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In idiopathic Parkinson disease and atypical parkinsonian disorders,

central dopaminergic and overall brain functional activity are altered

to different degrees, causing difficulties in achieving an unambiguous
clinical diagnosis. A dual examination using 123I-FP-CIT (123I-N-ω-

fluoropropyl-2β-carbomethoxy-3β-(4-iodophenyl)nortropane, or
123I-ioflupane) SPECT and18F-FDG PET provides complementary
information on dopamine transporter (DAT) availability and overall

brain functional activity, respectively. Parametric images based on a

single, dynamic 11C-PE2I (N-(3-iodoprop-2E-enyl)-2β-carbomethoxy-

3β-(4-methyl-phenyl)nortropane) scan potentially supply both DAT
availability (nondisplaceable binding potential [BPND]) and relative

cerebral blood flow (relative delivery [R1]) at voxel level. This study

aimed to evaluate the validity of 11C-PE2I PET against the dual-

modality approach using 123I-FP-CIT SPECT and 18F-FDG PET.
Methods: Sixteen patients with parkinsonian disorders had a dual

examination with 18F-FDG PET and 123I-FP-CIT SPECT following

clinical routines and additionally an experimental 11C-PE2I PET

scan. Parametric BPND and R1 images were generated using re-
ceptor parametric mapping with the cerebellum as a reference.

T1-weighted MR imaging was used for automated definition of vol-

umes of interest (VOI). The DAT VOIs included the basal ganglia,
whereas the overall brain functional activity was examined using

VOIs across the brain. BPND and R1 values were compared with

normalized 123I-FP-CIT and 18F-FDG uptake values, respectively,

using Pearson correlations and regression analyses. In addition, 2
masked interpreters evaluated the images visually, in both the rou-

tine and the experimental datasets, for comparison of patient di-

agnoses. Results: Parametric 11C-PE2I BPND and R1 images

showed high consistency with 123I-FP-CIT SPECT and 18F-FDG
PET images. Correlations between 11C-PE2I BPND and 123I-FP-CIT

uptake ratios were 0.97 and 0.76 in the putamen and caudate nu-

cleus, respectively. Regional 11C-PE2I R1 values were moderately to
highly correlated with normalized 18F-FDG values (range, 0.61–

0.94). Visual assessment of DAT availability showed a high consis-

tency between 11C-PE2I BPND and 123I-FP-CIT images, whereas the

consistency was somewhat lower for appraisal of overall brain func-
tional activity using 123I-FP-CIT and 18F-FDG images. Substantial

differences were found between clinical diagnosis and both neuro-

imaging diagnoses. Conclusion: A single, dynamic 11C-PE2I PET

investigation is a powerful alternative to a dual examination with

123I-FP-CIT SPECT and 18F-FDG PET for differential diagnosis of
parkinsonian disorders. A large-scale patient study is, however,

needed to further investigate distinct pathologic patterns in overall

brain functional activity for various parkinsonian disorders.
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Parkinsonian disorders are neurodegenerative and chronic
brain diseases including idiopathic Parkinson disease (IPD) and

atypical parkinsonian disorders, such as multiple-system atrophy

(MSA), progressive supranuclear palsy and corticobasal degener-

ation, and dementia with Lewy bodies. Although the clinical pro-

gression and pathology differ between parkinsonian disorders,

there are clear difficulties in achieving an unambiguous diagnosis

based solely on clinical features of parkinsonism, particularly in

the elderly and in patients at an early stage of the disease (1–3).

Furthermore, IPD-like symptoms may also originate from cere-

brovascular disease (vascular parkinsonism) or neurofunctional

disorders initiated by medication, drugs of abuse, and posttrauma

or psychogenic conditions (4). Consequently, there are profound

challenges in establishing the primary cause of parkinsonism. For

the individual patient, an uncertain diagnosis of parkinsonism can

lead to unnecessary medical investigations and inappropriate ther-

apies with undesired side effects while expanding costs for the

health care system.
Functional molecular imaging methods such as SPECT and

PET, using different radiotracers, can aid in differentiation between

parkinsonian disorders and their mimics because central dopaminer-

gic and overall brain functional activity are altered differently (4–7).

SPECT and the commercially available radiotracers 123I-FP-CIT

(123I-N-v-fluoropropyl-2b-carbomethoxy-3b-(4-iodophenyl)nortro-

pane, or 123I-ioflupane [DaTscan; GE Healthcare]) or b-CIT (2b-

carbomethoxy-3b-(4-iodophenyl)nortropane [DOPASCAN; MAP

Medical Technologies]) have been used widely to investigate dopa-

mine transporter (DAT) availability (8). Further, SPECTwith com-

mercial 99mTc-labeled compounds such as ethyl cysteine dimer

(ECD; Neurolite; Lantheus Medical Imaging) and hexamethylpro-

pyleneamine oxime (HMPAO; Ceretec; GE Healthcare) has been

used to examine alterations in the brain’s overall function, mirroring

Received Sep. 16, 2014; revision accepted Dec. 17, 2014.
For correspondence or reprints contact: Lieuwe Appel, PET Centre,

Department of Medical Imaging, Uppsala University Hospital, S-751 85
Uppsala, Sweden.
E-mail: lieuwe.appel@akademiska.se.
Published online Jan. 15, 2015.
COPYRIGHT © 2015 by the Society of Nuclear Medicine and Molecular

Imaging, Inc.

