.

Validation and time stability of simplified [11C]UCB-J
brain PET quantification using centrum semi-ovale
as reference region

Once [11C]UCB-J uptake in the centrum semi-ovale was
established as representative for non-displaceable [11C]UCB-
J uptake in the brain, a Simplified Reference Tissue Model
(SRTM2) using centrum semi-ovale as reference tissue was
evaluated to quantify [11C]UCB-J brain uptake. For this pur-
pose, a global, constant reference region clearance constant k2
was considered for all target brain regions. Moreover, regional
SRTM2 BPSO, 90 [17] values using the full 90 min dynamic
PET data were compared with corresponding VT/VSO − 1
values, denoted as DVRSO − 1.

Next, a reduction in acquisition time was evaluated by con-
sidering an acquisition time of 80 min, 70 min and 60 min
starting at the time of tracer injection for SRTM2 BPSO quan-
tification (BPSO, 80, BPSO, 70 and BPSO, 60 respectively).
Finally, DVRSOwas estimated by a Standard Uptake Value
Ratio (SUVR) relative to the centrum semi-ovale region. For
this approach, equilibrium tracer binding data of a single static
PET frame (SUVRSO) were evaluated as a proxy for DVRSO −
1. The appropriate starting point and frame duration for the
SUVRSO estimation was based on the time stability of the

cortical SUVR relative to the tracer uptake in the centrum
semi-ovale region.

Considering that BPSO =DVRSO − 1 and VSO remains con-
stant for all brain regions and for baseline and post drug PET
scanning, Eq. (1) corresponds to:

OBP ¼ BPbase
SO −BPdrug

SO

BPbase
SO

ð3Þ

Based on this approach, OBP occupancy values were cal-
culated for SRTM2 BPSO, 90, BPSO, 80, BPSO, 70 and BPSO, 60
values by applying a non-weighted least squares fit. Similarly,

OSUVRwere calculated by substituting BPbase
SO and BPdrug

SO with

SUVRbase
SO −1 and SUVRdrug

SO −1 respectively. OBP and OSUVR

occupancy values were compared with OLassen values deter-
mined with the Lassen plot (2) to further validate the SRTM2
approach with the centrum semi-ovale as reference region and
to evaluate the impact of SUVR as model simplification.

Statistics

A two-way repeated measures analysis of variance (ANOVA)
with Bonferroni posttests was used to evaluate the impact of
different kinetic models on regional VT values and to assess
the regional occupancy effect. VT based occupancy estimates
using SO as reference tissue were compared with a Lassen
plot using a Wilcoxon Signed Rank test and a Bland Altman
analysis. Once the appropriate kinetic model and reference
tissue were validated, a Spearman correlation and linear re-
gression analysis (forced through the origin) was performed
for all conditions and for baseline and post drug conditions
separately, to evaluate the relationship between DVRSO − 1
and BPSO using different reference tissue models. For baseline
conditions only, a Bland Altman analysis and two-way repeat-
ed measures ANOVAwith Bonferroni posttests evaluated the
impact of different reference tissue approaches on regional,
baseline BPSO values. BPSO based occupancy estimates were
compared with a one-way ANOVA (Friedman test with
Dunn’s multiple comparisons) and Bland Altman analysis to
evaluate the agreement between different reference tissue
models for different acquisition time intervals.

Results

Full kinetic modeling of [11C]UCB-J

Regional 1TCM, 2TCM and LGA VT values for [
11C]UCB-J

at baseline are presented in Table 1. Representative LGAVT

parametric maps for a baseline [11C]UCB-J PET scan and a
post drug [11C]UCB-J PET scan taken 2 h after single dosing
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with 6.25 mg of padsevonil and corresponding to a 57% oc-
cupancy level are shown in the supplementary Figure 1s.

