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The high-resolution research tomograph (HRRT), dedicated to
brain imaging, may offer new perspectives for identifying small
brain nuclei that remain neglected by the spatial resolution of
conventional scanners. However, the use of HRRT for neuro-
imaging applications still needs to be fully assessed. The present
study aimed at evaluating the HRRT for measurement of the do-
pamine transporter (DAT) binding to validate its quantification
and explore the gain induced by the increased spatial resolution
in comparison with conventional PET scanners. Methods: Fif-
teen and 11 healthy subjects were examined using the selective
DAT radioligand 11C-PE2I with HRRT and HR1 scanners, re-
spectively. Quantification of the DAT binding was assessed by
the calculation of binding potential (BP) values using the simpli-
fied reference tissue model in anatomic regions of interest (ROIs)
defined on the dorsal striatum and in a standardized ROI defined
on the midbrain. Results: Quantification of 11C-PE2I binding to
the DAT measured in the midbrain and striatum with both scanners
at the same spatial resolution (smoothed HRRT images) exhibited
similar BP values and intersubject variability, thus validating the
quantification of DAT binding on the HRRT. For age-paired com-
parison, BP values of subjects examined with HRRT were signifi-
cantly higher than those of the subjects examined with HR1.
The increase ranged from 29% in the caudate and 35% in the pu-
tamen to 92% in the midbrain. The decline in DAT binding with age
in the striatum was in good agreement between bothscanners and
literature, whereas no significant decrease in DAT binding with age
was observed in the midbrain with either HRRT or HR1. Conclu-
sion: HRRT allows quantitative measurements of neurotransmis-
sion processes in small brain nuclei and allows recovering higher
values as compared with coarser spatial resolution PET scanners.
High-spatial-resolution PET appears promising for a more accu-
rate detection of neurobiologic modifications and also for the ex-
ploration of subtle modifications in small and complex brain
structures largely affected by the partial-volume effect.
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An active field in nuclear medicine instrumentation
research is the development of high-resolution PET that
reaches an isotropic spatial resolution of ,3 mm in the
reconstructed images. Therefore, high-resolution PET for
human cerebral application appears promising for the ex-
ploration of subtle neurobiologic modifications as well as
for the identification of small brain nuclei that remain
limited by the spatial resolution of whole-body scanners.

The high-resolution research tomograph ECAT HRRT
(Siemens Medical Solutions) is the only human brain com-
mercial scanner with an isotropic spatial resolution of ,3
mm in all 3 directions for a 20-cm-diameter central field of
view (FOV) (1). In comparison, the previous generation of
scanner, such as the whole-body ECAT EXACT HR1

scanner (Siemens Medical Solutions), has a radial intrinsic
resolution of .5.7 mm over a 20-cm-diameter FOV (2).
This latter scanner has been used routinely for cerebral
imaging for 10 y. The .6-fold improvement of the HRRT
intrinsic volumetric resolution against the HR1 should of-
fer a better accuracy in the measurement of radioactivity
concentrations in small volumes by reducing the partial-
volume effect. However, to fully benefit from the high-
resolution technology of the HRRT, it is necessary to use
specific algorithms for image reconstruction based on
3-dimensional (3D) iterative reconstruction methods (3).
The use of high-resolution and 3D iterative reconstruction
techniques still needs to be assessed for neuroimaging
applications.

Here, we investigated the impact of the gain in spatial
resolution of HRRT on the dopaminergic transmission de-
termination by measurement of the regional 11C-PE2I bind-
ing to the neuronal dopamine transporter (DAT). The DAT
is localized on the presynaptic sites of the dopaminergic
neurons and ensures the reuptake of the synaptic dopamine
into the presynaptic space (4). Thus, DAT appears as a spe-
cific marker of the dopaminergic neurons and acts as a key
factor in the regulation of the dopaminergic neurotransmis-
sion. Modifications of DAT availability have already been
shown in vivo and in postmortem studies in neurologic
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disease, such as Parkinson’s disease, and in psychiatric
and addictive disorders, such as depression, schizophrenia,
attention-deficit hyperactivity disorder, and alcoholism (5).
Most PET studies focused on measurement of the DAT
availability in the striatum, which represents a large dopa-
minergic area with the highest DAT density of the brain.
Nonetheless, measurement of DAT binding in other small
dopaminergic regions, such as midbrain, from which do-
paminergic innervations originate, appears to be of central
interest for the pathophysiology of several neurologic and
psychiatric disorders. Whereas postmortem studies reported
extrastriatal DAT density (6,7), in vivo determination of
extrastriatal DAT binding remains limited (8,9). Telang
et al. had success in studying DAT binding in the thalamus
and limbic and paralimbic brain of living human brain
with 11C-cocaine by averaging the distribution-volume PET
images of a cohort of 17 control subjects (10). In the pres-
ent study, we assessed the reliability of the use of the HRRT
scanner as a necessary step for the prospect of further
clinical studies using high-spatial-resolution PET technol-
ogy. Whereas the use of whole-body scanners such as HR1

