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Abstract
Purpose Image reconstruction including the modelling of
the point spread function (PSF) is an approach improving
the resolution of the PET images. This study assessed the
quantitative improvements provided by the implementation
of the PSF modelling in the reconstruction of the PET data
using the High Resolution Research Tomograph (HRRT).
Methods Measurements were performed on the NEMA-
IEC/2001 (Image Quality) phantom for image quality and
on an anthropomorphic brain phantom (STEPBRAIN). PSF
reconstruction was also applied to PET measurements in
two cynomolgus monkeys examined with [18F]FE-PE2I
(dopamine transporter) and with [11C]MNPA (D2 receptor),
and in one human subject examined with [11C]raclopride
(D2 receptor).
Results PSF reconstruction increased the recovery coeffi-
cient (RC) in the NEMA phantom by 11–40% and the grey
to white matter ratio in the STEPBRAIN phantom by 17%.
PSF reconstruction increased binding potential (BPND) in
the striatum and midbrain by 14 and 18% in the [18F]FE-
PE2I study, and striatal BPND by 6 and 10% in the [11C]
MNPA and [11C]raclopride studies.

Conclusion PSF reconstruction improved quantification by
increasing the RC and thus reducing the partial volume effect.
This method provides improved conditions for PET quantifi-
cation in clinical studies with the HRRT system, particularly
when targeting receptor populations in small brain structures.
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Partial volume effect

Introduction

The performance of positron emission tomography (PET) has
improved considerably since the technique was introduced in
the 1970s. The implementation of detector crystals with high
stopping power, high light output and fast decay, together with
improved ring design and electronics has led to major
advancements. The High Resolution Research Tomograph
(HRRT) (Siemens Molecular Imaging) is a PET system with
high spatial resolution designed for imaging of the human
brain. The HRRT system has a spatial resolution of approx-
imately 2.5 mm in the centre and 3.5 mm at 14 cm off-centre
full-width at half-maximum (FWHM) [1] and is primarily
used for studies of brain metabolism and radioligand binding
to neuroreceptors [2–5]. PET imaging with the HRRT would
provide better quantification of neuroreceptors in the human
brain, particularly for those monoamine transporter popula-
tions that are highly expressed in small brain nuclei, such as
the locus coeruleus or the substantia nigra.

Along with improvement of hardware, software develop-
ment for more accurate image reconstruction and quantifi-
cation has been of great importance in the field of molecular
imaging. Image reconstruction including modelling of the
scanners’ point spread function (PSF) in the system matrix is
an approach improving the spatial resolution of the PET
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images [6, 7]. This approach has been validated and
implemented in new whole-body PET/CT systems, such
as the Siemens Biograph (Hi-Rez) scanner, in which it has
been shown that PSF reconstruction improves the resolu-
tion and also provides a more uniform resolution across the
field of view [6].

Partial volume effect (PVE) is a main factor contributing to
reduced accuracy in the quantification of the PETsignal [8–11]
in particular in small brain structures. The combination of
high-resolution imaging with the HRRT and the improved
spatial resolution using PSF reconstruction may provide a
means for improving the quantification and reducing the PVE
in neuroreceptor PET studies. Indeed, PSF reconstruction has
recently been implemented and validated in the HRRT system
and applied to human [11C]PE2I PET measurements, showing
approximately 20–25% increase in dopamine transporter
binding potential in the striatum as compared with the
conventional iterative reconstruction method [7].

The reconstruction algorithm that includes modelling of
the PSF [7] has been implemented in the HRRT system at
the Karolinska Institutet PET Centre. In this study we
examined the effects of the improved resolution of the
HRRT images obtained with PSF reconstruction on the
recovery coefficient (RC), the time-activity curves (TACs)
in target and background regions and the quantitative
outcome measure, the binding potential, of dopamine
transporter or dopamine D2 receptor density. The quantita-
tive performance of PSF reconstruction was compared with
the one from the standard reconstruction algorithm. This
comparative analysis was based on phantom measurements
as well as on studies of dopaminergic markers in two non-
human primates and in one human subject.