234 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 56 • No. 2 • February 2015

mailto:lieuwe.appel@akademiska.se


metabolic activity and cerebral blood flow, respectively (9).
For the same purpose, 18F-FDG PET can support the discrimina-
tion of parkinsonian disorders based on distinct regional patterns
of changes in cerebral 18F-FDG use (10–12) and, thus, altered
overall brain functional activity. In addition, various PET radio-
ligands have been used to evaluate dopaminergic function (7,13).
Although both SPECT and PET investigations have been partly
successful in establishing the primary causes of parkinsonism,
further improvement is still needed with respect to data quality,
radiation dose, and scanning logistics.
The cocaine derivative PE2I (N-(3-iodoprop-2E-enyl)-2b-car-

bomethoxy-3b-(4-methyl-phenyl)nortropane) binds highly selec-
tively and specifically to DAT and offers a high potential for in
vivo exploration of DAT function (14). PE2I is structurally related
to b-CIT and FP-CIT SPECT radioligands, but in contrast to PE2I,
the CIT compounds bind to serotonin and norepinephrine trans-
porters as well (15,16). The PET radioligand 11C-PE2I has been
previously used both in research studies (17,18) and in clinical
trials (19,20). A kinetic modeling approach using a reference tis-
sue model has been demonstrated to result in reliable and repro-
ducible DAT estimates (21,22). Recently, our group validated and
reported generation of parametric relative delivery (R1) and non-
displaceable binding potential (BPND) 11C-PE2I images, reflecting
relative cerebral blood flow (CBF) and DAT availability, respec-
tively, in data from subjects with and without neurodegeneration
(23).
Currently, the routine investigation of parkinsonian disorders at

our hospital consists of a dual examination: 123I-FP-CIT SPECT
and 18F-FDG PET imaging. The 123I-FP-CIT SPECT examination
is used to discriminate between patients with and without dopa-
minergic parkinsonism based on DAT availability, whereas 18F-
FDG PET is applied to examine overall brain functional activity
for differentiation of parkinsonian disorders. Our hypothesis was
that 11C-PE2I BPND and R1 images are congruent with 123I-FP-
CIT SPECT and 18F-FDG PET, respectively, and that a single
dynamic 11C-PE2I PET investigation can provide a diagnosis
equivalent to that from the current dual examination. The main
purpose was, therefore, to investigate the validity of 11C-PE2I PET
against the current routine imaging-based evaluation of parkinso-
nian disorders in terms of image information and visual inspection
of images in a clinical setting.

MATERIALS AND METHODS

Participants

Nineteen patients (11 women and 8 men) with parkinsonian

disorders were recruited by the Department of Neurology at Uppsala
University Hospital. The main inclusion criterion was that each patient

had undergone or been referred for the routine dual imaging
investigations using 18F-FDG PET and 123I-FP-CIT SPECT. Further,

selection of patients for 11C-PE2I imaging was based on medical
records and an interview with an appraisal of health status, lifestyle,

and medication. Finally, the time point of the 11C-PE2I scan had to
differ by no more than 1 y from the other scans.

Before the data analysis, it appeared that 1 woman had not
undergone all imaging assessments within 1 y and that 2 men had

no evaluable 11C-PE2I PET scan because of excessive movement.
Therefore, the presented data comprised 16 patients with parkinson-

ism (10 women and 6 men; mean age 6 SD, 69 6 6 y; mean body
weight, 67 6 11 kg) experiencing symptoms for less than approxi-

mately 5 y on average. The clinical rationale for referral to routine
imaging investigations was an uncertain-to-poor response to medica-

tion, as well as symptoms and clinical findings not typical of IPD.

Patient characteristics are described in Table 1.

Imaging Procedures

The 11C-PE2I PET scans were acquired on an ECAT HR1 scanner
(Siemens/CTI). For attenuation correction, a 10-min transmission scan

(2-dimensional mode) was obtained, using 3 retractable 68Ge line
sources. After the transmission scan, 350–400 MBq of 11C-PE2I were

administered intravenously as a rapid bolus in the subject’s arm. Si-
multaneously, a dynamic emission scan was started (3-dimensional

mode) using a scanning protocol comprising 22 frames with increas-
ing frame duration (4 · 60 s, 2 · 120 s, 4 · 180 s, 12 · 300 s) and

a total scanning time of 80 min. Imaging data were reconstructed with
ordered-subsets expectation maximization (6 iterations; 8 subsets) and

a 4-mm Hanning filter, after implementation of all appropriate correc-
tions, such as those for photon attenuation, random coincidences,

scattered radiation, dead time, and physical decay of the radioisotope.
18F-FDG PETwas performed on a Discovery STE PET/CT scanner

(GE Healthcare), approximately 35 min after intravenous administra-
tion of 3 MBq of 18F-FDG per kilogram of body weight. For the

emission scan, a 10- or 20-min protocol was used, comprising 2 or
4 frames, respectively, with a 5-min duration. A low-dose CT scan was

obtained for attenuation correction. Data reconstruction was similar to
that for 11C-PE2I.

