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Abstract: The aim of this study on dopamine transporter binding by [18F]FE-PE2I and PET was to describe an imagederived approach using reference tissue models: the Logan DVR approach and simplified reference tissue model
(SRTM), the features of which were simple to operate and precise in the measurements. Using the approach, the
authors sought to obtain binding images and parameters. [18F]FE-PE2I and dynamic PET as well as an MRI was
performed on three rhesus monkeys, and metabolite corrected arterial plasma inputs were obtained. After coregistering of PET to MR images, both image sets were resliced. The time-activity curve of the cerebellum was
used as indirect input, and binding parametric images were computed voxel-by-voxel. Voxel-wise linear calculations
were used for the Logan DVR approach, and nonlinear least squares fittings for the SRTM. To determine the best
linear regression in the Logan DVR approach, the distribution volume ratio was obtained using the optimal starting
frame analysis. The obtained binding parameters were compared with those obtained by the other independent
ROI-based numerical approaches: two-tissue compartment model (2TCM), Logan DVR approach and SRTM using
PMOD software. Binding potentials (BP) obtained by the present approach agreed well with those obtained by ROIbased numerical approaches, although reference tissue models tended to underestimate the BP value than 2TCM.
Image-derived Logan approach provided a low-noise image, the computation time was short, and the error in the
optimal starting frame analysis was small. The present approach provides a high-quality binding parametric image
and reliable parameter value easily.
Keywords: dopamine transporter (DAT), [18F]FE-PE2I, parametric image, simplified reference tissue model, linear
graphical analysis, image-derived approach

Introduction
Dopamine transporter (DAT) imaging using positron emission tomography (PET) is a well
established tool to evaluate dopaminergic function in disorders such as Parkinson disease
(PD) using [18F]beta-CFT [1] and attention-deficit/hyperactivity disorder using [11C]PE2I [2].
Recently, we proposed a new reversible radioligand for PET, [18F]FE-PE2I, which has high affinity and selectivity for the dopamine transporters [3, 4]. More recently, dopaminergic function

in non-human primate and in patients with PD
has been evaluated using [18F]FE-PE2I and PET
[5, 6]. The amount of radiometabolites of [18F]
FE-PE2I crossing the blood-brain barrier is sufficiently low in the kinetic analysis with compartment model [7, 8], and non-specific binding
of [18F]FE-PE2I was also low enough to be
applied to reference tissue models without
arterial blood sampling.
PET images showing binding parameters are an
extended component in the analyses of neuro-
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Figure 1. Original fused images of summed [18F]FE-PE2I PET and MRI of a
representative non-human primate brain.

receptor binding studies. Initially, quantitative analyses
must be performed to estimate the radioligand binding
parameters. Therefore, the
conventional tissue compartment models using an arterial
input function and reference
tissue models have been
applied. Among those models, linear-graphical analysis,
such as Logan DVR algorithm
[9], and simplified reference
tissue model (SRTM) [10] are
widely used in quantitative
analysis for reversible radioligands and PET studies, because these algorithms do not
only require arterial blood
sampling, but also are easy to
use and simple to be implemented. In these approaches,
numerical data, time-activity
curves (TACs), obtained by
drawing regions of interest
(ROIs) on dynamic PET images
are conventionally used.

Figure 2. Average values and standard deviation of radioactivity vs. time in
the putamen, the caudate nucleus, the midbrain, the thalamus, the temporal
cortex and the cerebellum of the representative non-human primate after i.v.
injection of [18F]FE-PE2I are shown. In the present image-derived approach,
only the TAC of the cerebellum was obtained by manually drawing ROI of
original dynamic PET data set and used as an indirect input function, and
TACs of others were computed with voxel-by-voxel levels according to Eq. (1),
(2) and (3).

