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Abstract

The Ingenuity TF PETMRI is a newly released whole-body yBET+
MR imaging system with a Philips time-of- ight GEMINI TF PE&nd
Achieva 3T X-series MRI system. Compared to PET+CT, modi@ta
to the positron emission tomography (PET) gantry were madevoid
mutual system interference and deliver uncompromisinfop@ance which
is equivalent to the standalone systems. The PET gantry edesigned to
introduce magnetic shielding for the photomultiplier tal§fEMTs). Stringent
electromagnetic noise requirements of the MR system nitggessthe removal
of PET gantry electronics to be housed in the PET:MR equipnmoam. We
report the standard NEMA measurements for the PET scanfér.irRaging
and performance measurements were done at Geneva Unjivdospital as
described in the NEMA Standards NU 2-2007 manual. The sdedidion (SF)
and noise equivalent count rate (NECR) measurements vatiEMA cylinder
(20 cm diameter) were repeated for two larger cylinders (&7and 35 cm
diameter), which better represent average and heavy mati&riNEMA=IEC
torso phantom was used for overall assessment of imageyquitie transverse
and axial resolution near the center was 4.7 mm. Timing aecygresolution
of the PET:MR system were measured to be 525 ps and 12%, tigspeclhe
results were comparable to PET+CT systems demonstratndghté effect of
design modi®cations required on the PET system to removetiaful effect
of the magnetic ®eld on the PMTs was negligible. The absskhirsitivity of
this scanner was 7.0 cps kB whereas SF was 26%. NECR measurements
performed with cylinders having three different diametarsd image quality
measurements performed with IEC phantom yielded excetlesilts. The
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Ingenuity TF PETxMRI represents the ®rst commercial wholdy hybrid
PET£MRI system. The performance of the PET subsystem waparadole
to the GEMINI TF PETxCT system using phantom and patientissudit is
conceived that advantages of hybrid PETMRI will becomearevident in
the near future.

1. Introduction

Positron emission tomography (PET) imaging is widely udedoally for its unique ability
for molecular imaging, especially in oncology, cardiolagyd neurology. Nowadays, PET is
combined with computed tomography (CT) imaging in hybridTPET scanners where CT
provides the anatomical underlay for localization of alomalities visualized on PET images.
However, CT imaging with its poor soft-tissue contrast sslthan ideal for several applications
most notably in brain, headeck and prostate imaging (Zaidi and Mawl&G07).

The idea of combining a PET to a magnetic resonance imagirigl)8ystem, for the
latter's superior soft-tissue contrast, was proposed éefare PET+CT was commercially
developed. More than 10 years ago Marsden and Cherry decblie ®rst simultaneous
PET£MRI system (Shaet al 1997). The single-slice preclinical PET system was placed
inside the receiver coil of the MRI, and was coupled to phatbiplier tubes (PMTs) housed
outside the main magnetic ®eld via long optical ®bers. Taelwhck of this prototype was
that the PET signal quality was degraded from optical lossed by light transmission via
optical ®bers. Pichlet alhave since designed a full PET detector ring which can beabper
in the MR scanner without the need of optical ®ber couplinglédhoferet al 2008. This
PET scanner prototype, based on avalanche photodiode®itigly designed for preclinical
imaging and has now been applied for brain imaging inside a&lBilcal whole-body MRI
system (Schlemmest al 2008. Until such technology becomes available for whole-body
imaging, other approaches for so-called sequential PET#iHging have been researched
(Delso and Ziegle009.

The Philips Ingenuity TF PET£MRI is a hybrid imaging systeithwhilips time-of-"ight
GEMINI TF PET and Achieva 3T X-series MRI system, as showngni®1 (Gagnonet al
2008. While this design does not allow simultaneous PET and Mfjussition, it allows
acquisition of automatically co-registered PET and MR iegmgcquired sequentially, similar
to the work ow in PET£CT systems. Key parameters of the A¢hi8T MRI system are
described in tablé. Following initial development, two PET+MRI systems wenstalled
in Mount Sinai Medical Center, NY and Geneva University HtepGeneva. In this study,
we evaluate the imaging characteristics of the PET compooiethe Ingenuity TF PET+
MRI scanner using the National Electrical Manufacturersdtsation (NEMA) NU2-2007
Standards measurements (NEMAO7). Additional measurements were done to evaluate
the mutual interference between the two systems on imaginfgnmance and the impact on
reconstructed images.

