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Abstract
Purpose: [18F]Fluoroethoxybenzovesamicol ([18F]FEOBV) is a radioligand for the vesicular
acetylcholine transporter (VAChT), a marker of the cholinergic system. We evaluated the
quantification of [18F]FEOBV in rats in control conditions and after partial saturation of VAChT
using plasma and reference tissue input models and test-retest reliability.
Procedure: Ninety-minute dynamic [18F]FEOBV PET scans with arterial blood sampling were
performed in control rats and rats pretreated with 10 μg/kg FEOBV. Kinetic analyses were performed
using one- (1TCM) and two-tissue compartmental models (2TCM), Logan and Patlak graphical
analyses withmetabolite-corrected plasma input, reference tissue Patlak with cerebellum as reference
tissue, standard uptake value (SUV) and SUV ratio (SUVR) using 60- or 90-min acquisition. To assess
test-retest reliability, two dynamic [18F]FEOBV scans were performed 1 week apart.
Results: The 1TCM did not fit the data. Time-activity curves were more reliably estimated by the
irreversible than the reversible 2TCM for 60 and 90 min as the influx rate Ki showed a lower
coefficient of variation (COV, 14–24 %) than the volume of distribution VT (16–108 %). Patlak
graphical analysis showed a good fit to the data for both acquisition times with a COV (12–27 %)
comparable to the irreversible 2TCM. For 60 min, Logan analysis performed comparably to both
irreversible models (COV 14–32 %) but showed lower sensitivity to VAChT saturation. Partial
saturation of VAChT did not affect model selection when using plasma input. However, poor
correlations were found between irreversible 2TCM and SUV and SUVR in partially saturated
VAChT states. Test-retest reliability and intraclass correlation for SUV were good.
Conclusion: [18F]FEOBV is best modeled using the irreversible 2TCM or Patlak graphical
analysis. SUV should only be used if blood sampling is not possible.

Key Words: Animal studies, Cognition, Neurotransmitters, Kinetic modeling, Positron emission
tomography

Introduction
The decline of cognitive function in neurological disorders,
such as Alzheimer’s disease (AD) [1], Parkinson’s disease
(PD), and PD with dementia [2, 3], has been associated with
degeneration of cholinergic neurons. To study the role of
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changes in cholinergic innervation, ex vivo tissue analysis is
widely used. Nevertheless, the use of the non-invasive
imaging technique positron emission tomography (PET)
imaging is often the preferred method, as it allows the
assessment of neurotransmitter systems in vivo.

[18F]fluoroethoxybenzovesamicol ([18F]FEOBV) is a
PET radioligand with high specificity for the presynaptic
vesicular acetylcholine transporter (VAChT). The expression
of VAChT was found to correlate well with the expression
of the main marker of cholinergic neurons, choline acetyl-
transferase [4]. In rats and non-human primates,
[18F]FEOBV distribution in the brain was found to correlate
with VAChT expression, with the highest uptake in the
striatum and lowest in the cerebellum [5, 6].

Pharmacokinetic modeling with arterial plasma input is the
gold standard to quantify the binding of a radioligand to its
target. Kinetic analysis of [18F]FEOBV in humans showed that
the kinetic model parameters could be reliably estimated using
metabolite-corrected plasma input and long scan times (360min)
[7]. Quantification using reference tissue modeling with shorter
scan times, or late static scanning, was found to correlate well
with the results from pharmacokinetic modeling with arterial
plasma input. These simplified methods are preferred over the
use of plasma input models as arterial sampling is a complex
procedure and a burden for human subjects.

While quantification of [18F]FEOBV has been evaluated
in humans, quantification of [18F]FEOBV in rats has only
been performed using reference tissue models [8] without
validation of their use against compartmental models using
arterial plasma input. Examples of other radiotracers, such as
[11C]flumazenil, have shown that interspecies differences
between humans and rats can lead to different preferred
compartmental models for each species [9]. Therefore, the
purpose of this study was to determine the optimal
quantification model for [18F]FEOBV using a plasma input
function and to verify quantification without the need for
blood sampling.

Materials and Methods
Experimental Animals

Adul t ma le Wis ta r ra t s (364 ± 39 g , Env igo ,
The Netherlands) were randomly divided in three groups,
i.e., control (n = 6), pretreatment with FEOBV (n = 6), and
test-retest (n = 6). Rats were group-housed at a 12 h/12 h
light/dark cycle, in humidity- and temperature-controlled
(21 ± 2 °C) rooms with water and standard laboratory chow
available ad libitum and acclimatized for at least 7 days after
arrival. All experiments were approved by the National
C o m m i t t e e o n A n i m a l E x p e r i m e n t s
(CCD:AVD105002015166) and the Institutional Animal
Care and Use Committee of the University of Groningen
(IvD:15166-01-003). All applicable institutional and/or
national guidelines for the care and use of animals were
followed.