However, the accuracy of
quantitative approaches based on general parametric
images of binding potential
can be affected by the noise
distribution in emission images reconstructed by iterative
methods [11, 12]. To reduce
noise dependence for lineargraphic analysis several approaches have been proposed
such as the unbiased parametric imaging algorithm [13],
the modified regression model [14] and the linear regression analysis [15]. Recently, to
obtain binding parameters
and images of the brain by
reducing noise several methods based on voxel-wise parametric mapping approaches
have been attempted. The basis function model was proposed robustly to obtain binding information for [11C]raclopride, [11C]SCH23390 and
[11C]CFT uses the simplified
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reference tissue model [16] and [11C]PE2I [17].
The wavelet-based approach was proposed in
the studies for [11C]FLB457 and [11C]WAY100635 [18], [18F]F-FEDAA1106 [19, 20], and
[11C]WIN35428 and [11C]MDL100907 [21]. Although these approaches are useful, they require
special skill and programming technique, or
even relatively long time for computation.
The aim of this study was to describe an imagederived and voxel-wise approach using reference tissue models for reversible radioligands
and PET specialized to the convenience of simple operation to obtain binding information.
Using this approach, the authors sought to
obtain binding images and parameters for nonhuman primate of DAT binding with [18F]FE-PE2I
and PET. The obtained binding potential values
were compared with those obtained by other
independent ROI-based numerical approaches
and evaluated.
Materials and methods
Theory and algorithm
Two algorithmic approaches of the reference
tissue model, noninvasive linear graphic analysis [9] and simplified reference tissue model
(SRTM) [10, 22] were prepared and implemented as one package software.
In the noninvasive linear graphical analysis, the
Logan DVR approach, the cerebellum, which
seems to have no specific binding sites, was
used as a reference region in this study on [18F]
FE-PE2I. A TAC for the target region, Ct(t), was
integrated over time and normalized to the last
frame for the tissue radioactivity, Ct(T), where
T<t. The integrated value was plotted vs. integrated and normalized radioactivity for the cerebellum, Ccbll(t). Since [18F]FE-PE2I is a reversible radioligand, this plot becomes linear and
the asymptote of the slope becomes equal to
the distribution volume ratio, DVR, as follows:

image sets were co-registered and re-sliced
using SPM2 software [23]. As the MATlab (Math
Works, Natick, MA, USA) had been ported in the
software, it was no longer required. The resliced MRI was used as a guide for precisely
drawing regions of interest (ROIs). An ROI was
manually drawn on a representative slice of the
cerebellum by referring the MR image, the TAC
of that ROI was obtained from the dynamic PET
data set, and it was used as an indirect input
function, Ccbll(t). An ellipse shaped mask was
drawn on the whole brain to eliminate exterior
voxels and to reduce time for voxel-based
computation.
Since the DVR is the asymptote of the slope, it
depends on accurate linear regression. To
determine the best regression based on the
equation 1, DVR was computed voxel-by-voxel
using a continuous frame set composed of the
starting frame to the penultimate frame,
increasing the number of starting frame by one
with each iteration. Then, DVR was plotted
against the starting frame number. When a
frame set gave the maximum value of DVR, the
starting frame of the set was assumed to be
optimal to obtain reliable DVR in this study.
Then parametric images of BPLogan were obtained. Finally, using the co-registered MR images, new ROIs, in this study, for the putamen, the
caudate nucleus, the thalamus and the midbrain were drawn directly on these parametric
images of BPLogan, and the mean value and
standard deviation (s.d.) of regional BPLogan
were obtained.
For the SRTM, binding potential, BPSRTM, is obtained by using the following equation:
Ct (t) = R1 $ Ccbll (t) + k2 c1 7 exp c -

k2 $ t
m,
1 + BPSRTM

R1
m $ Ccbll (t)
1 + BPSRTM
(3)

T1-weighted MR images and dynamic PET images of the same subject were prepared. The

where, R1 is the target to the reference tissue
influx ratio rate constant, and k2 is rate constant for transfer from tissue to plasma compartment. Ct(t) and Ccbll(t) are TACs for the target tissue and the cerebellum, respectively.
The symbol 7 denotes the convolution integral.
The Ccbll(t) was manually obtained in the same
way as described above. After that, parametric
images of R1, k2 and BPSRTM were computed
voxel-by-voxel by using nonlinear least squares
fitting. New ROIs were set on these parametric
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T
0

T
0

8 Ct (t) dt
8 Ccblll (t) dt
+ int ,
= DVR
Ct (T)
Ct (T)

(1)

and the binding potential, BPLogan, is estimated
as follows:
BPLogan=DVR-1.

