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PET Performance Evaluation of a Pre-Clinical
SiPM-Based MR-Compatible PET Scanner
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Alkystis Phinikaridou, Andre Salomon, Richard Ayres, Charalampos Tsoumpas, Georgios M. Soultanidis,

Pierre Gebhardt, Tobias Schaeffter, Paul K. Marsden, and Volkmar Schulz

Abstract—We have carried out a PET performance evaluation
a silicon photo-multiplier (SiPM) based PET scanner designed for
fully simultaneous pre-clinical PET/MR studies. The PET scanner
has an inner diameter of 20 cm with an LYSO crystal size of 1.3 by
1.3 by 10 mm. The axial PET field of view (FOV) is 30.2 mm. The
PET detector modules, which incorporate SiPMs, have been de-
signed to be MR-compatible allowing them to be located directly
within a Philips Achieva 3T MR scanner. The spatial resolution
of the system measured using a point source in a non-active back-
ground, is just under 2.3 mm full width at half maximum (FWHM)
in the transaxial direction when single slice rebinning (SSRB) and
2D filtered back-projection (FBP) is used for reconstruction, and
1.3 mmFWHMwhen resolutionmodeling is employed. The system
sensitivity is 0.6% for a point source at the center of the FOV. The
true coincidence count rate shows no sign of saturating at 30 MBq,
at which point the randoms fraction is 8.2%, and the scatter frac-
tion for a rat sized object is approximately 23%. Artifact-free im-
ages of phantoms have been obtained using FBP and iterative re-
constructions. The performance is currently limited because only
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one of three axial ring positions is populated with detectors, and
due to limitations of the first-generation detector readout ASIC
used in the system. The performance of the system as described is
sufficient for simultaneous PET-MR imaging of rat-sized animals
and large organs within the mouse. This is demonstrated with dy-
namic PET and MR data acquired simultaneously from a mouse
injected with a dual-labeled PET/MR probe.
Index Terms—Magnetic Resonance Compatible PET, PET-MR,

PET-MRI, positron emission tomography, silicon photo-multi-
plier.

I. INTRODUCTION

A N MR-COMPATIBLE-PET SCANNER has been devel-
oped as part of the EU FP7 HYPERImage project [1]–[3],

with the aim of acquiring PET images simultaneously with MRI
data for pre-clinical studies. The system is constructed from
LYSO/silicon photo-multiplier (SiPM) arrays and is designed to
operate within a Philips 3T Achieva clinical MR scanner. The
PET system mounted on the couch of a Philips 3T Achieva MR
scanner is shown in Fig. 1.
The system is one of only a few SiPM based MR-compat-

ible-PET systems constructed to date [4]. A number of other
MR-compatible-PET systems have previously been developed
using either optical fibers to distance conventional magnetic
field sensitive PET PMTs from the high magnetic field at the
center of an MRI scanner [5] or APDs, which are magnetic field
insensitive, with the APDs located at or near to the center of the
MRI system [6], [7]. These systems along with a small number
other approaches, such as field cycled MRI [8], or adapting the
MRI scanner so that the PET PMTs are located in a low field
region [9], have been extensively reviewed elsewhere [10].
In optical fiber based approaches, the signal size reaching the

PET PMTs is small, due to light losses within the fibers, and
these systems are difficult to scale up. APDs are both compact
and readily scalable, leading to them being used in the Siemens
mMR human PET/MR scanner [11]. They do, however, have
a relatively low inherent gain resulting in small signal size and
relatively slow response time. SiPMs are also relatively insensi-
tive to magnetic fields but have higher gain and faster response
time compared to APDs, making them a very promising candi-
date for an MR-compatible PET photo detector [12].
The HYPERImage system (Hyperion I), shown in Fig. 1, con-

sists of a ring of 10 detector modules. Each module can house up
to six detector stacks, each comprising a 22 by 22 array of LYSO
crystals where each crystal is mm . The crystal
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Fig. 1. MR compatible PET system located on patient table of Philips 3T
Achieva whole body MR scanner.