Material and methods

The HRRT system

The HRRT system (Siemens Molecular Imaging) was
installed in 2007 at the PET Centre, Karolinska University
Hospital, Solna, Sweden. The system consists of eight
panel detectors with an octagonal configuration. Each panel
has 9*13 phoswich blocks viewed by 10*14 photomulti-
plier tubes (PMTs). The total number of crystals is 59,904×
2=119,808. Each block has two scintillator layers,
Lu2SiO5:Ce (LSO) and Lu0.6Y1.4SiO5:Ce (LYSO) with an
8*8 crystal configuration per layer. The crystal size is
2.15*2.15*10 mm3. The centre-to-centre distance between
crystals is 2.4 mm. The axial field of view (FOV) is
25.2 cm, corresponding to 207 planes in the reconstructed
images, with a pixel size of 1.218×1.218×1.218 mm3 [1].

The spatial resolution of the system was measured in air
with an 18F point source positioned in the centre of the

FOV and 10 cm off-centre. List mode data of the point
source were reconstructed using the ordinary Poisson 3D
ordered subset expectation maximization (OP-3D-OSEM)
algorithm, with 6 iterations and 16 subsets. Data were
reconstructed with the OP-3D-OSEM and not with analyt-
ical reconstruction according to the National Electrical
Manufacturers Association (NEMA) standards.

More recently, image reconstruction has been performed on
a Quad Core PC running a fast reconstruction algorithm
developed by Hong et al. [12]. Based on the measurements
performed by Sureau et al. [7], PSF modelling has recently
been implemented within the fast reconstruction algorithm
(the software was kindly provided by Dr. Merence Sibomana,
Rigshopitalet, Copenhagen University Hospital, Denmark).
The PSF model used in the fast reconstruction algorithm has
been described in detail by Comtat et al. [13] in a multi-centre
evaluation of the PSF reconstruction which also included our
HRRT system. This PSF model differs from the model used
by Sureau et al. [7] with regard to the projector used. In the
regular HRRT reconstruction software for sinogram data the
projector is based on a 3-D implementation of the Joseph’s
algorithm [14] and has a Gaussian shape. In the present
approach an isotropic 3-D kernel was chosen for the OP-
OSEM reconstruction algorithm with resolution modelling as
described in Eq. 7 of Comtat et al. [13]. The PSF parameters
used in the reconstruction were the default values of
FWHM1=2.1 mm, FWHM2=5.9 mm, Gauss2/Gauss
1ratio=0.05. The PSF modelled in the reconstruction
was isotropic and stationary. To measure resolution using
PSF modelling, list mode data of the point source were
also reconstructed using the advanced algorithm which
includes resolution modelling of the PSF, with 10
iterations and 16 subsets (OP-3D-OSEM-PSF).

The NEMA IEC/2001 phantom

This is a phantom primarily used for assessment of the image
quality of whole-body PET systems. The phantom consists
of a large background compartment of approximately 6 l and
6 spheres of different diameter. The spheres and background
can be filled with solutions having different radioactivity
concentration. The diameters of the spheres were: 10, 13, 17,
22, 28 and 37 mm. Different concentrations were used in the
spheres and different isotopes were used in the spheres and in
the background since we aimed to simulate TACs in regions
of different sizes, different radiotracer concentration and
with different kinetic behaviour. In our experimental setting,
the large sphere was filled with a solution of 18F at a
concentration of ~7 kBq/ml. The remaining spheres were
filled with a solution of 18F at a concentration of ~21 kBq/ml,
whereas the background was filled with a solution of 11C at a
concentration of ~5–6 kBq/ml. A solution of 11C was used
for the background to simulate a low activity region having
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lower signal to noise ratio than that of the spheres with
different diameter. At the time of imaging the ratio of sphere
to background concentration was measured in a well counter.
The ratio for the 37-mm sphere was 1.4, whereas it was 4.3
for the remaining spheres.

The NEMA phantom was positioned in the HRRT and
list mode data were acquired for 120 min. Images were
reconstructed with 20 frames each having a duration of
6 min. A 6-min transmission scan with a rotating 137Cs
source was performed 12 h after the list mode acquisition to
allow for physical decay of the radioisotopes.