PET Imaging

The rats were anesthetized with isoflurane (5 % for
induction, 1–2.5 % for maintenance) mixed with oxygen.
A cannula was placed in the tail vein for [18F]FEOBV
injection. For the control and pretreatment group, a cannula
was placed in the femoral artery for arterial blood sampling.
Rats were injected i.p. with 100 μl DMSO 50–80 min before
[18F]FEOBV injection (controls) or with 10 μg/kg FEOBV
(pretreatment, ABX, Germany) in 200 μl DMSO via the
femoral vein 20–30 min before injection. It is not expected
that the administration route of DMSO affects the binding of
[18F]FEOBV [10]. Rats were then placed in a small animal
PET scanner (Focus 220, Siemens Healthcare, USA) with
their head in the center of the field of view. A transmission
scan with a Co-57 point source was performed first. The rats
were then injected with 28.3 ± 7.3 MBq [18F]FEOBV
(molecular activity 9 150TBq/mmol, injected dose 0.03 ±
0.01 μg) over 1 min using an infusion pump (1 ml/min), and
a 90-min dynamic PET scan was started. Rats in the test-
retest group were not subjected to arterial blood sampling
and underwent a second PET scan 7 days later. During all
procedures, eye salve was applied to prevent dehydration of
the eyes, body temperature was maintained and oxygen
saturation and heart rate were monitored. [18F]FEOBV was
synthesized according to the procedure described by
Mulholland et al. [11].

Arterial Blood Sampling and Metabolite Analysis

Blood samples (0.10–0.13 ml) were taken from the femoral
artery at 10, 20, 30, 40, and 50 s and 1, 1.5, 2, 3, 5, 7.5, 10,
15, 30, 60, and 90 min after [18F]FEOBV injection. Plasma
was obtained by centrifugation of whole blood (5 min at
30,000×g). After collection of each blood sample, the same
volume of heparinized saline was injected to compensate for
the blood volume loss. The radioactivity in 25 μl of whole
blood and 25 μl of plasma was measured with an automated
well-counter (Wizard2480, PerkinElmer, USA) and decay
corrected.

All plasma samples were used for metabolite analysis.
After adding 50 μl acetonitrile, each sample was vortexed
and centrifuged (8 min at 3000×g). Supernatant (1–2 μl) was
pipetted onto a silica gel 60 F254 plate (Merck, Germany)
and eluted with a mixture of hexane/dichlormethane/diethyl-
ether/triethylamine (2.3/1/1/0.2). A phosphor storage screen
(PerkinElmer, USA) was exposed to the silica plates
overnight and scanned with a Cyclone (PerkinElmer,
USA). The percentage of intact tracer was assessed using
OptiQuant Software 3.

Pharmacokinetic Analysis

Listmode data were iteratively reconstructed into 24 frames
(6 × 10, 4 × 30, 2 × 60, 1 × 120, 1 × 180, 4 × 300, 6 × 600 s)
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using OSEM2D after Fourier Rebinning (4 iterations, 16
subsets), and normalized and corrected for attenuation,
scatter, and decay.

PMOD 3.9 software was used for registration of each
PET image to a tracer-specific template [12] and for
pharmacokinetic modeling. A volume of interest (VOI)
template (including frontal cortex, remainder of the cortex
(referred to as cortex), striatum, thalamus, hypothalamus,
hippocampus, and cerebellum) was placed on the co-
registered individual PET images and manually adjusted as
a group, if necessary. Time-activity curves for each VOI
were generated for 60-min and 90-min acquisition lengths.

For pharmacokinetic analysis, arterial input-based models
were evaluated first. One- (1TCM) and two-tissue compart-
mental models (2TCM) were evaluated, using metabolite-
corrected plasma and whole blood input. Two rate constants
(K1, k2) were determined for the 1TCM and four (K1-k4,
reversible) or three rate constants (K1-k3, irreversible) for the
2TCM. The volume of distribution, VT, was calculated for
the reversible (VT = (K1/k2)(1 + k3/k4)) and the influx rate Ki

for the irreversible (Ki = (K1*k3)/(k2 + k3)) 2TCM. Logan
and Patlak graphical analyses were performed with a t* of
25 and 10 min, respectively [13, 14]. The blood volume
fraction in tissue was fixed at 5 %. Akaike information
criterion (AIC) and the coefficient of variation (COV) of the
outcome parameters were used to select the best model. The
COV was calculated as standard deviation (SD) divided by
the mean.

Second, Ki
ref was estimated using reference Patlak (t* of

10 min) with the cerebellum as reference tissue [15].
Third, the standardized uptake value (SUV) was calcu-

lated ((radioactivity concentration in VOI)/(injected
radioactivity/body weight)) for the periods of 50–90 min
and 30–60 min. The standardized uptake value ratio (SUVR)
was obtained by dividing the target SUV by the reference
tissue (cerebellum) SUV.

For the test-retest scans, only the most promising
simplified measure (SUV) was used. The test-retest vari-
ability was calculated as (2x|test–retest|/(test+retest)) × 100%
for SUV. The interclass correlation coefficient (ICC) was
calculated as an index of the reliability of the test-retest
measurement using all brain regions, ICC ≥ 0.75
representing good agreement [15].