has largely been documented and validated for brain imag-
ing, specific data processing of the HRRT still needs to be
assessed. Therefore, we first evaluated the quantification of
the regional 11C-PE2I binding to the DAT in the striatum
and midbrain using HRRT in healthy subjects. Hence, we
compared DAT quantification in HR1 images and HRRT
images matched to HR1 spatial resolution. Second, we
evaluated the gain of the higher spatial resolution of HRRT
on this quantification by comparing values obtained from 2
age-matched groups of healthy subjects scanned on either
HR1 or HRRT at scanner resolution. Because 2 biomedical
research protocols were engaged at the same time using
11C-PE2I and the same methodology, one with the HR1

and the other with the HRRT, we decided to avoid injecting
volunteers twice with the same radioligand for a study of
instrumentation validation. Consequently, the imaging data
compared in this study between both scanners were ob-
tained from 2 different groups of healthy subjects. This
procedure led us to compare whole samples as well as
subgroups restrained to age-matched subjects.

MATERIALS AND METHODS

Subjects
Two different groups of healthy volunteers were examined on

either HRRT or HR1 scanners. Fifteen volunteers (30.8 6 8.6 y;
range, 19–47 y) were examined using the HRRT scanner and 11
volunteers (46.4 6 7.3 y; range, 35–57 y) were examined using
the HR1 scanner. For an age-paired comparison, 6 of the 15 sub-
jects (39.3 6 5.9 y) examined with HRRT were compared with 6
age-paired of the 11 subjects (41.2 6 4.7 y) examined with HR1.
None of the subjects had a history of neurologic or psychiatric
diseases. All volunteers gave their written informed consent after
receiving a detailed explanation of the procedure. The study pro-
tocol was approved by local biomedical ethical committees.

Description of Scanners
Two 3D PET scanners were used: an ECAT EXACT HR1

(HR1) and the second-generation ECAT HRRT (HRRT).
The HR1 is a whole-body scanner with a 58.3-cm transaxial

and 15.5-cm axial FOV (63 image slices of 2.4-mm thickness).
The attenuation coefficients are measured using three 68Ge trans-
mission rod sources.

The HRRT is a dedicated brain imaging system with a 31.2-cm
transaxial and 25.5-cm axial FOV (207 image slices of 1.2-mm
thickness). The second-generation HRRT is made of 2.1 · 2.1 ·
(10 1 10) mm3 dual-layer lutetium oxyorthosilicate (LSO) and
lutetium-yttrium oxyorthosilicate (LYSO—i.e., 70% YSO and
30% LSO) crystals. This crystal configuration allows the scanner
to measure depth of interaction, preserving a good spatial reso-
lution toward the edge of the transverse FOV. The attenuation
coefficients are measured using a 137Cs transmission point source.

Data Acquisition and Processing
MRI Acquisition. For all subjects, T1-weighted 3D images were

acquired using a 1.5-T Signa system scanner (General Electric
Healthcare). MRI parameters included axial slices of 1.3-mm
thickness, a FOV of 24 cm, and an acquisition matrix of 256 ·
256 · 128 voxels, with a voxel’s size of 0.942 · 1.3 mm3. Ana-
tomic MRI was performed for accurate MRI/PET coregistration
and image analysis.

PET Acquisition. The acquisition protocol was similar for both
scanners. The subjects were positioned in the scanner using a
2-dimensional laser alignment. A thermoplastic head mask was
molded to each subject’s face to restrain head movements. A
transmission scan was performed before the intravenous injection
of radiotracer to correct for g-ray attenuation. 11C-PE2I was used
as the radioligand of the neuronal DAT, and it was synthesized
according to previously described methods (11,12). The dynamic
acquisition started at the bolus injection and lasted for 60 min.

On the HR1, the tissue attenuation was measured using a
15-min transmission scan. The mean intravenously injected dose
of 11C-PE2I for the whole sample of subjects was 275.2 6 28.0
MBq, with a mean specific radioactivity of 41.6 6 13.8 GBq/mmol.
The HR1 images were reconstructed with the standard analytic
3D filtered reprojection algorithm (3DRP (13)) and a Hann low-
pass apodization window with a cutoff at the Nyquist frequency.
This reconstruction algorithm has been used routinely on the HR1

for brain imaging over the last 10 y and is considered as a well-
validated technique. The voxel size was 2.4 · 2.4 · 2.4 mm3.

