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Abstract
Purpose: The aim of this study was to evaluate different non-invasive methods for generating
(R)-1-((3-([11C]methyl)pyridin-4-yl)methyl)-4-(3,4,5-trifluorophenyl)pyrrolidin-2-one) ([11C]UCB-J)
parametric maps using white matter (centrum semi-ovale–SO) as reference tissue.
Procedures: Ten healthy volunteers (8 M/2F; age 27.6 ± 10.0 years) underwent a 90-min
dynamic [11C]UCB-J positron emission tomography (PET) scan with full arterial blood sampling
and metabolite analysis before and after administration of a novel chemical entity with high
affinity for presynaptic synaptic vesicle glycoprotein 2A (SV2A). A simplified reference tissue
model (SRTM2), multilinear reference tissue model (MRTM2), and reference Logan graphical
analysis (rLGA) were used to generate binding potential maps using SO as reference tissue
(BPSO). Shorter dynamic acquisitions down to 50 min were also considered. In addition,
standard uptake value ratios (SUVR) relative to SO were evaluated for three post-injection
intervals (SUVRSO,40-70min, SUVRSO,50-80min, and SUVRSO,60-90min respectively). Regional
parametric BPSO + 1 and SUVRSO were compared with regional distribution volume ratios of a
1-tissue compartment model (1TCM DVRSO) using Spearman correlation and Bland-Altman
analysis.
Results: For all methods, highly significant correlations were found between regional, parametric
BPSO + 1 (r = [0.63;0.96]) or SUVRSO (r = [0.90;0.91]) estimates and regional 1TCM DVRSO. For
a 90-min dynamic scan, parametric SRTM2 and MRTM2 values presented similar small bias
and variability (− 3.0 ± 2.9 % for baseline SRTM2) and outperformed rLGA (− 10.0 ± 5.3 % for
baseline rLGA). Reducing the dynamic acquisition to 60 min had limited impact on the bias and
variability of parametric SRTM2 BPSO estimates (− 1.0 ± 9.9 % for baseline SRTM2) while a
higher variability (− 1.83 ± 10.8 %) for baseline MRTM2 was observed for shorter acquisition
times. Both SUVRSO,60-90min and SUVRSO,50-80min showed similar small bias and variability (−
2.8 ± 4.6 % bias for baseline SUVRSO,60-90min).
Conclusion: SRTM2 is the preferred method for a voxelwise analysis of dynamic [11C]UCB-J
PET using SO as reference tissue, while reducing the dynamic acquisition to 60 min has limited
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impact on [11C]UCB-J BPSO parametric maps. For a static PET protocol, both SUVRSO,60-90min

and SUVRSO,50-80min images are an excellent proxy for [11C]UCB-J BPSO parametric maps.

Key words: Synaptic density, [11C]UCB-J PET, Parametric maps, Reference tissue, Subcortical
white matter

Introduction
Synaptic pathology is associated with many neurological and
psychiatric disorders. For example, in patients with epilepsy,
reduced synaptic density has been reported in the seizure onset
zone [1–3],while a close relation between cognitive impairment
and decreased synaptic density has been reported in the
hippocampus and cerebral cortex of patients with Alzheimer’s
disease [4, 5]. Moreover, in stroke, traumatic brain injury, and
psychiatric disorders, such as autism [6], depression [7], and
schizophrenia [8, 9], synaptic density changes have been
associated with clinical deficiencies and are thought to play a role
in the phenotyping of these diseases.

(R)-1-((3-([11C]methyl)pyridin-4-yl)methyl)-4-(3,4,5-
trifluorophenyl)pyrrolidin-2-one) ([11C]UCB-J) has been devel-
oped as positron emission tomography (PET) ligand with high
affinity and specificity for synaptic vesicle glycoprotein 2A
(SV2A) [10–12]. SV2A is an integral membrane protein, located
in the presynaptic vesicle membrane and expressed ubiquitously
in all synapses across the brain and so [11C]UCB-J has been used
to enable in vivo imaging of synaptic density. [11C]UCB-J uptake
has very good pharmacokinetics and quantification properties
enabling a 1-tissue compartment model (1TCM) as the most
appropriate model to describe tracer kinetics in brain tissue [11].
Furthermore, subcortical white matter, and more specifically the
centrum semi-ovale (SO), has been validated as a suitable
reference tissue for non-invasive quantification of synaptic density
in the human brain using [11C]UCB-J PET imaging [13]. To
further facilitate a voxelwise analysis of [11C]UCB-J PET data, we
evaluated different approaches to generate [11C]UCB-J parametric
maps using SO as reference tissue. For this purpose, we compared
regional values of different reference tissue parametric methods
with regional 1TCM distribution volume ratios relative to SO
(DVRSO). As a shorter acquisition time may facilitate research on
synaptic pathology and further improve clinical applicability, we
evaluated the time stability of the parametric maps by reducing the
acquisition time down to 50-min post injection. We also
considered standard uptake value ratios relative to SO (SUVRSO)
as a simplified reference tissue approach and evaluated several 30-
min static acquisition time intervals for determining SUVRSO.