Statistical Analysis

All data are presented as mean ± SD. Statistical analysis was
performed using SPSS24. Linear regression was used to
determine the correlation between the different outcome
measures. To assess the sensitivity of the outcome measures,
the differences between groups (control and pretreatment
with FEOBV) were evaluated using a two-way ANOVA
with “brain region,” “group” as main effects, and “brain
region × group” as the interaction effect, with Bonferroni
post hoc testing. Additionally, receiver operator curves

(ROC) and their area under the curve (AUC) were used to
evaluate the ability of outcome measures to differentiate
between the two groups. AUC values range from 0.5 to 1,
with 1 representing perfect and 0.5 no separation between
groups [16]. For test-retest scans, a repeated-measures
ANOVA with “time,” “brain region” as main effects, and
“time × brain region” as interaction effect, was performed.

Results
Two rats were excluded from the final analysis. One control
rat was considered an outlier as the macroparameters from
multiple kinetic models were 9 1.5 times the interquartile
range, and one rat pretreated with FEOBV showed displace-
ment by the pretreatment only 60 min after [18F]-FEOBV
injection. Four rats (2 control and 2 pretreated with FEOBV)
had incomplete blood, plasma, or metabolite curves; missing
data points were estimated by fitting a population-based
curve to available points.

Tracer Kinetics and Metabolism

All brain regions showed rapid accumulation of
[18F]FEOBV and a VAChT expression-dependent distribu-
tion, with highest uptake in striatum (high VAChT expres-
sion) and lowest in cerebellum (low VAChT expression). In
striatum, 25 ± 11 % of initial [18F]FEOBV uptake was
cleared at 60 min, while 60 ± 3 % was cleared from
cerebellum (Fig. 1). Both regions showed almost no
clearance of [18F]FEOBV between 60 and 90 min. Pretreat-
ment with FEOBV resulted in a similar distribution pattern
and time-activity curve as controls, although [18F]FEOBV
uptake was reduced compared to controls by 10 % and 2 %
at 90 min in the striatum and cerebellum, respectively.

In blood and plasma, [18F]FEOBV uptake was highest at
1 min, followed by a rapid clearance with only 22 ± 4 % of
radioactivity remaining in plasma and 26 ± 3 % in blood at
3 min after injection (Fig. 1). After 90 min, 17 ± 5 and 20 ±
3 % of radioactivity remained in plasma and blood,
respectively. Similar kinetic behavior in plasma and blood
was found in the FEOBV pretreatment group. [18F]FEOBV
was metabolized rapidly in plasma with 46 ± 4 % remaining
intact at 3 min and 2 ± 0.2 % at 90 min. After pretreatment
with FEOBV, 55 ± 5 % and 4 ± 2 % of intact tracer remained
at 3 and 90 min, respectively.

Plasma Input Models

Compartmental Models The 1TCM did not fit the data.
The reversible and irreversible 2TCM showed good fits for
60 and 90 min (Suppl. Fig. 1, see Electronic Supplementary
Material (ESM)). The AIC of the reversible and the
irreversible 2TCM were similar, but 13–18 % lower for 60
than 90 min (Table 1).
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The 60 min VT values from the reversible 2TCM for
different brain regions ranged from 11 to 65 ml/cm3 for the
control group, and from 6 to 30 ml/cm3 for the group
pretreated with FEOBV (Table 1). The COV was higher for
the control group (16–77 %) than for the pretreated group
(21–34 %). The VT values obtained with 90 min were higher
than those with 60 min with a higher COV, i.e., 16 to
120 ml/cm3 (COV 16–108 %) for the control and 10 to
68 ml/cm3 (COV 29–80 %) for the pretreated group. Linear
regression showed a poor correlation between VT from 60
and 90 min for controls (R2 = 0.15, VT(90 min) = 14.2 +
1.0xVT(60 min), p = 0.01) and a moderate correlation for the
pretreated group (R2 = 0.45, VT(90 min) = 0.5 +
1.7xVT(60 min), p G 0.0001). For the control and the
pretreatment group, the rate constants K1 and k2 showed
lower variability (K1, COV 14–36 %, k2, COV 10–48 %)
than the rate constants k3 and k4 (k3, COV 11–81 %, k4,
COV 17–71 %) for 60 and 90 min. In the control group, the
average rate constants in the striatum were 0.48 ± 0.08 ml/
cm3/min for K1, 0.089 ± 0.02 min−1 for k2, 0.0698 ±
0.031 min−1 for k3 and 0.0146 ± 0.004 min−1 for k4 with
60-min acquisition time, while they were 0.45 ± 0.1 ml/cm3/

min for K1, 0.129 ± 0.03 min−1 for k2, 0.0579 ± 0.016 min−1

for k3, and 0.0132 ± 0.006 min−1 for k4 in the FEOBV
pretreatment group.