2. Materials and methods

2.1. PET=MR scanner design and intrinsic measurements

PET detector and electronics.The PET detector and acquisition system electronic harlwar
for the PET£MR system was based on the existing GEMINI TF RHTelectronic hardware,
with requisite changes to allow for compatibility in the MBasiner environment (Suri al
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Figure 1. lllustration of the PET:MRI system. A turntable patient diamy system facilitates
patient motion between the MRI system on the left and the PET system on the right.

Table 1. MRI characteristics of the Philips Achieva 3T-X MRI system.

MRI parameter Description
Magnet type Superconducting 3T
Bore diameter (cm) 60
Maximum FOV (cm) 5 50£ 45
Field homogeneity\(rms?) 0.5 ppm
40£ 40£ 40 Volume (cm)

Max gradient amplitude (mT i) Standard mod® 40=100
and slew rate (mT mt ms 1) on Enhanced mode 80=200
each axis

Number of receive channels 16 standard, 32 optional
Channel bandwidth 3 MHz per channel
Table weight capacity 200 kg

8Measured in 24 angles on 24 planes.

2007. Key speci®cations of the PET scanner are listed in tablSignal readout on the
PET is performed by a hexagonal array of 420 PMTs of 38 mm diam&he Anger-logic
detector has characteristics of good crystal separatitmumiform light collection and energy
resolution (Karpet al 2003 Surtiet al 2000. The hardware coincidence-timing window for
this scanner is set at 6 ns, and a delayed coincidence wiredwiique is used to estimate the
random coincidences in collected data.

The PMT operating voltage is nominally set between 1100 &@D 3 dc for imaging
to detect the photons generated from the crystal deteatay during the photon interaction
with the detector. The LYSO detector blocks themselveslayletly radioactive and emit beta
rays that interact within the crystal block and cause pt®torbe emitted. These background
photons randomly cause normal light signals in the PMTsisgnah electrical signal to the
connected electronics channel. The resulting wide spaceiectromagnetic pulse caused
an increase in the MR background noise oor. To minimize #fiect, we designed the
system to reduce the PMT high voltage to 900 V dc while acagiMR data. The voltage
is reset to the nominal value after the MR is ®nished, bef&® &quisition is started. Our
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Figure 2. Count density (CD), energy resolution (ER) and timing resolution (TR) were measured
on the PET+MRI system after successful completion of the routine daily quality check procedure.
To simulate a typical PET:MRI scanning cycle, the PMT voltage was looped through a sequence
of 1 h at low voltage (simulating an MRI exam) and 30 min at standard voltage (simulating a
PET exam). Measurements were taken after a delay of 1 minfd)2amin (B) of switching

back to standard voltage in each cycle, which closely remtssthe delay time between moving

a patient between the MRI and PET scanner. ER and TR afteydéswere well within system
speci®cations, namely 117% and 104%, respectively.

Table 2. PET characteristics of the Philips Ingenuity TF system.

PET parameter Description
Detector ring diameter 90.3cm

Bore diameter 70.7 cm

Axial FOV 18 cm

Crystal type LYSO

Crystal size and type 8 4£ 22 mn?
Crystal array per module 2344

No of detector modules 28

No of individual crystals 28336
Coincidence window width 6 ns
Energy acquisition window  460+665 keV

measurements indicate that essentially no time delay weessary for stabilizing the PMTs

if the high voltage was reduced. FiguPeshows that measured count density, energy and
timing resolution are well-within system speci®catiorteraf series of reduction cycles in
PMT voltage.

Mitigation of magnetic ®eld effectsThe PET scanner was redesigned to operate inside a
standard MR scan room. The key design goal was to place bottaRPET as close as
possible without loss of image quality. The PET was placeakiab at a distance of 4.2 m
from the MR (distance between centers of FOV) which provigedd compromise between
magnetic ux at PET, PET:MR system footprint and acceptghligent imaging work ow.
Even fringe 3T active-shield magnetic ®elds at such a distarere measured to be close to
20 times the Earth's magnetic ®eld, which rendered PET PMMfsunctional, necessitating
the need for magnetic shielding for their operation. PMEs\vary sensitive to magnetic "ux,
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Figure 3. Magnetic "ux density inside the PET gantry. Simulation o thinge magnetic ®eld

of the MRI magnet was done to estimate the magnetic "ux density in air around the PMTs. The
side-view of the PET gantry is shown on the right with the marked area magni®ed on the left
to show the magnetic "ux density around one crystal block and PMTs. With the shielding in
place, "ux around the PMTs was reduced to acceptable levels between 0.76 G and 1.45 G (before
introduction of local PMT shielding).

the presence of which de ects the PMT photoelectrons froeir thiajectories resulting in
reduced pulse height (an apparent gain change) (Delso agtez2009.