1TCM AIC values were lower than 2TCM AIC values in
260 out of 405 VOI fits (cases) (64.2%) while the F-test indi-
cated no significantly improved fittings (p > 0.05) for 2TCM
compared to 1TCM in 267 out of 405 cases (65.9%). These
findings suggested that 1TCM the is most suitable model for
[11C]UCB-J. A higher ratio of lower 1TCM AIC values com-
pared to 2TCM AIC values was observed for baseline condi-
tions (112 out of 150 cases; 74.7%), compared to post drug
conditions (148 out of 255 cases; 58.0%) with a ratio of 40.7%
(61 out of 150 cases) for the first post drug scan and a ratio of
82.9% (87 out of 105 cases) for the second post drug scan.
This was confirmed by the F-test which presented no signifi-
cantly better fittings (p > 0.05) for 2TCM compared to 1TCM
in 121 out of 150 baseline cases (80.7%) and in 146 out of 255
post drug cases (57.3%) with a ratio of 40.7% (61 out of 150
cases) for the first post drug scan and a ratio of 81.0% (85 out
of 105 cases) for the second post drug scan. Furthermore, both
AIC and F-test determined 1TCM as the preferred model for
centrum semi-ovale tracer kinetics in 26 out of 27 fittings
(96.3%). As 1TCM was found to be the preferred compart-
mental model, a detailed overview of regional 1TCM K1 and
k2 values for baseline and post drug [11C]UCB-J PET scan-
ning is given in the supplementary Table 1s.

For regional [11C]UCB-J VT values, a two-way repeated
measures analysis of variance (ANOVA) showed a significant
interaction between brain region and kinetic model (p <
0.0001), but Bonferroni posttests revealed no significant dif-
ferences between 1TCM and 2TCM VT values for all brain
regions. However, LGAVTwere significantly lower (p < 0.05)

compared to 1TCM VT values for all brain regions except for
the occipital cortex, cerebellum, brainstem and centrum semi-
ovale.

Validation of centrum semi-ovale as a reference
region for [11C]UCB-J brain PET quantification

As 1TCM proved to be the preferred compartmental model to
describe [11C]UCB-J tracer kinetics in the brain, 1TCM VT

values of baseline and post drug PET scanning were further
analyzed using a two-way repeated measures ANOVA to de-
termine the regional occupancy effect. This was done in two
different designs. A first design included all ten subjects with
their respective baseline and first PET post drug scan, while a
second design included seven subjects with their respective
baseline and two post drug scans. Both analyses showed a
significant interaction between brain region and dosing (p <
0.0001), while Bonferroni posttests for the first design demon-
strated a significant difference in VT values between baseline
and the first post drug PETscan for all brain regions (p < 0.001)
except for the centrum semi-ovale (p > 0.05). Bonferroni post-
tests for the second design confirmed these results (p < 0.05)
except for the brainstem. For this region, differences in VT

values between baseline and the second post drug PET scan
were not significant (p > 0.05). For the centrum semi-ovale,
post drug 1TCM VSO values were 4.9 ± 0.9 (mean ± SD) com-
pared to baseline 1TCM VSO values of 5.3 ± 0.6 (see Table 1).
A graphical overview of the individual baseline and post drug
1TCM VSO is given in the supplementary Figure 2s.

1TCM VT values using a Lassen plot gave overall occupan-
cy estimates of 65.3 ± 26.8% (mean ± SD) with a 16–98%
range. For the first post drug scans, occupancy estimates were
82.1 ± 14.5% with a range of 57–98%, while for the second
post drug scans, occupancy values were 41.2 ± 21.2% with a
16–63% range.

Cortical and centrum semi-ovale TACs of baseline and post
drug scans of five different subjects corresponding to occu-
pancy levels of 61.1 ± 2.9% are presented in Fig. 1a with
corresponding baseline and post drug 1TCM, 2TCM and
LGAVT estimates presented in Fig. 2. As such, mean baseline
and post drug VT can be assessed visually for a similar occu-
pancy level, demonstrating limited inter-subject variability
and substantial blocking for all brain regions except for the
centrum semi-ovale. More specifically, Fig. 2 allows a visual
assessment of the validity of centrum semi-ovale as reference
region, since subtracting VSO from other regional VT values
should result in the distribution volume of specific binding VS

for these brain regions. Consequently, differences between
regional baseline and post drug VS values should match an
approximate 60% reduction in specific binding corresponding
to a small range of occupancy levels around 60%, represented
by these datasets.