Two reconstruction algorithms were applied: (1) OP-3D-
OSEM with 6 iterations and 16 subsets and (2) OP-3D-
OSEM-PSF, with 10 iterations and 16 subsets. The number
of iterations was based on a previous observation that
inclusion of resolution modelling with OP-3D-OSEM-PSF
decreases the convergence rate of the algorithm [13].
However, to confirm the choice of the number of iterations
for each algorithm data were also reconstructed using 10
iterations for the OP-3D-OSEM and 16 iterations for the
OP-3D-OSEM-PSF. Images obtained with algorithm 1 will
be referred to as native, while those obtained with
algorithm 2 as PSF. Images were reconstructed without
decay correction. Native images were also smoothed with a
Gaussian filter of 2 mm FWHM for visual evaluation.

Volumes of interest (VOIs) were drawn on each sphere
according to the inner diameter and then eroded by one
pixel to reduce partial volume sampling. VOIs of the same
size were copied to the background according to the NEMA
standards [15]. The volumes of the VOIs for the series of
spheres were: 0.2, 0.5, 1.5, 2.9, 7.3 and 16.9 cm3.

TACs were obtained for the different spheres and for the
background. The area under the curve (AUC) was
calculated (kBq · ml−1 · min) as an estimate of the
cumulative radioactivity concentration in each region.

For each of the spheres having the ratio to background
equal to 4.3 (10- to 28-mm diameter), the contrast recovery
coefficientCRChot was measured according to the following
equation [15]:

CRChot ¼
Chot=Cbkg � 1
� �

ahot=abkg � 1
� �

where Cbkg is the concentration in the background, Chot is
the concentration in the spheres, ahot is the actual activity in
spheres and abkg is the actual activity in the background.
The ratio ahot /abkg was measured in the well counter and
decay corrected to the time of imaging. For simplicity,
CRChot will be referred to as recovery coefficient (RC). For
the calculation of Chot/Cbkg TACs for each sphere and
background were decay corrected to the start time of
imaging and then the data of the first 75 min were averaged

to remove possible bias due to low counting statistics in the
background region [16].

To examine the different noise characteristics using either
of the above approaches the standard deviation (SD) of the
average radioactivity concentration in each VOI was taken as
an estimate of the noise and plotted over time along with the
mean value on native images, images smoothed with a
Gaussian filter of 2 mm and on PSF images. To examine the
effect of the number of iterations on the noise of native and
PSF images, the coefficient of variance was calculated with
different iteration number for each VOI.

The STEPBRAIN phantom

This STEreolithographed Phantom of the Brain (STEP-
BRAIN ©) is anthropomorphic and contains different
fillable compartments for grey matter (GM) and white
matter (WM) [17] (for a detailed description see http://lab.
ibb.cnr.it/). The STEPBRAIN phantom was filled with
[18F]FDG in both compartments to obtain a GM to WM
ratio of 7.9. This ratio was targeted to simulate a PET image
of the benzodiazepine receptor ligand [11C]flumazenil [18].
List mode acquisition of the phantom was performed for
60 min followed by a 6-min transmission scan. Images
were reconstructed as described above for the NEMA
phantom using algorithms 1 and 2.

To calculate the average radioactivity concentration in
the GM and WM, binary masks of the two compartments
were obtained by the segmentation of a computed tomog-
raphy (CT) scan. To obtain the masks, the phantom was
scanned in the 64 slice CT System Siemens Biograph
(Siemens Molecular Imaging). The voxel size of the CT
images was 0.39×0.39×5.0 mm. First, a CT scan of the
empty phantom (CT-air) was performed to visualize the
thickness of the walls. A new CT scan was performed when
the GM compartment was filled with diluted contrast
medium and the WM compartment with water, with
approximately a ratio of 10 in Hounsfield units between
GM and WM (CT). The CT was manually segmented in
order to generate GM and WM masks, removing the
contribution of the walls measured with the CT-air.