Materials and Methods
[11C]UCB-J PET/MR Imaging

Dynamic PET data were acquired in a PET dose occupancy
study to evaluate receptor occupancy of padsevonil (UCB
Pharma, Brussels, Belgium), a novel chemical entity with

high affinity for presynaptic SV2A [13]. Data for this
dynamic PET study were previously published by Koole
et al. [13]. In total, ten healthy volunteers (8 males and 2
females, age 27.6 ± 10.0 years (mean ± SD) with an age
range of 20 to 54 years) participated in this study. Subjects
were carefully screened for medical history and underwent a
physical and neurological examination, vital signs recording,
an electrocardiogram, urine analysis, laboratory blood tests,
drug and alcohol screen, and pregnancy tests for females.
The study was conducted at the University Hospital Leuven,
Belgium and approved by the local Ethics Committee
(University Hospitals Leuven/KU Leuven) and each subject
signed a written informed consent before enrollment. All
volunteers underwent 90-min dynamic [11C]UCB-J PET/
magnetic resonance (MR) scanning with arterial blood
sampling before and after the oral administration of a single
dose of padsevonil (6.25–100 mg). This resulted in 10
[11C]UCB-J PET scans under baseline conditions and 17
[11C]UCB-J PET scans under blocking conditions as 7
subjects received two [11C]UCB-J PET scans at two
different time points after drug administration. The 17 post
dose PET scan were performed at 2 h (7 scans), 6 h (4
scans), 24 h (3 scans), 27 h (1 scan), and 30 h (2 scans) after
drug administration. Details of the image acquisition and
reconstruction parameters on the GE Signa PET/MR are
given in the Electronic Supplementary Materials. The
synthesis, radiolabeling, and quality control of [11C]UCB-J
were done according to the same procedure as described by
Koole et al. [13]. 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 UCB-J mass dose of
0.98 ± 0.63 μg.

Regional time activity curves (TACs) were extracted in
PMOD (version 3.905) by projecting a simplified Hammers
atlas [14] on the dynamic PET data. PET data were spatially
normalized to Montreal Neurological Institute (MNI) space
using SPM8 (Statistical Parametric Mapping, MATLAB
2018b, the MathWorks, Inc.), and simultaneously acquired
3D T1-weighted MR data. Volume of interests (VOIs) were
restricted to gray matter by applying a simple threshold of
0.3 to the individual gray matter probability maps resulting
from an SPM-based multichannel MR segmentation. Vol-
umes of interest (VOIs) for the frontal, temporal, parietal,
and occipital cortex as well as the insula, anterior and
posterior cingulate, striatum, thalamus, hippocampus, amyg-
dala, and cerebellum were determined. From all cortical
VOIs, a composite cortical VOI was created to extract
overall cortical TACs from the dynamic PET data.
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Additionally, the centrum semi-ovale was delineated by
performing isotropic Gaussian smoothing (7-mm FWHM) to
the individual white matter probability maps and applying a
0.99 threshold to the appropriate slices to include only
voxels with a high probability of being part of the centrum
semi-ovale. Since a 1-tissue compartment model (1TCM)
was identified as the most appropriate model to describe
[11C]UCB-J tracer kinetics in brain tissue, regional distribu-
tion volume estimates (VT) were determined by applying
1TCM to the 90-min regional TAC data with a fixed blood
volume of 5 %. A composite cortical TAC was used to
estimate the potential small time shift between the PET TAC
and arterial blood/plasma input functions. Baseline cortical
VT was 5.54 ± 0.47 (mean ± SD, range [4.85, 6.56]) and post
drug cortical VT was 2.55 ± 1.39 ([0.76, 5.43]), yielding an
overall cortical VT of 3.66 ± 1.85 (range [0.76, 6.56]). Lassen
plots taking into account baseline and post drug regional VT

values were used to determine SV2A occupancy [15], which
varied across the range of 2.2 % to 99.3 % (mean ± SD 65.0
± 29.7 %).