Table 1 1- and 2-Tissue Compartment Model (1-2TCM) VT values
together with Logan graphical analysis (LGA) VT for baseline PET scan-
ning (n = 10). Data are presented as mean ± SD

Region 1TCM 2TCM LGA

Composite cortex 30.0 ± 4.0 30.2 ± 4.5 29.5 ± 4.6

Frontal cortex 29.6 ± 3.8 29.9 ± 4.2 29.2 ± 4.3

Temporal cortex 30.1 ± 4.2 30.4 ± 4.7 29.5 ± 4.7

Parietal cortex 30.9 ± 4.2 31.2 ± 4.7 30.5 ± 4.8

Occipital cortex 29.4 ± 4.2 29.6 ± 4.6 28.9 ± 4.7

Insula 31.4 ± 4.7 31.7 ± 5.2 30.8 ± 5.2

Anterior cingulum 32.0 ± 4.3 32.3 ± 4.7 31.5 ± 4.8

Posterior cingulum 33.9 ± 3.9 34.2 ± 4.3 33.5 ± 4.3

Striatum 32.0 ± 4.6 32.2 ± 4.9 31.2 ± 5.0

Thalamus 25.1 ± 2.3 25.3 ± 2.5 24.7 ± 2.5

Hippocampus 25.5 ± 4.5 25.9 ± 5.1 24.7 ± 4.6

Amygdala 29.5 ± 4.5 29.8 ± 5.1 28.1 ± 4.5

Cerebellum 22.7 ± 2.9 23.0 ± 3.4 22.6 ± 3.3

Brainstem 10.5 ± 1.3 10.7 ± 1.4 10.5 ± 1.4

Centrum semi-ovale 5.3 ± 0.6 5.3 ± 0.6 5.2 ± 0.6
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In terms of occupancy estimates, no significant difference
was found between OSO and OLassen values (Wilcoxon Signed
Rank Test, p > 0.05). A Bland Altman comparison with
1TCM OLassen data (% difference vs average, see Fig. 3)
showed a mean 1.9% bias with 2.8% SD and [−3.7%, 7.5%]
as the 95% limits of agreement interval.

Validation and time stability of simplified [11C]UCB-J
brain PET quantification using centrum semi-ovale
as reference region

Representative SUVRSO, 60− 90 − 1 and SRTM2 BPSO, 90 para-
metric maps for a baseline and post drug [11C]UCB-J PET scan
are shown in the supplementary Figure 1s. A Spearman correla-
tion and linear regression analysis (forced through the origin)

was performed between 1TCM DVRSO − 1 on the one hand
and SUVRSO, 60− 90 − 1, SRTM2 BPSO, 90 , SRTM2 BPSO, 80 ,
SRTM2 BPSO, 70 and SRTM2 BPSO, 60 on the other hand to
evaluate the relationship between the different approaches (see
Table 2) for all conditions and for baseline and post drug condi-
tions separately. For the SUVRSO approach, a single 30 min PET
frame starting at 60 min post injection (SUVRSO, 60− 90) was
considered based on the time stability of the cortical SUVR
relative to the tracer uptake in the centrum semi-ovale as present-
ed in Fig. 1b. Results revealed highly significant correlations (p
< 0.0001) between 1TCM DVRSO − 1 and SUVRSO, 60− 90 − 1,
SRTM2 BPSO, 90 , SRTM2 BPSO, 80 , SRTM2 BPSO, 70 and
SRTM2 BPSO, 60 respectively, with a slightly lower correlation
value for SRTM2 BPSO, 60 at baseline. In terms of linear regres-
sion analysis, slope values, indicative for bias, were similar for

Fig. 2 Mean baseline and post
drug 1TCM, 2TCM and LGA
VTvalues (SD as error bar) for five
different subjects corresponding
to a mean occupancy level of
61.1 ± 2.9% (mean ± SD). The
higher range of VTvalues
corresponds to baseline while the
lower range corresponds to post
treatment conditions

Fig. 1 Baseline and post drug cortical and centrum semi-ovale TACs of
five different subjects representing a mean occupancy level of 61.1 ±
2.9% (mean ± SD) (a) together with the corresponding cortical SUVR

relative to the centrum semi-ovale for a 30 min PET frame at different
time points post tracer injection (b)
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all approaches and consistent for baseline and post drug scan-
ning. On the other hand, goodness of fit values, representing the
root mean square error, increased for baseline scanning com-
pared to post dose scanning with higher values for shorter acqui-
sition times, indicating a less optimal straight line fit for these
SRTM2 approaches. These findings were confirmed by visual
assessment of the scatter plots for the composite cortical region
as presented in Fig. 4 for both baseline and post drug conditions,
demonstrating a less optimal straight line fit for baseline
conditions.

