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Abstract. Purpose: The dopamine transporter (DAT) is a
plasma membrane protein of central interest in the patho-
physiology of neuropsychiatric disorders and is known to
be a target for psychostimulant drugs. [11C]PE2I is a new
radioligand which binds selectively and with moderate
affinity to central DAT, as has been demonstrated in vitro
by autoradiography and in vivo by positron emission to-
mography (PET). The aims of the present PET study were
to quantify regional [11C]PE2I binding to DAT in the
human brain and to compare quantitative methods with
regard to suitability for applied clinical studies.
Methods: One PET measurement was performed in each
of eight healthy male subjects. The binding potential (BP)
values were obtained by applying kinetic compartment
analysis, which uses the metabolite-corrected arterial plas-
ma curve as an input function. They were compared with
the BP values quantified by two reference tissue approach-
es, using cerebellum as a reference region representing
free and non-specific radioligand binding.
Results: The radioactivity concentration was highest in the
striatum, lower in the midbrain and very low in the
cerebellum. The regional [11C]PE2I binding could be
interpreted by kinetic compartment models. However, the
BP values in the striatum obtained by the compartment
analyses were about 30% higher than the BP values ob-
tained using reference tissue methods. We suggest that the
difference may be explained by the inaccurate metabolite
correction, small amounts of radioactive metabolites that
could account for the presence of non-specific binding in
the cerebellum and insufficient data acquisition time.

Conclusion: The reference methods may be used to
quantify [11C]PE2I binding in clinical studies, assuming
that non-specific binding in the cerebellum does not vary
between subjects and that an extended data acquisition
time is employed. Moreover, the study corroborates the
previous observation that [11C]PE2I is advantageous for
PET examination of DAT binding in the midbrain, a region
from which dopaminergic innervation originates and which
is of central interest for the pathophysiology of several
neuropsychiatric disorders.
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Introduction

The dopamine transporter (DAT) protein is localised on cell
membranes of dopaminergic neurons and highly expressed
in the striatum. The main physiological function of the
DAT is to regulate the dopamine concentration in the
synapse by high-affinity presynaptic reuptake [1].

Molecular imaging studies have reported changes in the
density and function of DAT in vivo in a number of neu-
ropsychiatric disorders, such as Parkinson’s disease [2],
Huntington’s disease [3], schizophrenia [4] and attention
deficit/hyperactivity disorder [5, 6]. In addition, DAT has
served as a marker of dopaminergic terminals in research
on the pathophysiology of drug abuse and modes of
psychostimulant action [7].

The recognition of a role of the DAT in physiological as
well as pathophysiological conditions has stimulated de-
velopment of suitable radioligands for imaging by positron
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emission tomography and single-photon emission com-
puted tomography (PET and SPECT). However, most
hitherto developed radioligands have been non-selective,
i.e. they also have affinity for the serotonin and noradren-
aline transporters. In the search for improved ligands, PE2I
[N-(3-iodoprop-2E-enyl)-2β-carbomethoxy-3β-(4-meth-
ylphenyl) nortropane] has been synthesised, and has been
shown to have nanomolar affinity to the DAT and approx-
imately 10 and 30 times lower binding affinity to the nor-
adrenaline and the serotonin transporter, respectively [8].
Autoradiographic studies on large-scale cryosections from
the human brain have confirmed the selectivity of [125I]
PE2I binding to DAT and demonstrated high [125I]PE2I
binding in the striatum, intermediate binding in the mid-
brain and no binding in the cerebellum or neocortex [9].

We have recently reported on the radiolabelling of PE2I
with carbon-11 and preliminary PET measurements in a
monkey and a man [10]. Displacement and pre-treatment
measurements in the monkey brain confirmed that [11C]
PE2I binds selectively and reversibly to the DAT in vivo.
Interestingly, in this preliminary study there was conspic-
uous accumulation of [11C]PE2I in the midbrain region—
the substantia nigra and ventral tegmental area. This region
contains dopaminergic cell bodies and is implicated in
degenerative brain disorders, such as Parkinson’s disease.

The aims of the present study were to quantify the
regional binding of [11C]PE2I and to evaluate its suitability
as a PET radioligand for applied studies in human subjects.
Initially, a metabolite-corrected arterial plasma input func-
tion was used in kinetic compartment analyses. The binding
potential (BP) values were compared with those obtained
by kinetic and reference tissue approaches in order to select
the most appropriate method for further clinical studies.

Materials and methods

Theory of quantitative approaches for binding parameters

For cross-validation purposes, the time-activity curves (TACs) for
[11C]PE2I binding were interpreted using several established quan-
titative approaches. Kinetic compartment analyses and linear graph-
ical analysis are two approaches dependent on a metabolite-corrected
arterial plasma curve as input function. The simplified reference
tissue model and linear graphical analysis using cerebellum as an
input function are referred to as reference tissue approaches.

Kinetic compartment analyses

The three-compartment model (3-CM)

[11C]PE2I was assumed to be freely diffusible from the blood pool to
brain tissue. A conventional way to evaluate radioligand binding to
receptors in brain is to use the four-compartment model shown in
Fig. 1 [11].