On the HRRT, the tissue attenuation was measured using a
6-min transmission scan. The attenuation map was segmented into
air, soft-tissue, and bone compartments. The mean intravenously
injected dose of 11C-PE2I was 302.0 6 46.5 MBq, with a mean
specific radioactivity of 22.4 6 8.5 GBq/mmol. The HRRT images
were reconstructed with the iterative ordered-subset expectation
maximization (OSEM) 3D method, with corrections for random
and scattered coincidences, attenuation, and normalization in-
cluded in the reconstruction (Ordinary Poisson [OP]-OSEM 3D
(3)). Sixteen subsets were used, and the reconstruction was run for
6 iterations, ensuring convergence of the average voxel value
within the anatomic regions of interest (ROIs) used in the study.
The voxel size was 1.2 · 1.2 · 1.2 mm3.

For the reconstruction protocols used in this study, the spatial
resolution is close to 2.5 mm for the HRRT images and close to
7.0 mm for the HR1. To compare the HRRT and the HR1 data at
matched partial-volume effect, it is necessary to degrade the
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spatial resolution of the HRRT images. A point source was ac-
quired on both scanners for radial distances varying between 1 and
10 cm and reconstructed using the reconstruction protocols de-
scribed above. It was found that the best match in spatial reso-
lution between both scanners was for the HRRT images smoothed
with a 5.5-mm full width at half maximum 3D isotropic and
stationary Gauss kernel. Two sets of HRRT images were used in
the comparative study: one set at the nominal 2.5-mm spatial
resolution (native HRRT) and one set smoothed after reconstruc-
tion with a 5.5-mm 3D Gauss kernel (smoothed HRRT). This
second set has, on average, the same amount of partial-volume
effect in the brain as the HR1 images.

Data Analysis
The 3 sets of PET images were analyzed using a compartmental

model approach by quantifying the binding potential (BP) within
ROIs defined on the dorsal striatum and the dorsal midbrain (sub-
stantia nigra and ventral tegmental area). The BP values obtained
illustrate the specific binding of 11C-PE2I to the DAT and are
expressed as mean 6 SD.

Two different approaches were used for the quantification of BP
in dorsal striatum and mibrain:

• Dorsal Striatum and Cerebellum. Anatomic ROIs were de-
fined individually for each subject. ROIs were drawn on the
dorsal caudate nucleus, dorsal putamen, and cerebellum on
the individual reconstructed MR images (Fig. 1A). After a
mutual information coregistration between MRI and PET
images, the ROIs were transposed over the PET slice to ex-
tract the mean activity concentration values. The mean activ-
ity concentration values in the ROIs for the caudate, putamen,
and cerebellum were calculated and used to generate regional
time–activity curves. These time–activity curves were used to
calculate the 11C-PE2I BP to the DAT in each striatal struc-
ture using the Simplified Reference Tissue Model (SRTM) of
Lammertsma and Hume (14), with the cerebellum as refer-
ence tissue. For that calculation, the general modeling tool of
the Pmod software was used (Pmod2.65; PMOD Technolo-
gies Ltd.). This modeling approximates the tissue of interest
as a single tissue compartment and assumes that both the

FIGURE 1. Examples of MRI and PET
images. (A) MRI axial planes show delin-
eation of anatomic ROIs in caudate (blue
color), putamen (orange color), and cer-
ebellum (green color). (B) Normalized
MRI axial plane shows geometric ROIs
in midbrain (pink color). (C–E) HRRT and
HR1 coregistered frame-summed PET
images on axial (left), coronal (middle),
and sagittal (right) planes: native
HRRT(C), smoothed HRRT (D), and
HR1 (E).
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tissue of interest and the reference region have the same level
of nondisplaceable radioligand binding. Previous studies
validated the suitability of quantification of specific 11C-PE2I
binding using a compartmental approach with reference
region (15).