Baseline regional 1TCM DVRSO − 1, SUVRSO, 60− 90 − 1,
SRTM2 BPSO, 90 , SRTM2 BPSO, 80 , SRTM2 BPSO, 70 and
SRTM2 BPSO, 60 values for [

11C]UCB-J brain uptake are pre-
sented in Table 3. A two-way repeated measures ANOVA
showed no significant interaction between brain regions and

the different approaches to estimate baseline BPSO using the
centrum semi-ovale as reference tissue. Moreover, Bonferroni
posttests revealed no significant differences between baseline
1TCM DVRSO − 1, SRTM2 BPSO, 80, and SRTM2 BPSO,

70 values for all brain regions, while differences between baseline
1TCM DVRSO− 1 and SRTM2 BPSO, 90 and between baseline
1TCM DVRSO − 1 and SRTM2 BPSO, 60 values were only sig-
nificant for temporal cortex and amygdala and for temporal cor-
tex, hippocampus and amygdala, respectively. Additionally, no
significant differences between baseline 1TCM DVRSO − 1 and
SUVRSO, 60− 90− 1 values were found except for the amygdala.

Again for baseline conditions, a Bland Altman analysis (%
difference vs average) comparing SUVRSO, 60 − 90 − 1,
SRTM2 BPSO, 90 , SRTM2 BPSO, 80 , SRTM2 BPSO, 70 and
SRTM2 BPSO, 60 with 1TCM DVRSO − 1, revealed a negative
bias for all approaches in line with the slope of the linear
regression (see Table 2, Table 4 and corresponding plots in
supplementary Figure 3s). For the SRTM2 approach, the stan-
dard deviation of the bias and the corresponding 95% limits of
agreement interval increased as the acquisition timewas short-
ened. These findings were also in line with the goodness of fit
values of the linear regression analysis and were confirmed by
a box plot of the ratio of baseline SRTM2 BPSO, x (with x = 60,
70, 80, or 90 min) and SUVRSO, 60 − 90 − 1 values relative to
baseline 1TCM DVRSO − 1 values as presented in Fig. 5. This
plot again demonstrated a very limited, insignificant bias for
all approaches. Variability for SRTM2 BPSO estimates in-
creased however with shorter acquisition times.

In terms of occupancy, a statistically significant difference
was found betweenOLassen,OSUVR andOBP occupancy values
for different acquisition time intervals as determined by one-
way ANOVA (Friedman test, p < 0.05). Dunn’s multiple com-
parison posttests revealed significantly higher OSUVR occu-
pancy values (p < 0.05) compared to OLassen values.

A Bland Altman comparison (%difference vs average) of
OSUVR and OBP occupancy values for the different acquisition

Table 2 Spearman correlation
and linear regression analysis
(straight line through the origin)
between 1TCM DVRSO − 1
values and SUVRSO, 60 − 90 − 1,
SRTM2 BPSO, 90 , SRTM2 BPSO,

80 , SRTM2 BPSO, 70 and
SRTM2 BPSO, 60 values. All
approaches use the centrum semi-
ovale (SO) as reference tissue. All
correlations are highly significant
(p < 0.001)

Measure SUVRSO-1
(60-90 min)

SRTM2
BPSO90 min

SRTM2
BPSO80 min

SRTM2
BPSO70 min

SRTM2
BPSO60 min

Baseline & post drug (N = 27)

Spearman rho 0.99 1.00 1.00 0.99 0.99

Slope 0.96 0.95 0.97 0.97 0.94

Goodness of fit (Sy.x) 0.21 0.12 0.15 0.22 0.30

Baseline (N = 10)

Spearman rho 0.94 0.98 0.96 0.95 0.89

Slope 0.97 0.95 0.96 0.97 0.94

Goodness of fit (Sy.x) 0.24 0.14 0.21 0.32 0.43

Post drug (N = 17)