The four compartments correspond to the radioactivity con-
centrations of unchanged radioligand in plasma (Cp), free (unbound)

radioligand in brain (Cf), non-specifically bound radioligand in brain
(Cns) and radioligand specifically bound to transporter protein (Cb).

Six rate constants are used to model tracer uptake. The rate
constants K1 and k2 correspond to the influx and outflux rates for
radioligand diffusion through the blood-brain barrier, respectively.
The rate constants k3 and k4 correspond to the rates for radioligand
transfer between the compartments for free (Cf) and specifically
bound (Cb) radioligand, respectively. The rate constants k5 and k6
correspond to the rates for radioligand transfer between the com-
partments for free and non-specifically bound radioligand, respec-
tively. It was assumed that all compartments are homogeneous in
concentration. All concentrations are expressed in units of nCi/ml; K1

has units of ml/ml/min of brain tissue, and k2 through k4 have units of
min−1. All values of kinetic constants were expressed as mean±SD.

A common assumption is that the rate constants k5 and k6,
describing exchange between Cf and Cnscompartments, are very fast.
These two compartments can thus be treated as one compartment
representing non-displaceable radioligand in brain, Cn [12]. Thereby
the simplified model has three compartments (3-CM) and the four rate
constants, K1, k2, k3 and k4 [12–14], and has been used to describe the
time course of regional [11C]PE2I binding in the striatum andmidbrain.

On the basis of this model, the following first-order differential
equations can be expressed:

dCn tð Þ
dt

¼ K1 � Cp tð Þ � k2 þ k3ð Þ � Cn tð Þ þ k4 � Cb tð Þ; (1)

dCb tð Þ
dt

¼ k3 � Cn tð Þ � k4 � Cb tð Þ; (2)

and

CPET
tissue tð Þ ¼ Cn tð Þ þ Cb tð Þ; (3)

where CPET
tissue (t) is the net radioactivity concentration in brain

obtained by the PET system.
The four rate constants were determined by curve fitting with a

non-linear least squares fitting technique using the Simplex al-
gorithm [15] with constraints restricting parameters between 0 and
0.9. Each initial value for K1, k2, k3 and k4 was 0.5, 0.1, 0.5 and 0.5,
respectively. The local minimum of the sum of the squared residuals
was determined by iteration. The time course for radioactivity of
unchanged [11C]PE2I in arterial plasma, i.e. the metabolite-corrected
arterial plasma curve [Cp(t)] was used as the input function and the
uncorrected arterial whole blood curve [Ca(t)] was employed to es-
timate the radioactivity contribution from the cerebral blood volume
(CBV). The CBV was corrected for using the following equation:

Cpet tð Þ ¼ CPET
tissue tð Þ þ α � CBV tð Þ; (4)

where Cpet tð Þ represents the radioactivity measured by the PET
system and α represents the fractional volume of blood present in the
tissue volume, which was assumed to be 0.04 [16–19].

Fig. 1. Four-compartment model

658

European Journal of Nuclear Medicine and Molecular Imaging Vol. 33, No. 6, June 2006



Derived parameters

Distribution volume Regional [11C]PE2I binding was also expressed
using the concept of the total distribution volume (DVtotal), which is
defined by the following equation, using kinetic constants obtained
from the 3-CM [18, 20, 21]:

DVtotal ¼ K1

k2
� 1þ k3

k4

� �
� (5)

Binding potential Since we use a radioligand with high specific
radioactivity, the receptor density (Bmax) and affinity (Kd) cannot be
differentiated [13]. The Bmax to Kd ratio corresponds to the k3 to k4
ratio in the 3-CM, which is referred to as binding potential [13]. The
binding potential (BP) is defined as follows:

BP ¼ k3
k4

(6)

Only a small fraction of the radioligand is truly free in plasma (f1)
and tissue (f2). Eq. 6) is thus a simplification of the more elaborate
expression:

BP ¼ f2 � k3=k4 ¼f2 � Bmax=Kd (7)

In the present study the free fractions were not measured; we
assumed that f1 and f2 are not time dependent.

The two-compartment model (2-CM)

If the binding and release of [11C]PE2I from the specific binding
compartment (Cb) are rapid compared with the transport parameters
K1 and k2, the model can be further reduced to two compartments (2-
CM). Here a single tissue compartment contains free, non-spe-
cifically bound and specifically bound ligand [18]. In this manner,
the kinetic parameters are reduced to only two, K1and k2´.

To determine which compartment model better describes the
[11C]PE2I binding in the brain, we compared the models using three
statistical methods: the Akaike information criterion [22], the
Schwarz criterion [23] and F statistics [24].