The irreversible 2TCM with 60 min estimated Ki values
of 0.065–0.209 ml/cm3/min for the control group and 0.042–
0.128 ml/cm3/min for the group pretreated with FEOBV.
Similar values were found for 90 min (control, 0.060–
0.193 ml/cm3/min; pretreated, 0.038–0.116 ml/cm3/min).
The Ki showed less variation than VT, with a COV of 14–
24 % for the control and pretreated groups, for both 60 and
90 min. Linear regression revealed a good correlation
between 60 and 90 min with an R2 of 0.97 (Ki(90 min) =
0.9xKi(60 min), p G 0.0001) for control and R2 of 0.90
(Ki(90 min) = 0.006 + 0.8xKi(60 min), p G 0.0001) for the
pretreated group. The rate constants K1, k2, and k3 derived
from the irreversible 2TCM showed a lower variation
compared to the reversible 2TCM with COV ranging
between 5 and 38 % in the control and 10 and 37 % in the
pretreated group. In the striatum with 60-min acquisition
time, average values of 0.44 ± 0.08 ml/cm3/min for K1,
0.059 ± 0.02 min−1 for k2, and 0.0304 ± 0.005 min−1 for k3
were estimated in the control group. In the pretreatment

Fig. 1 Kinetic behavior of [18F]FEOBV in control rats and rats pretreated with 10 μg/kg FEOBV. a Average SUV images of
control and pretreated rats (brain outline: dashed line). b Fraction of intact [18F]FEOBV over time. Time course of [18F]FEOBV
uptake in c striatum and cerebellum and d plasma and blood. Data are shown as mean ± standard deviation.
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group, K1 was 0.42 ± 0.01 ml/cm3/min, k2 0.096 ± 0.02 min
−1, and k3 was estimated as 0.0319 ± 0.008 min−1 in the
striatum.

Graphical Analysis Logan and Patlak graphical analysis
showed a good fit of the data, with AIC values similar for
the control and pretreated groups, but lower for 60 than
90 min. The VT values from Logan graphical analysis
(Table 1) for 60 min were 9–37 ml/cm3 (COV 18–32 %) for
the control group and 6–19 ml/cm3 (COV 14–21 %) for the
pretreated group. Higher VT values were found for 90 min,
i.e., 12–47 ml/cm3 (COV 19–49 %) for the control and 7–
24 ml/cm3 (COV 15–23 %) for the pretreated group. The VT

values from Logan analysis for the two acquisition lengths
correlated well (control, R2 = 0.73, VT(90 min) = − 1 +
1.6xVT(60 min), p G 0.0001; pretreated, R2 = 0.94,
VT(90 min) = − 0.05 + 1.3xVT(60 min), p G 0.0001). The
correlation between VT from Logan and the reversible
2TCM was moderate to poor (R2 = 0.29–0.56, slope = 0.2–
0.4, p G 0.0001).

Patlak graphical analysis of 60 min data resulted in Ki

values of 0.053–0.184 ml/cm3/min (COV 12–24 %) for
controls and of 0.023–0.098 ml/cm3/min (COV 14–27 %)
after pretreatment. Similar values and a similar COV were
found for 90 min (control, 0.051–0.175 ml/cm3/min;
pretreated, 0.032–0.092 ml/cm3/min). Linear regression of
Ki between 60 and 90 min showed good correlations for the
control (R2 = 0.93, Ki(90 min) = 0.004 + 0.9xKi(60 min),
p G 0.001) and pretreated group (R2 = 0.89, Ki(90 min) =

0.01 + 0.8xKi(60 min), p G 0.001). The Ki from Patlak
correlated well with the Ki from the irreversible 2TCM with
good R2 for 60 min (control, R2 = 0.86, Ki(Patlak) = −
0.002 + 0.8*Ki(2TCM); pretreated, R2 = 0.89, Ki(Patlak) =
− 0.01 + 0.9*Ki(2TCM)) and 90 min (control, R2 = 0.95,
Ki(Patlak) = − 0.003 + 0.9*Ki(2TCM); pretreated, R2 = 0.87,
Ki(Patlak) = 0.8*Ki(2TCM)) (p G 0.001).

Sensitivity of Plasma Input Models to VAChT Saturation
Pretreatment with FEOBV resulted in a (statistically signif-
icant) decrease in VT (20–54 %) and Ki (25–42 %), in all
brain regions. The reversible 2TCM revealed a statistically
significant decrease in VT in the striatum (33 %, p = 0.02)
and frontal cortex (50 %, p = 0.002) for 60 min but not for
90 min. Statistically significant decreases in Ki from the
irreversible 2TCM were found in all brain regions for 60 and
90 min (p G 0.05). Ki was decreased by 30 ± 4 % on average,
with the largest decrease in the brainstem (60 min, 34 %;
90 min, 36 %) and the smallest decrease in the cortex
(60 min, 25 %) and frontal cortex (90 min, 25 %).