123I-FP-CIT scanning was performed with a dual-head g camera

(E.CAM; Siemens Medical Systems) equipped with high-resolution
collimators, after intravenous administration of 185 MBq of 123I-FP-

CIT 3–6 h before the start of scanning. The total time of acquisition
was 30 min (30 s per frame for 60 views per detector). Data were

reconstructed with ordered-subsets expectation maximization includ-
ing attenuation and scatter correction, and implementation of resolu-

tion recovery, followed by use of a gaussian filter (0.7 cm in full width
at half maximum).

All participants also underwent T1-weighted MR imaging (3-
dimensional sensitivity encoding) on a 1.5-T Achieva scanner (Philips

Healthcare). This scan provided structural information with a high
resolution, to be used to define regions of interest.

The subjects fasted for at least 4 h before scanning. For ethical
reasons, we did not interfere with the medication of the patients.

The timing of the scans is summarized in Table 1. Before the data
analysis, we found that for subject 13 the interval between 11C-PE2I

and 123I-FP-CIT SPECT differed by about 18 mo, whereas this in-
terval was about 1 y for the 11C-PE2I and 18F-FDG scans. On the basis

of clinical symptoms and disease duration, this subject was considered
stable for DAT function and consequently was included.

Image Analysis

Methods for voxel-level analysis of dynamic 11C-PE2I scans have

been previously validated and reported (19). Following this method-
ology, the 11C-PE2I images were realigned to adjust for interframe

patient movements using VOIager software (GE Healthcare). Then,
the T1-weighted MR images were coregistered with the realigned PET

images using an 11C-PE2I early summation image (0–3 min), to
achieve equivalent image positions. Finally, parametric images were

generated from the 11C-PE2I scan using the preferred basis function
implementation (receptor parametric mapping) of the simplified ref-

erence tissue model, with the cerebellum as a reference region (24,25).
The parametric 11C-PE2I BPND images showed specific binding of
11C-PE2I to DAT directly proportional to DAT density (availability).

The parametric 11C-PE2I R1 images demonstrated relative CBF.
For the 18F-FDG scan, the frames were realigned to adjust for inter-

frame movements using VOIager software, and subsequently a summa-
tion image was made across frames. The 18F-FDG summation image

was coregistered with the 11C-PE2I R1 images to establish the same
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position for all images. Then, the realigned 18F-FDG summation image
was normalized to the average radioactivity concentrations in cerebellum.

The 123I-FP-CIT SPECT scan was analyzed following routine pro-
cedures for DaTSCAN (GE Healthcare). Coregistration with PET and

MR images was not applied because of lack of structural information
in 123I-FP-CIT images.

Volumes of Interest (VOIs)

For the PET data, an automated probabilistic template, as imple-
mented in the PVElab software (26), was used for definition of VOIs

across slices on the coregistered MR images. Then, the VOIs were

transferred to the parametric 11C-PE2I R1 and BPND as well as the
normalized 18F-FDG images.

The considered DAT VOIs included the basal ganglia (bilaterally,
the caudate nucleus and putamen), regions with a recognized high

DAT density, and following our routine evaluations of 123I-FP-CIT
SPECT. The comparison of the parametric 11C-PE2I R1 images and

the normalized 18F-FDG images was based on various VOIs across the
brain, as alterations of overall brain functional activity differ between

parkinsonian disorders. The set of VOIs comprised cortical regions in
the frontal, temporal, parietal, occipital, and insular lobes, as well as

subcortical regions in the basal ganglia, limbic system, and thalamus. In
addition, the midbrain as well as gray and white matter were considered.

For the 123I-FP-CIT images, the basal ganglia VOIs were generated
using an automated template (27) belonging to the BRASS software

(version 3.6; Hermes Medical Solutions), resulting in regional uptake
values normalized to the occipital cortex. All was done using the same

software.

Data Evaluation

Quantitative values for each VOI were obtained by retrieving

average regional voxel values from the generated parametric 11C-PE2I
R1 and BPND images as well as from the normalized 18F-FDG image.