The GM andWMmasks were used to measure the average
radioactivity concentration in each compartment. For this
analysis CT-air and CTwere coregistered to PET images using
a normalized mutual information algorithm in the software
PMOD 2.85 (PMOD Group, Zurich, Switzerland). The
same coregistration parameters were applied to the GM and
WM masks. Figure 1 displays the CT-air, the CT and the
GM and WM masks that all were coregistered to the PET
images. In addition, VOIs were drawn in the centrum
semiovale of both hemispheres to estimate the radiotracer
concentration in a region where the PVE is considered to be
negligible (Fig. 1).
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Fig. 1 Transaxial PET (a)
and CT images (b, c) of the
STEPBRAIN phantom at
the level of the basal ganglia.
Corresponding masks (d, e) for
the grey matter (GM) and the
white matter (WM) and small
VOIs (f) at the level of the
centrum semiovale (CSO)
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Cynomolgus monkeys

Two female cynomolgus monkeys (housed at the Astrid
Fagraeus Laboratory, SMI, Solna, Sweden) were included.
The studywas approved by the Animal Ethics Committee of the
Swedish AnimalWelfare Agency and was performed according
to the “Guide for the Care andUse of LaboratoryAnimals” [19].

PET measurements were performed in the HRRT system.
In the first monkey (6.5 kg) one PET measurement was
conducted after intravenous injection of the dopamine
transporter radioligand [18F]FE-PE2I (67 MBq) [20].
Anaesthesia was induced and maintained by repeated
intramuscular injections of a mixture of ketamine hydro-
chloride (3.75 mg/kg per h Ketalar®, Pfizer) and xylazine
hydrochloride (1.5 mg/kg per h Rompun® Vet., Bayer). List
mode data were acquired for 180 min and images were
reconstructed with a series of 28 frames of increasing
duration (60 s×5, 180 s×5, 360 s×5, 600 s×13).

In the second monkey (4.9 kg) one PET measurement was
conducted after intravenous injection of the dopamine D2

receptor radioligand [11C]MNPA (197 MBq) [21]. Anaes-
thesia was induced by intramuscular injection of ketamine
hydrochloride and maintained by a mixture of sevoflurane
(2–6%) and air after endotracheal intubation. List mode data
were acquired for 93 min. Images were reconstructed with a
series of 28 frames of increasing duration (30 s×4, 60 s×4,
180 s×11, 360 s×9). In all PET measurements the head was
immobilized with a fixation device [22]. Body temperature
was maintained by Bair Hugger Model 505 (Arizant
Healthcare Inc., Eden Prairie, MN, USA) and monitored by
an oral thermometer. ECG, heart rate and respiratory rate
were continuously monitored throughout the experiments.
Blood pressure was monitored every 15 min.

Transmission scans were acquired for 6 min using a single
137Cs source immediately before radioligand injection.
Images were reconstructed using algorithms 1 and 2
described above. In monkey 1, VOIs were drawn for the
caudate, putamen, midbrain and cerebellum on average
images from 11 to 180 min using PMOD 2.85. In monkey
2, VOIs were drawn on the caudate, putamen and cerebellum
for [11C]MNPA. Delineation of VOIs was guided by an atlas
of a cryosected cynomolgus monkey head [22].

Radioligand uptake was expressed as percent standard-
ized uptake value (%SUV) and calculated as follows:
Radioactivity concentration (kBq/cm3) ÷ [injected activity
(MBq) / body weight (kg)] ·100. TACs were obtained for
each region and the AUC was calculated for each TAC as
an estimate of the cumulative radioactivity concentration in
each region. The binding potential (BPND) was estimated
with the simplified reference tissue model (SRTM) [23]
using the cerebellum as reference region. In the [18F]FE-
PE2I study, BPND was also estimated from native images
reconstructed with 10 iterations and from PSF images

reconstructed with 16 iterations. We selected [18F]FE-PE2I
for this purpose since this radioligand provides a quantifi-
able signal from brain regions with different transporter
density, such as caudate, putamen and midbrain.