Spearman rho 0.99 1.00 1.00 0.99 0.98

Slope 0.94 0.97 0.98 0.96 0.94

Goodness of fit (Sy.x) 0.18 0.09 0.10 0.20 0.22

Fig. 3 A Bland Altman comparison between SO based occupancy
estimates OSO and 1TCM VT based occupancy estimates OLassen

resulting in a 1.9% bias with 2.8% SD and [−3.7%, 7.5%] as the 95%
limits of agreement
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time intervals with OLassen occupancy values are presented in
Table 5 with the corresponding plots presented in supplemen-
tary Figure 4s. Results demonstrated a small bias and 95% limits
of agreement interval of around ±12% for SRTM2 BPSO, 90,
SRTM2 BPSO, 80 and SRTM2 BPSO, 70. On the other hand,
SUVRSO, 60− 90 − 1 occupancy values showed a slightly higher
bias with a similar 95% limits of agreement interval while
SRTM2 BPSO, 60 demonstrated both a higher bias and a twice
as large 95% limits of agreement interval.

Discussion

Full kinetic modeling using both AIC and F-test criteria con-
firmed 1TCM as the preferred model for [11C]UCB-J brain
PET quantification [18]. Our AIC and F-test results were

consistent and in line with previous studies comparing differ-
ent model selection criteria and stating that both AIC and F-
test are effective and efficient approaches, resulting in similar
conclusions [19–21]. However, the most suitable model to
describe [11C]UCB-J tracer kinetics depended on the degree
of SV2A occupancy. Whereas 1TCM was clearly the most
appropriate kinetic model for the baseline and second post
drug [11C]UCB-J PET scans, 2TCM was the preferred model
to describe [11C]UCB-J tracer kinetics for the first post dose
PET scans which represented the highest range of SV2A oc-
cupancy. This is in line with previous findings for preclinical
[11C]Flumazenil brain PET scanning where 2TCM was sug-
gested as the preferred kinetic model [22] but for regions with
high levels of specific binding, the contribution of the non-
specific component to the overall signal became too small to
distinguish two kinetically different compartments and 1TCM

Table 3 Baseline BPSO values calculated as DVR–1, SUVR–1 for a 60 to 90 min acquisition post injection and using SRTM2 for a 90, 80, 70 and
60 min scan starting at tracer injection. For all approaches, centrum semi-ovale (SO) is used as reference tissue. Data are presented as mean ± SD

Region 1TCM DVRSO-1
(90 min)

SUVRSO-1
(60-90 min)

SRTM2
BPSO 90 min

SRTM2
BPSO 80 min

SRTM2
BPSO 70 min

SRTM2
BPSO 60 min

Composite cortex 4.54 ± 0.47 4.46 ± 0.50 4.33 ± 0.45 4.39 ± 0.55 4.39 ± 0.63 4.32 ± 0.55

Frontal cortex 4.47 ± 0.43 4.41 ± 0.51 4.30 ± 0.41 4.36 ± 0.49 4.36 ± 0.54 4.31 ± 0.48

Temporal cortex 4.56 ± 0.56 4.36 ± 0.53 4.24 ± 0.55 4.32 ± 0.68 4.32 ± 0.81 4.21 ± 0.71

Parietal cortex 4.76 ± 0.46 4.68 ± 0.50 4.54 ± 0.43 4.60 ± 0.53 4.60 ± 0.61 4.53 ± 0.51

Occipital cortex 4.44 ± 0.54 4.36 ± 0.54 4.26 ± 0.50 4.32 ± 0.62 4.34 ± 0.71 4.27 ± 0.61

Insula 4.81 ± 0.57 4.63 ± 0.54 4.50 ± 0.55 4.58 ± 0.69 4.60 ± 0.81 4.50 ± 0.68

Posterior cingulum 5.24 ± 0.60 5.18 ± 0.62 5.01 ± 0.56 5.06 ± 0.61 5.05 ± 0.67 5.00 ± 0.68

Anterior cingulum 4.87 ± 0.59 4.73 ± 0.63 4.56 ± 0.59 4.64 ± 0.71 4.64 ± 0.81 4.57 ± 0.78