• Dorsal Midbrain. Geometric standardized ROIs were drawn
on normalized parametric PET images (Fig. 1B). Dopamin-
ergic regions of the midbrain are small (average ROI sizes are
given in Table 1) and barely distinguishable on MR images.
Parametric mapping was performed to alleviate the statistical
noise related to very small ROIs that renders the measure-
ment of BP using SRTM not robust (see Discussion). The
choice of doing normalization was undertaken to reduce the
interindividual variability in brain anatomy and to avoid
errors by the operator in defining ROI in midbrain individ-
ually for each subject. Parametric images were generated
with the pixelwise tool of Pmod. This tool generates BP maps
with time–activity vector in each individual pixel. The
Gunn’s Basis Function Method (BFM), implemented accord-
ing to Gunn et al., was used (16). This method aims at mak-
ing the SRTM more robust for pixelwise applications and is
closely related to SRTM. Therefore, BFM is also well suited
for BP analysis of very small regions such as the midbrain.
As for the SRTM, the cerebellum regional time–activity curve
was provided for the reference tissue. The BP parametric
images were normalized using the Statistical Parametric Map-
ping software (17), version 2 (SPM2; Welcome Department
of Cognitive Neurology), and Matlab 6.5 for Linux (Math
Works). The spatial normalization of parametric images
implies scanner-specific 11C-PE2I BP templates constructed
according to the MRI-based spatial normalization approach
of Meyer et al. (18). The same normalization matrix was used
for both datasets of HRRT images. Such a procedure was
validated previously and used in several studies (19,20). A
spheric ROI was drawn at the level of the dorsal midbrain
on a T1 MR image of MNI (Montreal Neurologic Institute
database). Before ROI analysis, we checked this processing
by overlapping PET parametric images and T1 MR image
representing brain anatomy in accordance with the MNI
space. Moreover, to assess the reliability of quantification of
DAT binding in midbrain from standardized ROI on normal-
ized parametric PET images, we checked the consistency of
the procedure for the whole sample of healthy subjects as
follows: We correlated the striatal BP values obtained from

anatomic ROIs drawn on native PET images for the dorsal
striatum with striatal BP values obtained from a standardized
ROI drawn on normalized parametric BP images. Even if the
ROIs were not exactly the same between normalized and
nonnormalized images, the BP values obtained from both sets
of images were in good agreement (n 5 26; Pearson cor-
relation coefficient 5 0.885; P , 0.0001).

Statistical Analysis
The statistical analysis of the comparison between the regional

BPs for 11C-PE2I of groups scanned on HR1 and HRRT was
performed with the nonparametric Mann–Whitney U test. The
statistical analysis between the regional BPs for 11C-PE2I from
native HRRT images and smoothed HRRT images was performed
with Wilcoxon rank tests. The comparison of variances of mean
BP values obtained from HR1 and both sets of HRRT images was
performed with F tests for variances. According to van Dyck et al.,
who showed that the linear model provides a reasonable age cor-
rection for the study of DAT (21), the age and the radioactive
specific activity effects on DAT binding were examined by linear
regression analyses. In all analyses, the statistical significance was
set at P , 0.05.

RESULTS

The group examined with HRRT (30.8 6 8.6 y) was
significantly younger than that studied with HR1 (46.4 6

7.3 y) (U 5 15.5; P , 0.0001). However, the mean age of
subgroups for age-paired comparison did not differ signif-
icantly (U 5 15.5; P 5 0.7).

Whereas the mean injected dose was not statistically dif-
ferent between groups (U 5 55; P 5 0.2 for the entire
groups and U 5 17; P 5 0.9 for age-paired groups), the
mean radioactive specific activity between groups was sig-
nificantly different, considering the whole samples (42 6

14 and 22 6 9 GBq/mmol for HR1 and HRRT, respec-
tively; U 5 147; P 5 0.001) as well as the age-paired
populations (45 6 17 and 25 6 10 GBq/mmol for HR1 and
HRRT, respectively; U 5 31; P 5 0.03). Taking into
account this large difference in specific activity, we have
checked the influence of radioactive specific activity on the
BP values for the 2 whole samples of subjects by linear

TABLE 1
BP Values in Dorsal Striatum and Midbrain for 3 Sets of Images for Age-Paired Subjects

BP value (mean 6 SD) % increase in BP value:
native HRRT/HR1

Average ROI volume
(mm3)Dopaminergic region HR1 Native HRRT Smoothed HRRT

Dorsal striatum 6.8 6 1.2 8.9 6 1.1*y 7.5 6 0.7 132.3 12,590 6 1,465

Dorsal caudate 6.3 6 0.9 8.1 6 1.4*y 6.9 6 1.0 129.2 6,816 6 971

Dorsal putamen 7.2 6 1.1 9.7 6 1.2*y 8.2 6 0.8 135.1 5,774 6 854
Midbrain 1.1 6 0.3 2.2 6 0.1* 1.0 6 0.3 192.4 830

*P , 0.005 statistically different from HR1 images (Mann–Whitney U test).
yP , 0.05 statistically different from smoothed HRRT images (Wilcoxon rank test).