Human subject

One male control subject, 25 years old, underwent one PET
measurement in the HRRT system with [11C]raclopride
(432 MBq), a reference radioligand for the D2 dopamine
receptor [24]. Before PET, a plaster helmet was made and
used with a head fixation system during PET data
acquisition as previously described [25]. The radioligand
was administered as a bolus over 10 s and the IV line was
immediately flushed with saline. A transmission scan was
acquired for 6 min using a single 137Cs source immediately
before radioligand injection. List mode data were acquired
for 63 min. Images were reconstructed with algorithms 1
and 2 with a series of 26 frames of increasing duration
(15 s×4, 30 s×4, 60 s×6, 180 s×6, 360 s×6). PET images
were coregistered with 3-D T1-weighted MRI data. ROIs
were drawn on the caudate, putamen and cerebellum, using
the Human Brain Atlas (HBA) software [26]. BPND was
estimated with the SRTM using the cerebellum as reference
region [23] from native images reconstructed with 6 and 10
iterations and from PSF images reconstructed with 10 and
16 iterations.

Results

The HRRT system

The in plane resolution with OP-3D-OSEM reconstruction
was 2.3 mm FWHM in the centre of the FOV and 3.1 mm
at 10 cm off-centre directions. The corresponding in plane
resolution with OP-3D-OSEM-PSF was 1.5 mm FWHM in
the centre of the FOV and 2.4 mm at 10 cm off-centre
directions.

The NEMA IEC/2001 phantom

PSF reconstruction improved the visualization of the
smallest spheres of the NEMA phantom as compared
with native images (Fig. 2). TACs obtained from the
spheres having a diameter between 10 and 28 mm showed
that with PSF reconstruction the activity in all spheres was
increased and the activity in the smallest spheres came
closer to the spheres of large diameter (Fig. 2). The
increase in AUC of the spheres with a diameter between
10 and 28 mm was inversely related to the diameter itself,
ranging from 24.7% (10-mm diameter) to 4.6% (28-mm
diameter). Even in the case of the largest sphere with 37-mm

Eur J Nucl Med Mol Imaging (2009) 36:1639–1650 1643



diameter the AUC increased by 4.2% using PSF recon-
struction. Only a slight decrease (1.8%) in activity was
observed in the background region with PSF reconstruction
(Fig. 2).

The RC for the smallest sphere (10 mm) was 0.81 as
compared to 0.58 for native images, while for the spheres
having a diameter between 13 and 28 mm it was between

0.91 and 1.01 as compared to between 0.72 and 0.92 for
native images (Table 1). The RC changed by 2% or less
when the number of iterations was increased from 6 to 10
for the native images and from 10 to 16 for the PSF images
(Table 1). The SD measured in each of the VOIs using PSF
reconstruction was lower than in native images and came
closer to the one measured in images smoothed with a
Gaussian filter of 2 mm (Fig. 3a–c). The COV% for the
VOIs of the background and of the spheres was higher in
native images than in PSF images and increased with
increasing number of iterations (Fig. 3d, e).

The STEPBRAIN phantom

In the STEPBRAIN phantom, with PSF reconstruction the
average GM radioactivity concentration increased by 4.4%,
whereas the average WM radioactivity concentration
decreased by 10.5% as compared with native images. This

Table 1 Comparison of RC measured in spheres having a diameter
from 10 to 28 mm using the two reconstruction algorithms, each with
two different numbers of iterations

RC 10mm 13mm 17mm 22mm 28mm

Native, 6 iterations 0.58 0.72 0.76 0.87 0.92

Native, 10 iterations 0.56 0.71 0.75 0.86 0.92

PSF, 10 iterations 0.81 0.91 0.89 0.97 1.01

PSF, 16 iterations 0.83 0.91 0.88 0.96 1.00
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Fig. 2 a Transaxial PET images
of the NEMA 2001 phantom. b
The line profile drawn at the
level of the two smallest spheres.
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difference corresponds to a 17% increase of the GM to WM
ratio with PSF reconstruction as compared with native
images (percent of true ratio: 71 vs 61%, respectively).
With PSF reconstruction the radioactivity concentration in
the centrum semiovale decreased by 3.2%. When the
centrum semiovale was used as WM region, 97% of the
true GM to WM ratio was achieved with PSF reconstruc-
tion as compared with 90% of native images.

Cynomolgus monkeys

Visual inspection of [18F]FE-PE2I images reconstructed
with PSF showed better separation of caudate from puta-
men and better visualization of midbrain/substantia nigra as
compared with native images (Fig. 4a). In PSF images the
AUC of the TACs from the striatum and the midbrain were
16 and 14% higher than those measured in native images,
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while the AUC of the cerebellum TAC was only 3% higher
(Fig. 4b). PSF reconstruction increased BPND in the caudate
and the putamen by 14% and in the midbrain by 18%
(Table 2). In the native images the difference in BPND

between 6 and 10 iterations was less than 2%, whereas in
the PSF images the difference in BPND between 10 and 16
iterations was less than 5% (Table 2).