Striatum 4.91 ± 0.55 4.77 ± 0.52 4.74 ± 0.56 4.84 ± 0.72 4.87 ± 0.84 4.79 ± 0.69

Thalamus 3.65 ± 0.36 3.61 ± 0.39 3.54 ± 0.32 3.55 ± 0.29 3.54 ± 0.31 3.51 ± 0.31

Hippocampus 3.72 ± 0.60 3.51 ± 0.47 3.40 ± 0.53 3.46 ± 0.67 3.48 ± 0.80 3.34 ± 0.49

Amygdala 4.45 ± 0.57 3.96 ± 0.43 4.02 ± 0.59 4.15 ± 0.83 4.21 ± 1.09 4.05 ± 0.89

Cerebellum 3.17 ± 0.39 3.18 ± 0.42 3.06 ± 0.32 3.06 ± 0.34 3.04 ± 0.34 2.99 ± 0.26

Brainstem 0.93 ± 0.15 0.82 ± 0.15 0.97 ± 0.16 0.95 ± 0.16 0.95 ± 0.16 0.96 ± 0.15

Fig. 4 Scatter plots for the
composite cortical region of
SRTM2 BPSO, x values for the
different acquisition time
intervals vs 1TCM DVRSO − 1
values for both baseline and post
drug conditions
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becamemore appropriate to describe tracer kinetics. However,
no significant differences were found between [11C]UCB-J
1TCM and 2TCM VT values. Furthermore, for most clinical
applications of [11C]UCB-J brain PET imaging where changes
between pathologies versus normal conditions are investigat-
ed, a lower reduction in specific binding is expected compared
to the occupancy range of the first post PET scans. Therefore,
1TCM can be considered as the reference kinetic model for
[11C]UCB-J brain PET quantification for future clinical appli-
cations. Although differences were limited, LGA VT values
were significantly lower than 1TCM VT values, in line with
literature data which report an underestimation of VT by a
Logan plot [23].

Subcortical white matter has already been suggested as a
reference region for [11C]UCB-J brain PET quantification
based on self-blocking studies in rhesus monkeys [3].
Therefore, we considered both a SUVR and reference tissue
approach using centrum semi-ovale as reference region for
quantification of [11C]UCB-J PET imaging of the human
brain. For the centrum semi-ovale as candidate reference re-
gion, we found no significant differences in this study

between baseline and post dose 1TCM VSO values, indicating
negligible specific binding and thus target expression in this
brain region. Furthermore, occupancy values estimated with
VSO as measure for the non-displaceable binding showed only
limited bias with very good precision. We also considered
comparing VND estimates of the Lassen plot with 1TCM VSO

values to further validate the centrum semi-ovale as reference
tissue. However, the standard error for the VND estimates of
the Lassen plot indicated the limited precision of these esti-
mates, resulting in an average value of 4.67 ± 2.29 (mean ±
SD) with a range from 2.74 to 10.78 and a coefficient of
variation (COV) of 49%. On the other hand, 1TCM VSO esti-
mates represented an average value of 4.99 ± 0.79 with a
range from 3.77 to 7.70 and COVof 16%.

1TCM was consistently the model of preference for de-
scribing [11C]UCB-J tracer kinetics in the centrum semi-
ovale, both for baseline and post dose scanningwith no impact
of drug dosing. On the other hand, one would expect 2TCM to
be the preferred model for centrum semi-ovale tracer kinetics
since 2TCM was the most appropriate kinetic model for the
first post drug scanning sessions corresponding with lowest
levels of specific tracer binding. Although this could indicate
differences in tracer kinetics between the centrum semi-ovale
and target grey matter brain regions, findings of this study
demonstrate the appropriate use of subcortical white matter
as reference region for the quantification of [11C]UCB-J bind-
ing in the human brain.

Since 1TCM is a suitable model for tracer kinetics of both
the candidate reference region and target brain regions, a
Simplified Reference Tissue Model (SRTM) was considered
as the most appropriate reference tissue modeling approach.
For this SRTM [17] approach, we coupled the efflux rate
constant from the reference tissue back to the plasma for all
brain regions to give a global, more robust estimate (SRTM2).
Other reference tissue approaches, such as a multilinear or
Logan reference tissue models, were not considered for this
VOI based validation, especially since the latter requires pop-
ulation [24] based foreknowledge about the efflux rate con-
stant between reference tissue and plasma.