Linear graphical analyses

Linear graphical analysis (arterial input)

[11C]PE2I binding was analysed using a linear graphical analysis for
reversible ligand binding [25]. The regional distribution volumes
(DVLogan) were determined from the slope of the linear plots obtained
from 24 to 60 min after i.v. injection (time of the mid-frame) using
the radioactivity of unchanged [11C]PE2I in arterial plasma as an
input function. This starting time point was chosen as there was no
significant difference in the slope of the line when comparing the
interval starting from 24 min with the intervals starting at later times
(data not shown). The CBV correction was performed using Eq. 4.
The binding potential BP Logan(kinetic) was calculated using the
following equation:

BPLogan kineticð Þ ¼ DVROI

DVcrb
� 1 (8)

Linear graphical analysis (reference tissue approach)

If Cn in the target tissue can be estimated from a reference region and
if Cb in the reference region is negligible, the distribution volume
ratio (DVR) can be obtained independently of blood data [25]. In the
present study, cerebellum was chosen as the reference region since it
has been shown that there is a negligible dopamine transporter den-
sity in this region [9, 10]. Under these conditions, the binding po-
tential (BPLogan(reference)) can be calculated as follows:

BPLogan referenceð Þ ¼ DVR� 1

The time period used for the linear fit was from 42 to 60 min (time
of the mid-frame).

The simplified reference tissue model (SRTM)

If the rate constant ratio is the same in the target tissue as obtained by
the 3-CM (K1/k2) and in the reference tissue as obtained by the 2-CM
(K1/k2´ ), and the tracer kinetics in the cerebellum may be described
by the 2-CM, BP is obtained by solving the convolution equation
using a non-linear least squares fitting technique [21]. This model
requires no arterial blood sampling. We used the simplified version of
this model [26] in which the tissue region of interest is approximated
to a single compartment and the parameters required for a model fit
are thereby reduced to three: R1 (delivery relative to the reference
tissue), k2 (the rate constant from tissue to plasma) and BP.

Subjects

Eight male subjects, aged 19–38 years, participated in the study after
signing written informed consent in accordance with the Helsinki
Declaration. They were healthy according to medical history, phys-
ical examination, blood screening analysis and magnetic resonance
imaging (MRI) of the brain and did not use any medication. There
was no history of psychiatric disorder or drug abuse. The study was
approved by the Research Ethics and Radiation Safety Committees
of the Karolinska Hospital.

MRI and head fixation system

The anatomical MR images were acquired using the MRI system GE
Signa unit (Milwaukee, WI), 1.5 Tesla. A standard spin-echo
sequence with a 512×256 matrix was used with a repetition time of
400 ms. Echo times were 9 ms for T1-weighted images. A head
fixation system with an individual plaster helmet was used for both
MRI and PET measurements to optimise and standardise head
position in the two imaging modalities. This experimental procedure
may be viewed as a “co-registration procedure” before data pro-
cessing and has an estimated precision of ≤2 mm [27].

Radiochemistry

The acid precursor of PE2I was prepared and radiolabelled by O-
methylation using [11C]methyl triflate as described in detail else-
where [10]. The decay-corrected radiochemical yield of [11C]PE2I
was 50%. The radiochemical purity of the final product was >99%.
The specific radioactivity of [11C]PE2I at the time of injection was
between 521 and 2,119 Ci/mmol (mean 1,094 Ci/mmol, n=8). The
radioactivity injected ranged from 4.9 to 7.6 mCi (mean 5.9 mCi) and
the injected mass was between 1.42 μg and 5.89 μg (mean 3.71 μg).
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PET experimental procedure

In each PET measurement the subject was placed recumbent on a bed
with his head in the PETsystem. A cannula was inserted into the right
cubital vein and another cannula into the left brachial artery. A sterile
physiological phosphate buffer (pH 7.4) solution containing [11C]
PE2I was injected as a bolus during 2 s into the cubital vein. The
cannula was then immediately flushed with 10 ml saline.

Radioactivity in brain wasmeasured for 63min. Acquisition started
immediately after intravenous injection according to a pre-pro-
grammed sequence of 15 frames. The frame sequence consisted of
three 1-min frames followed by four 3-min frames and eight 6-min
frames.

The PET system used was Siemens ECAT Exact HR, which
provides 47 sections with a centre to centre distance of 3.125 mm. The
intrinsic spatial resolution was 3.8 mm in plane and 4.0 mm full-width
at half-maximum (FWHM) axially [28]. The images were recon-
structed with a Hanning filter, 2.0 mm FWHM. The image matrix size
was 128×128×47, and the voxel size was 2.02×2.02× 3.125 mm. The
image resolution was 5 mm in plane and 6 mm axially. Attenuation
correction was done using the transmission scan data obtained for each
subject before PET measurements. Scatter correction and corrections
for random counts and deadtime were applied.

Arterial blood sampling

To obtain the arterial input function, an automated blood sampling
system was used for continuous (counts/second) plasma radioactivity
measurements during the first 5 min of the PET measurement [29].
Subsequent arterial blood samples were taken manually at the mid-
point of each frame until the end of PET data acquisition. The dif-
ference between appearance of radioactivity in the automated blood
sampling system and brain was approximately 10 s.

Determination of radioactive metabolites in plasma

Arterial blood samples (2 ml) were drawn at set times: 4, 10, 20, 30, 40
and 50 min after i.v. injection of [11C]PE2I. The supernatant liquid
obtained after centrifugation for 2 min was deproteinised with
acetonitrile. It was then analysed by gradient high-performance liquid
chromatography (HPLC) on a reverse-phase column (Waters μ-
Bondapak C18, 7.8×300 mm, 10 μm) and eluted at 6 ml/min over
9 min with acetonitrile/0.01 mol/l phosphoric acid, using gradient of
10/90 to 70/30 acetonitrile from 0 to 6.5 min and back to 10/90 at
7.5 min. The fractions of plasma radioactivity corresponding to
unchanged [11C]PE2I were determined as has been described pre-
viously [10], identifying similar, more polar metabolites of [11C]PE2I .

