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Abstract: [**C]PE2I is a highly selective dopamine transporter PET ligand. Parametric images based on dynamic
[*C]PE2I scans, showing dopamine transporter availability (BP,,) and relative cerebral blood flow (R,), can be used
in differential diagnosis of parkinsonism. This work aimed to investigate a shortened scan duration and automated
generation of parametric images which are two prerequisites for routine clinical application. Twelve subjects with
parkinsonism and seventeen healthy controls underwent 80 min dynamic [*'C]JPE2I PET scans. BP, and R, images
were generated using cerebellum reference region defined on a co-registered MRI, as well as a supervised cluster
analysis (SVCA)-based reference. Initial 20, 30 and 40 min of the scans were extracted and images of standardized
uptake value ratio (SUVR) and R, were computed using MRI- and SVCA-based reference. Correlation was high be-
tween striatal 80 min MRI-based BP,j and 40 min SVCA-based SUVR-1 (R?=0.95). High correlation was also found
between R, values in striatal and limbic regions (R*>0.91) whereas correlation was moderate for cortical regions
(R?=0.71). The results indicate that dynamic [**C]PE2I scans can be restricted to 40 min and that SVCA can be used
for automatic extraction of a reference region. These outcomes will support routine applications of [**C]JPE2I PET in
clinical settings.
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Introduction be able to provide patients with correct progno-
sis and choice of treatment.

Parkinsonism is a clinical syndrome character-

ized by bradykinesia, rigidity, tremor and pos-
tural instability. It is most commonly caused by
Parkinson’s disease (PD) but there are other
neurological conditions such as multiple sys-
tem atrophy (MSA), progressive supranuclear
palsy, corticobasal degeneration and dementia
with Lewy bodies, with overlapping clinical
symptoms. In addition, there are some non-
neurodegenerative disorders such as vascular
parkinsonism and drug-induced parkinsonism
with symptoms resembling PD. Differential
diagnosis can be difficult to obtain based on
clinical symptoms, but is of great importance to

The dopamine transporter (DAT) is a transmem-
brane protein responsible for the reuptake of
dopamine in the synaptic cleft. Decreased DAT
availability is associated with various neurolo-
gical disorders such as Parkinson’s disease
[1, 2]. The carbon-11 labelled cocaine analog
N-(3-iodoprop-2E-enyl)-23-carbomethoxy-3[3-
(4-methyl-phenyl)nortropane ([**C]PE2I) is an
established positron emission tomography
(PET) ligand for imaging of DAT and has shown a
marked accumulation in the striatum where the
concentration of DAT is high [3-7]. A straightfor-
ward visual assessment of DAT availability can
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be provided by parametric images where the
binding potential (BP, ) is estimated for each
voxel. Recently, we demonstrated that a basis
function approach of the simplified reference
tissue method (SRTM) [8], receptor parametric
mapping (RPM) [9], using cerebellum as refer-
ence region, is the preferred method for pro-
ducing BP,, and relative delivery (R,) images of
[**C]PE2I [10]. The R, images reflect regional
cerebral blood flow which is a measure of over-
all brain functional activity. A combination of
[**'CIPE2I BP,, and R, has been proposed to
replace the current dual scan approach with
[*23I]FP-CIT SPECT, showing DAT availability, and
[*8F]FDG PET or [**"Tc]HMPAO SPECT, express-
ing overall brain functional activity or blood
flow, respectively, for accurate differential diag-
nosis of patients with parkinsonism [11].
Benefits of the use of [**C]PE2I are improved
patient logistics, a lower radiation dose and
possibly decreased costs, as well as quantita-
tive measures of DAT availability and overall
brain functional activity.

For clinical application of [*!C]PE2! PET as a
routine method for differential diagnosis of par-
kinsonian disorders, there is need for further
development of the scanning protocol and data
evaluation methods. Previous validation stud-
ies [10, 11] have been based on an acquisition
of an 80 min [**C]PE2I PET scan since it has
been demonstrated that such a scan duration
is necessary for robust determination of BP,
[3-5]. However, an 80 min scan duration is not
suitable for routine clinical use in a patient
group suffering from movement disorders and
it would be of great clinical relevance to be able
to shorten the scan protocol. It has previously
been shown that BP, j can be estimated as the
ratio of the activity concentrations in target and
reference regions at transient equilibrium
which is the time at which the specific binding,
calculated as the difference between target
and reference region curves, peaks [12]. This
occurs probably much earlier than after 80 min
and would therefore offer an opportunity for
reduced scan duration whilst still resulting in
quantitative measures of DAT availability. It
should also be validated whether accurate esti-
mation of R, is still possible at these shorter
scan durations.