Simulations of the magnetic "ux indicated that the requiles ux at the PMTs could
be achieved by introducing bulk, but relatively thin, magmshielding in the PET gantry
without the need for any material in the normal PET imaginghp@ar the annihilation
photons. Magnetic "ux simulations were done using Vectalds software, Aurora, IL,
USA. The PET gantry was thus redesigned with a modest peifitg#diminated steel shield
around the detector light box to guide most of the fringe netign®eld around the PMTs
(DeMeesteret al 2009. Inside the light box, higher permeability local PMT skiglwere
used to further reduce the residual magnetic ®eld overitdhdiV PMTs. Figure3 shows a
simulation of the magnetic ®eld at the PMTs in the PET ganttly magnetic shielding in
place for the PET gantry portion. The PMT gains of the PETesysivere recalibrated "at
®eld' to remove the effect of the remaining residual magr®@¢id at the PMTs. The additional
magnetic material in the room was suf®ciently far away froenrhagnet center to allow the
use of normal procedures in the shimming of the 3T magnet.

MRI magnet main magnetic ®elg Bomogeneity in the FOV was measured after standard
MRI shimming procedure before and after the PET gantry weisiiled in the PET:MR suite.
Bo homogeneity was calculated on the characterization vadumased on spherical harmonic
representation of the data, as determined from 24-planengfe measurements on a larger
volume (tablel).
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Table 3. Measurement of the MRI magnet main magnetic ®glti@nogeneity in the FOV after
the standard MRI shimming procedure before and after the gitry was installed in the PETx
MR suite. B homogeneity was calculated on the characterization volumes based on spherical

harmonic representation of the data, as determined from 24-plane, 24-angle measurements on a

larger volume.

Volume dimensions  Standalone MRI After PET MRI speci®cation
(X=Y=Z, eachincm) Yms Ppm) installationVims PPM)  Vims PPM)

40£ 40£ 40 0.37 0.32 <05

30£ 30£ 30 0.07 0.08 <0.12

20£ 20£ 20 0.014 0.017 <0.03

10£ 10£ 10 0.002 0.002 <0.004

Table 4. Overall system energy and timing resolution (FWHM) with MBI magnet ramped up
and PET recalibration.

Change after MRI ramp (%) Measured value

Energy resolution  0.28 5.08 11.68 0.1%
Timing resolution 1.3 0.6 523.38 11.6 ps

Mitigation of RF noise. 3T MRI corresponds to a proton imaging frequency of
» 128 MHz, but is sensitive to frequencies in the range of 38#PIz (e.g. for multinuclear).
RF noise generated from electronics situated inside thegagfry shows distinct MR artifacts
(Slateset al 1999 Wehrl et al 2009. While a normal PET system has EMI emissions that
meet all regulatory requirements, requirements for MRIfaremore stringent. To obviate
these issues, PET system modi®cations were done to molecaibaics from the PET gantry
to the equipment room where it is easier to mitigate spuriaise transmissions. The PET
gantry contained only the normal crystBMT geometry and the ®rst level of signal processing
boards. All power and signal cables penetrating the MR wedlise ®ltered through specially
designed RF penetration panels to prevent extraneous Elditian to enter the imaging suite
through the cables into the room. Further, PET acquisitiecteonics were enclosed in an RF
tight cabinet which provided shielding effectiveness ofdat 1 GHz frequencies.

Energy and timing resolution. Energy correction tables were generated by usirfg\a
point source and calculating the peak position in the enspggctrum for each crystal and
normalizing it to a common value (Suet al 2007). To test the PET magnetic shielding,
energy centroids and full width at half maximum (FWHM) peystal were calculated with
the MRI magnet “on' (at ®eld) and “off' (ramped down), as shaw®gure4. A very minor
energy resolution degradation of 0.1% FWHM (tab)ewas observed with ramping up of
the magnet demonstrating the effectiveness of magnetddshg in removing the deleterious
effect of the magnetic ®eld from normal PMT operation.