Regions of interest

Regions of interest (ROIs) for the caudate nucleus, putamen,
thalamus, midbrain, frontal and temporal cortices, cerebellar cortex
and the whole brain contour were drawn on MR images in three
adjacent axial sections. The choice of ROIs was guided by the known
regional DAT expression in vitro [9] and visualisation using volume-
rendered images (Fig. 2). The sets of ROIs were manually transferred
to the reconstructed PET summation images using anatomical
landmarks as a guide. The data were pooled to obtain the average
radioactivity concentration for the whole volume of interest. To
obtain regional time-activity curves (TACs), regional radioactivity
was calculated for each frame, corrected for decay and plotted over
time.

To calculate the percentage of [11C]PE2I injected that was
present in brain at the time of maximal radioactivity, the radioactivity
concentration in the ROI of whole brain was multiplied by the es-
timated average brain volume (1,250 ml) and divided by the radio-
activity injected and multiplied by 100 to obtain the percentage.

Fig. 2. a Summated PET images (9–63 min) showing the brain
distribution of radioactivity in three projections after intravenous
injection of [11C]PE2I in an adult subject. Transaxial projections are
presented at the level of the basal ganglia and at the upper midbrain.
Arrows indicate [11C]PE2I binding in the thalamus and midbrain. b
Volume-rendered PET image showing the human brain distribution
of radioactivity of [11C]PE2I in an adult subject. Clearly visible is
the binding to the caudate (Caud) and putamen (Put) structures. The
midbrain structure (substantia nigra/ventral tegmentum, SN/VTA) is

easily identified as the structure behind and below the caudate-
putamen. In addition, some binding is seen in the hypothalamus and
thalamus, but there is no binding in the neocortex. Inserted is the
schematic drawing of the striatum and thalamus, indicating analo-
gous brain structures and the thalamus (Th s and Th d, left and right
side, respectively). It is adapted from: Nieuwenhuys R, Voogd J, van
Huijzen C. The human central nervous system. A synopsis and atlas
3rd ed. Springer-Verlag: 1988; p. 30, Fig. 26 (Copyright permission
granted)
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Volume rendering

The distribution of the dopamine transporter in the human brain was
visualised using a volume-rendering technique [30, 31]. It aimed to
inspect the different areas of the brain and to choose ROIs for further
quantitative analysis. This technique has previously been described
in detail in a PET study on benzodiazepine receptor binding in the
human brain [32].

In short, the basic concept in volume rendering is that each
volume element, voxel, is projected onto an image screen. Each
voxel is assigned a colour and opa, both of which are related to the
radioactivity in the corresponding data point. The PET data frames
corresponding to the time interval from 9 to 63 min were summed
into one 3D voxel matrix and used for volume rendering.

Results

After intravenous injection of [11C]PE2I, the TACs for total
brain radioactivity rapidly reached a peak, which appeared
during the frame from 3 to 6 min. At this time approx-
imately 6.0±1.4% (mean, SD) of radioactivity injected was
present in brain.

[11C]PE2I provided high-contrast images in which the
highest uptake was observed in the striatum, with interme-
diate uptake in the midbrain, low uptake in the thalamus and
hypothalamus and very low binding in the cerebellum and
neocortex (Fig. 2a). The volume-rendered [11C]PE2I images
not only demonstrated the DAT-rich regions but also con-
firmed the lack of evident DAT binding in the neocortex
(Fig. 2b).

The radioactivity ratio (mean±SD) of the putamen and
midbrain to the cerebellum was 10.2±0.9 and 2.9±0.4, re-
spectively, at the end of measurement (frame 57–63 min).
The TACs for the thalamus and cerebral cortices had profiles
similar to that for the cerebellum (Fig. 3). Due to the low
radioactivity ratio in the thalamus and the cerebral cortex,
these regions were excluded from further detailed analysis.

The rapid decrease in radioactivity in plasma during the
first 5 min after i.v. injection was followed by a phase with
a slower rate of decrease (Fig. 4). The fraction of un-
metabolised [11C]PE2I in plasma decreased rapidly and
was 12.5±4.4% (mean±SD) at 40 min (Fig. 4, inset). The
HPLC chromatogram revealed two labelled metabolites.
The metabolites (I, II) were more polar than the parent
compound (Fig. 5).

Kinetic compartment analyses

For all regions, the 2-CM and the 3-CM were fitted to
experimental data using the metabolite-corrected arterial
plasma curve as an input function (Fig. 4). Multi-expo-
nential function was used to fit the metabolite fraction
values.

