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ARTICLE INFO ABSTRACT

Keywords: Hybrid PET/MR offers new opportunities in radiation oncology for tissue/tumour characterisation and response
Attenuation correction assessment. Attenuation correction (AC) is an important issue especially in the presence of immobilization de-
PET/MR vices and flat table tops (FTT). The goal of this study was to compare two methods of AC using CT- and
H-Map %8Ge/%®Ga transmission scan-based attenuation maps (p-maps) for a custom-designed FTT. Measurements were

Radiation oncology performed in the mMR PET/MR and TrueV PET/CT Biograph Siemens scanners with three different phantoms,

namely the Siemens MR-QA, a cubic canister and the NEMA IEC body phantom. The study revealed that the MR
image quality is not hampered by the presence of the FTT. For cubic canister applying the scanner’s inherent AC
alone resulted in inaccuracies in PET images, with up to —4.0% underestimation of the activity. The mean
NEMA sphere activity measurements without FTT, agreed within 3.5% with the respective inserted activity.
Placing the FTT in the PET/MR scanner resulted in a difference to the injected activity of 4.5% when the table
was not corrected for. By introducing the p-maps the discrepancy between the used activity and the measure-
ments decreased down to 2.6%. To improve the AC of the FTT the creation of a dedicated p-map was necessary

while the CT-based p-map performed equally good as the source transmission scan-based one.

1. Introduction

The potential of positron emission tomography (PET)/magnetic re-
sonance (MR) hybrid scanners is currently explored in clinical studies.
Various arguments are brought up as possible pros and cons of that new
technology [1-6]. The direct comparison with PET/computed tomo-
graphy (CT) or MR alone is difficult since the machines themselves are
often equipped with different hardware and/or software solutions
[7-10]. Radiation oncology (RO) is one of the fields that can benefit
from such technology providing complementary information in many
aspects [11-18]. It can be used for disease detection, target definition as
well as treatment planning, treatment monitoring and response as-
sessment [19-29].

The implementation of hybrid PET/MR scanners overcame the dif-
ficulty of PET-MR image registration necessary when using serial MR

and PET/CT imaging. To fully exploit the benefits of the hybrid PET/
MR imaging in RO some challenges have to be overcome. One of the
most widely discussed issues is the correction for attenuation of the PET
signal in the patient as well as in the scanner hardware components
[26,30-41]. Many different approaches, often disease location depen-
dent, are being tested and gradually commercially implemented for
patient related attenuation correction (AC). Similarly, PET/MR vendors
are taking care to adapt and design their hardware to minimize at-
tenuation and to simplify the correction. In order to facilitate an ac-
curate image fusion, the patient positioning and immobilization aids
used daily in RO at the linear accelerator also need to be used while
scanning and hence need to be taken into account in AC procedures.
Various systems and solutions are being used depending on the
existing clinical needs and capabilities. Patients with different tumour
indications are treated in different positions requiring varying aids like
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arm rests, knee rolls, neck pillows and head masks. Many of these have
multiple shape options or are specifically customized to the patient’s
anatomy (moulds, thermoplastics, vacuum mattress etc.). For attenua-
tion correction all the MR specific components like flexible RF coils, RF
coil holders or body bridges need to be taken into account. Effects of
these patient and MR system specific components on AC were already
investigated by others [26,37]; consequently established correction
procedures can be implemented at other institutions. A device that is
always present for radiation oncology specific imaging, regardless of a
treatment type and indication, is the flat table top (FTT) which can
differ essentially in type and production material. A FTT is typical for
RO and used to facilitate a reproducible patient’s position during the
treatment: at the stage of imaging for planning and dose delivery. Such
tables need to meet requirements of three disciplines: nuclear medicine,
MR imaging and radiation oncology; and respectively, cause as little
attenuation and scattering as possible, be MR field neutral and be
compatible with other positioning aids. Although these requirements
are relatively easy to meet separately, all together they are a challenge
when weight, size and easiness of use in clinical routine need to be
taken into account.

A limited number of vendors offer custom-designed FTTs. The main
goal of this study was to evaluate the impact of the purpose built FTT on
the MR and PET image quality and activity quantification for the
equipment available at the authors department. Since for objects con-
taining higher attenuation values the CT-based attenuation correction
may be insufficient [42-44] the second goal was to compare a CT- and a
(°®Ge/%8Ga) transmission-based y-map attenuation corrections.