For 123I-FP-CIT images, the uptake ratios were used as generated by
the BRASS software. Agreement between methods in terms of DAT

availability and overall brain functional activity was evaluated using
Pearson correlation and orthogonal regression analysis, assuming

equal error variances of the compared variables. For DAT availability,
orthogonal regressions were computed for both the putamen and the

caudate nucleus separately. Concerning overall brain functional activ-
ity, orthogonal regression analyses were implemented for a cluster of

VOIs across the brain including anterior cortical regions (cingulate,
frontal gyrus), posterior cortical regions (occipital cortex, parietal

cortex, somatosensory-motor cortex), basal ganglia (caudate nucleus,
putamen), or limbic regions (amygdala, hippocampus, hypothalamus,

thalamus).

Comparison of Patient Diagnoses

Parkinsonism was diagnosed on the basis of both clinical and
neuroimaging data to further investigate the validity of 11C-PE2I in

a clinical setting. Two movement disorders specialists who were
masked to the imaging data established a clinical diagnosis by follow-

ing clinical routines and accepted criteria (28–33). In turn, 2 masked
nuclear medicine specialists independently evaluated the imaging data

visually on the basis of specific pathologic patterns of glucose metab-
olism as reported for various parkinsonian disorders (6,11,12). The

imaging-based patient diagnosis comprised the most probable type of

TABLE 1
Patient Characteristics at Time of 11C-PE2I Scan

Parkinson treatment Scanning interval (d)

Subject Sex Age (y) H&Y staging Duration (y) Drug Daily dose (mg) PE2I–DAT PE2I–FDG

1 F 74 3 4 L-dopa 600 282 −218

2 F 73 4 7 L-dopa 1,200 −92 −92

Pramipexole 1.05

4 M 63 3 6 L-dopa 800 104 105

Ropinirole 10

5 F 77 3 8 L-dopa 500 82 82

6 F 60 3 12 Quetiapine 200 −1 −1

7 M 70 3 10 L-dopa 600 184 188

8 F 65 3 4 None 23 152

9 F 66 3 3 L-dopa 300 −1 326

Pramipexole 2.1

10 M 77 5 6 L-dopa 500 −16 −16

Pramipexole 0.54

11 F 67 2 2 L-dopa 250 −37 −37

12 M 79 2 4 L-dopa 400 −36 −36

13 F 71 2 4 L-dopa 600 373 628

14 M 71 3 3 L-dopa 400 −1 −1

15 M 58 2 1.5 L-dopa 500 154 202

16 F 67 3 2 None −1 −1

19 F 69 1 1.5 L-dopa 400 −1 −1

H&Y 5 Hoehn and Yahr; PE2I–DAT 5 days between 11C-PE2I PET and 123I-FP-CIT SPECT; PE2I–FDG 5 days between 11C-PE2I PET

and 18F-FDG PET.
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parkinsonism and was determined for both the novel evaluation using
11C-PE2I BPND and R1 images and the routine evaluation using 123I-
FP-CIT SPECT and 18F-FDG PET images. First, DAT availability was

rated as normal or abnormal using either 11C-PE2I BPND or 123I-FP-
CIT images; then, overall brain functional activity was characterized

as normal or abnormal using either 11C-PE2I R1 or 18F-FDG images.
The appraisal of DAT availability and overall brain functional activity

resulted in a single imaging-based diagnosis for each patient in each
dataset. To avoid dependency between these assessments, the individ-

ual records of both datasets were randomized in different orders and
evaluated on different days. Thereafter, the imaging-based diagnoses

obtained by each nuclear medicine specialist were compared on a sep-
arate occasion. In cases of discrepancy in diagnosis, the nuclear med-

icine specialists discussed the case together to reach a consensus.

Ethical Statement

The study was conducted in accordance with the Declaration of
Helsinki and approved by the local ethics and radiation safety committees.

After receiving a complete description of the study, and before the study
began, each patient gave written informed consent to participate.

RESULTS

DAT Availability

Parametric 11C-PE2I BPND images and 123I-FP-CIT uptake
images, illustrating DAT availability, are presented for various
parkinsonian disorders in Figure 1. The most probable diagnosis
was based solely on PET images from either parametric 11C-PE2I
BPND and R1 or the dual investigation with 123I-FP-CIT SPECT
and 18F-FDG PET.
The 123I-FP-CIT images displayed information equivalent to

that from the 11C-PE2I BPND images, with the highest uptake
being in striatal structures. Furthermore, this sample of images
illustrated for both methods the potency to discriminate visually
between subjects with and without dopaminergic parkinsonism,
cases A–C and D–E, respectively. However, the resolution was
superior for the BPND images, allowing visual discernment of
the putamen and caudate nucleus for cases with the highest
DAT availability (D and E). In part, the 123I-FP-CIT images may
also display affinity for serotonin and norepinephrine transporters.