Another challenge associated with clinical use
of dynamic [**C]PE2l is the need to define a ref-
erence region volume of interest (VOI) for gen-
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eration of parametric images. In previous work
this was done using a co-registered structural
MRI scan which meant an additional scan for
the patient [11], or by manually drawing the
region, which is time consuming. Both would
limit the clinical feasibility of using [**C]PE2I. An
automatic approach to extract a reference time
activity curve (TAC) directly from the dynamic
PET data is the supervised cluster analysis
(SVCA) method [13] which has previously been
suggested for (R)-[*!C]PK11195 [13, 14],
[MCIPIB [15], [*C](R)-rolipram [16] and
[F1C]TMSX [17] and has demonstrated a robust
and reliable alternative to traditional template-
based or manual definition of reference re-
gions. The SVCA algorithm segments voxels in
the dynamic PET volume based on their time
activity curves with no spatial constraint, i.e.
the whole brain. Voxels with TACs most resem-
bling the kinetic behaviour of the proposed ref-
erence region are selected and a reference TAC
can be obtained. Although the principles of an
implementation of the SVCA algorithm are
similar for each tracer, this method needs to be
validated for [*!C]PE2I.

The aims of the present study were therefore:
(1) to investigate a shortened acquisition time
for determination of both DAT availability and
overall brain functional activity, and (2) to vali-
date a supervised cluster analysis method for
automatic extraction of a reference time activi-
ty curve directly from the dynamic [**C]PE2I
data in order to enable automated generation
of DAT availability and overall brain functional
activity images.

Materials and methods
Subjects

Data from 29 subjects were included in this
study: 12 subjects clinically diagnosed with
parkinsonism (7 women and 5 men, mean age
70 £ 6 years), 12 healthy controls (HC; 4 women
and 8 men, mean age 47 * 8 years) and 5 addi-
tional healthy subjects (men, mean age 25 + 4
years) included as a separate set of data for
definition of kinetic classes in the SVCA algo-
rithm. The 12 subjects with parkinsonism all
had notable reduction in striatal DAT availability
based on ["'C]PE2I BP, S images and their char-
acteristics have been described previously by
Appel et al. [11]. Written informed consent was
obtained from each subject and the study was
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approved by the regional board of medical eth-
ics in Uppsala.

Data acquisition

[**C]PE2I was synthesized using previously
described methods [4, 18]. Each subject under-
went a dynamic [**C]PE2! PET scan on an ECAT
Exact HR+ scanner (Siemens/CTl, Knoxville). A
10 min transmission scan with rotating %8Ge
rod sources was performed for attenuation cor-
rection. Then, an 80 min emission scan in
3-dimensional acquisition mode was started
simultaneously with the injection of about 350
MBq [**C]PE2I. Twenty-two frames of increasing
durations (4x1, 2x2, 4x3, 12x5 min) were
acquired and dynamic images were recon-
structed using ordered subset expectation
maximization (OSEM) using 6 iterations and 8
subsets and a 4 mm Hanning post-filter, apply-
ing all appropriate corrections. In addition,
each subject underwent a Tl-weighted MRI
scan (3D-SENSE) for anatomical information on
either a 1.5 Tesla or a 3 Tesla Achieva scanner
(Philips Healthcare, Best, The Netherlands).

Image analysis

Dynamic [*'C]PE2I PET images were realigned
to correct for inter-frame patient motion using
VOlager (GE Healthcare, Uppsala, Sweden). The
sum of the first three frames of the [**C]PE2I
PET scan was used for co-registration of the
MRI scan based on a 6-parameter rigid trans-
formation and MR images were segmented into
grey matter, white matter and CSF using statis-
tical parametric mapping (SPM8; Wellcome
Trust Center for Neuroimaging, University
College London, UK). Grey matter VOIs were
defined on the co-registered MR images apply-
ing an automated probabilistic VOI template as
implemented in the PVElab software [19].