array is coupled to an 8 by 8 channel analogue SiPM array man-
ufactured by FBK (Fondazione Bruno Kessler, Trento, Italy) in
2009 [13].
There are two dedicated ASICs [14] in each detector stack,

each having 40 independent channels for digitization of the
analogue detector signals. The ASICs output energy, timing
and channel information for each single event. Liquid and air
cooling systems keep the temperature constant across each
SiPM array within each stack during operation of the scanner
[15]. An FPGA-based interface board pre-processes the digi-
tized signals which are transmitted out of the MR room to the
acquisition computer using optical fiber cables [1].
The internal diameter of the detector ring is 20 cm with a us-

able transaxial field of view of 16 cm. The scanner can accom-
modate up to 3 rings of detector stacks with a resulting total
axial extent of 90.5 mm. An RF transmit/receive coil is inte-
grated inside the PET ring. The coil is a purpose built sixteen
rod birdcage resonator. The rods of the birdcage are fabricated
from thin copper layers ( m copper on 1 mm glass fire re-
inforced plastic) to minimize attenuation. In the prototype con-
figuration used here only one PET ring is populated resulting in
an axial extent of 30.2 mm.
The energy resolution of the system is 23% with an average

timing resolution of 3 ns (FWHM), as reported previously in
[2], [16].
Here we present a small animal performance assessment of

the PET scanner inside the MRI scanner (some preliminary re-
sults were presented at the 2012 IEEE Medical Imaging Con-
ference [17]). To demonstrate the performance of the system in
a real imaging situation we also present results from a study of
a mouse imaged simultaneously with PET and MR following
administration of a dual labeled PET-MR probe.

II. MATERIALS AND METHODS

All measurements were performed with the PET system in-
stalled within the MRI bore unless stated otherwise. In the situ-

TABLE I
PULSE SEQUENCES USED TO ASSESS EFFECT OF MR PULSE SEQUENCES ON

PET SPATIAL RESOLUTION, SENSITIVITY AND COUNT RATE

ations in which performance parameters were likely to be influ-
enced by theMRI scanner, measurements were repeated outside
the MRI scanner. In particular a number of other groups have
reported a change in PET count-rate when acquiring simulta-
neous MR and PET data [18], [19].
Gradient echo (GE), echo planar (EPI) and turbo spin echo

(TSE) pulse sequences were used to assess the influence of dif-
ferent MR pulse sequences on the performance parameters of
the PET scanner. The pulse sequences were chosen to cover
a range of imaging conditions from a high level of gradient
switching, which occurs when an EPI pulse sequence is ap-
plied, to multiple RF pulses being applied by a TSE sequence.
In all measurements the number of signal averages (NSAs) was
adapted so that the MR sequence was applied for the duration
of each PET measurement. The details of the three MR pulse
sequences are given in Table I.
For all measurements the detector stacks were operated

within a temperature range of to . The range in
temperature is caused by differences in the quality of thermal
coupling of the liquid cooling pipes to the different detector
stacks. Each of the 20 stacks (each comprising an 8 by 8 SiPM
array) was operated at a different bias voltage such that the bias
currents for different stacks varied from 2 to 6 mA. The current
for each stack was chosen such that all stacks demonstrated a
similar energy spectrum (i.e. integrated over all 64 SiPMs in
the stack) in response to a source. The residual variation
in gain between SiPMs was then corrected for in the post-pro-
cessing software. The large variation between the bias current
for the different stacks is a consequence of the large variation
in dark current between individual SiPMs.
The methods described in [20] and [21] were used to post-

process the data prior to image reconstruction All images were
reconstructed without attenuation correction applied and unless
stated otherwise a self-normalization technique based on the
singles data was used [22] to normalize data prior to image re-
constuction. The resolution modeling, performed as part of the
iterative algorithm used to reconstruct the data where specified
below, uses a technique similar to that described in [23].

A. Spatial resolution

A point source (518 kBq, 0.25 mm diameter) was lo-
cated at the axial center of the scanner at distances of 2, 5, 10, 15,
20 mm from the CFOV in the transaxial direction. Images were
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reconstructed using i) single slice re-binning (SSRB) and 2D fil-
tered back projection (FBP) (as per the NEMA specification), ii)
maximum likelihood expectation maximization (MLEM) with
10 iterations, and iii) MLEM with 10 iterations and resolution
modeling applied. The voxel size was 0.3 mm. Profiles were
drawn in the axial and trans-axial planes and the FWHM of
a Gaussian fitted to the data derived. The resolution measure-
ments were repeated with the pulse sequences in Table I applied.