Logan analysis with 90 min acquisition revealed a
statistically significant decrease in VT for all brain regions
(45 %, p G 0.05), with the largest decrease in the striatum
(54 %) and the smallest in the frontal cortex (36 %). For
60 min, a significant decrease in VT was found in the
brainstem, frontal cortex, hippocampus, hypothalamus,
striatum, and thalamus (28–35 %, p G 0.05). Patlak analysis
with 60 min showed a statistically significant decrease in Ki

for all brain regions (37 ± 3 %; p G 0.05), with the largest

Table 1. VT and Ki estimated by 2TCM and graphical analysis for 60 and 90 min. Significant differences between control and pretreatment group are
indicated as ***p G 0.0005, **p G 0.005, *p G 0.05. Shown are mean ± standard deviation (n = 5) for macroparameter and AIC and the range of the COV

Brain region Reversible 2TCM [VT] Irreversible 2TCM [Ki] Logan [VT] Patlak [Ki]

Control FEOBV Control FEOBV Control FEOBV Control FEOBV

60 min
Brainstem 16.9 ± 2.7 10.7 ± 2.3 0.112 ± 0.019 0.074 ± 0.012** 16.2 ± 3.3 10.5 ± 2.2* 0.086 ± 0.012 0.051 ± 0.011***
Cerebellum 14.2 ± 4.6 9.7 ± 3.3 0.081 ± 0.012 0.058 ± 0.012* 11.7 ± 2.2 8.5 ± 1.7 0.059 ± 0.008 0.041 ± 0.011*
Cortex 17.1 ± 5.5 11.7 ± 3.2 0.091 ± 0.013 0.068 ± 0.010* 13.6 ± 2.6 9.8 ± 1.5 0.077 ± 0.009 0.05 ± 0.009**
Frontal cortex 27.6 ± 21.3 13.9 ± 3.8** 0.116 ± 0.016 0.086 ± 0.009* 17.7 ± 3.6 12.5 ± 1.7* 0.101 ± 0.012 0.065 ± 0.009***
Hippocampus 16.8 ± 2.9 11.8 ± 3.7 0.097 ± 0.015 0.072 ± 0.012* 14.3 ± 2.5 10.3 ± 1.6* 0.078 ± 0.010 0.051 ± 0.01**
Hypothalamus 21.1 ± 3.3 13.3 ± 3.9 0.119 ± 0.020 0.081 ± 0.015** 17.3 ± 3.4 11.8 ± 2.2* 0.097 ± 0.013 0.059 ± 0.014***
Striatum 30.8 ± 7.8 20.6 ± 6.3* 0.152 ± 0.037 0.103 ± 0.016*** 24.8 ± 8 15.7 ± 2.8*** 0.133 ± 0.032 0.082 ± 0.013***
Thalamus 17.8 ± 3.4 11.6 ± 2.6 0.108 ± 0.018 0.080 ± 0.015* 15.9 ± 2.9 11.2 ± 1.6* 0.086 ± 0.012 0.053 ± 0.012***
COV 16–77 % 21–34 % 14–24 % 15–21 % 18–32 % 14–21 % 12–24 % 14–27 %
AIC 299 ± 19 283 ± 36 306 ± 15 297 ± 39 49 ± 4 49 ± 4 − 2 ± 7 − 7 ± 7

90 min
Brainstem 26.4 ± 4.2 20.1 ± 10.1 0.103 ± 0.017 0.066 ± 0.01*** 25.2 ± 5.1 13.2 ± 3** 0.084 ± 0.012 0.054 ± 0.01***
Cerebellum 37.6 ± 40.5 22.6 ± 17.1 0.076 ± 0.011 0.054 ± 0.01* 23.5 ± 11.6 11.2 ± 2.7** 0.062 ± 0.009 0.045 ± 0.008*
Cortex 44.0 ± 40.4 28.3 ± 22.6 0.086 ± 0.014 0.062 ± 0.009* 22.5 ± 5.8 12.6 ± 2.2* 0.074 ± 0.010 0.052 ± 0.007*
Frontal cortex 28.4 ± 8.6 22.6 ± 8.3 0.103 ± 0.015 0.077 ± 0.008* 23.8 ± 4.5 15.3 ± 2.3* 0.089 ± 0.012 0.064 ± 0.008**
Hippocampus 29.1 ± 15.4 17.4 ± 5.3 0.088 ± 0.015 0.063 ± 0.009* 21.5 ± 5.9 12.5 ± 2.1* 0.074 ± 0.011 0.051 ± 0.007*
Hypothalamus 32.8 ± 9.8 22.4 ± 10.4 0.107 ± 0.015 0.072 ± 0.012** 26.1 ± 4.0 14.7 ± 3.2** 0.090 ± 0.011 0.059 ± 0.011***
Striatum 53.6 ± 39.8 31.2 ± 9.6 0.143 ± 0.035 0.094 ± 0.014*** 43.1 ± 15.0 19.9 ± 3.6*** 0.129 ± 0.032 0.081 ± 0.010***
Thalamus 24.8 ± 5.5 17.1 ± 4.9 0.097 ± 0.017 0.068 ± 0.011** 22.5 ± 4.3 13.3 ± 2.1* 0.079 ± 0.012 0.053 ± 0.008**
COV 16–108 % 29–80 % 14–24 % 14–19 % 19–49 % 15–23 % 12–25 % 12–19 %
AIC 347 ± 24 349 ± 16 352 ± 18 362 ± 17 83 ± 4 82 ± 4 5 ± 9 − 6 ± 8

VT in ml/cm3, Ki in ml/cm3/min
COV coefficient of variation, AIC Akaike information criterion
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decrease in the brainstem (41 %) and smallest in the
cerebellum (31 %). For 90 min, a significant decrease in
Ki was found for all regions (32 ± 4 %; p G 0.05), with the
largest decrease in the striatum (37 %) and the smallest in
the cerebellum (27 %).