Parametric BP,; and R, images were generated
using receptor parametric mapping (RPM) [9]
with cerebellar grey matter as reference region.
RPM is an implementation of SRTM [8] using a
set of predefined basis functions to linearize
the model and estimating BP, ; and R, for each
voxel. One hundred basis functions were pre-
defined for each scan with a discrete set of val-
ues for the exponential variable ranging from
0.01 to 0.5 min™. Weights were included in the
data analysis to take into account the different
counts in each frame.
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Acquisition time

To evaluate the possibility of a shortened scan
protocol, different durations of the acquired
data were considered: the first 20 min (10
frames), 30 min (12 frames) and 40 min (14
frames) of the original 80 min [*!C]PE2I data.
Since scan durations as short as 40 min are
not sufficient for BP,  calculations of [**C]PE2I
[3, 4], DAT availability was approximated using
standardized uptake value ratio (SUVR) images
for the last two frames of each data set (14-20
min, 20-30 min and 30-40 min) and BP,, was
estimated as SUVR-1. In addition, parametric
R, images were generated for each shortened
data set using RPM [10].

Supervised cluster analysis

A SVCA algorithm specific for [**C]PE2I was
developed in Matlab (Mathworks, Natick MA).
For this purpose, a set of five kinetic classes
was predefined on dynamic [**C]PE2I data from
the five healthy subjects, that were specifically
included for this purpose only in order to have
an unbiased evaluation of the subjects includ-
ed in the analysis: grey matter cerebellum (cor-
responding to non-specific binding), striatum
(corresponding to high specific binding), white
matter, blood and a class to collect remaining
voxels. The definition of the classes other than
grey matter cerebellum was aimed at avoiding
inclusion of their associated voxels in the cere-
bellum class. Cerebellum, striatum and white
matter classes were defined using the MRI-
based VOIs generated with PVElab. The blood
class was defined as voxels with a value higher
than 30% of the maximum voxel value during
the initial 60 seconds (first frame) on the ten
most caudal slices, and the class for the
remaining voxels was defined as voxels with a
value between 2% and 20% of the maximum
value on a sum of the first six minutes (frames
1-5). The TACs from each class were normalized
to their respective area under the curve.

In order to generate reference time-activity
curves for each of the 12 patients with parkin-
sonism and 12 healthy controls, the TACs of
each voxel in the dynamic data sets were nor-
malized to their area under the curve. A non-
negative least-squares algorithm was used to
find a linear combination of the probability for
each voxel to correspond to each kinetic class.
Different limits of the probability of the voxels
to belong to a class were investigated using five
different thresholds; 0.7, 0.8, 0.9, 0.95 and 1.
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Figure 1. Parametric [**C]PE2I images of a patient with probable PD. A. Com-
parison of BP  and SUVR-1 images (top row) and R, images (bottom row) of
different scan durations with an MRI-based reference region. B. BP,, and
SUVR-1 images (top row) and R, images (bottom row) of different scan dura-

tion with an SVCA-based reference region.

Voxels with a probability higher than, or equal to
(in the case for 1), the threshold, were assigned
to that specific class. The voxels selected for
the cerebellum class were regarded as refer-
ence region and a mean of the TACs of the
selected voxels was calculated. The SVCA-
extracted reference TAC was then used as input
function to generate new parametric BP, j and
R, images for the full 80 min [*'C]PE2I data and
SUVR-1 and R, images for the shortened data
sets.

Data evaluation

Quantitative evaluation was performed by re-
trieving regionally average voxel values by pro-
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jecting the MRI-based VOls,
originating from PVELab, on
the BPND, SUVR-1 and R1 imag-
es. For BPND and SUVR-1, the
evaluation was restricted to
a striatal region (putamen
and caudate nucleus). For R,
three sets of VOIs were anal-
ysed separately; striatum (pu-
tamen and caudate nucleus),
a cortical group (frontal-, pari-
etal-, occipital, somatosenso-
ry and motor cortex) and a
limbic group (thalamus, hypo-
thalamus, hippocampus and
amygdala). Left and right
sides of each VOI were used
separately. BP,, and R, val-
ues based on 80 min [*C]
PE2| data were considered as
the established standard in
the following comparisons
related to reduced scan dura-
tions and use of SVCA. All sta-
tistical evaluations were per-
formed using GraphPad Prism
(GraphPad Software, La Jolla,
Ca, USA).