Timing calibration was performed on the system as descrifeddre (Surtiet al 2007)
with the MRI magnet ramped down. After ramping up the MRI metgmesidual magnetic
®eld at the PMTs altered timing resolution centroids as shav®gure4. Recalibration of
the PET system at ®eld restored the overall timing resolttidhe original value with a very
minor increase of 7 ps.
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Figure 4. Energy and timing histogram crystal maps. Measurements with a point source were done
to calculate per-crystal energy (top row) and timing histograms (bottom row) of the PET with the
MRI magnet ramped down (column 1), MRI magnet ramped up but with original PET calibrations
(column 2), and ®nally after fresh PET calibrations (colhnIn each panel, 4 representative
crystal blocks (out of 28) are shown in the top row (numbered 1+4), with diametrically opposite
blocks in the bottom row &49. After PET PMT gains recalibration, the effect of magnetix at

the PMTs was removed and the crystal energy centroids were brought within a tight range (panel
C). Data in ®gures A+C show energy centroids, which are represented as a percentage of 511 keV.
Similar results were obtained from plotting the per-crystal timing resolution histograms of the PET
scanner where recalibration of the PET after MRl magnet ramp-up resulted in recovery of timing
resolution centroids of the system (panel F). Results presented in panels D+F represent the timing
resolution (in ps) between a pair of coincidence photons which are recorded in the PET system.

2.2. PET scanner performance measurements

All PET calibrations and measurements were done with the B\®tem ramped to 3T,
shimmed and calibrated. Performance measurements wezatlGeneva University Hospital
on the Ingenuity TF PET£MRI scanner following the procecautined in the NEMA NU2-
2007 standard (NEMA007).

Spatial resolution. Spatial resolution measurements were performed with psoorces
made by placing®F-FDG ("uorodeoxyglucose) in 1 mm capillary tubes. Measueats were
performed at positions ofX(Y) equals (0,1), (0,10) and (10,0) cm in the transaxial plane.
Axially, the point sources were placed at the center of th& lB@d at one quarter of the



2007, with an unapodized
®lter (ramp ®lter with a cutoff at the Nyquist frequencyardiard NEMA analysis was then
performed to calculate the FWHM and the full width at tenthximaum (FWTM) of the point
spread functions in radial, tangential and axial direction

Sensitivity. The NEMA PET sensitivity phantom comprises ®ve concenliimaum sleeves
with a wall thickness of 2.5 mm and length of 700 mm. A plastizel source with

2 mm diameter was ®lled with 8.8 MBq &fF (count losses and randoms were assumed
to be negligible at this low activity) and threaded througl innermost sleeve. Count rates
for 1 through 5 of the sleeves in-place were obtained frotmfisde ®les and extrapolated to
obtain the rate with zero thickness of aluminum under theragsion that all positrons would

be annihilated in the absence of an attenuating material.

Scatter fraction and count rate measurement3he scatter fraction (SF) and count rate
measurements were performed using the NEMA scatter phanidm scatter phantom is a
solid polyethylene cylinder (70 cm length, 20 cm diametdthw water equivalent density of
1 g mLi . The phantom was threaded with a plastic tube (80 cm lengehmn diameter)
®lled with 555 MBq of-®F placed at 4.5 cm radial offset from the center. Data wereieed
at several time points as activity in the cylinder decayedr@everal half-lives until true
event losses were less than 1% and processed as descriloee (®irtiet al 2007). The
prompt and delayed coincidence window data were acquirddetrinned using single-slice
rebinning. Random events were measured from the delayedrsim pro®le, whereas the
prompt sinogram pro®le was used to calculate the numbeatésand random events within a
region of interest (ROI) having a diameter of 24 cm (4 cm latgan the phantom's diameter).
The ®nal acquisition of the sequence with count loss ratgsaardom rates below 1% of the
true rates was used to determine the SF. For the last adonjsttwas assumed that random
counts were negligible and only true and scatter countstitotes! the total counts.

The SF was de®nq§i as

SFD I';S
i S + T/
From the above calculations, noise equivalent count raEeC[R) was calculated using the
relation
Trues Raté

Trues Rate + Scatter Rate + Randoms Rate

To better assess the performance of the scanner for heaignisatthe above count loss
experiment was also acquired using two annular polyetleylaeves of diameters 27 and
35 cm which were representative of an average and a largenpatéspectively (Surtt al
2003. The calculation of scatter was performed within regioh8loand 39 cm (diameter of
cylinder + 4 cm) which was analogous to the NEMA method forzZBem diameter phantom.