(2)
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pared the same binding parameters obtained by three
independent ROI-based numerical approaches: the conventional kinetic analysis, the
Logan DVR approach and the
SRTM, all of which were
installed in the PMOD software (ver. 2.7; PMOD Technologies Swiss). To ensure
accuracy in size and shape,
the ROIs of the target tissue
and the cerebellum used in
the image-derived approaches were saved beforehand,
and those ROIs were used
for the ROI-based numerical
approaches. Each TAC for the
ROI, Ct(t) and Ccbll(t), was
obtained from the original
dynamic PET data set, and
binding parameters were
numerically calculated.
Kinetic analysis: A conventional two-tissue compartment
model (2TCM) was used to
validate binding parameters.
The kinetics of [18F]FE-PE2I
Figure 3. Parametric images of the representative non-human primate: DVR
18
and BPLogan of [ F]FE-PE2I PET at level of the striatum, the thalamus and the
were described using an artemidbrain, the images of which were obtained by the image-derived Logan
rial input function with 4 rate
DVR approach. BPLogan is equal to DVR-1.
constants-K1 (mL/mL/min of
brain tissue), k2 (min-1), k3
(min-1), and k4 (min-1). In this study, simple
images, and the average values of binding
metabolite-corrected parent input, Cpp, was
parameters and s.d. were obtained. Blood volused, because a better fit for regional timeume correction was not performed in those two
activity curves could be achieved using Cpp than
approaches.
using a parent and metabolite combined input
Validation studies
function [7]. The binding potential, BPND, was
estimated as the k3/k4 ratio. Blood volume corDetermination of the best linear regression relirection estimated to be 0.04 was performed in
ability: To test the reliability of the above meththe kinetic analysis.
od of determining optimum DVR, the average
percentage errors were calculated. The maxiNon-human primate
mum DVR was assumed to be calculated using
Three rhesus monkeys were examined. The
a frame set. The frame set and starting frame
study was approved by the Animal Ethics
were optimized for this study. When the starting
Committee of the Swedish Animal Welfare
frame number was not the optimal starting
Agency and was performed according to the
frame, the DVR value was calculated for each
reported guidelines [24]. Animals were anesframe set and an average percent error of DVR
thetized and vital signs were monitored. Then
was obtained.
a tracer dose of [18F]FE-PE2I was injected inROI-based numerical approach: In order to vertravenously, and arterial blood was continually
collected from a catheter inserted into a lowify the binding parameters obtained by the
er limb artery as previously described [7].
present image-derived approaches, we com249
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Results
Original fused images of summed [18F]FE-PE2I
PET and MRI of a representative non-human
primate brain are shown in Figure 1. DAT rich
regions, the putamen and the caudate nucleus,
and a moderately DAT dense region, the midbrain, were easily visualized. Regional TACs
obtained from the original dynamic PET data on
the subject are shown in Figure 2. Although all
those TACs were used for the ROI-based numerical approach, only the TAC for the cerebellum
was used as indirect input in the present imagederived approach, and TACs of others were not
used but computed with voxel-by-voxel levels.

Figure 4. A. DVR values of the putamen of the representative non-human primate obtained by the imagederived Logan DVR approach, as starting number of
flame was changed from the beginning to the last -1
one by one. The maximum of DVR was obtained at
21 flame, the flame of which was determined for the
optimal starting flame. B. Percent errors of DVR were
shown when starting number of flame was changed
from the beginning to the last -1. When the starting
flame was deviated ± 3 from the optimal flame, the
percent error was within 1%, showing the reliability of
the present approach.