The AUC of the ROC analysis was highest for Logan
analysis with 90 min (0.95), followed by the irreversible
models (0.86–0.9) (Fig. 2). The lowest AUC was found for
the reversible 2TCM (60 min, 0.83; 90 min, 0.73).

Simplified Measures

Irreversible Reference Tissue Model Visual assessment of
the model fit for RPatlak showed poor agreement for all
regions except striatum (Suppl. Fig. 2, see ESM). The
estimated Ki

ref values ranged between − 0.001 and
0.011 min−1 for 60 min in the control group (COV 27–
303 %) and − 0.003–0.007 min−1 in the pretreatment group
(COV 25–558 %). The range was similar for 90 min, with
Ki

ref values of − 0.003–0.008 min−1 for control and − 0.004–
0.004 min−1 for pretreated rats. Linear regression of Ki from
the irreversible 2TCM and Ki

ref from RPatlak showed
moderate R2 for control (60 min, R2 = 0.49, Ki

ref(Patlak) =
0.1 + 7.5*Ki(2TCM), p G 0.001; 90 min, R2 = 0.38, Ki

ref

(Patlak) = 0.1 + 7.3*Ki(2TCM), p G 0.001) and poor R2 for
pretreated rats (60 min, R2 = 0.10, Ki

ref(Patlak) = 0.08 +

2.2*Ki(2TCM), p = 0.07); 90 min, R2 = 0.14, Ki
ref(Patlak) =

0.1 + 2.9*Ki(2TCM), p = 0.25).

SUV and SUVR SUV values at 30–60 min were 0.87–1.97
(COV 4–12 %, Table 2) for different brain regions in the
control and 0.74–1.86 (COV 13–19 %) in the pretreatment
group. Similar COV and SUV values were found at 50–
90 min (control, 0.80 to 1.95, pretreated, 0.74 to 1.78).
Linear regression with Ki from irreversible 2TCM (90 min)
showed good correlations in the control group (30–60 min,
R2 = 0.70; 50–90 min, R2 = 0.82; p G 0.0001). In the
pretreated group, poor correlations between SUV and Ki

were found (R2 = 0.33–0.43, p G 0.0001). SUVR showed the
lowest variation (COV for 30–60 and 50–90 min, 5–16 %).
For 30–60 min, SUVR was 1.21–2.02 for the control group
and 1.14–1.86 in the pretreatment group. SUVR of 1.19–
2.17 were calculated for control and between 1.11 and 1.90
for the pretreatment group for 50–90 min. Correlation of
SUVR with Ki from irreversible 2TCM (90 min) showed
higher R2 values in the control than the pretreated group
(control, R2 = 0.66–0.70, p G 0.0001; pretreated, R2 = 0.25–
0.26, p = 0.002).

Sensitivity of Simplified Measures to VAChT Saturation
The SUV and SUVR were decreased by pretreatment with
FEOBV (1–18 %). The decrease was found to be statistically

Fig. 2 Receiver operator curves of plasma input models (a) and the simplified measures. b For 60 and 90 min (re2TCM,
reversible 2TCM; ir2TCM, irreversible 2TCM).
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significant only in the brainstem (SUV, 18 %; SUVR, 12 %;
p G 0.05) and hypothalamus (SUV, 14 %; SUVR, 8 %;
p G 0.05) for 30–60 min, and in the brainstem for 50–90 min
(SUV, 15 %; SUVR, 12 %; p G 0.05). The AUC of the ROC
analysis (Fig. 2) was higher for SUV (30–60 min, 0.72; 50–
90 min, 0.68) than for SUVR (30–60 min and 50–90 min,
0.62).

Test-Retest

The test-retest PET scans were analyzed with SUV for 30–
60 and 50–90 min (Supplemental Table 1). No statistically
significant differences in SUV in the brain regions assessed
were found between the test and retest scan. The test-retest
variability for SUV ranged between 8 ± 7 % and 12 ± 6 %,
with large variations between individual rats (Table 3,
Fig. 3). The ICC values of SUV were good (30–60 min,
0.75; 50–90 min, 0.79; p G 0.0001).