The TACs for regional [11C]PE2I binding could be
described both with the 2-CM and with the 3-CM (Fig. 6).
The results of individual single rate constants for the 2-CM
and 3-CM are given in Tables 1 (for the putamen) and 2 (for
the cerebellum). The ratio of K1/k2 obtained by the 3-CM

ranged from 1.9 to 9.8 in the putamen, from 2.4 to 7.2 in the
caudate and from 1.5 to 9.2 in the midbrain. K1/k2´ obtained
by the 2-CM for the cerebellum ranged from 2.4 to 4.9.

The comparison of fitted TACs between the models
showed that the 3-CM was statistically preferred to de-
scribe kinetics of [11C]PE2I in the putamen in three out of
eight subjects, in the caudate nucleus in one subject, in the
midbrain in four out of eight subjects, and in the cerebellum
in seven out of eight subjects (examples presented in
Tables 1 and 2). The rate constants derived from the 3-CM
can be used to calculate the curves for the Cb and Cn, as

Fig. 4. TACs for radioactivity in whole blood and plasma as well as
the calculated TAC for unchanged [11C]PE2I obtained after i.v.
injection of [11C]PE2I in one subject. Data points represent sampling
time. Inset: time course for the fraction (%) of radioactivity in
plasma that represents unchanged [11C]PE2I in eight human subjects
(mean, SD)

Fig. 3. TACs for regional brain radioactivity after i.v. injection of
280 MBq of [11C]PE2I in one subject
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seen in Fig. 7. The time curve for the Cn in the putamen is
initially lower than that for the cerebellum, but approaches
the curve for the cerebellum with time [33].

The BPs obtained by kinetic analysis ranged from 7.4 to
20.1 in the putamen, from 11.3 to 17.6 in the caudate
nucleus and from 1.0 to 5.4 in the midbrain (mean and SD
values presented in Table 3).

There was no significant difference betweenDVobtained
using the 2-CM (DV2-CM) and DVobtained using the 3-CM
(DVtotal) (Table 4). DV2-CM and DVtotalvalues correlated
significantly for all regions (p<0.0001). The individual
differences between DV2-CM and DVtotal in the putamen
ranged from −27% to 16% (mean±SD −0.4± 14.6%), in the
caudate nucleus from −16% to 43% (9.1± 22.8%), in the
midbrain from −1.7% to 0.2% (−0.5±0.6%) and in the cere-
bellum from −1.2% to −0.1% (−0.5±0.4%). An additional

observation was the high distribution volume for the
cerebellum, DVtotal, ranging from 2.7 to 5.2 (Table 4).

Linear graphical analyses

The linear graphical analysis [25] yielded a linear phase
for all regions (Fig. 8). The slope of the fitted line was
used to obtain DVLogan, the regional distribution volumes.
The BP values obtained by the linear graphical analysis
[BPLogan(kinetic)] ranged from 7.8 to 15.3 for the putamen,
from 11.3 to 17.6 for the caudate nucleus and from 1.0 to
2.3 for the midbrain and were independent of the time
interval used for the analysis (Table 3). The results of
linear graphical analysis using cerebellum as an input
function, BP Logan(reference), showed lower values for the
striatum (Table 3) and were dependent on the time of the
starting frame both in the caudate and in the putamen [e.g.
for the putamen the BP values (mean±SD) were as
follows: for the time interval 24–60 min, BP=6.0±0.72;
30–60 min, BP=6.62±0.71; 36–60 min, BP=6.9±0.98; 42–
60 min, BP=7.14±1.1 and 46–60 min, BP=7.50±1.4]. The
shortest time interval used approached but did not reach
the BP values acquired using the arterial input function.

Simple reference tissue model

In the simplified reference tissue model (SRTM), binding
potentials were computed using the cerebellum as a ref-
erence region for non-displaceable (free + non-specific)
[11C]PE2I binding in the brain. The BP values obtained by
SRTM were lower than those obtained with the two kinetic
methods (Table 3). The lowest coefficient of variance (COV)
was consistently observed for the BPs obtained with the
SRTM (BPSRTM).

The BP was also obtained using the ratio between dis-
tribution volumes in the ROI and the reference region (BP=
DVROI/DVREF−1). The BPs for the caudate nucleus varied
from 12.2 to 18.6 (14.7±2.3, COV 15%), for the putamen
from 9.5 to 17.5 (14.3±2.7, COV 18%) and for the
midbrain from 1.4 to 5.2 (3.6±1.8, COV 50%).

The specific radioactivity (SA) of [11C]PE2I at the time
of injection and the injected mass varied between the
subjects and its approximate effect on BP values was
investigated. Briefly, the average values for Cb and Cn

obtained from 40 to 60 min after injection were divided by
the specific radioactivity and the free and specifically
bound radioligand concentrations (B and F) were obtained.
There was a negative relationship between injected mass
and B/F values (e.g. in the putamen: r2=0.61; r=−0.78;
p=0.02).