As the centrum semi-ovale (SO) was established as an
acceptable region for non-displaceable [11C]UCB-J uptake
in brain tissue, regional distribution volume ratios relative to
SO, determined as VT/VSO and denoted as DVRSO,90, were
considered as reference values for method comparison based
on a 90-min acquisition.

[11C]UCB-J PET Parametric Mapping

For parametric approaches using a reference tissue, a
simplified reference tissue model using a set of predefined
basis functions (SRTM2) [16], a multilinear reference tissue
model (MRTM2) [17], and a reference Logan graphical
analysis (rLGA) [18] were considered. For all three
approaches, the tracer efflux rate constant k2 from the
reference tissue to plasma was assumed to be known and
set to a fixed value. This washout constant was determined
prior to the parametric mapping by a regional SRTM
approach with k2 coupled between all brain regions to obtain
a global, robust estimate. SRTM2 and MRTM2 resulted in
parametric binding potential maps using SO as reference
tissue (BPSO); while for rLGA, parametric maps of the
binding potential were estimated as voxelwise distribution
volume ratios minus 1 (DVR-1). Next to binding potential
mapping (BPSO), relative tracer delivery maps (R1) were
determined by the SRTM2 and MRTM2 approaches. For
both the parametric binding potential and relative tracer
delivery maps, regional parametric estimates were calculated
by projecting VOIs (as defined above) on these parametric
maps and compared with regional 1CTM DVR-1 values and
with the ratio of regional 1TCM influx rate constants K1

relative to SO respectively.
The impact of a reduction in acquisition time on the

regional parametric BPSO and R1 estimates was evaluated by
considering acquisition times of 90 min, 80 min, 70 min,

60 min, and 50 min, starting at the time of tracer injection
(BPSO,90, BPSO,80, BPSO,70, BPSO,60, and BPSO,50 respec-
tively and R1,90, R1,80, R1,70, R1,60, and R1,50 respectively).

Finally, a standard uptake value ratio relative to SO
(SUVRSO) of a single static PET frame post injection was
evaluated as a parametric approach for voxelwise SUVR-1
estimates. For the static PET frame, a 30-min acquisition
interval from 40- to 70-, 50- to 80-, and 60- to 90-min post
injection was considered (SUVRSO,40–70, SUVRSO,50–80, and
SUVRSO,60–90 respectively).

Statistics

Spearman correlation and linear regression analysis (line
forced through the origin) were performed for all conditions
and for baseline and post drug conditions separately, to
evaluate the relationship between regional 1TCM DVRSO

values and regional parametric BPSO + 1 or SUVRSO

estimates obtained by the different parametric reference
tissue models for different acquisition time intervals. The
same statistical analysis was performed to evaluate the
relationship between regional 1TCM K1/K1,SO ratios and
regional parametric R1 values estimated by SRTM2 and
MRTM2 for different acquisition times, again for all
conditions and for baseline and post drug conditions
separately.

Next, a Bland-Altman analysis was used to evaluate the
agreement between regional 1TCM DVRSO and regional
parametric BPSO + 1 or SUVRSO estimates obtained by the
different parametric reference tissue models for different
acquisition time intervals. For all conditions, the difference
between regional 1TCM DVRSO and parametric BPSO + 1 or
SUVRSO was considered for the analysis while for baseline
conditions, the relative difference was used. A Bland-
Altman analysis was also performed to evaluate the
correspondence between 1TCM K1/K1,SO ratios and regional
parametric R1 values estimated by SRTM2 and MRTM2 for
different acquisition times by considering relative differ-
ences for pooled baseline and post drug scans.

Results
The washout constant, k2, estimated in all brain regions, was
compared between the acquisition times. Average values
remained the same for all acquisition times, while the
variance increases for shorter acquisitions (see Fig. 1).
MRTM2 and SRTM2 failed for 1 out of the 27 scans
(4 %), 2 out of 27 scans (7 %), and 3 out of 27 scans (11 %)
for a 70-, 60-, and 50-min acquisitions respectively. For
these cases, the problematic estimation of the reference
washout rate constant could be explained by the high R1

values. These high R1 values are required for SRTM2 to
accommodate the difference in tracer uptake between the
gray matter and reference white matter. However, the
washout rate constant of white matter is related to the

446 Mertens N. et al.: Parametric methods for [11C]UCB-J PET



washout rate constant of the target tissue by a factor which is
inversely proportional to R1. Therefore, underestimation of the
target washout rate constant by using a shorter acquisition time
could result in low reference washout rate constants.