Image quality of the striatum was also improved by
visual inspection of the PSF images of [11C]MNPA (Fig. 5).
The AUC of the TACs of [11C]MNPA obtained from PSF

reconstructed images were 9 and 8% higher than the native
images in the caudate and the putamen and 6% higher in
the cerebellum (Fig. 5). In the [11C]MNPA study, using PSF
reconstruction BPND increased by 6% in the caudate (from
1.54 to 1.63) and the putamen (from 1.47 and 1.55).

Human subject

Improved visualization of human striatum was also shown
in [11C]raclopride images obtained with PSF reconstruction
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Fig. 4 a Transaxial (first and
third columns) and coronal
(second and fourth columns)
HRRT PET images of [18F]FE-
PE2I binding in the same
cynomolgus monkey obtained
without and with PSF recon-
struction. b TACs of [18F]FE-
PE2I binding in different brain
regions obtained from native
and PSF images
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and the AUC of the TACs from the caudate and the
putamen were 9 and 6% higher than those obtained from
the native images (Fig. 6). No difference was found in the
cerebellum TAC when comparing native and PSF images.

Using PSF reconstruction, BPND increased by 12% in the
caudate and by 8% in the putamen (Table 3). In the native
images the difference in BPND between 6 and 10 iterations
was less than 2%, whereas in the PSF images the difference
in BPND between 10 and 16 iterations was less than 3%
(Table 3).

Discussion

This study was intended to further examine the implemen-
tation of PSF reconstruction in studies performed with the
HRRT system. We applied the same approach of image
reconstruction as previously reported by Sureau et al. [7]
and used different experimental conditions to evaluate the
effect of PSF reconstruction on quantitative parameters

Table 2 Comparison of regional binding potential values for [18F]FE-
PE2I in a cynomolgus monkey using the two reconstruction
algorithms, each with two different numbers of iterations

Binding potential

Caudate Putamen Midbrain

Native, 6 iterations 5.52 6.03 1.01

Native, 10 iterations 5.50 6.02 1.03

PSF, 10 iterations 6.31 6.87 1.19

PSF, 16 iterations 6.32 6.90 1.25
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Fig. 5 PET images of [11C]
MNPA binding obtained in the
same monkey without (a) and
with (b) PSF reconstruction. c
Corresponding regional TACs
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using different radioligands for the dopamine system. The
study demonstrates that reconstruction using modelling of
the PSF provides sizeable improvements of performance.
The basis of such improvement relies on the improved

image resolution obtained by compensation for the system’s
response function through modelling of the PSF in the
reconstruction algorithm. The improved resolution trans-
lates into improved recovery and reduced PVE.

Improved recovery (RC) of the radioactivity concentra-
tion was demonstrated in the NEMA IEC/2001 phantom, in
which PSF reconstruction yielded an RC of 0.81 for the
smallest sphere of 10-mm diameter as opposed to an RC of
0.59 for native images. It has to be noted that in this study
the purpose of the NEMA phantom was to simulate
structures of different size and different kinetics between
target and background. Therefore, it might be possible that
the RC was slightly overestimated due to different physical
properties (energy and positron range) of 18F and 11C. This
difference would however not influence the results of the
comparison between native and PSF images.

Table 3 Comparison of regional binding potential values for [11C]
raclopride in the human subject using the two reconstruction
algorithms, each with two different numbers of iterations

Binding potential

Caudate Putamen

Native, 6 iterations 3.08 4.16

Native, 10 iterations 3.14 4.23

PSF, 10 iterations 3.45 4.48

PSF, 16 iterations 3.54 4.57
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Fig. 6 PET images of [11C]
raclopride binding in a human
subject obtained without (a) and
with (b) PSF reconstruction. c
Corresponding regional TACs
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The visual examination of the line profiles across the
different spheres and the TACs for the different regions
examined showed that PSF reconstruction had larger impact
on the radioactivity in the spheres than the background.
With regard to the more uniform background radioactivity,
this observation was in agreement with a previous report
[7], also showing that PSF reconstruction decreases the
variance among neighbouring voxels. In addition, the noise
level of the VOIs for different spheres was lower in the PSF
images than in the native images and came closer to the
images smoothed with a Gaussian filter of 2 mm. There-
fore, it appears that PSF reconstruction leads to an
improvement in image resolution reducing also the noise
in the image, as compared with the standard reconstruction
using the OP-3D-OSEM.