Comparison between the analyses

There were highly significant correlations between DVtotal

and DVLogan for both the caudate nucleus and the putamen
(r=0.96, p=0.0001). There were no statistically significant

Fig. 5. Radiochromatogram from gradient HPLC analysis of human
plasma at 10 min after i.v. injection of [11C]PE2I (peak III). Peaks I
and II represent labelled metabolites that are more polar than
unchanged [11C]PE2I

Fig. 6. Experimental values for regional radioactivity in the putamen,
midbrain and cerebellum in one subject, with the corresponding fitted
curves obtained by the 2-CM (---) and 3-CM (–)
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correlations between the BPs quantified using the 3-CM
and the SRTM, or between linear graphical analyses for any
of the striatal regions. The relationship between BP values in
the midbrain was significant for DVtotalvs DVLogan (r=0.72,

p=0.05) and there was a trend towards a positive relation-
ship for k3/k4 vs BPSRTM (r=0.61, p=0.09) and BPLogan
(kinetic)vs BPLogan(reference) (r=0.64, p=0.09).

Table 1. Comparison of the 2-CM and 3-CM for description of [11 C]PE2I binding in the putamen of eight healthy subjects

Subject, model K1 (ml/ml/min) k2 (min−1 ) k3 (min−1 ) k4 (min−1 ) RSS AIC SC F statistics (p value)

1 2-CM 0.27 0.005 – – 10,501 143 144 <0.01
3-CM 0.34 0.09 0.25 0.02 4,248 133 136

2 2-CM 0.36 0.003 – – 8,300 139 141 ns
3-CM 0.43 0.07 0.45 – 9,217 145 148

3 2-CM 0.30 0.002 – – 4,815 114 115 ns
3-CM 0.34 0.04 0.42 – 5,614 120 122

4 2-CM 0.25 0.006 – – 2,319 120 122 ns
3-CM 0.32 0.11 0.53 – 3,681 131 134

5 2-CM 0.29 0.005 – – 2,606 122 123 <0.05
3-CM 0.37 0.09 0.28 – 1,466 117 120

6 2-CM 0.36 0.009 – – 2,644 122 124 ns
3-CM 0.48 0.17 0.52 – 3,028 128 131

7 2-CM 0.23 0.008 – – 958 107 108 ns
3-CM 0.30 0.12 0.42 – 936 111 113

8 2-CM 0.26 0.009 – – 9,457 141 125 <0.001
3-CM 0.35 0.10 0.20 – 2,453 143 128

Mean (SD)
– 2-CM 0.29 (0.05) 0.006 (0.003) – – – – – –

3-CM 0.36 (0.05) 0.08 (0.04) 0.36 (0.13) – – – – –

2-CM two-compartment model, 3-CM three-compartment model, RSS residual square sum, AIC Akaike information
criteria, SC Schwartz criteria, ns non-significant

Table 2. Comparison of the 2-CM and 3-CM for description of [11 C]PE2I binding in the cerebellum of eight healthy subjects

Subject, model K1 (ml/ml/min) k2 (min−1 ) k5 (min−1 ) k6(min−1 ) RSS AIC SC F statistics (p value)

1 2-CM 0.21 0.07 – – 14,190 147 149 <0.0001
3-CM 0.26 0.13 0.05 0.07 3,889 132 135

2 2-CM 0.31 0.06 – – 11,145 144 145 <0.05
3-CM 0.35 0.09 0.03 0.08 5,542 137 140

3 2-CM 0.26 0.05 – – 10,574 143 144 <0.005
3-CM 0.29 0.08 0.02 0.03 3,836 132 135

4 2-CM 0.18 0.08 – – 4,650 131 132 <0.025
3-CM 0.20 0.10 0.01 0.09 2,345 124 127

5 2-CM 0.22 0.07 – – 2,882 128 129 <0.00025
3-CM 0.26 0.11 0.03 0.04 826 109 112

6 2-CM 0.29 0.07 – – 1,986 118 119 ns
3-CM 0.31 0.09 0.01 0.08 1,651 119 122

7 2-CM 0.22 0.08 – – 1,530 114 115 <0.025
3-CM 0.24 0.11 0.02 0.06 911 110 113

8 2-CM 0.25 0.10 – – 7,813 138 140 <0.0025
3-CM 0.31 0.16 0.04 0.09 2,583 126 129

Mean (SD)
2-CM 0.24 (0.04) 0.07 (0.01)
3-CM 0.28 (0.05) 0.10 (0.03) 0.02 (0.01) 0.06 (0.03)

2-CM two-compartment model, 3-CM three-compartment model, RSS residual square sum, AIC Akaike information
criteria, SC Schwartz criteria, ns non-significant
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Discussion

The present study demonstrated that the new PET radio-
ligand [11C]PE2I provides high-contrast images of DAT
binding in the striatum and intermediate-contrast images
in the midbrain, whereas low binding was seen in the
thalamus and hypothalamus and very low binding in the
cerebellum and neocortex. The demonstrated regional dis-
tribution of [11C]PE2I binding to DAT in vivo is consistent
with the binding pattern demonstrated by previous auto-

radiographic studies in the human brain in vitro using 125I-
labelled PE2I [9, 34]. In addition, the results correspond to
the findings of in situ hybridisation studies, which have
shown distinct DAT expression in terminals in the striatum,
on dendrites and cell bodies of the substantia nigra and on
ventral tegmentum neurons [35].