For the full 90-min acquisition, highly significant and
strong correlations (all p G 0.0001) were found between
regional 1TCM DVRSO values and regional parametric
SRTM2, MRTM2, and rLGA BPSO,90 + 1 estimates, with a
slightly lower correlation value for rLGA BPSO,90 + 1 values
(see Table 1). The linear regression slope was close to 1.00

for regional parametric SRTM2 and MRTM2 estimates. For
regional parametric rLGA, a slightly higher bias was
observed. For the static SUVRSO approach, highly signifi-
cant correlations (p G 0.0001) were observed between re-
gional 1TCM DVRSO and SUVRSO values for 60- to 90-,
50- to 80-, and 40- to 70-min post-injection, with an
increasing bias for early 40- to 70-min post-injection time
interval. Overall, Spearman rho, slope, and goodness of fit of
the linear regression were consistently lower for baseline
scanning compared to post drug scanning. This was
confirmed by visual assessment of the scatter plots of
cortical parametric SRTM2 BPSO,90 + 1 versus regional
1TCM DVRSO values as presented in Fig. 2, demonstrating
a less optimal straight line fit for baseline conditions.
Representative parametric images of baseline SRTM2,
MRTM2, and rLGA BPSO,90 + 1 and SUVRSO from a
healthy subject are given in Fig. 3.

A Bland-Altman analysis comparing regional parametric
SRTM2 and MRTM2 BPSO,90 + 1 with regional 1TCM DVRSO

(difference vs mean) revealed a small, negative bias with a
similar 95 % limits of agreement interval when taking into
account all conditions while rLGA BPSO,90 + 1 demonstrated a
substantial higher bias with a two-fold larger 95 % limits of
agreement interval (see Table 2). This was confirmed by the
Bland-Altman analysis (%difference vs mean) of baseline
conditions where regional parametric SRTM2 and MRTM2
BPSO,90 + 1 estimates clearly outperformed regional parametric
rLGA BPSO,90 + 1 values since the latter demonstrated a − 10.0
± 5.4 % bias compared to the respective biases of − 3.0 ± 2.9 %
and − 2.8 ± 2.8 % of the former two. For this reason, we
restricted the analysis of time stability of BPSO for shorter

Table 1. Spearman correlation and linear regression analysis (straight line through the origin) between regional 1TCM DVRSO values and regional parametric
SRTM2 BPSO + 1, MRTM2 BPSO + 1, and rLGA BPSO,90 + 1 estimates for different acquisition time intervals (90, 80, 70, 60, and 50 min) and between
regional 1TCM DVRSO values and regional SUVRSO,40–70, SUVRSO,50–80, and SUVRSO,60–90 values for a 40- to 70-, 50- to 80-, and 60- to 90-min post-
injection acquisition time interval. All approaches used the centrum semi-ovale (SO) as reference tissue. Data of baseline and post drug scans were reported
both separately and pooled together. All correlations were highly significant (p G 0.0001)

Baseline (N = 10) Post drug (N = 17)) Baseline and post drug (N = 27)

Spearman
rho

Slope Goodness
of fit (Sy,x)

Spearman
rho

Slope Goodness
of Fit (Sy,x)

Spearman
rho

Slope Goodness
of fit (Sy,x)

SRTM2 BPSO + 1
90 min 0.96 0.97 0.15 1.00 0.99 0.14 1.00 0.98 0.15
80 min 0.93 0.99 0.24 1.00 1.00 0.12 0.99 0.99 0.18
70 min 0.84 1.01 0.49 1.00 0.98 0.15 0.98 1.00 0.33
60 min 0.77 0.99 0.59 1.00 0.98 0.18 0.98 0.99 0.39
50 min 0.63 0.93 0.62 0.95 0.94 0.32 0.96 0.94 0.46