Acquisition time

In the first step, BP, and R,
values of the complete 80
min data set with MRI-based
reference (BPND-MRI-SO’ Rl—MRI-SO)
and SUVR-1 and R, values
of the shortened data sets wi-
th MRI-based reference (SU-

VR-1 SUVR-1 SUVR-
1MRI—40 and Rl—MRI—2O’ Ri—MRI—?:O and Rl—MRI—40) were
compared. Correlation and agreement were
assessed using the square of the correlation
coefficient (R?) and slope of orthogonal
regression.

MRI-20’ MRI-30’

Supervised cluster analysis

Inthe second step, relationships between the es-
timates of BP, ; and R, with MRI-and SVCA-bas-
ed reference, for the complete 80 min data set,
were investigated, i.e. BP0 .0 VS BP , «cas0
and R, 40 VS Ry qycasor R @nd slope of orthog-
onal regression analysis were used to compare
the two reference methods. The different

thresholds used for SVCA were evaluated in
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Figure 2. Relationship between 80 min acquisition time and extracted data
limited to the first 20-40 min of (A) striatal BP, ; and SUVR-1 values, (B) stria-
tal R, values, (C) cortical R, values and (D) limbic R, values all based on
an MRI-defined cerebellum reference region. Open symbols correspond to a
parkinsonian subject with a probable diagnosis of MSA with atrophy in cer-
ebellum and this subject is not included in the statistical analysis. For (B-D)

the values of different scan durations are overlapping.

ans of both groups divided by
the pooled standard devia-
tion. This gives the effect size
expressed in number of po-
oled standard deviations and
was used as a further indica-
tion of an acquisition time
sufficient for determination of
DAT availability.

Table 1. Square of Pearson’s correlation coefficient (R?) and slope

of orthogonal regression relative to 80 min BP and R,

Results

Striatal ) ) N
Acquisition time  SUVR-L Striatal R, Cortical R, Limbic R, Acquisition time
R? Slope R? Slope R? Slope R? Slope p o ¢ SUVRL
40 min 0.87 0.64* 099 098 1.00 1.01* 1.00 1.01 arametric images o A
) and R, of the shortened data
30 min 0.82 0.39* 0.99 0.98* 1.00 1.02* 0.99 1.01 1 .
sets compared to 80 min BP, |
20 min 0.78 0.24* 0.98 0.98 0.99 1.03* 0.98 1.03*

and R, images from one par-

All values are based on an MRI-defined cerebellum reference region. *: slope

significantly different from 1.

terms of their accuracy in describing the
MRI-based cerebellum TAC, calculated as the
residual sum of squares (RSS). In addition, R?,
slope and bias were calculated between BP,
and R, values with MRI-based reference region
and SVCA-based reference with different th-
resholds.

Combination of shortened acquisition time
and supervised cluster analysis

To evaluate the combination of a shorter acqui-
sition time and SVCA, values retrieved from
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kinsonian subject are given in
Figure 1A and from one HC in

Supplemental Figure 1A. RPM
produced visually similar R, images for the dif-

ferent scan durations while SUVR-1 values
decreased with shorter scan duration but dem-
onstrated the same pattern of DAT availability
for all data sets.

Relationships between BP . .. values and
SUVR-1,. o SUVR-L . and SUVR-1 val-
1-MRI-80 val-

ues in striatal regions, and between R
1-MRI-207 1-MRI-30 1-MRI-40 Va'UeS n

ues and R R and R
striatal, cortical and limbic regions are shown
in Figure 2, with the corresponding R? and

MRI-40
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Figure 3. (A) Normalized time activity curves of the predefined kinetic classes
used for SVCA, (B) MRI-based cerebellum reference region from PVElab, (C)
SVCA extracted reference region, (D) the four remaining SVCA-regions.

clearly visible. These outliers
correspond to a parkinsonian
subject with a probable diag-
nosis of MSA with cerebellar
atrophy. The lower uptake of
tracer in cerebellum in this
patient induces overall higher
R, values, but it does not
affect the BP, values. How-
ever, data from this subject
were excluded in all statistical
analysis because it resulted
in artificially high correlations
when R, values for different
scan times were compared.