NECRD

Image quality. Image quality (IQ) measurements were performed using thMIAEEC
torso phantom. The phantom was placed on the tabletop sdahaphere centers lay in
the same axial plane close to the central slice in the scariimer two largest spheres of the
phantom were ®lled with water, whereas the other spheres@il&xd with activity equal to
four times (and eight times in another scan) the backgroliodgimulate activity from outside
the FOV, the 2CE 70 cm NEMA phantom was abutted to the IEC phantom but outside t
scan FOV.
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Morich et al 2010. We employed an MRAC technique which used image segmentédi
the phantom, and template-based AC for the patient table.

The MR sequence (calletMR for attenuation correction MR sequence) used for IEC
phantom imaging was slightly modi®ed from the patient imggequence. A small ‘ip
angle of Z was used to suppress the excess signal from water, and rdigleetric artifacts
from the MR images. A 2-segment MRAC image segmentatiomigcie, with air and water
being the two individual segments, was applied to &tiR images for the generation of
the attenuation map of the IEC phantom. This method was gakgisimilar to the clinical
MRAC technique (Hwet al2009 but was modi®ed to enable segmentation of the lung insert.
Background air and water were segmented as separate voluithés the image and were
assigned individual attenuation values. To estimate tie@aation from the plastic housing of
the phantom, the phantom ac map was extended by one pixel {dmath dimensions. The
attenuation from the patient table, which was also not igsib MR images, was estimated
by appending a pre-de®ned attenuation template of the talilee segmented ac map of
the phantom. PET images were reconstructed using a liseromtered-subsets expectation
maximization (OSEM) technique using 3 iterations with 3Bsets each, a blob basis function,
time-of-"ight information and accounting for attenuatjoscatter and random events in the
system matrix.

Image analysis as de®ned by NEMA was performed on the adqBES images to
calculate background variability (BV) and contrast reegveoef®cients (CRC) for each
sphere. It should be understood that the above 1Q method mimegrovide a framework
for testing the clinical MRAC technique, but is a robust testoverall PET IQ assuming an
accurate phantom attenuation map is available.

Clinical studies. Clinical MRAC is a major challenge facing PETXMR imaging. v&=l
techniques have been suggested for MRAC (Hofmahral 2009, but few have been
successfully implemented for whole-body imaging. We immated a 3-segment
(background air, soft tissue and lung) fully automated MR&€hnique suitable for clinical
whole-body imaging as described before (dual 2009. The algorithm offers robust
extraction of the outer contour of the body and the lungs. diMR acquisition protocol
consisted of a fast multi-stack whole-body protocol whimbikt about 3 min for a 100 cm axial
coverage. A 3D multi-stack spoiled T1 weighted gradientestquence was used with ip
angle 16, TE 2.3 ms, TR 4.1 ms, smallest water+fat shift, 600 mm transverse FOV with a
slab thickness of 120 mm, voxel size£33 £ 6 mn?, and 12 mm overlap between adjacent
stacks. ThatMRacquisition on its own is not intended to be a diagnosticityahage for
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Figure 5. (A) Triangular sensitivity pro®le as measured with the NEMB2-2007 line source.
(B) Plot of the measured SF as a function of ELLD for three different cylinder diameters as shown
in the legend.

Table 5. Results of PET spatial resolution measurements with a point source on the Ingenuity
PET+MRI system compared to the GEMINI TF PET+CT system.

GEMINI TF PET£CT
Ingenuity TF PETEMR (Surtiet al2007

Spatial resolution FWHM (mm) FWTM (mm) FWHM (mm) FWTM (mm)

Transverse (1cm) 4§ 0.1 9.48 0.2 4.8 9.7
Axial (1 cm) 4.68 0.1 9.58 0.1 4.8 9.6
Radial (10 cm) 5.8 0.1 9.9 0.1 5.2 10.3
Axial (10 cm) 5.08 0.1 9.78 0.1 4.8 9.6
Tangential (10cm) 5.8 0.1 10.58 0.1 5.2 10.2

MR purposes. The homogeneity of the main magnetic ®gla&y, for example, ultimately
limit the FOV and require certain maximum stack thicknesdtie atMR acquisition.