MRTM2 BPSO + 1
90 min 0.96 0.97 0.15 1.00 0.99 0.14 1.00 0.98 0.15
80 min 0.94 0.99 0.27 1.00 1.00 0.11 0.99 1.00 0.19
70 min 0.83 1.03 0.61 1.00 0.99 0.15 0.98 1.04 1.34
60 min 0.79 0.99 0.70 1.00 0.98 0.18 0.98 0.98 0.44
50 min 0.65 0.95 0.67 0.99 0.97 0.18 0.97 0.96 0.43

rLGA BPSO + 1
90 min 0.89 0.90 0.27 0.99 0.94 0.16 0.99 0.91 0.22

SUVRSO

60–90 min 0.91 0.97 0.25 0.99 0.95 0.16 0.99 0.97 0.20
50–80 min 0.90 0.96 0.25 1.00 0.96 0.15 0.99 0.96 0.19
40–70 min 0.90 0.92 0.30 1.00 0.95 0.16 0.99 0.93 0.23

Mertens N. et al.: Parametric methods for [11C]UCB-J PET 447

Fig. 1 Scatter plots of efflux rate constant between refer-
ence tissue and plasma (k’2) calculated by a VOI based
SRTM2 approach, resulting in a coupled efflux rate constant
for all brain regions. Efflux rate constants are calculated for
acquisition times of 90, 80, 70, 60, and 50 min.



acquisition time intervals to regional parametric SRTM2 and
MRTM2 BPSO estimates. A Bland-Altman analysis comparing
regional SUVRSO,40–70, SUVRSO,50–80, and SUVRSO,60–90

values with regional 1TCM DVRSO revealed a small, negative
bias with a similar 95 % limits of agreement interval for regional
SUVRSO,50–80 and SUVRSO,60–90 values when taking into
account all conditions and baseline conditions separately (see
Table 2). On the other hand, SUVRSO,40–70 demonstrated a
higher bias with an increased 95 % limits of agreement interval
with a negative bias of − 7.8 ± 6.0 % compared to the − 4.0 ±
4.7 % and − 2.8 ± 4.6 % bias of regional SUVRSO,50–80 and
SUVRSO,60–90 respectively.

In terms of time stability, Spearman rho and slope of the linear
regression are very similar for both regional parametric SRTM2
and MRTM2 BPSO + 1 values for a shorter acquisition time
compared to the 1TCMDVRSO values using the 90-min dynamic
PET data (see Table 1). On the other hand, goodness of fit values
for regional parametric SRTM2 BPSO + 1 values, representing the
root mean square error, slightly increase for shorter acquisition
times, indicating a less optimal straight line fit for these reference
tissue approaches (see Table 1). The same trend has been
observed for both SRTM2 and MRTM2 BPSO + 1 values with
slightly higher goodness of fit values for the latter. These findings
were consistent for both baseline and post drug conditions
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Fig. 2 Scatter plots for cortical parametric SRTM2 BPSO + 1 estimates using an acquisition time of 90, 80, 70, 60, and 50 min
vs 1TCM DVRSO values for both a baseline and b post drug conditions.

Fig. 3 Parametric BPSO + 1 maps of a baseline scan of a healthy volunteer (M, 23 years, 93 kg, 197 MBq [11C]UCB-J) using
centrum semi-ovale (SO) as reference tissue. Images are in radiological orientation.



and were in line with the visual assessment of the scatter plots of
cortical parametric SRTM2 BPSO + 1 versus regional 1TCM
DVRSO for different acquisition time intervals (see Fig. 2),
demonstrating a less optimal straight line fit for shorter acquisition
times. A Bland-Altman analysis comparing regional parametric
SRTM2 andMRTM2BPSO + 1 for shorter acquisition times with
regional 1TCM DVRSO confirmed that reducing the acquisition
time down to 60 min did not have a significant impact on
parametric SRTM2 and MRTM2 BPSO + 1 estimates, while a
higher variability has been observed for the latter (see Table 2).

In terms of parametric R1 maps, highly significant
correlations (p G 0.0001) were observed between regional
1TCM K1 ratios relative to SO and regional parametric
SRTM2 and MRTM2 R1 estimates for an acquisition times
down to 50 min. Linear regression analysis, slope values,
indicative for bias, and goodness of fit values were similar
for both approaches, independent of scanning time (Table 3).
A Bland-Altman analysis comparing regional 1TCM K1

ratios relative to SO values with regional, parametric
SRTM2, and MRTM2 R1 estimates revealed a small
negative bias and similar 95 % limits of agreement interval
for both approaches which remained constant as the
acquisition time was shortened. Representative parametric
R1 maps of a healthy subject under baseline conditions are
given in Fig. 4.