Supervised cluster analysis

The results of the evaluation
of the different thresholds for
SVCA are given in Supple-
mental Table 1. Mean RSS of
all subjects was lowest for a
threshold of 1 and gradually
increased with decreasing
threshold. For some individu-
als, a threshold equal to 1
only allowed very few voxels
to be included in the refer-
ence region, and was thus
discarded. High correlations
were found between BP
wriso ANA BP o qichg0 With dif-
ferent thresholds (R?>0.98)
and slopes close to one, but
large negative biases for
thresholds of 0.9 and higher.
Comparisons between R -
and R, g c.g With different
thresholds gave a lower corre-
lation (R? between 0.85 and
0.89), with the largest bias for

slope values given in Table 1. Correlations
between striatal BP .o, and SUVR-1 _
and SUVR-1, . ,, were high (R>=0.82 and 0.87
respectively), and slightly lower for SUVR-1, _ . .
The slope values showed an underestimation
of SUVR-1 relative to BP, ... s, Which increased
with shorter scan duration. For R, of the short-
ened data sets, the correlations and slope val-
ues were equal or close to one for all regions
and scan durations compared to R . ... All
correlations were significant (p<0.0001).

In the regression plots of R, (Figure 2B-D) a
small number of values exceeding 1.5 are
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a threshold of 0.7. As a compromise a threshold
of 0.8 was chosen.

TACs of the five predefined kinetic classes are
shown in Figure 3A. Reference regions obtained
from the MRI-based template and from the
SVCA-based method, with voxels correspond-
ing to the non-specific binding class, are shown
in Figure 3B and 3C respectively and VOIs of
remaining four SVCA classes are given in Figure
3D, for one subject. While the MRI-based refer-
ence VOI is limited to the cerebellum, the SVCA-
based reference VOI also includes a substantial
number of voxels in cortical regions, due to

Am J Nucl Med Mol Imaging 2017;7(6):263-274
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Figure 4. (A-D) Relationship between the full 80 min acquisition time with MRI- and SVCA-based reference for (A) striatal BP, ; values, (B) striatal R, values, (C) corti-
cal R, values and (D) limbic R, values. (E-H) Relationship between 80 min scan duration with MRI-based reference and extracted data limited to the first 20-40 min
with SVCA-based reference of (E) striatal SUVR-1 values, (F) striatal R, values, (G) cortical R, values and (H) R, values in limbic regions. Open symbols correspond to
a parkinsonian subject with a probable diagnosis of MSA with atrophy in cerebellum and this subject is not included in the statistical analysis.
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Table 2. Square of Pearson’s correlation coefficient (R?) and slope
SUVR-1 and R, with SVCA-based

of orthogonal regression of BP, ,,

BP o.mris0 Values, but high cor-

relations were found for all

reference region relative to 80 min BP, and R, with MRI-defined scan durations (R%>0.85).

cerebellum reference region R sversor Risveasor Risveaso Val-

Striatal ‘ ‘ o ues were slightly overestimat-

Acquisition time BP,_/SUVR-1 Striatal R,  Cortical R, ~ Limbic R, ed compared to R, ., ., in both

R2 Slope R® Slope R® Slope R® Slope st.riatal ar.1d limbic regions b2ut

80 min 099 101 094 1.11* 0.64 094 0.88 1.11* \gltgg g gﬁgh h(_:lorrellat'on (R*=

40 min 0.95 0.70* 0.94 1.10* 0.74 1.06 0.91 1.13* Ia'tior; V\'Ias)fz)vur']gﬁ]fr‘]"é eéo(ﬁiréz
30 min 0.91 0.47* 0.93 1.10* 0.68 1.02 0.89 1.47* . .

region for all scan durations

20 min 0.85 0.31* 0.89 1.15* 0.59 0.94 0.83 1.28* (R?<0.71). Both SUVR'lsVCA-zo

*: Slope significantly different from 1. and Rl—SVCA-2O showed a lower

correlation with BP . .. and

similar kinetics of [**C]PE2I in these regions as R, wriso than the longer scan durations, for all

in cerebellum. regions.