Patients were scanned on the PET+MR scanner following datdmiagnostic PET+CT
scan without additional tracer injection. The PET+MRI stednsisted of survey images, a
whole-bodyatMR sequence followed by the diagnostic PET scan. Further detgnMR
scans were performed, if needed. Pre-generated attenuasips of RF coils and accessories
were automatically applied during PET reconstruction wpiesent inside the PET FOV.

3. Results

3.1. PET scanner performance measurements

Spatial resolution. Table5 summarizes the PET spatial resolution measurement résults
the Ingenuity TF PET:MRI scanner compared to the GEMINI TREET scanner (Surét al
2007). Spatial resolution was comparable in both systems detratimg) the effectiveness of
magnetic shielding and overall system design which regdultgoroper PMT calibration and
operation.

Sensitivity. The absolute sensitivity of the Ingenuity TF PET+MRI scanmas 7000 cps
MBgi * when the line source was placed at the center of the scame7200 cps MBy?!
with a 10 cm radial offset. The axial sensitivity pro®le waartgular in shape (®guigA))
and peaked at about 160 cps MBq
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Figure 6. Plot of counting rates as a function of activity concentration for 20 cm (A),
27 cm (B) and 35 cm (C) diameter cylinders. True coincidence rates, random coincidence rates,
scatter coincidence rates and NEC rates are plotted. (Dijr@umrplots for NEC rates as a function

of activity concentration in the scanner for the three different cylinders.

Scatter fraction. Figure5(B) shows the measured SF as a function of energy lower level
discriminator (ELLD) for the 2E 70 cm line source phantom. These results indicated that,
as expected, raising the ELLD decreased system SF. The &asged for all ELLD values

as the phantom size increased due to increased photonattmmand scatter. At the default
ELLD value of 460 keV, the system SF was measured to be 26%,8%#2% for the 20
cm, 27 cm and 35 cm diameter cylinders, respectively. It khba noted that the ELLD in
this investigation was set to 460 keV which is slightly highiean the standard setting on the
GEMINI TF PET=CT scanner (440 keV) (Surt al 2007).

Count rate performance. Figure 6 summarizes the results from count rate measurements
for the three cylindrical phantoms. The total, true, randacatter and NEC rates were
plotted against an effective activity concentration whigds calculated by dividing the total
activity in the line source by the total volume of the cylilwdd phantom in each case. In
®gureb(D), the NEC curves for the three cylinders as a function tif/ég concentration are
plotted. Reduced true coincidences were observed becusereased attenuation in the
larger cylinders which led to reduced NECR values. The pe&k kate for the 20, 27 and

35 cm diameter cylinders was 88.5 kcps at 13.7 kBqg m(0.370% Ci mLi 1), 41 kcps at

9 kBqg mLi 1 (0.24* Ci mLi %) and 16 kcps at 5.8 kBg milt (0.161 Ci mLi 1), respectively.
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7, in addition to representative MR
and PET images through the central slice of the IEC phantosrexfpected, the tabletop and
plastic housing of the phantom is not visible in the MR imaggngl A) and the phantom "uid
properties are not optimal for MR imaging as evident fromrba-uniformity pattern. The
attenuation map generated from the MR image is shown in @nehere the pre-de®ned
tabletop attenuation template is automatically insertethd the image processing chain. The
®nal PET image for the 4:1 phantom is shown in panel C, getermith TOF information
and accounting for attenuation, scatter and random eveti® isystem matrix. Qualitatively,
the images are comparable to the images obtained on the GEMINPET+CT scanner.
Quantitative measurements performed on the data are glimttpanels D and E. CRC and
BV (in parentheses) for hot spheres were 31% (8%), 48% (728)% %) and 69% (5%)
for 4:1 and 47% (6%), 62% (5%), 75% (5%) and 79% (5%) for theratio phantom for
the 10, 13, 17 and 22 mm spheres, respectively. Cold spheteasbrecovery and BV (in
parentheses) was approximately 75% (5%) and 78% (4%) fambepheres at both 4:1 and



8 shows whole-body patient images obtained on the PETtMRsyssing routine
clinical imaging protocols. This patient was injected wa®7 MBq (9.9 mCi) of'®F-FDG
177 min before PETMR imaging, and PET data were acquired56rs per bed position
for a total of 11 bed positions. The patient had malignariblesin the neck region, which
were observed on both the PET+tMR and PET+CT images. Theeeneesbserved artifacts
from the insertion of table and coil templates in the att¢ionamap. Overall, no noteworthy
difference in image quality and identi®cation of abnorragidns were found between the two
PET scans of each case. Details on initial clinical imagixgeeience with the Ingenuity TF
PET=MR are beyond the scope of this paper and are discussadhelre (Ratilet al 2010.