B. Count Rate Performance
The count rate performance was measured using a 14 cm long
line source within a rat sized cylinder ( cm,

cm), constructed to the NEMA [24] specifications.
The phantom was scanned at hourly intervals to cover an ac-
tivity range of 1 to 40 MBq. SSRB was used to re-bin the data
into 2D sinograms and the procedure described in the NEMA
document was used to separate the true from random and scat-
tered events. The randoms rate for each measurement was esti-
mated by imposing delays of 200 ns between the digitized list-
mode data recorded by each module pair. The scatter fraction
was determined at an activity of 1.2 MBq for which the randoms
fraction was just 0.6%. For all count rate and sensitivity mea-
surements the energy window was set to 340-600 keV and the
coincidence windowwas set to 10 ns. (The coincidence window
was set at this high value due to limitations in the timing signal
alignment).
The count-rate measurements were repeated whilst applying

the EPI pulse sequence and the spin echo pulse sequence given
in Table I. Due to the logistics of acquiring and storing the data,
it was not possible to acquire the count-rate measurements with
the GE sequence applied at each time point, however we chose
the EPI (high gradient switching) and the TSE (multiple RF
pulses) sequences to cover a range of MR parameters..

C. Sensitivity
Using the point source located at the center of the PET

scanner, the sensitivity was first measured outside the MRI
scanner. The normal variation in sensitivity when PET scans
are repeated was measured by re-scanning the point source
six different times. These scans were repeated switching the
PET scanner on and off between measurements. The scanner
returned to room temperature between each measurement.
To examine the influence of the MRI scanner on PET sensi-

tivity, the point source measurement was repeated with the PET
scanner installed at the center of the MRI scanner. The three
different pulse sequences given in Table I were then applied
throughout three further PET scans of the point source.

D. Imaging Performance
To demonstrate that there were no gross artefacts in the recon-

structed image arising, for example, from missing data due to
detector malfunctions and calibration, and from incorrect geo-
metric assignment of lines of response in the reconstruction. An
image of a uniform cylinder was acquired. The cylinder had an
inner diameter of 7 cm and length of 4 cm. It was filled with
mixed in water. It was scanned for approximately 20 mins with
an initial activity of 10MBq, with anMRI image being acquired
throughout (TSE, mm , acquired voxel

size mm , ms, ).
The PET image was reconstructed using SSRB and 2D FBP re-
construction with no normalization or attenuation correction ap-
plied. Interpolation was used to fill in the gaps between each of
the 10 modules in the sinogram prior to reconstruction.
A structured phantom, containing four small spheres with

internal diameters of 3.95 mm, 4.95 mm, 6.23 mm and
7.86 mm and with background volume of 123 ml [25], was
filled with approximately 20 MBq of . The ratio of the
activity concentration in the spheres to the background was
approximately 5:1. The phantom was scanned for 10 minutes.
with the MRI scanner simultaneously acquiring an MRI image
(pulse sequence , mm , acquired
voxel mm , ms,

). The PET system was removed from the MRI
scanner and the phantom was scanned again at the same loca-
tion within the PET scanner, increasing the frame duration to
account for radioactive decay. The images were reconstructed
using OSEM (5 subsets, 7 iterations) with the resolution mod-
eling described above. These parameters were chosen as they
produced images with a visually acceptable signal to noise ratio
for a distributed object.

E. Dynamic Study of Dual labeled PET/MR Probe
A mouse was injected with a dual labeled PET/MR probe

( -Endorem [26]). The probe, is an iron oxide
nanoparticle combined with a complex containing making
it visible on both PET and MR. It is a negative MR contrast
agent which reduces the MR signal in a gradient echo image as
the concentration increases. When injected intravenously, the
probe will accumulate in the liver. Dynamic data of the PET
and MR signal were acquired simultaneously. For the PET ac-
quisition, the administered bolus of the probe contained about
20 MBq of and the frame time varied from 10 to 60 s.
For the MRI scans single slice coronal GE images were con-
tinually acquired with a temporal resolution of 45 s (FOV of

mm , slice thickness 3 mm, TR/TE 172 ms /4.6 ms,
acquired voxel mm , ). The solu-
tion of contrast agent contained g of iron oxide in L of
saline. The images were reconstructed as described in Section
IID above ie using OSEM (5 subsets, 7 iterations) with resolu-
tion modeling.

III. RESULTS

A. Spatial Resolution
The graph in Fig. 2 shows the transaxial spatial resolution as

a function of offset from center of the field of view. Table II
gives the average axial resolution averaged over transaxial off-
sets of 2 mm, 5 mm, 10 mm, 15 mm and 20 mm from the center
of the scanner. The effect of GE, TSE and EPI pulse sequences
on PET spatial resolution is shown in Fig. 3. All resolution mea-
surements were performed with the PET scanner inside theMRI
scanner.