Regarding time-stability, we compared SRTM2 BPSO

using centrum semi-ovale as reference region and 60, 70, 80
and 90 min dynamic PET data with 1TCMDVRSO − 1 values.
Referring to Table 3, baseline BPSO are very similar for the

Fig. 5 A box plot of the ratio of baseline SRTM2 BPSO, x and SUVRSO, 60

− 90 − 1 values relative to baseline 1TCM DVRSO − 1 values for the
different acquisition time intervals, demonstrating very limited bias for
all acquisition time intervals with an increasing variability of
SRTM2 BPSO, x for shorter acquisition time intervals

Table 4 Bland Altman comparison of baseline SUVR-1 for a 60 to
90min acquisition after tracer injection and baseline SRTM2BPSO values
for a 90, 80, 70 and 60 min acquisition starting at tracer injection with

baseline 1TCMDVR-1 (%difference vs average). All approaches use the
centrum semi-ovale (SO) as reference brain tissue

Measure SUVRSO-1 (60-90 min) SRTM2 BPSO 90 min SRTM2 BPSO 80 min SRTM2 BPSO 70 min SRTM2 BPSO 60 min

Bias (%) −3.2 −5.5 −4.3 −4.4 −6.1
SD of bias (%) 5.5 3.6 5.0 7.1 9.6

95% limits of agreement (%) [−14.0,7.7] [−12.6,1.5] [−14.0,5.4] [−18.4,9.5] [−24.9,12.7]
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different approaches with cortical BPSO of 4.33 ± 0.45 (mean
± SD, CoV = 10.4%) for a 90 min acquisition time interval.
We only reported baseline BPSO values explicitly since these
are clinically the most relevant and tracer kinetics of the post
drug PET scans are faster and therefore less critical for a re-
duction of the acquisition time. This was demonstrated by the
linear regression analysis showing that the goodness of fit to a
straight line is decreased for baseline scanning compared to
post dose scanning especially for shorter acquisition times
(see Table 2 and Fig. 4). A Bland Altman analysis comparing
baseline SRTM2 BPSO values for different acquisition times
with baseline 1TCM DVRSO − 1 values (Table 4) revealed a
negative bias of −5.5% with 95% limits of agreement of
[−12.6%,1.5%] for a 90 min acquisition time. For shorter ac-
quisition times, precision of the SRTM2 approach is lower,
while the impact on the bias is limited. This is substantiated by
the box plot in Fig. 5. A Bland Altman analysis comparing
SRTM2 based occupancy estimates for different acquisition
times with 1TCM based occupancy estimated using a Lassen
plot, showed a small negative bias of −1.2% with 95% limits
of agreement of [−11.6%,9.2%] for a 90 min acquisition time.
Furthermore, an acquisition time of at least 70 min is required
to obtain comparable bias and precision while an acquisition
time of 60 min induced both a higher bias and twice as large
95% limits of agreement interval for SRTM2 based occupan-
cies. These findings are supported by a 2-way repeated mea-
sures ANOVA comparing baseline 1TCM DVRSO − 1 values
with SRTM2 BPSO values for different acquisition times and
revealing significant differences between SRTM2 BPSO,

90 and BPSO, 60 values, with a higher number of regions for
SRTM2 BPSO, 60 compared to SRTM BPSO, 90.

Since the precision of SRTM2 based occupancy estimates
decreases substantially when the acquisition time is limited to
60 min, we considered SUVR relative to centrum semi-ovale
for a 30 min acquisition time interval starting at 60 min after
tracer injection. Although posttests of a 2-way repeated mea-
sures ANOVA revealed some significant differences between
1TCM DVRSO − 1 and SUVRSO, 60 − 90 − 1 for most brain re-
gions, correlations between both approaches remain very high
(see Table 2). A Bland Altman analysis comparing 1TCM
DVRSO − 1 and SUVRSO, 60 − 90 − 1 yielded a negative bias of
−3.2% with 95% limits of agreement of [−14.0%,7.7%] while
comparing 1TCM based occupancy estimates with SUVR