Discussion
As accurate and quantitative parametric maps are a prereq-
uisite for clinical applications and voxelwise analysis, the
purpose of this study was to evaluate different non-invasive

parametric methods for [11C]UCB-J PET imaging of the
human brain. Since subcortical white matter was already
identified as a suitable reference tissue for [11C]UCB-J brain
PET quantification [13], we evaluated both reference tissue
methods using SO as reference tissue and SUVR relative to
SO as parametric approaches. As reference values, we used
regional 1TCM DVRSO relative to SO since previous studies
demonstrated that 1TCM is the most appropriate model for
[11C]UCB-J tracer kinetics in brain tissue.

In terms of reference tissue methods, we considered
MRTM2 and rLGA, next to SRTM2, and assumed fore-
knowledge about the efflux rate constant between reference
tissue and plasma for generating the parametric maps. For all
three approaches, the tracer efflux rate constant k2 from the
reference tissue to plasma was set to a fixed value. As such,
the number of parameters was limited to two, therefore
reducing the impact of noise on the parameter estimation
[19]. In order to a priori estimate the efflux rate constant
between reference tissue and plasma, we used a VOI-based
SRTM2 approach and coupled the efflux rate constant from
the reference tissue back to the plasma for all brain regions
to give a global, more robust estimate. For this a priori
estimation, SRTM2 was used since this reference tissue
model assumes 1TCM to be a suitable model for tracer
kinetics in both the reference and target brain tissue and this
was confirmed for [11C]UCB-J kinetics in brain tissue.
Regarding time stability, we evaluated parametric BPSO + 1
maps using SO as reference region for a 50-, 60-, 70-, 80-,
and 90-min dynamic PET data starting at tracer injection.
Findings demonstrated that a dynamic PET scan of at least
60 min is required to achieve accurate quantification using a

Table 2. Bland-Altman analysis comparing regional 1TCM DVRSO with regional parametric SRTM2, MRTM2, and rLGA BPSO + 1 estimates and with
regional SUVRSO for baseline conditions (%difference vs mean) and pooled baseline and post drug scans (difference vs mean). For regional parametric
SRTM2 and MRTM2 BPSO + 1 estimates, an acquisition time of 90, 80, 70, 60, and 50 min was considered starting at the time of tracer injection while for
SUVRSO a 40- to 70-, 50- to 80-, and 60- to 90-min acquisition after tracer injection was evaluated. All approaches used the centrum semi-ovale (SO) as
reference brain tissue

Baseline (N = 10) (%difference vs mean) Baseline and post drug (N = 27) (difference vs mean)

Difference (%) SD (%) 95 % limits
of agreement (%)

Difference SD 95 % limits
of agreement

SRTM2 BPSO + 1
90 min − 2.98 2.86 [− 8.59, 2.63] − 0.039 0.17 [− 0.38, 0.30]
80 min − 1.26 4.25 [− 9.59, 7.07] − 0.0028 0.18 [− 0.35, 0.35]
70 min 0.42 8.45 [− 16.14, 16.98] 0.026 0.33 [− 0.62, 0.68]
60 min − 1.00 9.89 [− 20.39, 18.38] − 0.016 0.40 [− 0.79, 0.76]
50 min − 6.45 11.44 [− 28.87, 15.98] − 0.19 0.49 [− 1.15, 0.77]

MRTM2 BPSO + 1
90 min − 2.84 2.80 [− 8.33, 2.66] − 0.037 0.17 [− 0.36, 0.29]
80 min − 0.92 4.55 [− 9.84, 8.00] 0.0044 0.19 [− 0.36, 0.37]
70 min 2.46 14.89 [− 26.72, 31.63] 0.12 1.34 [− 2.50, 2.75]
60 min − 1.83 10.83 [− 23.04, 19.39] − 0.029 0.45 [− 0.91, 0.85]
50 min − 4.71 11.73 [− 27.70, 18.28] − 0.11 0.45 [− 0.99, 0.78]

rLGA BPSO + 1
90 min − 10.01 5.35 [− 20.50, 0.48] − 0.26 0.33 [− 0.90, 0.39]