The results in the STEPBRAIN phantom showed that PSF
reconstruction reduces PVE and improves quantification of
HRRT images. The line profiles across different sections of
the phantom showed that the “spill-in” from the GM to WM
was reduced in PSF images and the GM to WM ratio was
increased. When the GM to WM ratio was calculated by
using a small VOI at the level of the centrum semiovale,
where PVE is negligible, the ratio was close to 100% of the
true ratio, further confirming that PSF reconstruction
improves the accuracy of the quantification.

The results in the cynomolgus monkeys and in the
human subject showed that PSF reconstruction increases
the BPND values mainly by an effect on the measured
radioactivity concentration in the target region, whereas the
effect was smaller in the reference region. This differential
effect appears to be related to the behaviour of the
radioligand used. In the case of [18F]FE-PE2I, the increase
of BPND was 14% in the striatum and 18% in the midbrain,
while for [11C]MNPA the increase of BPND was approxi-
mately 6%. In the cynomolgus monkey [18F]FE-PE2I has a
higher target to background ratio than [11C]MNPA. A
possible explanation is that the spill-over effect from ROIs
in high contrast images may be more pronounced than in
low contrast images resulting in lower recovery. When
reference tissue models are applied the improvement in
quantification using PSF reconstruction might thus be
higher for those radioligands with high specific to non-
displaceable binding ratio (i.e. [11C]PE2I).

With regard to the human PET measurement with [11C]
raclopride, the increase in BPND using PSF reconstruction
was approximately 10%. This increase was lower than the
improvement previously reported for [11C]PE2I [7], which
has a higher target to background ratio than [11C]raclopride,
suggesting again that the improvement in quantification
using PSF reconstruction is directly related to better
contrast recovery in the images.

The results from the NEMA IEC/2001 phantom as well
as the [18F]FE-PE2I and the [11C]raclopride studies suggest

that only a marginal improvement in the outcome measures
is achieved by increasing the number of iterations. In
addition, a sizeable increase in the noise level of the images
was evident in native and PSF images reconstructed with
10 or 16 iterations, respectively. Therefore, we considered
that for PSF reconstruction 10 iterations should be
sufficient to reach convergence in different regions at
various experimental conditions.

Several methods based on segmentation of MR images
are currently available for PVE correction [8, 10, 11] and
implemented in applied studies with different PET radio-
ligands [27, 28]. However, PVE correction methods based
on MR segmentation assume homogeneous uptake in each
of the segmented regions, which might not be appropriate
for each biological condition. In addition, brain structures
such as the midbrain or the brainstem, containing small
regions or nuclei such as the substantia nigra or the locus
coeruleus, cannot be segmented by standard MRI sequences
and acceptable post hoc methods for PVE correction are not
available. Therefore, PSF reconstruction appears to reduce
the need for sizeable PVE corrections in such regions. Along
with PVE, head motion is another important factor limiting
image resolution, particularly for the HRRT system. In this
study, the head fixation systems used for non-human
primates and the human subject were designed to minimize
head motion in the PET system. Methods of correction for
head motion are currently under investigation and might
become more widely available in the future. The contribu-
tion of head motion to the spatial resolution of the images
and the accuracy of quantification requires further evalua-
tion, which was beyond the scope of this study.

Conclusion

This study provides further support for the suggestion that
PSF reconstruction of PET images improves neuroreceptor
quantification by improving the image resolution and
reducing PVE. In combination with the high resolution of
the HRRT system, this approach provides improved con-
ditions for applied studies of psychiatric and neurodegen-
erative disorders, in particular when receptor populations in
small brain structures are examined.
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