2008. The timing resolution of the scanner after recent
calibration upgrades is maintained at 525 ps. Daily qualdptrol measurements spread
out over several months show that the timing and energy uisnlare stable without any
considerable variations. Basic performance measurenaecterding to NEMA NU2-2007
procedure showed that the system speci®cations paraltedftthe Philips PET£CT system.
SF measurements for the standarde2@0 cm cylindrical phantom showed a value of 26%.
As this cylinder represents a light patient, we repeatesktheeasurements on larger phantoms
with diameters of 27 cm and 35 cm which are representative@fage and heavy patients.
Increased scatter in these situations was indicated wititsored SF values of 35% and 42%,
respectively. NECR plots (®guB showed that the peak NECR with the NEMA phantom
was 88.5 kcps but increased attenuation as well as randoracatigr coincidences leads to
a noticeable drop in the peak NECR values for the two larganfgms. Currently, clinical
images are acquired at a singles rate of 10£20 Mcps, whiclel@wvbthe singles range
(2530 Mcps) at which the NECR peaks for all three phantomse have developed
a unigue solution for the estimation of attenuation of taigeand accessories which is
essential for both phantom and clinical imaging. The rasiuim the NEMA IQ phantom
show the excellent overall imaging performance of the sgsténitial results from clinical
imaging on the scanner have also yielded acceptable re@ritsb et al 2010. The
core system performance is comparable to standalone PETM&ldsystems, and MR-
based attenuation correction represents the major clyalléor effective clinical imaging
(Zaidi 2007).

PET=MRI systems have been talked about for several yeansafitw scanner designs
and prototypes that have shown promise for preclinical aachbmaging (Shaet al 1997,
Judenhofeet al2007, Slateset al1999 Catanaet al2008 Pichleret al201Q Zaidiet al201Q
Schlemmeet al2008. This sequential design obviates some of the more chatigigchnical
issues that have dogged simultaneous systems over theayebingave hampered the design of
whole-body PET£MRI imaging systems. We successfully raigg the interference between
the two systems to achieve a level of performance equivédethie standalone PET and MRI
systems. Magnetic shielding was introduced in the PET gdatreduce the magnetic ®eld
at the PMTs to a low level such that its residual effect codaalibrated. The shielding was
designed such that no material was placed in the normal gathrohilation radiation from
within the FOV, preserving system sensitivity. Further i@®ghtions were done to relocate
electronic circuitry from within the PET gantry to the te@tal room to reduce the amount
of RF noise generated from within the PETMR room. Such ngéte picked up by the RF
coils of the MRI system and manifests itself as spike pastannise line patterns, or elevated
background noise in the MR images (Weétlal 2009. Every such noise source was either
relocated or shielded for RF emissions. With the magnéyisalielded PET system in place,
shimming of the B magnetic ®eld followed conventional procedures. The MRijmeawas
easily shimmed into speci®cation; this was enabled byimasgplacement of the PET gantry
at a reasonable distance from the magnet and the smart dafsRfET magnetic shielding
to minimize the steel shield mass. Similarly, no effect o lomogeneity of the MR Bor



2009. In summary, we describe the design principles and
report the PET performance of the Ingenuity TF PETtMRIBtherla's ®rst whole-body
PET+MR system, as described in the NEMA NU2-2007 guidelines

Acknowledgments

This work was supported by the Swiss National Science Fdiomander grants SNSF
31003A-135576, SNSF 33CM30-124114 and Geneva Cancer keagu

References

Catana C, Procissi D, Wu Y, Judenhofer M S, Qi J, Pichler B J, Jacobs R E and Cherry S R 2008 Simuitaneous
Vvivo positron emission tomography and magnetic resonance mg&goc. Natl Acad. Sci. USA053705+10

Delso G and Ziegler S 2009 PEMRI system desigiftur. J. Nuc. Med. Mol. Imaging6 86+92

DeMeester G, Morich M, McMahon K and Gagnon D 2009 Magnetielding for a pet detector systebiS Patent
Application20090195249

Gagnon D, Morich M, Blakely D and Nieman K 2008 Hybrid PEMR imaging systemsUS Patent
Application20080312526