2. Materials and methods
2.1. Scanners and respective equipment

A Biograph mMR PET/MR scanner (Siemens, Erlangen, Germany)
along with a dedicated mMR PET/MR custom-designed flat table top
(X-tend ApS, Hornslet, Denmark) was used in this study. The PET/MR
system consists of a 3T MR with a PET detector integrated in the
magnet’s bore allowing simultaneous PET and MR measurements. The
PET detector is composed of 4 x 4 x 20 mm® LSO crystals which are
read out by avalanche photodiodes (APD). The FTT is mountable on the
top of the original mMR couch allowing the use of the spine array, body
coil and all of the available surface coils.

Reference images were acquired with a Biograph TrueV PET/CT
scanner (Siemens, Erlangen, Germany), while a GE Advance PET (GE
Healthcare, Little Chalfont, United Kingdom) scanner equipped with
%8Ge/%8Ga sources was used for the acquisition of transmission scans.

The FTT with a weight of 15.8 kg consists of PA-GF30, fiber glass
and polyactide and is 223 cm long (+2 cm for the handles) with a
width of 56 cm. It is composed of 16 3D printed and injection moulded
elements (14 elements of 14 cm length in the middle, one with 12.5 cm
length at the bottom and one with 14.5 cm length at the top). Each of
the central elements has 3 round fixation indexing slots (diameter of
28 mm) separated with a distance of 14 cm. It is compatible to various
immobilization systems and equipped with semi-circular millings on
both sides. The respective table features are presented in Fig. 1A-F.

The main plate has a thickness of 19 mm. The maximal thickness
including diminutive assembly bolts that fasten the table in the mMR’s
rails is 34 mm. The effective shift of the table’s surface position with
regards to the original mMR table surface is 24 mm.

2.2. MR compatibility experiments

MR signal-to-noise ratio (SNR) measurements were performed using
a 7.3 L spherical Siemens MR-QA phantom, filled with Bayol-Oil and
Macrolex blue (Fig. 2A). It was positioned in the mMR scanner’s mag-
netic isocenter with and without the FTT. The MR scans were repeated
10 times independently using the body coil integrated into the scanner’s
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gantry with the following settings for each setup: TE 15 ms, TR 300 ms,
matrix size 256 x 256, voxel size 1 x 1 x 5mm?>, no acceleration. The
SNR defined as W was calculated voxelwise with a 3 x 3 x 3
averaging kernel, wheiél()smean(AQI_1o) was the mean signal in acquisi-
tion 1 to 10, and Ssp(AQ;.10) the respective standard deviation. The
SNR was assessed in six regions of interest (ROIs) on the central slice of
the phantom volume: one ROI with the diameter of the whole sphere
and 5 smaller ROIs of 4 cm diameter placed in the centre, at the top, at
the bottom as well as on the left and the right side of the phantom.

The MR B, measurements were performed employing the same
experimental setup as for the SNR measurements. A dual echo gradient
recalled echo (GRE) series was acquired for each setup using the body
coil with the following settings: TE 10.0/12.46 ms, TR 1000 ms, FA 90°,
matrix of 128 x 128, voxel size of 2.3 x 2.3 x 5mm?, no acceleration.
For a detailed analysis of the images frequency shift maps were calcu-
lated.

In order to assess the influence of the fixation slots of the FTT on the
MR image, MR B, measurements with the table were additionally ac-
quired using 29 L cubic canister phantom (Fig. 2B) (filled with 3.6 g
NaCl and 1.96 g CuSO4-5H,0 per 1 liter of water). Two representative
axial cross-sections were chosen for evaluation, one above the fixation
slot and one above the solid table surface.

2.2.1. Generation of y-maps

In the mMR scanner two types of p-maps are used for attenuation
correction. All standard elements of the PET/MR system that are fixed
in a specific position during the scan (patient’s table, coils, coil holders
etc.) but “invisible” for the MR have their own p-map provided by the
vendor, called hardware p-map. The attenuation caused by the patient
itself, is corrected based on a p-map generated from the acquired MR
scan (MR p-map) [39-41]. The MR p-map is limited to the axial field of
view (FOV) of the MR scan, whereas the hardware p-maps cover the
whole axial area within the gantry [42]. The p-map that is ultimately
used for the attenuation correction for a respective measurement is a
sum of the hardware p-map and the MR p-map.