SUVRSO

60–90 min − 2.82 4.57 [− 11.78, 6.14] − 0.17 0.18 [− 0.52, 0.18]
50–80 min − 3.95 4.70 [− 13.16, 5.25] − 0.17 0.19 [− 0.65, 0.19]
40–70 min − 7.83 5.97 [− 19.52, 3.87] − 0.26 0.27 [− 0.79, 0.26]
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reference tissue model. Since this approach takes into
account relative changes in tracer delivery [20], a reference
tissue model using a 60-min dynamic PET scan would be
preferred for monitoring longitudinal changes. Moreover,
the corresponding R1 maps could have an added value for
the differential diagnosis between different disease types
[21–24], On the other hand, the clinical applicability of this
approach is limited because of the 1-h acquisition time.
Therefore, we also considered a static SUVR approach
relative to SO using a shorter static [11C]UCB-J PET scan,
since this approach could be preferred for studying synaptic

pathology in specific patients groups such as cognitive
impaired patients or patients with stroke and movement
disorders. For this study, we used a 30-min acquisition time
starting at 60 min, 50 min, and 40 min respectively, after
tracer injection. Although a shorter static frame time could
be considered, a 30-min acquisition time interval was
selected to allow the simultaneous acquisition of structural
and functional MRI data, including perfusion MRI data
using arterial spin labeling (ASL). This way, one can take
full advantage of simultaneous PET/MR imaging by
combining MR perfusion maps with static [11C]UCB-J

Table 3. Spearman correlation, linear regression analysis (line through the origin), and Bland-Altman analysis (%difference vs mean) between regional 1TCM
K1/K1,SO values and SRTM2 R1 and MRTM2 R1 values for different acquisition time intervals (90, 80, 70, 60, and 50 min). The centrum semi-ovale (SO) was
used as reference tissue. Baseline and post drug scans were pooled together (N = 27). All correlations were highly significant (p G 0.0001)

Spearman correlation and linear regression analysis Bland-Altman analysis (%difference vs mean)

Spearman rho Slope Goodness
of fit (Sy,x)

Difference (%) SD (%) 95 % limits
of agreement (%)

SRTM2 R1

90 min 0.94 0.99 0.22 − 0.28 6.00 [− 12.03, 11.48]
80 min 0.94 0.99 0.22 − 0.26 6.02 [− 12.06, 11.55]
70 min 0.94 0.99 0.22 − 0.24 6.04 [− 12.08, 11.60]
60 min 0.94 0.99 0.22 − 0.16 6.08 [− 12.07, 11.75]
50 min 0.94 0.99 0.23 − 0.10 6.07 [− 12.01, 11.80]

MRTM2 R1

90 min 0.94 0.99 0.21 − 0.37 5.83 [− 11.79, 11.05]
80 min 0.94 0.99 0.22 − 0.32 5.89 [− 11.87, 11.23]
70 min 0.94 0.99 0.22 − 0.29 5.93 [− 11.91, 11.33]
60 min 0.94 0.99 0.23 − 0.21 6.11 [− 12.18, 11.75]
50 min 0.94 0.99 0.22 0.06 6.07 [− 11.83, 11.95]
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Fig. 4 Parametric R1 maps of a baseline scan of a healthy volunteer (M, 23 years, 93 kg, 197 MBq [11C]UCB-J) using the
centrum semi-ovale (SO) as reference tissue.



PET scan as an alternative for the relative perfusion maps or
R1 maps generated by reference tissue approaches using
longer, dynamic [11C]UCB-J PET scanning protocols.

We did not limit our study to baseline [11C]UCB-J PET
imaging of the human brain but also considered dynamic
[11C]UCB-J PET data after administration of a novel drug
with high affinity for presynaptic SV2A. The reduced
[11C]UCB-J PET signal, because of the blocking effect of
the drug, could be considered as representative for patho-
logically reduced synaptic density. Linear regression and
correlation results for both baseline and post drug scans were
reported separately, as well as combined, to validate
parametric reference tissue approaches for both conditions.
Since post drug [11C]UCB-J kinetics of the scans were
faster, a reduction of the acquisition time was expected to be
less critical for post drug PET scanning. This was confirmed
by the linear regression analysis showing that the goodness
of fit to a straight line is improved for post drug [11C]UCB-J
scanning compared to baseline [11C]UCB-J scanning espe-
cially for shorter acquisition times (see Table 1).

For pooled baseline and post dose scans, rLGA using a
90-min dynamic [11C]UCB-J PET scan and SUVRSO,40–70

demonstrated a lower performance compared to the other
parametric reference tissue approaches. These findings were
also confirmed by the Bland-Altman analysis comparing
each of the parametric approaches with regional 1TCM
DVRSO values. Again, baseline findings were reported
separately using a percentage differences plot, while overall
findings were reported using a unit differences plot because
of the small 1TCM DVRSO values around 1 for post drug
scanning under nearly full blocking conditions.