Parametric images of BP ¢ c.s0 @Nd R

1-SVCA-80
compared to BP0 oo @nd R, .. .. respective-
ly, are given in Figure 1B for one parkinsonian
subject and in Supplemental Figure 1B for one
HC. Visually, the images are very similar, but
overall R, ;.. o Values were slightly higher than
R, wriso Values. The relationships between BP,
wrigo @nd BP o .o IN striatal regions, and
between R, ...oo @and R, ..., IN striatal, corti-
cal and limbic regions are given in Figure 4A-D
with the corresponding correlations and slope
values in Table 2. Correlation and agreement
between striatal BP ;¢ 1 g0 @Nd BP, 11rie0 WETE
high (R>=0.99 and slope =1.01). High correla-
tions were also found between R, .. and
R, svengo N Striatal and limbic regions (R*=0.94
and 0.88 respectively and slope =1.11 for
both), whereas only a moderate correlation was
noticed for the cortical region (R?>=0.64 and
slope =0.94). All correlations were significant

(P<0.0001).

Combination of shortened acquisition time
and supervised cluster analysis

Parametric images of SUVR-1_ . .., SUVR-
1SVCA-30’ SUVR._:I'SVCA-ZO and Rl—S\/CA-40’ Rl—SVCA-Sq and
R sveaso @re given in Figure 1B for one parkinso-

nian subject and in Supplemental Figure 1B for
one HC. The relationships between striatal

BPND-MRI-SO and SUVR_lSVCA-élO' SUVR_:I‘SVCA-SO and
SUVR-1,.,,, are given in Figure 4E, and
betWeen R1—MRI-80 and Rl—SVCA-4O’ Rl—SVCA-3O and
R sveaso 1N striatal, cortical and limbic regions

are given in Figure 4F-H. Corresponding corre-
lation and slope values are given in Table 2.

SUVR-1 and SUVR-1

SUVR_lSVCA—AlO' S\_/CA730 . SVCA-20
values were underestimated relative to the
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BP,, and SUVR-1 values in putamen of the two
groups separately are shown in Figure 5A for
the full 80 min data with both MRI- and SVCA-
based reference region, and for the shortened
data sets with SVCA-based reference. There
was a significant difference between the groups
for all scan durations (p<0.0001). The effect
size (Cohen’s d) is shown in Figure 5B. Cohen’s
d values were >4 for all acquisition times with
SVCA-based reference, indicating a high degree
of discrimination between patients with parkin-
sonism and HC in the complete and shortened
datasets.

Discussion

In this study, a clinically feasible scan protocol
and analysis method for dynamic [**C]PE2I| PET
data were evaluated. Previous studies have
shown that parametric images of dynamic
[*'C]PE2I data can be computed using RPM
[10], a basis function implementation of SRTM.
It has also been shown that parametric BP
and R, images of a single PET scan with
[*'C]PE2I can be used in the differential diag-
nosis for patients with parkinsonism, giving
essentially the same information as a dual
scan approach to asses DAT availability and
overall brain functional activity in two separate
scans with [*23[]FP-CIT SPECT and [*®F]FDG PET
[11]. Major drawbacks for clinical use of
[*'C]PE2I, especially for patients suffering from
neurodegenerative diseases and movement
disorders, are the long scan time required and
the need for a structural MRI for reference
region definition, which involve an additional
scan for the patient and additional cost for
the health care system. To address these
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d is equal to or larger than 4
for all scan durations, indicat-
ing that there is a probability
of less than 5% that SUVR-1
of a patient with an apprecia-
ble degeneration of DAT avail-
ability in putamen falls within
the 95% confidence interval
of the control group. This
result should, however, be
considered with some caution
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Figure 5. A. BP,, values of the full 80 min acquisition time, with both MRI-
and SVCA-based reference region, and SUVR-1 values of 40, 30 and 20 min
scan duration in putamen, with SVCA-based reference region, for the healthy
controls and the subjects with parkinsonism. Horizontal bars showing mean
and standard deviation of each group. B. Standardized difference of the
mean (Cohen’s d) of BP, ; and SUVR-1 values in putamen between subjects
with parkinsonism and healthy controls for varying scan durations.

issues, validation of a shorter scan acquisition
time for [*!C]PE2I and a supervised clustering
method to obtain a reference TAC directly from
the dynamic PET data was reported in this
paper.