A number of radioligands have been developed during
the past decade for PET imaging of DAT distribution in the
human brain. A common drawback of these ligands has
been a similar affinity to other monoamines, e.g. to the
serotonin ([123I]β-CIT) or noradrenaline transporters ([11C]
nomifensine) [36, 37]. [11C]PE2I is a ligand for the DAT
which has moderate affinity to DAT (Kd=4 nM) and about
30-fold lower affinity to serotonin (SERT) and noradren-
aline transporters (NET) [38, 39]. The favourable selectiv-
ity of [11C]PE2I is consistent with the high contrast of the
images, which show no DAT binding in the neocortex. This
quality is of particular value for the investigation of DAT
binding in the midbrain, where SERT density is high.

Moreover, [11C]PE2I has rather a favourable distribu-
tion to brain. After intravenous injection of the radioligand,
6±1.4% of radioactivity was present in the brain. This
distribution is higher than that of other radioligands for
DAT (e.g. a value of 2.5% is observed for [18F]β-CIT-FP
[40]) and also higher than that of the other reference ligands
for central neuroreceptors, such as [11C]WAY-100635,
[11C]SCH 23390 and [11C]raclopride [20, 41, 42]. The
favourable brain distribution implies that good imaging
statistics can be obtained at relatively low radiation expo-
sure. This is of value when using several radioligands in the
same subject and of particular advantage in studies on
children.

Cerebellum

Cerebellum was chosen as a reference region when using
reference methods to quantify [11C]PE2I binding. There is
no evident visual distinction between the 2-CM and the 3-
CM fit to experimental data. The statistical comparison,
however, indicates that [11C]PE2I binding in the cerebel-
lum is better characterised by the 3-CM. This observation

Fig. 7. The curves for the specific binding (Cb) and non-specific
binding (Cns) in the putamen (a) and midbrain (b) calculated using
the rate constants obtained from the three-compartment model

Table 3. BP values for [11 C]PE2I calculated by kinetic and reference tissue approaches

Brain region Kinetic approaches Reference tissue approaches

Kinetic 3-CM analysis
(k3/k4)

Linear graphical analysis [BPLogan(kinetic)] Linear graphical analysis
[BPLogan(reference)]

SRTM

Mean (SD) COV (%) Mean (SD) COV (%) Mean (SD) COV (%) Mean (SD) COV (%)

Putamen 11.0 (4.4) 39 12.7 (2.7) 21 7.9 (1.4) 18 8.5 (0.8) 19
Caudate nucleus 14.6 (4.9) 33 12.1 (3.3) 27 6.7 (1.2) 18 7.5 (1.41) 9
Midbrain 2.5 (1.7) 69 1.7 (0.5) 26 1.1 (0.4) 36 1.5 (0.3) 19
Cerebellar cortex 0.5a (0.2) 40 – – – – – –

COV coefficient of variance, SRTM simplified reference tissues model, 3-CM three-compartment model
a k5/k6
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suggests the presence of an additional compartment in the
cerebellum, representing either specific (Cb) or non-spe-
cific (Cns) binding. Studies on human brain tissue in vitro

have shown that the cerebellum is a region with no evident
DAT binding [9, 43], and expression of mRNA for DAT
has been reported only in the vermis, and not in the cer-
ebellar hemispheres [44]. Our previous PET study in mon-
keys showed that [11C]PE2I binding in the cerebellum
could not be inhibited by displacement or pretreatment
with cocaine [10]. Thus, it is not likely that the identified
third compartment in the cerebellum represents specific
[11C]PE2I binding to DAT.

Alternatively, the third compartment may represent non-
specific binding, i.e. a radioactive metabolite might pass
the blood-brain barrier. The two major labelled metabolites
of [11C]PE2I are more polar, however, and thus less likely
to pass the blood-brain barrier. Furthermore, experimental
animal studies and studies in vitro have shown that the
main routes of metabolism of PE2I are aromatic hydro-
xylation at the phenyl ring and N-desalkylation, suggesting
that in PET studies in humans the main metabolites of [11C]
PE2I retain their labelling [45]. The observation of a pos-
sible additional compartment in the cerebellum calls for
identification of labelled metabolites and separate PET
studies to examine the distribution of labelled metabolites
to brain.

Striatum

The kinetic compartment analysis showed high inter-in-
dividual variability of the rate constants, as seen from the
high COV values (Table 3). The poor reliability in the es-
timation of single rate constants may be one reason for the
threefold range in the subsequently calculated individual
k3/k4 values. Quantifications may have been influenced by
the reliability of the estimates of [11C]PE2I and its me-
tabolites in plasma, the curves being based on a few ob-
servations only. In addition, the rate of metabolism of [11C]
PE2I was characterised by large inter-individual variability
(Fig. 4, inset). These factors may have influenced the
statistical estimations of the preferred compartment model.
However, the range in k3/k4 may also include a biological
inter-individual variability in DAT density. This view is
indirectly supported by an earlier detailed study of another
biomarker of the dopamine system. A threefold range was
reported for the dopamine D2 receptor density in a group of
20 healthy adults [46]. The threefold range in BP for [11C]
PE2I observed in the present study may thus represent true
biological variability.