Hofmann M, Pichler B, Scholkopf B and Beyer T 2009 Towards quantitative=RER1: a review of MR-based
attenuation correction techniquisr. J. Nucl. Med. Mol. Imaging6 S93+104

Hu Zetal2009 MR-based attenuation correction for a whole-body sequentigHMEBystem EEE Nuclear Science
Symp. Conf. Record (NSBIC) pp 3508+12

Judenhofer M S, Catana C, Swann B K, Siegel S B, Jung W-I, Nutt R E, Cherry S R, Claussen C D and
Pichler B J 2007 Simultaneous PEVIR images, acquired with a compact MRI compatible PET detect
in a 7 Tesla magnd®adiology244807+14

Judenhofer M ®t al2008 Simultaneous PET-MRI: a new approach for functiondlmorphological imagindNat.
Med.14 459465

Karp J S, Surti S, Daube-Witherspoon M E, Freifelder R, Cardi C A, Adam L E, Bilger K and Muehllehner G
2003 Performance of a brain PET camera based on anger-logic gadolinium oxyorthosilicate détéuiots
Med.441340+9

Karp J S, Surti S, Daube-Witherspoon M E and Muehllehner G 2008 Bene®t of time-of- ight in PET: experimental
and clinical resultd. Nucl. Med49462+70

Matej S and Lewitt R 2001 3D-FRP: direct Fourier reconstruction with Fourier reprojection for fully 3DIEER
Trans. Nucl. Sci481378+85

Morich M, DeMeester G and Gagnon D 2010 Hybrid MRET with correction for correction for radiation absorption
by MR coil US Patent Applicatio20100135559

NEMA 2007NEMA Standards Publication NU2-2007: Performance Measurements of Positron Emission Tomographs
(Rosslyn, VA: NEMA)

Pichler B J, Kolb A, Nagele T and Schlemmer H P 2010 PHERI: paving the way for the next generation of clinical
multimodality imaging applicationd. Nucl. Med51 333+6

Ratib Oet al 2010 Clinical application of whole body hybrid PET-MR scanin oncology [abstractEur. J. Nucl.
Med. Mol. Imaging37 S220

Schlemmer H P, Pichler B J, Krieg R and Heiss W D 2009 An integtMR—=PET system: prospective applications
Abdom. Imagin@4 668+74

Schlemmer H Pet al 2008 Simultaneous MRPET imaging of the human brain: feasibility study
Radiology2481028+35



421965+70

Slates R, Farahani K, Shao Y, Marsden P K, Taylor J, Summers P E, Williams S, Beech J and Cherry S R 1999
A study of artefacts in simultaneous PET and MR imaging using a prototype MR compatible PET $iayser
Med. Biol.442015+27

Surti S, Badawi R D, Holdsworth C H, Fakhri G E, Kinahan P E and Karp J S 2003 A multiscanner evaluation of
PET image quality using phantom studlE€E Nuclear Science Symp. Conf. Recppd2425+7

Surti S, Karp J, Freifelder R and Liu F 2000 Optimizing the performance of a PET detector using discrete GSO
crystals on a continuous lightguidEEE Trans. Nucl. Scé#7 1030+6

Surti S, Kuhn A, Werner M E, Perkins A E, Kolthammer J and Karp J S 2007 Performance of Philips Gemini TF
PET=CT scanner with special consideration for its time-of-"ight imaging capabilitiééucl. Med48471+80

Wehrl H, Judenhofer M, Wiehr S and Pichler B 2009 Pre-clinical PHR: technological advances and new
perspectives in biomedical reseatetr. J. Nucl. Med. Mol. Imaging6 56+68

Zaidi H 2007 Is MRI-guided attenuation correction a viable option for dual-modality R imaging?
Radiology244639+42

Zaidi H and Mawlawi O 2007 Simultaneous PEVIR will replace PETCT as the molecular multimodality imaging
platform of choiceMed. Phys34 1525+8

Zaidi H, Montandon M L and Alavi A 2010 The clinical role of fusion imaging using PET, CT, and MR imaging
Magn. Reson. Imaging Clin. N. Arb8 133+49

Zhang B, Pal D, Hu Z, Ojha N, Muswick G, Tung C-H and Kaste J 28@8nuation correction for MR table and
coils for a sequential PEIMR system EEE Nuclear Science Symp. & Medical Imaging Cqpuf.3303+6