Overall Brain Functional Activity

Parametric 11C-PE2I R1 and normalized 18F-FDG images,
depicting overall brain functional activity, are shown in Figure
2. As for the images in Figure 1, the most probable diagnosis
was based entirely on DAT availability and overall brain func-
tional activity for both evaluations.
The different cases show that visually equivalent information

was obtained with 11C-PE2I R1 and 18F-FDG images. On the basis
of DAT availability, 2 cases did not indicate dopaminergic parkin-
sonism (D and E). However, overall brain functional activity was
clearly abnormal in one case, with reduced cortical glucose
metabolism/relative CBF pointing toward vascular parkinsonism (D).
In contrast, the other subject showed normal overall brain func-
tional activity (E) regarding both glucose metabolism and relative
CBF. Three cases showed a significant decrease in DAT availabil-
ity (A–C), and on the basis of images reflecting overall brain
functional activity, the distinct patterns were recognized as typical
of IPD, MSA, and progressive supranuclear palsy. For IPD,
a prominent, enhanced glucose metabolism/relative CBF was an-
ticipated bilaterally in the putamen, which was congruent with
case A. Supporting features were a decrease in glucose metabolism/
relative CBF in frontal and parietal regions. Bilaterally low glu-

cose metabolism in the putamen elucidated cases typical of
MSA, which was consistent with the decrease in relative CBF
(case B). Because cerebellar neurodegeneration was not evident,
this patient was categorized as having MSA with suggested pre-
dominant parkinsonism. Further, increased glucose metabolism/
relative CBF was observed in the thalamus and the posterior
cortical areas, especially the occipital cortex. Finally, case C was
diagnosed as progressive supranuclear palsy on the basis of the
reduced glucose metabolism/relative CBF in the medial frontal cor-
tex and mesencephalon, as well as enhanced glucose metabolism/
relative CBF in the inferior temporal and parietal cortex.
One patient (patient 4) was diagnosed as having MSA with

atrophy related to the cerebellum (Fig. 3). Both 11C-PE2I R1 and
18F-FDG images, illustrating overall brain functional activity,
revealed a noteworthy degeneration of the cerebellar cortex. How-
ever, other glucose metabolism/relative CBF patterns were visu-
ally similar to those observed for the patient with MSA with
suggested predominant parkinsonism (Fig. 2, case B). In addition,
there was visually no indication that the DAT availability was
different between the two types of MSA.

Relationship Between 123I-FP-CIT and 11C-PE2I BPND Values

The correlations between normalized 123I-FP-CIT uptake values
and 11C-PE2I BPND values were 0.96 and 0.76 for the putamen
and caudate nucleus, respectively. Plots of putamen and caudate
nucleus data are depicted in Figure 4. For both evaluation meth-
ods, the data for the putamen showed an apparent differentiation in
a majority of subjects having relatively small values (#1.5) and
a minority of subjects having relatively high values (A). For the
caudate nucleus (B), such a differentiation was less evident. Or-
thogonal regression analyses showed that the slopes of the regression

FIGURE 1. Parametric images of 11C-PE2I BPND compared with 123I-

FP-CIT uptake images, illustrating DAT availability in patients diagnosed

with different types of parkinsonism. a.u. 5 arbitrary unit; MSA-P 5
MSA with suggested predominated parkinsonism; normal 5 no notable

deviation in dopaminergic function; VP 5 vascular parkinsonism.
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curves differed significantly from unity for both the putamen
and the caudate nucleus (P , 0.05). The intercept deviated sig-
nificantly from zero for the caudate nucleus (P , 0.05) but not for
the putamen.

Relationship Between 18F-FDG and 11C-PE2I R1 Values

Correlations between normalized 18F-FDG uptake values and
11C-PE2I R1 values are given in Table 2 for various brain regions.
Most correlations were greater than 0.75, and the highest correla-
tions were found for cortical regions.

Orthogonal regression analyses showed a high relationship
between normalized 18F-FDG uptake values and 11C-PE2I R1

values for clusters of data for the anterior cortical regions, pos-
terior cortical regions, and limbic regions, whereas a slightly
lower correlation was found for the basal ganglia (Fig. 5). The
slope of the regression curves was greater than 1 for anterior
cortical regions (P , 0.05) and limbic regions, whereas the
slopes were less than 1 for posterior cortical regions and the
basal ganglia (both P , 0.05). In all cases, the intercepts did
not significantly differ from zero.

FIGURE 3. Parametric images of 11C-PE2I relative delivery (R1) and

BPND compared with 123I-FP-CIT and 18F-FDG images, illustrating DAT

availability and overall brain functional activity in patient 4, diagnosed

MSA with atrophy related to cerebellum. a.u. 5 arbitrary unit.

FIGURE 4. Relationship between normalized uptake of 123I-FP-CIT

and 11C-PE2I BPND for putamen (PUT) and caudate nucleus (CN).