Radiometabolites in arterial blood were analyzed using an HPLC system [4] to obtain
metabolite corrected arterial plasma input.
Preparation of [18F]FE-PE2I and PET measurement

Parametric images of DVR and BPLogan obtained
by the image-derived Logan DVR approach are
shown in Figure 3. Relatively low-noise images
were obtained. The results of the optimum
starting frame analysis of the Logan DVR
approach are shown in Figure 4A and 4B. The
representative non-human primate was analyzed and shown as an example. When the
frame set beginning with frame number 21 was
used, the maximum DVR value was provided.
This frame set and the starting frame were
determined to be optimal. When the starting
frame number differed from the optimal starting frame number, within ± 3 frames, the average percentage error of the DVR was lower than
1%.
Parametric images of BPSRTM, R1 and k2 obtained
by the image-derived SRTM are shown in Figure
5. The approach produced noisier binding potential images, in the column labeled BPSRTM,
than the image-derived Logan DVR approach.
Regions of interest were directly drawn on
those parametric images referring to the same
slice of the MRI, and BPLogan and BPSRTM values
and standard deviation were calculated.

[18F]FE-PE2I was prepared from its acid precursor through a reaction with 18F-2-bromo-1fluoroethane in dimethylformamide and sodium
hydroxide in N,N-dimethylformamide, as previously described [3]. The specific radioactivities
were 113 GBq/mmol or greater at the time of
injection, corresponding to a maximum injected
mass of 0.3 nmol/kg. PET measurements were
conducted using the HRRT system (Siemens
Molecular Imaging) as previously described [7].
The resolution of the reconstructed images
was 1.5 mm in FWHM.

Comparisons of BPND that was k3/k4 ratio
obtained by the 2TCM analysis and BPLogan and
BPSRTM obtained from all reference tissue models for the three non-human primates are presented in Table 1. BPLogan and BPSRTM were lower
than BPND, and all reference tissue models
tended to underestimate binding potential
values.
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Figure 5. Parametric images of the representative non-human primate: BPSRTM, R1 and k2 of [18F]FE-PE2I PET at the
level of the striatum, the thalamus and the midbrain, the images of which were obtained by the image-derived SRTM
approach.

Table 1. Comparisons of regional BP values, BPND (k3/k4) obtained by kinetic analysis, and BPLogan and
BPSRTM obtained by the ROI-based numerical approach and the image-derived approach, respectively.
BP values obtained by reference tissue models were underestimated from BPND, but both Logan DVR
approach and SRTM provided similar values with less error.
2TCM
BPND (k3/k4)
Putamen 7.6 ± 0.37
%COV
4.9
Caudate
7.9 ± 0.49
%COV
6.2
Midbrain 1.8 ± 0.14
%COV
7.8
Thalamus 0.87 ± 0.09
%COV
10.3
Temporal 0.63 ± 0.14
%COV
22.2

BPLogan

BPSRTM

ROI-based
Image-derived
numerical approach approach presented
6.7 ± 0.22
6.3 ± 0.29
3.3
4.6
6.8 ± 0.25
6.4 ± 0.18
3.7
2.8
1.5 ± 0.11
1.4 ± 0.13
74.0
9.3
0.60 ± 0.07
0.60 ± 0.06
11.7
10.0
0.14 ± 0.07
0.13 ± 0.07
50.0
53.8

ROI-based
Image-derived
numerical approach approach presented
6.4 ± 0.12
6.5 ± 0.16
1.9
2.5
6.5 ± 0.16
6.6 ± 0.16
2.5
2.4
1.5 ± 0.13
1.6 ± 0.16
8.7
10.0
0.50 ± 0.15
0.60 ± 0.10
30.0
16.7
0.12 ± 0.03
0.14 ± 0.04
25.0
28.6