The lower performance of rLGA for a 90-min dynamic
[11C]UCB-J PET scan is in line with the previously reported,
noise-induced negative biases of rLGA-based DVR estimates
[25]. Although graphical methods such as rLGA do not make
assumptions about the compartmental configuration of the
underlying data and are easier to perform because they are less
computer intensive, the noise in the PET TACs is propagated as
correlated errors in dependent and independent variables of the
rLGA equation, resulting in increasing underestimation of DVR
with increasing noise. On the other hand, MRTM2 partially
mitigate this issue for rLGA, by using less noisy tissue data in the
independent variables while a basis function implementation of
SRTM2 is computationally efficient [17]. Moreover, the 1TCM
model requirements for SRTM2 and MRTM2 are fulfilled for
[11C]UCB-J tracer kinetics in target and reference tissue and both
parametric methods also provide R1 maps relative to SO next to
the BPSO maps. Therefore, we did not consider the rLGA
approach for a time stability analysis and limited this analysis to
MRTM2 and SRTM2. Results indicated that both SRTM2 and
MRTM2 provided accurate parametric BPSO + 1 maps for an
acquisition time of at least 60 min (− 1.0 % bias + 9.9 %
variability for SRTM2); while for a shorter acquisition time of
50min, bias increased to − 6.5%with 11.4% variability, which is
in line with literature data [12, 26]. Time stability results from the
non-linear method SRTM2 performed better than estimates from

the graphical approach MRTM2 suffer from increased statistical
noise. In terms of parametricR1maps, indicative for relative blood
flow, a reduction of the acquisition time down to 50 min did not
impact the regional quantitative accuracy of both SRTM2 and
MRTM2 R1 maps (see Table 3).

For a static SUVR approach, SUVRSO,50–80 and SUVRSO,60–

90 proved to be valid quantitative proxies for parametric BPso
map. Regional SUVRSO,40–70 values showed a negative bias of
7.8%, which was significantly less accurate than the SUVR data
for later acquisition time intervals. This is probably because
pseudo-equilibrium has not been reached yet for the 40- to 70-
min acquisition time interval.

Considering the limitations of this study, no test-retest
variability data were available for the dynamic parametric
approaches 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 by
other authors [26, 27]. Since a non-invasive reference tissue
approach alleviates the need for a cross-calibration of PET
scanner and dose calibrator and avoids the logistically
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 the lower tracer uptake or restricted size can
have a negative impact on test-retest variability of BPSO and
SUVR estimates. These challenges were previously de-
scribed in literature by Koole et al. [13]. Moreover, it has
been demonstrated for amyloid PET imaging that blood flow
changes introduced alterations in cortical SUVR relative to
either white matter or cerebellum and that SUVR relative to
white matter was more affected by global blood flow
changes [28–30]. Therefore, a simulation study could be
considered to evaluate the effect of blood flow changes in
SO and cortical target regions on a SUVR quantification
relative to SO. Furthermore, it would also be worthwhile to
reevaluate parametric reference tissue methods for
[11C]UCB-J PET imaging in patient groups, especially if
pathological white matter involvement is expected (e.g., in
neuro-inflammatory disorders and several neurodegenerative
diseases [31]) and SO as reference region needs to be
restricted to voxels with confirmed white matter integrity.
Quantification linked to these white matter lesions should be
evaluated as a pseudo-reference region approach, including a
robust partial volume correction for smaller reference
regions in patient groups to ensure sufficient count statistics.

Conclusion
Both SRTM2 and MRTM2 provided more robust [11C]UCB-J
parametric maps compared to rLGA; while for shorter acquisition
times, SRTM2BPND proved to bemore in agreement with 1TCM
DVR compared to MRTM2. Therefore, SRTM2 is the preferred
parametric method for voxelwise analysis of dynamic [11C]UCB-
J PET studies using SO as reference tissue. In order to obtain
quantitatively accurate parametric BPSO and R1 maps, a dynamic
PET scan of at least 60 min is required. To improve clinical
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applicability, SUVRSO images relative to SO using a 30-min static
[11C]UCB-J PET scan starting at either 50 or 60 min after tracer
injection can be considered as an excellent proxy for parametric
BPSO maps.
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