FIGURE 2. Parametric images of 11C-PE2I relative delivery (R1) compared with 18F-FDG images normalized to cerebellum, illustrating overall brain

functional activity in patients diagnosed with different types of parkinsonism. MSA-P 5 MSA with suggested predominant parkinsonism; normal 5
no notable deviation in overall brain functional activity; PSP = progressive supranuclear palsy; VP 5 vascular parkinsonism.
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Comparison of Patient Diagnoses

Diagnoses of parkinsonism, based on 3 different sources of
information, are presented in Table 3.
The visual assessment of DAT availability showed a high

consistency between 11C-PE2I BPND and 123I-FP-CIT images, with

only one discrepancy. On the basis of both DAT availability and
overall brain functional activity, there were 4 discrepancies in pa-
tient diagnosis between the datasets, including 11C-PE2I PET (R1

and BPND) or normalized 18F-FDG PET and 123I-FP-CIT SPECT.
The clinical diagnosis differed in 9 and 8 patients compared

with imaging-based diagnoses using either 11C-PE2I BPND and R1

images or 123I-FP-CIT and 18F-FDG images, respectively. Mean
and median age, Hoehn and Yahr score, and disease duration were
similar in the groups with and without consistency between the
imaging-based and clinical diagnoses.

DISCUSSION

In this clinical study, the validity of a single dynamic 11C-PE2I
PET scan was evaluated for discrimination of different types of
parkinsonism. For this purpose, parametric BPND and R1 images
were compared with a dual examination using 123I-FP-CIT and
18F-FDG PET to examine dopaminergic and overall brain func-
tional activity, respectively. This study confirmed that 11C-PE2I
PET R1 and BPND images comprised information that was
equivalent—in terms of specific pathologic patterns and moderate
to high correlations—to the combination of 123I-FP-CIT SPECT
and 18F-FDG PET. Recently, a similar result was reported (34)
for 11C-Pittsburgh compound B PET scans using parametric R1

and BPND images for assessment of relative CBF and regional
amyloid-b depositions, respectively, in patients with dementia. Al-
together, the results of the current study provide sufficient evidence
that a single dynamic 11C-PE2I PET scan can be used for differen-
tial diagnosis of parkinsonian disorders.
The comparison between 11C-PE2I BPND and 123I-FP-CIT

images revealed a high consistency in particular patterns of DAT

TABLE 2
Correlation Between Normalized 18F-FDG Uptake Values and 11C-PE2I R1 Values

Brain region of interest

Structure Volume (26) r

Whole brain Gray matter 0.76

White matter 0.69

Frontal lobe Frontal gyrus (superior, medial-inferior) 0.80

Orbital frontal cortex 0.75

Dorsolateral prefrontal cortex 0.75

Ventrolateral prefrontal cortex 0.82

Anterior cingulate gyrus 0.85

Posterior cingulate gyrus 0.93

Temporal lobe Lateral temporal cortex (superior, medial-inferior) 0.76

Parietal lobe Parietal cortex 0.94

Occipital lobe Occipital cortex 0.88

Insular lobe Insula 0.79

Somatosensory and motor cortex 0.74

Basal ganglia Caudate nucleus, putamen 0.81

Limbic regions Amygdala, hippocampus, hypothalamus 0.68

Thalamus 0.76

Midbrain Midbrain 0.61

n 5 15 (1 subject was disregarded because of significant neurodegeneration in cerebellum [Fig. 3]).

FIGURE 5. Relationship between normalized uptake of 18F-FDG and
11C-PE2I R1 for anterior cortical region (ACR), posterior cortical region

(PCR), basal ganglia (BG), and limbic region (LR).
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availability for parkinsonian disorders. A high correlation between
both assessments was found for the putamen, whereas the corre-
lation was moderate for the caudate nucleus. In both cases, the
slopes of the regression curves were significantly greater than 1,
indicating an extended range of 11C-PE2I BPND values compared
with 123I-FP-CIT values. Visual appraisal of DAT availability
showed high agreement between the 123I-FP-CIT and 11C-PE2I
BPND datasets. On the basis of these results, it is anticipated that
the 11C-PE2I BPND values are at least as reliable as 123I-FP-CIT
values in discrimination of normal from abnormal DAT function in
parkinsonian disorders.

11C-PE2I R1 images, depicting relative CBF, were highly con-
sistent with 18F-FDG images, displaying glucose metabolism,
which corresponded well with results in dementia patients (34).
Typical pathologic patterns in overall brain functional activity,
showing presynaptic neuronal dysfunction and degeneration,
could be recognized for different parkinsonian disorders in both
11C-PE2I R1 and 18F-FDG images. Correlations between 11C-PE2I
R1 and 18F-FDG values varied from moderate to high with a ten-
dency to be slightly higher in cortical regions than in subcortical
regions. The orthogonal regression analyses also indicated minor
differences between regions. These results may be due in part to
regional differences in relative CBF and glucose metabolism (35),

which show a greater range in cortical regions, and to the larger
size of the cortical and clustered VOIs, resulting in more accurate
values.
A visual assessment of the most probable diagnosis, using