Volume of anatomic ROIs in cerebellum and striatum (mean 6 SD) as well as volume of standardized ROIs in midbrain are expressed in

mm3.
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regression analyses, including age as the controlling vari-
able. No correlation was found between specific activity
and BP values either for HRRT data or for HR1 data for
the striatum (df 5 12; r 5 0.22; P 5 0.5 and df 5 8; r 5

0.145; P 5 0.7, respectively) and the midbrain (df 5 12;
r 5 0.273; P 5 0.4 and df 5 8; r 5 20.527; P 5 0.1,
respectively).

The visual inspection of the frame-summed PET images
(Figs. 1C–1E) showed that the native HRRT images had a
better delineation of cortical gyri as well as subcortical
nuclei in comparison with smoothed HRRT and HR1

images, which underwent a coarser and relatively similar
structural definition of brain structures. The native HRRT
images showed the well-known checkerboard effect of
noise due to the OSEM reconstruction algorithm.

Dorsal Striatum

Comparison of BP Values Resulting from HRRT and
HR1 Acquisitions. For the entire cohort of subjects, the
mean BP values were 8.8 6 1.2 and 5.6 6 1.1 in the
caudate and 10.5 6 1.4 and 6.5 6 1.2 in the putamen for
native HRRT and HR1 images, respectively. The interin-
dividual variability of BP was not statistically different
between the 2 scanner acquisitions in the caudate (F 5

1.219; df 5 14; P 5 0.7) and the putamen (F 5 1.337; df 5

14; P 5 0.6). BP values obtained using HRRT were
significantly increased by 58.5% (U 5 4; P , 0.0001)
for the caudate and 61.7% (U 5 1; P , 0.0001) for the
putamen in comparison with those obtained using HR1.
The mean striatal BP value obtained using HRRT was
significantly higher (U 5 2; P , 0.0001) by 60.2% than
those obtained using HR1 (9.7 6 1.1 and 6.0 6 1.1 for
native HRRT and HR1, respectively).

We observed a significant decrease in the DAT binding
with increasing age for data from native HRRT (n 5 15;
r 5 0.662; P 5 0.007) and smoothed HRRT (n 5 15; r 5

0.636; P 5 0.01) images. With regard to HR1 data, we
observed a similar tendency of the age effect on DAT bind-
ing that is clearly seen in Figure 2 but was not statistically
significant (n 5 11; r 5 0.544; P 5 0.08), primarily due to
the smaller subject sample as well as the smaller age range.
This age effect appeared similar for caudate and putamen.
Thus, the decrease in DAT binding with increasing age in
global striatum was 8.1%, 7.2%, and 11.9% per decade for
native HRRT, smoothed HRRT, and HR1 images, respec-
tively. The difference between BP values in striatum of the
entire sample of subjects obtained using native HRRT and
HR1 reflected confounding effects of age difference in
both groups as well as the different spatial resolution of
both scanners. This confounding effect was confirmed by
the BP values obtained from smoothed HRRT images that
remained significantly higher than those from HR1 images
by 34.2% for the caudate (7.4 6 1.0; U 5 18; P 5 0.001)
and 32.8% for the putamen (8.6 6 0.9; U 5 13; P ,

0.001).

Comparison in Age-Paired Groups of BP Values Result-
ing from HRRT and HR1 Acquisitions. In age-paired group
comparison, the effect of age difference was removed, lead-
ing essentially to the assessment of the effect of the spatial
resolution of both scanners on the measurement of BP val-
ues only. The mean regional time–activity curves in Fig-
ure 3 show the mean tissue radioactivity over time in the
striatum and cerebellum for the 3 sets of images. The pro-
files of 11C-PE2I accumulation in cerebellum were the
same for the 3 sets of images. No significant difference
in time–activity curves in striatum was observed between
HR1 and smoothed HRRT images. Nevertheless, we ob-
served a higher activity concentration in striatum in native
HRRT images in comparison with that of HR1 and
smoothed HRRT images.

The BP values obtained from the 3 sets of images are
summarized in Table 1. The mean BP values resulting from
native HRRT were significantly higher than those obtained
using HR1 and smoothed HRRT images for the caudate as

FIGURE 2. Distribution plots show relationship between mean
striatal BP value and age of subject. BP values resulted from
anatomic ROIs in 15 subjects examined with HRRT and 11
subjects examined with HR1.