2TCM: two-tissue compartment model; BPND: binding potential (k3/k4) obtained by kinetic analysis of the 2TCM using arterial
plasma input; BPLogan: binding potential obtained by the Logan DVR approach; BPSRTM: binding potential obtained by the simplified reference tissue model; %COV: percent coefficient of variance; Values are mean ± s.d.
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Figure 6. A. Relationship of BPLogan values of the striatum, the temporal cortex, the thalamus and the midbrain (n=30) obtained by the Logan DVR using ROIbased numerical approach and using image-derived
approach. B. Relationship of BPSRTM values of the
same regions obtained by these approaches. There
were good relationships between them in both the
Logan DVR and SRTM, respectively.

approaches. Percent COV values for all
approaches were low in DAT rich regions, and
increased with decreasing DAT density, i.e. in
the midbrain, the thalamus, and the temporal
cortex. In the midbrain, however, percent COV
determined by the image-derived Logan DVR
approach was less than 10%, which is relatively
low and acceptable.
Relationships of binding potential in all regions
obtained by the Logan DVR approach and SRTM
using the image-derived approaches and ROIbased numerical approaches are shown in
Figure 6A and 6B, respectively, demonstrating
good agreement. However, the image-derived
Logan DVR approach underestimated the binding potential in DAT rich regions. Relationships
of binding potential in the moderately dense
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Figure 7. A. Relationship of BPLogan values of the midbrain (n=6) obtained by the ROI-based numerical approach and the image-derived approach. B. Relationship of BPSRTM values obtained by those approaches.
There were good relationships between them, however, the Logan DVR approach showed a better corelation than the SRTM.

DAT region, the midbrain, are shown in Figure 7.
Although there was also good agreement
between the Logan DVR approach and the
SRTM, the image-derived Logan DVR approach
produced less noise.
Discussion
The present image-derived and voxel-wise reference tissue approaches easily provides high
quality binding parametric images and reliable
parameter values in the study with [18F]FE-PE2I
and PET. Since the procedure is specialized in a
series of operations, it is simple and the computation time is relatively short.
This analysis uses SPM2 and MATlab, both of
which are installed in a single software package, Matlab is no longer required and it is
convenient.
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Binding potentials obtained by the present
approaches were in good agreement with those
obtained by the independent ROI-based numerical approaches, demonstrating that they were
precise in the measurement and useful for
transporter binding studies. However, it was
based on small numbers of non-human primate
and must be verified by a large number and
even in the human brain. The reference tissue
models underestimated the binding potential
not only in the image-derived referral tissue
approaches, but also in the ROI-based numerical approaches, as compared with 2TCM that is
one of the ROI-base numerical approaches.
This is generally a fundamental issue in kinetic
modeling.
The image-derived Logan DVR approach is preferable to the image-derived SRTM, because it
produced less noisy parametric images and the
computation is fast, usually taking for a couple
of minutes. The small noise and fast computation are due to Equation 1 and 2 for the Logan
DVR approach being linear, whereas Equation 3
for the SRTM is non-linear and the limit of values may approach positive infinity in some voxels. The infinity limit is prominent in regions
with low DAT density, such as in the midbrain
and cortex. Moreover, the image-derived SRTM
required approximately several hours to calculate parametric images with nonlinear least
squares fitting. To reduce noise and for fast
computation the basis function method [16]
may be useful. Although the Logan DVR
approach underestimated binding potential values in DAT rich regions, which has been previously reported [11], the underestimation can
be corrected using several methods. The optimal starting frame analysis line for the imagederived Logan DVR approach was less error
and useful to determine the best regression.
The time for the analysis was short and binding
potential values obtained were almost similar
to those obtained by other independent
approaches.
Conclusion
The present image-derived and voxel-wise reference tissue approaches provided high-quality binding parametric images and reliable
parameter values easily. The image-derived
Logan approach provided a low-noise image,
the computation time was short, and the error
in the optimal starting frame analysis was
253

small, and it was preferable to transporter binding studies with [18F]FE-PE2I and PET.
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