neuroimaging with assessment of both DAT availability and
overall brain functional activity, showed a discrepancy of 25%
between the novel evaluation using parametric images of 11C-PE2I
and the routine evaluation using 123I-FP-CIT SPECT and 18F-FDG
PET. The evaluation revealed that 3 of these patients (5, 10, and
13) had in common an uncertain to poor response to medication,
whereas patient 8 had no medication. Two of these cases (patients
8 and 10) had at least one assessment of normal DAT function,
whereas both had a clinical diagnosis of corticobasal degeneration.
As alterations in DAT and overall brain functional activity may
become more evident at a later stage, it would be desirable to
repeat the same measurements 6–18 mo later. Both of the other 2
cases (patients 5 and 13) showed an abnormality in DAT and overall
brain functional activity, resulting in imaging-based diagnoses of
IPD and progressive supranuclear palsy. However, for patient 13,
the discrepancy in results depended most likely on the timing of the
scans since the 18F-FDG scan was conducted about 12 mo before
the 11C-PE2I PET scan. Further, evident pathologic differences in
overall brain functional activity images were noticed by the nuclear

TABLE 3
Comparison of Diagnosis Based on Visual Assessment of Neuroimaging Data and Clinical Assessment

Information source for diagnosis

A. Parametric images

of 11C-PE2I

B. Normalized 123I-FP-CIT and
18F-FDG images

Subject BPND Both R1 and BPND
123I-FP-CIT Both scans C. Clinical data

1 ↓ MSA ↓ MSA Probable MSA

2 ↓ MSA ↓ MSA Probable MSA

4 ↓ MSA ↓ MSA Probable MSA

5 ↓ IPD* ↓ PSP* Possible MSA†‡

6 → Normal → Normal Possible PSP†‡

7 ↓ IPD ↓ IPD Probable IPD

8 → Normal* → VP* CBD†‡

9 ↓ MSA ↓ MSA Possible IPD†‡

10 → VP* ↓ IPD* CBD†‡

11 ↓ IPD ↓ IPD Possible DLB†‡

12 ↓ IPD ↓ IPD Probable IPD

13 ↓ PSP* ↓ IPD* Probable IPD†

14 ↓ IPD ↓ IPD Probable MSA†‡

15 ↓ IPD ↓ IPD Probable IPD

16 ↓ PSP ↓ PSP Probable PSP

19 → VP → VP Possible IPD†‡

*Difference in diagnosis between evaluations of neuroimaging data (A and B).
†Difference in diagnosis based on data of A and C.
‡Difference in diagnosis based on data from B and C.

PSP = progressive supranuclear palsy; Normal 5 no significant deviation in dopaminergic and overall function; VP 5 vascular
parkinsonism; CBD 5 corticobasal degeneration; DLB 5 dementia with Lewy bodies; ↓ 5 significant decrease in observed level of

DAT availability; → 5 no notable deviation from normal.
11C-PE2I BPND and 123I-FP-CIT SPECT images reflect DAT availability, whereas11C-PE2I R1 and 18F-FDG PET images mirror overall

brain functional activity.
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medicine specialists. In contrast, for patient 5, all investigations
were performed within 3 mo, and the same patterns were found
for the novel and routine evaluations. For both cases, however, the
poor effect of medication speaks rather for non-IPD parkinsonism
than IPD, which may become more obvious at later stages, and
additional imaging of overall brain functional activity may confirm
this hypothesis.
After the neuroimaging evaluation (either routine or novel), in

about half of patients the clinical diagnosis was not consistent with
the imaging results. This outcome was not unexpected, as most of
the referred patients either had a poor response to medication or
had symptoms and findings not typical of IPD. Further, in
a clinicopathologic study the accuracy of the clinical diagnosis
of IPD did not exceed 76% (1), whereas in about 52% of patients
with parkinsonism the clinical diagnosis was changed after 123I-
FP-CIT SPECT imaging (3). Those results emphasize the value of
novel imaging approaches for differential diagnosis of Parkinso-
nian disorders. However, further comparison of 11C-PE2I R1 with
18F-FDG in an extensive prospective clinical study is needed to
extend insights and experience in the assessment of overall brain
functional activity and to develop a generic approach with a high
degree of diagnostic consensus. Age-matched control material would
further help discriminate the causes of parkinsonism, especially for
implementation of support from computerized evaluations.
One patient showed significant cerebellar neurodegeneration

and was identified as having MSA with atrophy related to the
cerebellum (Fig. 3). As a consequence, regional normalized 18F-
FDG uptake values, as well as 11C-PE2I R1 values, were signifi-
cantly above the average. This outlier could potentially affect the
correlation and regression analyses in this relatively small sample
and was, therefore, excluded. Importantly, the generation of para-
metric 11C-PE2I R1 and BPND images may also be affected when
cerebellum is used as the reference region. Supervised clustering
methods for extracting reference tissue curves (36) may be used to
overcome a potential bias of 11C-PE2I R1 and BPND estimates, and
an implementation for this kind of data is under investigation.
A clinical implementation of 11C-PE2I PET for differential di-