FIGURE 3. Average time–activity curves, normalized to in-
jected dose (%DI/100 mL) of 11C-PE2I, in dorsal striatum and
cerebellum, for age-paired subjects examined with HR1 and
HRRT scanners.
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well as for the putamen. The difference between native
HRRT images and HR1 images represented a 29.2% and
35.1% increase in BP values for the caudate (U 5 4; P 5

0.025) and the putamen (U 5 1; P 5 0.007), respectively.
However, BP values measured on smoothed HRRT images
did not differ from those measured on HR1 images for the
caudate (U 5 12; P 5 0.3) and the putamen (U 5 8; P 5

0.1). The nearly 7% higher BP values of smoothed HRRT
images than those of HR1 images were below the inter-
individual variability of BP values observed in this study
(ranging from 11.8% to 20.2%).

Midbrain

Comparison of BP Values Resulting from HRRT and
HR1 Acquisitions. For the entire cohort of subjects, the
mean BP values were 2.3 6 0.3 and 1.0 6 0.3 for native
HRRT and HR1 images, respectively. BP values obtained
using native HRRT appeared highly significantly increased
by 129.8% in comparison with BP values obtained using
HR1 (U 5 0; P , 0.0001). The interindividual variability
of BP values did not differ statistically between the 2
scanner acquisitions (F 5 0.899; df 5 14; P 5 0.9): 28%
for HR1 images and 11.5% for native HRRT images. For
both scanner acquisitions, we observed a tendency of DAT
binding to decrease with age that did not reach a significant
level (Fig. 4). This tendency was clearly seen with HR1

and smoothed HRRT images but was quasi-nonexistent
with native HRRT images. The mean BP value obtained
from smoothed HRRT images was 1.3 6 0.4. This value
was significantly lower in comparison with that obtained
from native HRRT images (z 5 23.408; P 5 0.0007), but
did not differ significantly from that obtained with HR1

images (U 5 46; P 5 0.06).
Comparison in Age-Paired Groups of BP Values Resulting

from HRRT and HR1 Acquisitions. Results from age-matched
comparison were similar to that from the comparison per-
formed on the whole sample (Table 1). BP values obtained
from native HRRT images were highly significantly increased

by 92.4% and 122.6% in comparison with BP values obtained
using HR1 (U 5 0; P 5 0.004) and smoothed HRRT (z 5

22.201; P 5 0.03) images. Results from smoothed HRRT
and HR1 images remained not significantly different (U 5

15; P 5 0.6).

DISCUSSION

The present study first validated the quantification of
DAT binding with HRRT and 11C-PE2I. For that purpose,
we have shown that despite the different modalities of
image reconstruction between HRRT and HR1 scanners,
BP values were comparable at same spatial resolution. On
the basis of this preliminary result, we assessed the effec-
tive gain of higher spatial resolution of native HRRT images
on BP measurement, and we have shown that, in an age-
matched population, the HRRT allows recovering higher
values of the BP of 11C-PE2I to the DAT of approximately
30% in the striatum and 90% in the midbrain as compared
with values measured using HR1.

One study was reported using HRRT for the measure-
ment of biologic parameters in human brain with 18F-FDG
(22). This study showed that HRRT permits both the
quantification of the regional cerebral metabolic rates for
glucose in smaller volumes and also a better accuracy in
large brain areas in comparison with that reported previ-
ously with conventional scanners. Though promising to
extend the use of HRRT with various radiotracers, appli-
cation studies on a sample of healthy subjects are needed to
allow further applications and developments. The present
study reports, to our knowledge, the first validation of the
examination of a neurotransmission system using the HRRT
tomograph. Because of the small size of the structures
involved, we chose to explore the dopaminergic system via
the measurement of DAT with 11C-PE2I for the validation
and the assessment of the gain of high resolution on
exploration of the neurotransmission system.

Several aspects facilitated the comparison between scan-
ners of the DAT binding with 11C-PE2I. First, there is a
large documentation of measurements of DAT binding in
vitro and with conventional PET and SPECT scanners (23).
Second, the SRTM has been shown to be reliable for the
measurement of DAT binding with 11C-PE2I (15), and this
radiotracer was recently presented as well adapted for the
examination of the dopaminergic regions of the midbrain,
such as substantia nigra and ventral tegmental area (8,11,15).