Discussion
The aim of this study was to determine the optimal
quantification method for [18F]FEOBV PET in the rat brain
using a plasma input function and to verify the possibility of
quantification by simplified measures. The irreversible
2TCM and Patlak analysis were found to quantify
[18F]FEOBV uptake in control rats best, as they showed
good visual fits with lower or comparable AIC to the
reversible kinetic models. Contrarily to reversible models, Ki

showed a lower variation and almost no change in Ki was
found when shortening the acquisition time. The partial

saturation of VAChT by pretreatment with FEOBV did not
affect model selection and resulted in a statistically signif-
icant decrease in Ki in all brain regions. SUV and SUVR
correlated with Ki from the irreversible 2TCM in the control
group. However, poor correlations were found when
VAChT was partially saturated. This was confirmed by the
low sensitivity of the simplified measures to differentiate
between the control and pretreated rats. Test-retest reliability
in healthy rats was good for SUV with low test-retest
variability and good ICC values.

In humans, the most robust estimates of VAChT were
obtained with the reversible 2TCM using the same K1/k2 and
k4 values across brain regions within an individual subject
[7]. In rats, we found large variations in VT with the
reversible 2TCM although fixing K1/k2 and k4 reduced this
variation somewhat (data not shown). Nevertheless, the
irreversible 2TCM resulted in more reliable estimations of
rate constants and low variability of Ki, without fixing rate
constants. Additionally, the irreversible 2TCM showed a
higher sensitivity to detect reduced VAChT availability by
FEOBV pretreatment. Both Logan and Patlak graphical
analysis showed good model fits. While Logan analysis
showed good sensitivity to detect reduced VAChT avail-
ability at 90 min, Patlak analysis was sensitive to detect
differences in VAChT availability at both 60 and 90 min
with lower variation in Ki compared to VT from Logan
analysis. VT estimated by the reversible 2TCM and Logan
analysis was decreased when the acquisition was reduced
from 90 to 60 min. This is consistent with human data where
acquisition times of 360 min were required for reliable
estimation of VAChT availability, with shorter times leading
to underestimation of BPND [7]. Contrarily, the irreversible
2TCM and Patlak analysis were affected less by shortening
of the scan duration, as this increased Ki by only 10 % and
1 %, respectively. Taken together, this shows that VAChT
availability can be best estimated using irreversible models.

Interestingly, the dynamic range of [18F]FEOBV in the
humans was much larger with approximately 25 to 1
compared to 2 to 1 in rats using plasma input models. It is
possible that VAChT expression varies between species
although a recent [18F]FEOBV study showed mainly

Table 2. Outcome of SUV and SUVR for control and FEOBV group.
Significant differences between control and pretreatment group are indicated
as ***p G 0.0005, **p G 0.005, *p G 0.05. Shown are mean ± standard
deviation (n = 5) for SUV, SUVR, and AIC and the range of the COV.

Brain region SUV SUVR

Control FEOBV Control FEOBV

60 min
Brainstem 1.30 ± 0.09 1.07 ± 0.13* 1.41 ± 0.05 1.24 ± 0.07**
Cerebellum 0.93 ± 0.04 0.86 ± 0.12
Cortex 1.14 ± 0.09 1.05 ± 0.17 1.24 ± 0.06 1.23 ± 0.07
Frontal cortex 1.46 ± 0.09 1.31 ± 0.19 1.57 ± 0.11 1.53 ± 0.11
Hippocampus 1.20 ± 0.08 1.10 ± 0.19 1.29 ± 0.07 1.28 ± 0.11
Hypothalamus 1.39 ± 0.13 1.19 ± 0.17* 1.50 ± 0.08 1.38 ± 0.14*
Striatum 1.64 ± 0.2 1.46 ± 0.29 1.77 ± 0.16 1.69 ± 0.13
Thalamus 1.38 ± 0.06 1.24 ± 0.21 1.49 ± 0.05 1.44 ± 0.16
COV 4–12 % 13–19 % 5–16 % 3–8 %

90 min
Brainstem 1.18 ± 0.09 1.00 ± 0.11* 1.39 ± 0.07 1.22 ± 0.07*
Cerebellum 0.86 ± 0.04 0.82 ± 0.11
Cortex 1.03 ± 0.09 0.98 ± 0.14 1.22 ± 0.07 1.19 ± 0.07
Frontal cortex 1.28 ± 0.08 1.20 ± 0.17 1.53 ± 0.11 1.47 ± 0.13
Hippocampus 1.06 ± 0.08 1.00 ± 0.15 1.27 ± 0.11 1.22 ± 0.07
Hypothalamus 1.25 ± 0.1 1.10 ± 0.13 1.49 ± 0.14 1.34 ± 0.08
Striatum 1.56 ± 0.23 1.40 ± 0.27 1.78 ± 0.13 1.70 ± 0.16
Thalamus 1.20 ± 0.08 1.10 ± 0.17 1.45 ± 0.16 1.34 ± 0.08
COV 5–13 % 10–18 % 2–12 % 5–9 %

COV coefficient of variation

Table 3. Test-retest variation [%] and ICC for SUV for 30–60 and 50–
90 min. Shown are mean ± standard deviation of test-retest variation (n = 5).