B. Count-rate Performance
The prompt, true, random, scattered and noise equivalent

count rates as a function of activity are given in Fig. 4. At



MACKEWN et al.: PET PERFORMANCE EVALUATION OF A PRE-CLINICAL SIPM-BASED MR-COMPATIBLE PET SCANNER 787

Fig. 2. Transaxial spatial resolution as a function of offset from center of FOV,
with the point source located at the axial center of the PET scanner. The method
of reconstruction used to generate the images is given in the legend.

Fig. 3. Effect of pulse sequences on transaxial spatial resolution. The pulse se-
quences applied are those given in Table I. The reconstructionmethod isMLEM.
There is a very small decrease in FWHM at 5 mm compared to 2 mm. This could
possibly be attributed to sampling issues.

TABLE II
AXIAL RESOLUTION AVERAGED OVER FIVE IN-PLANE LOCATIONS

30 MBq, the activity typically injected into a rat, the randoms
fraction is 8.2% of total prompt rate. The scatter fraction,
measured at low activity ( MBq), is %.
Fig. 5 shows the count rate measurements made both with

no pulse sequence applied, and with the TSE and EPI pulse se-
quences applied

C. Sensitivity

The sensitivity profile measured with the PET system inside
the MRI scanner with no MRI pulse sequences applied is shown
in Fig. 6. Table III gives the results of measuring the sensitivity
outside the MR scanner, inside the MR scanner with no MR
acquisition and inside the MR scanner with the three different
pulse sequences applied. The standard deviation of the six repeat
scans of the point source acquired outside the MR was .
This variation remained approximately the same when the PET
scanner was turned on and off between measurements.

Fig. 4. Count rate as a function of the total activity in the NEMA line source
phantom (rat-sized), measured with the PET system inside the MRI scanner.

Fig. 5. Count rate as a function of the total activity in the NEMA line source
phantom (rat-sized) for different applied pulse sequences. The dashed lines in-
dicate an estimate of variation (two standard deviations) in the count rate mea-
surements which were obtained from repeated measurements of a point source
(with the scanner outside the MR). This variation is seen to be comparable to
the variation in the measurements obtained with different MR sequences.

Fig. 6. Sensitivity profile measured with the PET scanner inside the MRI
scanner. Sampling frequency increases over the peak location to ensure the
point source was located at the axial centre of the scanner for all subsequent
measurements of sensitivity. The LYSO background has been subtracted and
sensitivity corrected for the branching ratio of .

D. Imaging Performance

The simultaneously acquired PET andMR images of the 7 cm
diameter uniform cylinder are shown in Fig. 7. The PET image
was reconstructed using the standard FBP algorithm with no
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TABLE III
SENSITIVITY MEASURED INSIDE/OUTSIDE MR, AND WITH/WITHOUT MR

PULSE SEQUENCES APPLIED

Fig. 7. Simultaneously acquired images of a 7 cm diameter uniform 18F-filled
cylinder (a) MR image, (b) fused PET/MR image and (c) PET image recon-
structed using FBP (image has not been attenuation corrected).

Fig. 8. Simultaneously acquired images of a phantom containing four small
spheres with internal diameters of 3.95 mm, 4.95 mm, 6.23 mm and 7.86 mm.
(a) MR image, (b) fused PET/MR image and (c) PET image.

Fig. 9. (a) PET acquired outside MR and (b) PET acquired inside MR.

attenuation correction or normalisatoin applied, in order tomake
any major artefacts clearly visible.
The simultaneously acquired PET and MR images of the

phantom containing four small spheres are shown in Fig. 8.
The PET images of the same structured phantom scanned

with the PET scanner located inside and outside the MR envi-
ronment are shown in Fig. 9. The recovery coefficients derived
from these images are shown in Fig. 10.

Fig. 10. Recovery coefficients derived from images acquired inside and out-
side the MRI scanner. The recovery coefficients were derived using the average
value from a 2 mm diameter circular region of interest located over the pixel
with the highest value in each sphere.

Fig. 11. Images of the mouse acquired immediately following dual labeled
probe injection (top row) and at 5 min after injection (bottom row). Details of
the imaging parameters are given in Section II-E. (p.i stands for post injection).

Fig. 12. PET uptake curve acquired simultaneously with MR. MR signal-loss
results from increase in concentration of negative contrast agent of Endorem.
(p.i stands for post injection).