As mentioned in the introduction, SUVR corre-
spond best to BP, S during transient equilibrium
which is the time at which the specific binding,
calculated as the difference between putamen
and cerebellum curves, peaks. For [**C]PE2I,
this difference is approximately constant after
30 min p.i.,, which supports the use of the
30-40 min interval for measurement of SUVR.
However, transient equilibrium is reached fast-
er in patients than in subjects without neurode-
generation in putamen, which explains the rela-
tively larger underestimation of SUVR-1 relative
to BP,, in the control group compared to the
patient group, and hence the reduced discrimi-
nation between groups for shorter scan dura-
tions as shown in Figure 5A.

Shorter scan durations led to decreasing cor-
relation and agreement between SUVR-1 val-
ues and BP, values based on an 80 min acqui-
sition time, irrespective of the use of an
MRI-based or SVCA-based reference region.
The relative importance of this should be seen
in terms of how well each method can discrimi-
nate between subjects with normal and abnor-
mal DAT function. As Figure 5B shows, Cohen’s
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40 30 20 as the mean age of the

patients with parkinsonism
was significantly higher than
the control group. Previous
PET studies have reported an
age-related decline of striatal
DAT of about 6-8% per decade
[20, 21] which would have
decreased the difference
between the two groups if
they had been of the same
age. Even though we could have corrected our
BP,, values for the age difference we do not
know the exact effect of age on SUVR. However,
a scan duration of 40 min still appeared to be
sufficient for discrimination between groups
with and without neurodegeneration in puta-
men but further studies are needed with age-
matched controls. Previous studies have also
reported a gender difference in DAT availability
in both PD [22] and controls [23], with female
subjects exhibiting greater DAT activities in stri-
atal region but also a possible greater age-
related decline than men. This is not consid-
ered in the present work due to the limited
sample size and we do not believe such effects
would affect our conclusions.

Scan durations as short as 20 min did not
affect the quantitative accuracy of R, values to
any major extent as long as an MRI-based refer-
ence region was used (Figure 2). Cortical R, val-
ues based on an SVCA reference region, how-
ever, correlated only moderately with those
estimated using an MRI-based reference
region, especially for 20 min scan duration.
One reason for the lower correlation in cortical
R, values compared to striatal and limbic val-
ues is the relatively narrow range of cortical R,
values and the fact that the SVCA-based refer-
ence region includes a large number of cortical
voxels (Figure 3B) may also be of importance.
However, the correlation between MRI- and
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SVCA-based cortical R, values within-subject
as opposed to the across-subject correlations
shown in Table 2, was 0.99 on average (range
0.96-1.00) for scan durations down to 30 min
and slightly lower, 0.98, for 20 min. As we have
previously shown, R, images based on 80 min
[11C]PE2I data correlated strongly with [*F]FDG
images [11]. R, images based on shorter scan
duration of [**C]PE2I and with SVCA-based ref-
erence need to be further evaluated in clinical
data and compared to [*®F]FDG images. The
high within-subject correlation between SVCA-
and MRI-based R, values in cortex, indepen-
dent of scan duration, suggests that the ability
to discriminate between different parkinsonian
syndromes is unaffected by shorter scan dura-
tions and the use of SVCA.

The SVCA reference region extraction has previ-
ously been proposed for a number of different
brain PET tracers [13-17]. The method has
proven useful in tracers where a specific refer-
ence tissue is difficult to define, as for example
in [*'C]PK11195, as well as for tracers were a
reference region does exist, for example in
[**C]PIB and as shown here for [*'C]PE2I. A pos-
sible challenge of SVCA is that the timing and
speed of the bolus injection, as well as the
characteristics of the PET scanner and recon-
struction method, may affect the relative
shapes of the TACs making similar tracer
administration, data acquisition, and data
pre-processing routines important.