Brain region SUV

30–60 min 50–90 min

Brainstem 12 ± 6 9 ± 6
Cerebellum 11 ± 8 8 ± 7
Cortex 9 ± 8 8 ± 8
Frontal cortex 9 ± 7 8 ± 9
Hippocampus 11 ± 7 8 ± 8
Hypothalamus 11 ± 4 10 ± 6
Striatum 9 ± 7 8 ± 8
Thalamus 10 ± 10 9 ± 9
ICC 0.75, p G 0.0001 0.78, p G 0.0001

ICC intraclass correlation coefficient
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consistent cholinergic projections in humans compared to
other mammalian species [17]. It could also be related to the
partial volume effect. Spill-out from the striatum could have
increased the apparent binding of [18F]FEOBV in surround-
ing regions and thus decreased the dynamic range. Future
studies could apply automatic partial volume correction on
rat PET data; however, this is not possible yet [18].

As kinetic modeling using a plasma input function in rats
is challenging and hampers the use of [18F]FEOBV PET in
longitudinal experiments, we explored the use of simplified
measures. Since the plasma input models indicated that
irreversible models are optimal, the reference tissue Patlak
model was tested. Unfortunately, while the irreversible
plasma input models were found to fit the data well, the
reference tissue Patlak model did not show a good fit of the
data and even led to negative regression slopes. This could
be explained by irreversible binding of [18F]FEOBV in the
reference tissue, as one of the assumptions of the reference
tissue Patlak is that the reference tissue shows reversible
exchange of the radiotracer between blood and tissue [19].
Indeed, we found that [18F]FEOBV binding was statistically
significant decreased by 36–52 % after pretreatment with
FEOBV when assessed with irreversible plasma models,
indicating that no suitable reference region including the
cerebellum is available. The use of a pseudo-reference tissue
could still be valid in animal models, e.g. of Parkinson’s or
Alzheimer’s disease, in which the cholinergic neurons in the
reference region are not affected. This should be carefully
evaluated for each animal model and compared to results
obtained from the irreversible plasma models.

Further indication of the irreversible binding of
[18F]FEOBV is that the uptake of [18F]FEOBV remained
constant between 60 and 90 min in all brain regions. This
was consistent with previous studies in rats [6, 8]. The time-
activity curves of [18F]FEOBV in rats were similarly shaped
as in humans for most brain regions, albeit with slower

kinetics [7]. An exception was the striatum, in which uptake
of [18F]FEOBV increased until 360 min post-injection in
humans, but not in rats. This could be explained by
interspecies differences in VAChT binding or expression or
an effect of the isoflurane anesthesia. Indeed, isoflurane was
found to suppress the release of acetylcholine [20, 21] and it
has been proposed that cholinergic dysfunction after
isoflurane anesthesia leads to cognitive dysfunction in older
rats [22, 23]. Nevertheless, as anesthesia is necessary to
perform rat PET scans it could be seen as a constant bias.

The constant uptake of [18F]FEOBV at the end of the 90-
min PET scan suggests the use of static imaging. In animal
studies, short, static scans are preferred to minimize the
effect of anesthesia on PET tracer binding and to reduce
animal discomfort. The SUV at 50–90 min, mimicking static
imaging, showed a good correlation with the outcome of the
irreversible plasma model, but was less sensitive in detecting
partial saturation of VAChT. Indeed, while most plasma
input models revealed a statistically significant decrease in
[18F]FEOBV binding after pretreatment with FEOBV, the
simplified measures were less sensitive in detecting these
decreases. This was confirmed by the ROC analysis, which
showed lower area-under-the-curve values for the simplified
measures than the irreversible plasma models. This suggests
that in future studies, if long acquisition times and arterial
blood sampling are not feasible, animals might be injected
with [18F]FEOBV and only scanned for a short period, e.g.,
30 min, after an uptake period of around 60 min but that
larger biological effect sizes will be necessary compared to
quantification with irreversible plasma models.

In longitudinal animal studies, repeated assessment of
radioligand is mostly performed without blood sampling.
Thus, we determined the test-retest variability using the
simplified measure SUV which showed better correlation
then SUVR with Ki from the irreversible 2TCM in control
rats. Larger variations were found for SUV at 30–60 min

Fig. 3 Test-retest values for SUV (30–60 min, 50–90 min) for the exemplary brain regions striatum and cortex. The test value of
each rat is connected to its retest value with a line.
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than 50–90 min resulting in slightly lower test-retest
variation and higher ICC for 50–90 min SUV. This further
suggests an increased stability of [18F]FEOBV SUV with
longer acquisition. Nevertheless, it would be of interest to
perform a test-retest study with blood sampling for quanti-
fication using irreversible plasma models as these provide
the best measures of VAChT availability.

Conclusion
Our study shows that [18F]FEOBV accumulation can be
reliably quantified using the irreversible 2TCM and Patlak
analysis, using an acquisition time of 60 min. If blood
sampling is not possible, e.g., in longitudinal study designs,
SUV might be used for quantification of [18F]FEOBV in
rats, e.g., using 50–90 min, when large biological effect
sizes are expected.
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