The comparison of time–activity curves and BP values
obtained with the HR1 with those obtained with HRRT
images matched at HR1 spatial resolution allowed us to
estimate the suitability of our quantification of DAT bind-
ing with 11C-PE2I using HR1 and HRRT. The mean time–
activity curves obtained from HR1 and smoothed HRRT
images showed quite similar values in striatum and cere-
bellum. There is no evidence of a biased HRRT quantifi-
cation in the cerebellum that can be due, for example, to
a biased scatter correction. As some studies choose the

FIGURE 4. Distribution plots show relationship between mean
midbrain BP values and age of subjects. BP values resulted
from ‘‘standard-MNI’’ ROIs in 15 subjects examined with HRRT
at spatial resolution of HRRT (native HRRT images) and HR1

(smoothed HRRT images) and 11 subjects examined with HR1.
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occipital region as reference tissue, we checked that the
time–activity curves in the occipital region were similar to
that obtained in the cerebellum (data not shown). The mean
BP values of caudate, putamen, and midbrain from HR1

and smoothed HRRT images were comparable and consis-
tent with previous published data using PET scanners at
similar spatial resolution (8,15). Although the midbrain
ROI delineation method in the study of Jucaite et al. dif-
fered from ours, similar magnitudes of BP values and
intersubject variability were observed (8). Thus, this pre-
liminary assessment shows that it is possible to reproduce
results obtained with HR1 using HRRT images at matched
spatial resolution.

Both groups of subjects were not composed of the same
volunteers. Thus, each subject received one dose of radio-
tracer instead of 2. This is a limitation of the study that
combines the effect of intersubject variability with the
effect of difference in scanner performance. However, for
age-paired comparison, the differences in BP values be-
tween HR1 and smoothed HRRT images did not exceed
7% for both striatum (6.8 6 1.2 vs. 7.5 6 0.7) and midbrain
(1.1 6 0.3 vs. 1.0 6 0.3)—that is, remained below the
interindividual variability of the BP values observed. More-
over, whereas no test–retest data are available with the
radioligand 11C-PE2I, most of the test–retest studies re-
ported in neurotransmission imaging showed a variability
within a subject ranging from 0% to 12% (24,25).

For both scanners and both spatial resolutions, evaluation
of DAT binding in a wide age range of subjects confirmed
the well-known decline in DAT binding with age in the
striatum. The slope of the age effect on DAT binding was
consistent between both scanners and with literature, show-
ing a decrease in the DAT density of approximately 6.6%–
9% per decade in striatum in postmortem (26,27) and in
vivo (21) studies. Conversely, we did not observe any evi-
dence of an age effect on DAT binding in midbrain either
with HRRT or with HR1, consistent with another PET
study (8) but at variance with postmortem studies showing
age-related DAT messenger RNA and protein expression
(28,29). The scatter correction for the HRRT, though using
the same algorithm as for the HR1 (30), is known not to be
optimal yet because, in part, of the phoswich configuration
of the detectors. To evaluate the impact of potentially biased
scatter correction on the estimation of the DAT binding, one
HRRT subject acquisition was reprocessed twice, with a
5% increased and a 5% decreased scatter estimation (the
study of van Velden et al. reported a remnant scatter
fraction after correction of 5% for the HRRT, using the
NEMA NU 2-2001 standard for brain scanners (31)). These
changes result in a variability of the BP value of 7% for the
striatum and 2% for the midbrain. A potentially inaccurate
scatter correction does not explain the lack of an age effect
for the HRRT data. Absence of any evidence of a decrease
in DAT binding with age in midbrain PET studies might be
related to the limitation of the subject sample sizes. In
addition, the small size of the midbrain structure, when

compared with the striatum, results in a higher level of sta-
tistical variability, in particular for the native HRRT im-
ages, that can impair the detection of an age effect.

The main objective was to evaluate the gain induced by a
higher spatial resolution on the measurement of DAT bind-
ing. HRRT improves consistently the quantification of DAT
binding due to a reduced partial-volume effect in compar-
ison with HR1. This improvement appears more important
when the brain structure is small and largely affected by the
partial-volume effect. In this context, the examination of
the small dopaminergic regions of the midbrain (substantia
nigra and ventral tegmental area), which constitute key
structures of the dopaminergic pathways, were of specific
interest to emphasize the benefit of the high spatial reso-
lution. The 2-fold higher DAT binding observed in mid-
brain using native HRRT images shows that the impact of
the high resolution is particularly efficient for the brain re-
gions largely affected by the partial-volume effect on clini-
cal PET scanners (32). In addition, the variation between
the native HRRT and the smoothed HRRT images of the
midbrain–to–cerebellum regional activity ratio is similar to
the variation obtained with phantom measurements, using a
contrast sphere of size similar to the midbrain. Thus, the
favorable signal-to-background ratio for 11C-PE2I binding
in midbrain with HRRT allows the exploration of DAT
binding in this brain region that remained limited up to this
time (8,11,15). Moreover, this increase in BP values in the
midbrain with HRRT is associated with a reduced relative
interindividual variability of measures as compared with
those obtained with HR1 (11.5% and 28.0% for native
HRRT and HR1 images, respectively).