agnosis of parkinsonian disorders has several advantages over 123I-
FP-CIT SPECT and 18F-FDG PET imaging with respect to data
quality, radiation dose, and scanning logistics. One advantage is
that PET images have a higher resolution than SPECT images. The
data quality is further improved by the use of established kinetic
models for generation of parametric images, which allow valid
voxelwise analysis. In addition, the radioligand 11C-PE2I binds
highly selectively to DAT, whereas 123I-FP-CIT SPECT also has
high affinity for serotonin transporters and moderate affinity for
norepinephrine transporters (15), causing an overestimation of
DAT availability (16). When using solely a single 11C-PE2I PET
scan, the radiation dose is reduced by approximately 70% from
about 8.4 mSv for the combination of 123I-FP-CIT SPECT (8) and
18F-FDG PET (37) to about 2.5 mSv for 11C-PE2I PET (38). From
a patient perspective, a single scan is more convenient than a dual
examination. Further, the preparation time before scanning can be
up to 6 h for a 123I-FP-CIT SPECT scan but less than 30 min for an
11C-PE2I scan. One disadvantage is that from a kinetic modeling
perspective an 11C-PE2I scan should be at least 70 min (21) to
reliably quantify striatal DAT, which certainly increases the risk
for significant movement or for the patient’s being unable to com-
plete the examination. Currently, we are investigating methods for
shortening the total examination time. Another disadvantage is
that 11C-PE2I has to be produced in a PET facility with its own

production capacity because of the limited half-life of 11C. In
contrast to 18F-tracers, 11C-PE2I can therefore not be transported
over long distances. On the other hand, differential diagnosis of
parkinsonism used to take place at specialized hospitals, which
often have, besides a PET scanning facility, their own tracer pro-
duction facility at good-manufacturing-practice level. At our fa-
cility, 11C-PE2I production was robust and yielded batches for
scanning 2–4 patients. Balancing the pros and cons of the imple-
mentation of 11C-PE2I for differential diagnosis of parkinsonian
disorders, we anticipate that the advantages strongly overrule the
disadvantages in a clinical setting with a good-manufacturing-
practice tracer production facility.
The present study was subject to some limitations. One was

the study population, which was restricted to 16 patients. The
complexity of a study with 4 imaging occasions was demanding
for this category of patients. Further, the referred patients were
extremely challenging in terms of health status and diagnosis and
were not representative of the total population with parkinsonism.
Most of the patients were diagnosed as having IPD or MSA,
with other disorders being constrained to a single case or not
represented at all. In addition, the diagnoses should be considered
as possible or probable clues of the clinical cases, as the patients’
parkinsonism may be further elucidated at later stages and only
pathologic data can confirm the diagnoses. Further, neuroimaging
examinations were performed on different occasions, and disease
progression might have affected the comparisons. However, we
judged that a 12-mo imaging period was reasonable from both
a recruitment perspective and an evaluation perspective. Finally,
medication of the patients could have influenced the results. For
example, most patients were taking dopaminergic medication
(Table 1), which might have resulted in enhanced DAT availability
(39). Some patients received depression medication, which may
cause an underestimation of DAT availability, especially 123I-FP-
CIT SPECT values (16,40). The impact of medication on the
results should, however, be limited as every patient was his or
her own control. Despite some limitations, the present study sup-
plied valuable information on the feasibility of the clinical use of
11C-PE2I for discrimination of parkinsonian disorders, and some
critical issues will be addressed in later studies.

CONCLUSION

This study provided sufficient evidence that parametric 11C-PE2I
images can be clinically used to evaluate parkinsonian disorders.
11C-PE2I BPND PET images, mirroring dopaminergic function
through DAT availability, were superior to 123I-FP-CIT SPECT
images both in image quality and in data quality, confirming that
11C-PE2I can substitute for 123I-FP-CIT in DAT assessments. Fur-
thermore, 11C-PE2I R1 images, depicting overall brain functional
activity, correlated strongly with 18F-FDG images, reflecting the in-
terrelationship of relative CBF and glucose metabolism. On visual
inspection, a discrepancy of 25% was found between the imaging-
based diagnosis using parametric images of 11C-PE2I and the one
using 123I-FP-CIT SPECT and 18F-FDG PET. The distinct altera-
tions of overall brain functional activity, observed in 11C-PE2I R1

images, should be further investigated in a large-scale prospective
study on patients with various parkinsonian disorders to develop
a generic approach with a high degree of diagnostic consensus.
A single, dynamic 11C-PE2I PET investigation is a powerful

alternative to the combination of 123I-FP-CIT SPECT and 18F-
FDG PET as a clinical routine for a differential diagnosis of par-
kinsonian disorders.
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