The BP values in the striatum obtained using the arterial
input function were about 30% higher than the values ob-
tained using reference tissue approaches. The limited re-
liability and validity of the metabolite correction and thus a
possibly overcorrected arterial plasma input curve may be
one reason for the higher BP values obtained using the
arterial input function. Another possible explanation is that
some assumptions of the reference methods may have been
violated [26]. The regional differences for K1/k2 values
also challenge a main assumption of the SRTM [26]. In
addition, only in three out of eight subjects did the TACs
reach equilibrium, suggesting that the data acquisition time

Table 4. The DV obtained by the 2-CM, the 3-CM and the linear
graphical analysis method

Brain region DV 2-CM DV total DV Logan

Caudate 96.2 (100.4) 69.19 (49.31) 49.97 (23.43)
COV (%) 104 71 47
Putamen 65.3 (47.1) 62.12 (35.15) 51.63 (19.12)
COV (%) 72 56 37
Midbrain 8.2 (3.0) 12.1 (5.49) 8.91 (2.79)
COV (%) 37 45 31
Cerebellar cortex 3.4 (1.0) 3.89 (1.02) 3.74 (1.02)
COV (%) 29 27 27

Values presented as mean (SD)
COV coefficient of variance, 2-CM two-compartment model;
DV2-CM=K1/k2 is the distribution volume for the 2-CM;
DVtotal=K1/k2(1+k3/k4) is the distribution volume for the
3-CM; DVLogan is the distribution volume obtained using the
arterial input curve and linear graphical analysis

Fig. 8. Linear graphical analyses of [11C]PE2I binding in the
putamen, midbrain (a) and cerebellum (b) of one subject
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of 60 min may not be sufficient for accurate quantification
of BPs. These conditions may be a reason for the different
BP values obtained using reference tissue approaches.

Of special interest is the discrepancy between BP values
obtained using linear graphical analyses with different
input functions. In addition to the previously mentioned
limited precision of measurements, different results in lin-
ear graphical analyses may be viewed in relation to the
acquisition time needed for reliable estimates. BP values
obtained using the arterial input function yielded the same
results from 24 min onwards, while results using the ref-
erence region showed time dependency throughout all the
measurement. This finding is consistent with a previous
SPECT study [47] using [123I]PE2I, suggesting that mea-
surements in the striatum require a prolonged data ac-
quisition time of up to 90 min.

A lack of correlation between the BPs quantified by
different approaches for other ligands has been observed by
several authors [24, 48]. The suggested reason for this has
been a relatively poor separation between the 2-CM and
3-CM in striatal regions with high receptor density.
Moderate affinity of [11C]PE2I and high variability of
specific radioactivity injected may also have contributed to
the higher differences in BP values [49]. Another sugges-
tion is that increasing additive statistical noise of the PET
system leads to underestimation of the distribution volume
ratio (DVR) in receptor-dense regions [50].

In clinical PET studies there is a need to avoid invasive
procedures such as arterial blood sampling. Indirect meth-
ods using the cerebellum as a reference region may thus be
more applicable than direct ones. Among the indirect quan-
titative approaches, the simplified reference tissue method
yielded the lowest coefficient of variance and may thus be
used for clinical purposes, provided that the data are ac-
quired for a longer period (90 min).

Midbrain

The midbrain is a brain region of particular interest, rep-
resenting the origin of dopaminergic innervation and being
implicated in the regulation of normal behaviours as well as
in the pathophysiology of neurological disorders (e.g.
Parkinson’s disease [44]). The particular potential of [11C]
PE2I to identify selective DAT binding in the substantia
nigra/ventral tegmentum has previously been mentioned in
PET and SPECT studies [10, 37, 51, 52], but no attempts
have been made to quantify the radioligand binding. In the
present study there was a twofold signal-to-background
ratio for [11C]PE2I binding in the midbrain. The 3-CM was
statistically preferred for description of TACs in the mid-
brain in four out of eight subjects. It is worth noting, how-
ever, that inter-individual variability of BP values was high
(COV 69%) as compared with BPs obtained in other re-
gions (Table 3). This could be explained partly by the
higher noise effects on error size in a small region such as
the midbrain. However, despite less favourable reliability,
the present analysis of [11C]PE2I binding in the midbrain

supports the idea that DAT expression in the midbrain is an
area that can be addressed in future applied studies on the
pathophysiology of neuropsychiatric disorders.

Conclusion

The present study in eight adult subjects corroborates a
previous case report on the favourable signal-to-background
ratio for [11C]PE2I binding to DAT in the human striatum
and midbrain. [11C]PE2I binding can be interpreted using a
kinetic analysis with a metabolite-corrected arterial plasma
input function. However, it cannot be excluded that radio-
labelled metabolites may represent a small component of
total [11C]PE2I binding in the brain. The simplified refer-
ence tissue model or other reference methods using cerebel-
lum time-activity curves with prolonged data acquisition
time and high specific radioactivity at injection time may
be used for estimation of [11C]PE2I binding in clinical
studies. A particular advantage of [11C]PE2I is the pos-
sibility of quantifying binding to DAT in the midbrain, a
region containing dopaminergic cell bodies and of central
interest in the pathogenesis of several neuropsychiatric
disorders.
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