In the striatum, which is a larger brain area than the
midbrain, the high resolution improved the quantification of
DAT binding in comparison with clinical PET scanners by
about 30%. The comparison of time–activity curves ob-
tained from HR1 and native HRRT images showed that the
higher value of BP in the striatum is not related to a lower
radioactivity concentration measured in the cerebellum on
the HRRT images but to a higher radioactivity in the stri-
atum. This behavior was also reported by Sossi et al. for a
nonhuman primate study acquired on both an HRRT and an
ECAT 953B scanner (33). Higher BP values measured in
the striatum with HRRT were most probably due to a re-
duced partial-volume effect in the quantification of 11C-PE2I
binding to the DAT. This observation was corroborated by
the similar magnitude of BP values between HR1 and
HRRT at same spatial resolution.

To preserve high intrinsic spatial resolution and to ac-
count for the scanner’s specific geometry, high-resolution
imaging using the HRRT requires specific image recon-
struction techniques. This reconstruction procedure, based
on the OSEM 3D iterative reconstruction algorithm, is not
commonly used for brain imaging with clinical scanners,
such as the HR1. The quantitative accuracy of iterative
reconstructions such as OSEM can be compromised for
frames with a very low number of events. On the basis of
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brain phantom studies on the HRRT, de Jong et al. reported
errors in ROI average values due to the limited statistics
that are 10% superior for noise equivalent count rate (NEC)
values below 5 · 105 counts (34). Likewise, the study of
van Velden et al. reported under- and overestimation of
20% and 50% in the case of short acquisition frames (10–
30 s) (31). To limit these low-count–related effects, the
shortest frame duration on the HRRT was 60 s. The NEC
value was always superior to 1 · 106 counts, except for the
first frame (around 5 · 105 counts). The comparison be-
tween the smoothed HRRT and the HR1 of the averaged
striatum time–activity curve did not reveal any systematic
bias for HRRT data. At the level of the voxel, because of its
small size (8 times smaller than that for the HR1) and the
absence of any regularization such as postreconstruction
smoothing, the statistical noise for the native HRRT images
is much higher than that for HR1 images (a Hann apodiza-
tion window is applied during the 3DRP reconstruction).
For a relatively large structure such as the putamen or the
caudate, the resulting time–activity curve is not very noisy,
allowing for a relatively robust regional time–activity
curve-based DAT-binding analysis with SRTM. For very
small structures such as the midbrain (,1 cm3), the statis-
tical noise of the corresponding regional time–activity
curve for the native HRRT images was so high that it
was not possible to get reliable DAT-binding values based
on the midbrain time–activity curve. For this very small
structure, the Gunn’s BFM produced an average DAT-
binding value for the midbrain with a much lower var-
iability across subjects. Current developments of more
advanced OP-OSEM reconstruction algorithms, including
a more realistic description of the HRRT system’s response,
result in better image quality (better contrast and reduced
noise)—in particular, for small structures (35). These image
reconstruction developments would be more adapted to
estimation of the parameters in very small ROIs (#1 cm3)
with the SRTM of Lammertsma and Hume (14).

The increased accuracy of measurement with HRRT
should allow assessing changes in DAT binding that relate
to subtle modifications or small brain nuclei remaining, up to
this time, not visible on usual clinical PET scanners. This
improved detectability should be useful for the study of
addictive or psychiatric disorders such as schizophrenia,
where DAT modifications reported are most often of small
amplitude and sometimes divergent between imaging studies
(36,37). In Parkinson’s disease, degeneration of the nigro-
striatal dopaminergic neurons precedes the development of
clinical symptoms and results in a loss of DAT (38,39). A
more accurate estimation of DAT binding would be useful for
the individual diagnosis, follow-up, and estimation of the
therapeutic effects of putative neuroprotective agents (40).

CONCLUSION

This study shows the reliability of the HRRT for explo-
ration of the dopamine neurotransmission system. The

enhanced spatial resolution of the HRRT decreases the
partial-volume effect in the quantification of DAT binding.
This improvement allows a more accurate quantification
that permits the examination of minor physiologic events
and gives the opportunity to explore small brain nuclei
involved in various neurologic and psychiatric disorders.
These results are promising for further explorations of
biologic parameters in clinical studies with the HRRT.
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