One parkinsonian patient showed a significant
cerebellar neurodegeneration and was identi-
fied as having MSA with atrophy related to cer-
ebellum [11]. As a consequence of using an
MRI-defined cerebellum VOI as reference
region, the R, values were significantly above
average. When using an SVCA-based reference
TAC, the R, values were no longer overestimat-
ed. This indicates that the part of cerebellum
suffering from neurodegeneration was not
included in the SVCA-based reference region
due to a different kinetics and that an advan-
tage of SVCA is that it can be used to overcome
such biases in the R, estimates.

Another possibility for acquiring both DAT avail-
ability and overall brain functional activity
based on a single administration of [*!C]PE2I
would be a scan approach where the patient is
scanned for 20 min p.i. to measure R, followed
by a second scan between 60 and 80 min p.i.
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to measure SUVR. As we have demonstrated
previously, agreement between 80 min BP
and SUVR-1 at 60-80 min p.i. with MRI-based
reference is slightly better than at the earlier
intervals assessed in the present work [10].
However, this would both complicate patient
logistics and automated analysis because of
the need for additional co-registration between
the early and late scans. In addition, an equal
correlation is found between BP . .~ and
SUVR-1 ., ., @nd the separation between the
parkinsonism group and the control group
appears sufficient at this time interval.

A challenge associated with the clinical imple-
mentation of [*!C]PE2I is that it can only be
used at a PET-facility with on-site production
because of the 20.4 min *C half-life, in con-
trast to [*23I]FP-CIT or *8F-labelled DAT ligands
such as [*8F]FE-PE2I [24]. On the other hand,
differential diagnosis of parkinsonism generally
takes place at specialized hospitals, which
often have access to a cyclotron. In addition,
the use of a [**C]PE2I scan results in about 70%
reduction of radiation exposure to the patients
compared to the dual scan approach with
[8F]FDG and [**3I]FP-CIT [11], but also com-
pared to a scan with [*8F]FE-PE2I using the
same amount of radioactivity [25].

Conclusion

An acquisition time of 40 min is sufficient for
generating quantitatively accurate parametric
[**'C]PE2I SUVR-1 and R, images, showing DAT
availability and overall brain functional activity
with high correlation to those based on 80 min
acquisition time. Furthermore, SVCA provided
an automated method for extracting a reliable
reference TAC directly from the dynamic
[*1C]PE2I with a high agreement compared to
an MRI-based reference for both SUVR-1 and
R,. SUVR-1 values based on 40 min [*'C]PE2I
data and with SVCA extracted reference TAC
could adequately discriminate between con-
trol subjects and parkinsonian patients suffer-
ing from degeneration of DAT availability in
putamen.
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Supplemental Figure 1. Parametric [**C]PE2I images of a healthy control.
A. Comparison of BP, ; and SUVR-1 images (top row) and R, images (bottom
row) of different scan durations with an MRI-based reference regjon. B. BP |
and SUVR-1 images (top row) and R, images (bottom row) of different scan
duration with an SVCA-based reference region.

Supplemental Table 1. Residual sum of squares (RSS), square of
Pearson’s correlation coefficient (R?), slope of orthogonal regres-
sion and bias of BP,j and R, with SVCA-based reference region
with different thresholds relative to 80 min BP, j and R, with MRI-
defined cerebellum reference region

Striatal, cortical

SVCA-based Striatal BPy, and limbic R
threshold 1
RSS R? Slope Bias+SD R? Slope Bias +SD

0.7 62.92 0.99 1.01 -0.03+0.25 0.89 1.13* -0.10 +0.06
0.8 45.28 0.99 1.01 -0.06 +0.27 0.88 1.09* -0.08 + 0.06
0.9 31.24 0.98 1.02 -0.10+0.29 0.88 1.06* -0.05 + 0.06
0.95 27.25 0.98 1.02 -0.15+0.30 0.87 1.04* -0.04 +0.06
1 27.08 0.98 1.03 -0.23+0.31 0.85 1.03 -0.03+0.06

*: slope significantly different from 1.