based values revealed a positive bias of 3.5% with
[−9.7%,15.6%] as 95% limits of agreement. As such, a
SUVR approach relative to the centrum semi-ovale presents
itself as a valuable alternative for [11C]UCB-J brain PET
quantification instead of a more invasive, full kinetic model-
ing approach or an SRTM based approach, especially since
the latter requires an acquisition time of at least 70 min. For
instance, for studying synaptic pathology in specific patients
groups such as cognitive impaired patients or patients with
stroke and movement disorders, a SUVR approach could be
preferred. Conversely, an SRTM approach also provides rela-
tive perfusion maps or R1 maps although it still needs to be
determined if mapping the tracer delivery rate to target brain
tissue relative to white matter comprises valuable information.
Moreover, if an integrated PET/MR system is available, a
static 30 min [11C]UCB-J PET scan starting at 60 min after
tracer injection can be combined with MR perfusion imaging
to provide perfusion maps independent of a reference tissue
and thus taking full advantage of simultaneous PET/MR.

Considering the limitations of this study, no test-retest var-
iability data was available so far for the SRTM and SUVR
based quantification approaches. A mean absolute test-retest
reproducibility of 3–9% across brain regions was reported for
[11C]UCB-J VT values [18, 25]. Since a non-invasive refer-
ence tissue approach obviates the need for tedious and logis-
tically challenging arterial blood sampling, a full image based
quantification approach will generally not increase test-retest
variability. However, limited count statistics in the reference
region due to lower tracer uptake or restricted size can have a
negative impact on test-retest variability of BPND and SUVR
estimates. Furthermore, this study only validated centrum
semi-ovale as a reference region for [11C]UCB-J brain PET
quantification in young, healthy controls. It should preferably
be reevaluated as a reference region for [11C]UCB-J in patient
groups, especially if pathological white matter involvement is
expected (e.g. in neuro-inflammatory disorders). For this pur-
pose, specific MR sequences can be considered to evaluate
white matter integrity and exclude voxels for which white
matter integrity can be questioned. To ensure a sufficiently
large white matter reference region in terms of count statistics,
one could include white matter voxels which are susceptible to
spillover effects of (sub)cortical tracer uptake and which have
been excluded for the current analysis. However, with a

Table 5 Bland Altman comparison of occupancy values based on
SUVR-1 for a 60 to 90 min acquisition after tracer injection and
SRTM2 BPSO for a 90, 80, 70 and 60 min acquisition time interval

starting at tracer injection with 1TCM VT occupancy values using a
Lassen plot (%difference vs average). All but the latter approach use
the centrum semi-ovale (SO) as reference tissue

Measure SUVRSO-1 (60-90 min) SRTM2 BPSO 90 min SRTM2 BPSO 80 min SRTM2 BPSO 70 min SRTM2 BPSO 60 min

Bias (%) 3.5 −1.2 −0.6 −0.6 3.7

SD of bias (%) 6.5 5.3 5.9 6.3 13.0

95% limits of agreement (%) [−9.7,15.6] [−11.6,9.2] [−12.2,11.0] [−13.0,11.8] [−21.8,29.3]
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proper and validated partial volume correction method, these
voxels could be considered to improve the noise properties of
the white matter PET signal.

Conclusion

Full kinetic modeling using arterial blood sampling confirmed
1TCM as the most suitable model for [11C]UCB-J brain PET
quantification. Dynamic PET imaging under baseline and pre-
treatment conditions with a novel chemical entity with selec-
tive affinity for presynaptic SV2A, identified the centrum
semi-ovale as a suitable reference region for [11C]UCB-J brain
PET quantification. Compared to a full kinetic analysis, a
SRTM approach using a 90 min acquisition interval and the
centrum semi-ovale as reference tissue shows a negligible bias
and a bias of less than 6% for SV2A occupancy and density
estimates respectively, both with acceptable precision. In
terms of shortening the acquisition time, a dynamic acquisi-
tion of at least 70 min is needed to insure comparable bias and
precision. A SUVratio relative to the centrum semi-ovale for a
30 min acquisition starting 60 min after tracer injection pro-
vides similar bias and precision for both SV2A density and
occupancy and can be considered as a valid quantitative proxy
for simplified and clinically useful [11C]UCB-J brain PET
imaging.
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