E. Dynamic Study of Dual Labeled PET/MR Probe

Fig. 11 shows simultaneous PET/MR images acquired im-
mediately following the injection of -Endorem
(top row) and five minutes post injection (bottom row). Fig. 12
shows the decrease in the MR signal for an ROI drawn over the
liver alongside the increase in PET uptake as a function of time
post injection.
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IV. DISCUSSION

Spatial resolution measurements using the FBP reconstruc-
tion algorithm, given in Fig. 2 and Table II, do not appear as
good as might be expected given the crystal dimensions, this
is due to the gaps between modules of the scanner, which is
compensated for using linear interpolation. The resolution im-
proves significantly when a more sophisticated model-based re-
construction algorithm is employed. No significant degradation
of spatial resolution with offset from the center of the field of
view is seen–this is attributed to the relatively large scanner di-
ameter.
Crystal identification from the light distributed across the

SiPM array is performed via a maximum likelihood positioning
algorithm [21]. A large variation in pulse size is caused by the
significant variation in gain for the individual channels in the
SiPM [2] and because light sharing is used for event localiza-
tion. As the current ASIC design lacks individual control of
gain, offset and trigger threshold levels, missing channels can
result which must be accounted for in the positioning algorithm
leading to poor performance.
A new ASIC that addresses these issues has been developed

[27]. This enables clear identification of all crystals and we an-
ticipate it should result in improved spatial resolution, energy
resolution and timing resolution.
The true coincidence count rate is approximately linear up

to MBq. (An 8% loss in true coincidence countrate was
recorded at 13.8 MBq, extrapolated from a straight-line fitted
to the low activity readings). Furthermore, the countrate curve
shows no sign of reaching a plateau at 30 MBq, which is a typ-
ical injected activity for a study of a rat. At 30 MBq the total
prompts kcps, at which count rate the randoms fraction is
only 8.2%. We would expect the randoms fraction to reduce if
the coincidence time window is reduced below 10 ns.
Sensitivity is currently low at due to only one of

the axial ring positions being populated, however populating all
three rings would be expected to result in a count rate perfor-
mance comparable with that of other pre-clinical PET scanners
with a similar geometry [28]. Populating all three ring positions
is expected to increase the true count rate by a factor of for
distributed objects, providing the data acquisition system can
operate at this increased throughput.
The results presented here indicate that the PET scanner

performance is unaffected by the MR scanner for standard
sequences examined. As shown in Fig. 3, the variation in the
resolution measured using a point source, with and without
MR pulse sequences applied, is mm at any given
offset from the centre of the FOV and no systematic differences
can be seen. As shown in Table III, the sensitivity of the system
for the point source remains within the normal variation
of repeating a scan, when the PET scanner is located inside and
outside the MR scanner. Furthermore, there appears to be little
change when the MR pulse sequences, given in Table I, are
acquired throughout the sensitivity measurement, as shown in
Table III. The count-rate curves in Fig. 5 demonstrate that for
an injected activity of up to 40 MBq the effect of applying MR
pulse sequences is less than inherent variations in count rate
observed from repeated point source measurements.

The image reconstructed using SSRB/2D FBP of a cylinder
uniformly filled with , shown in Fig. 7(c), which has been
reconstructed without normalization, although noisy, appears
uniform. The image quality of the spheres phantom shown in
Fig. 8(c), reconstructed using an iterative algorithm that accu-
rately models the gaps between modules and the finite size of
each crystal, is very good. As shown in Fig. 9, the PET image
has no discernible artifacts caused by the PET system being lo-
cated in the MR environment.
In Fig. 11, an increase in the PET uptake in the mouse liver

can be seen in the PET images, whilst the signal in the MR
images decreases as the concentration of the SPIO nanoparticle
in the probe, which is a negative MR contrast agent, increases.
The curves in Fig. 12 show that the two complementary signals
attain a constant value within mins.

V. CONCLUSION

Extrapolating from the current performance results we antic-
ipate that population of all three detector rings and upgrading of
the readout ASIC will result in an MR-compatible-PET scanner
with performance similar to that of state-of-the-art non-MR-
compatible pre-clinical systems. The basicMR-compatibility of
the system has already been examined and found to be excellent
[1]. Furthermore it would appear that the MR has little influence
on the PET performance. Although the effect of a range of pulse
sequences has been assessed here, further investigation of the
effect of the interaction between the PET and MR scanners is
presented in [15].
The performance of the system is sufficient for imaging rat-

sized animals and large organs in the mouse. As demonstrated
here, using the system as it stands, it is possible to monitor a dy-
namic process simultaneously using PET and MR and a dual la-
beled probe in the mouse liver. We plan to use the system to fur-
ther demonstrate novel applications of simultaneous PET/MR.
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