Two FTT p-maps were generated and positioned accordingly in the
coordinate system of mMR hardware p-map (cf. Fig. 3):

® a CT-based p-map was obtained from the acquired CT scans of four
sections of the FTT (a Biograph TrueV PET/CT standard vendor
supplied AC CT protocol: 120 kV, 295 mAs, matrix of 512 x 512 and
voxel size of 1.37 x 1.37 x 5.0 mm?>, reconstruction kernel B19f).
The resulting Hounsfield units (HU) were converted to linear at-
tenuation coefficients (LAC) at 511 keV photons using the bilinear
scaling method [45]. The volume was resampled to 1 X 1 X 1 mm?
isotropic voxels and the resulting sub segment was duplicated to
form a p-map of the full FTT;

a standard PET transmission scan-based p-map was obtained on the
GE Advance PET scanner having a 15.2cm axial FoV using a
transmission scan performed with the in-build ®Ge/%®Ga sources.
The FTT was positioned at the level of the scanner’s isocenter. The
scan was performed in high resolution mode. Five PET positions
having three slices overlap were obtained. This resulted in a 3D
volume of 163 slices. The scanning time was 1 hour per position.
The images were reconstructed with a matrix size of 256 X 256 and
voxel size 2.15 x 2.15 X 4.25mm? using the filtered back projec-
tion with zeroth order Hanning filter with a cut-off of 4.3 mm. To
compute the p-map, the %8Ge/%®Ga transmission images were first
resampled to 1 x 1 x 1 mm? isotropic voxels. The data-set was re-
duced to the central four, 14 cm long elements, which were aver-
aged to reduce noise. The outer slices were discarded to avoid the
scanner’s sensitivity drop offs at the edges. The resulting segment
was duplicated to form a p-map of the full FTT.

To position the generated FTT p-maps in the coordinate system of
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Fig. 1. A - FTT’s view from the top; B — position in the PET/MR scanner; C — bottom view: assembly joints and setup guides; D and E - fixation and indexing slots; F —

removable immobilization fixation bolts with MR and CT markers.

the hardware p-maps, series of PET/MR and CT scans were performed.
The mMR quality control *®Ge rod sources (PET-281/1.4 MR, Sanders
Medical, Knoxville, USA) positioned on the FTT were used to determine
its surface. Spheres of 4 cm diameter, half-filled with saline solution of
'8E.FDG and MR contrast agent, were placed in the table’s indexing
slots. A CT scan of the table with the spheres was fused to the acquired
PET/MR images as well as the generated p-maps to serve as reference
for positioning in the scanner’s p-maps coordinate systems.

2.3. Attenuation experiments

Both, the PET/CT and PET/MR scans were performed with and
without presence of the FTT using two phantoms:

i. the NEMA IEC body phantom (6 fillable spheres of 28 mm inner
diameter; without the lung insert; wall thickness: 3 mm) (Fig. 2C
and supplementary Fig. Al) filled with ®F-FDG, MR-contrast and
saline aqueous solution (37.8kBg/mL activity concentration,
0.2 mmol/L Gd-DO3A-butrol, 0.9% NaCl; activity ratio of 8:1 be-
tween spheres and background [BKG]);

ii. a thin-walled (0.7 mm) cubic canister phantom (Fig. 2B) filled with
the same solution (4.5 kBq/mL activity concentration).

As the thick plastic walls of the NEMA phantom could not be taken
into account by the MR-based attenuation correction [33], a dedicated
p-map was created in the same way as for the FTT (see Section 2.2.1). In
order to concentrate on the influence of the FTT and not on the

+25%
CT py-map/projection
2
©
o
(2]
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o
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<
-25% %8Ge/%3Ga-CT p-maps’ projection

Fig. 3. FTT’s CT-based p-map orthogonal projection, “®Ge/*®*Ga transmission
scan-based p-map orthogonal projection and difference of the two in relative
numbers.

uncertainties introduced by the attenuation in the NEMA phantom, a
CT based p-map was used for all measurements. This was not necessary
for the cubic canister phantom, because of its thin walls of only 0.7 mm.

The phantoms were positioned in the scanners’ isocenter and the
acquisition time was 10 min. The attenuation correction for PET/CT
images was performed based on the CT data by default and for PET/MR
images based on the manually generated p-maps, namely CT- and
%8Ge/%®Ga transmission scan- based p-maps created as described in

Fig. 2. Phantoms used for the tests: A — MR-QA phantom; B — canister phantom; C — customized NEMA phantom.
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paragraph 2.2.1. For PET/MR reconstructions the NEMA phantom
correction was based on both the MR p-map and on the CT-based p-map
for comparison. All images were reconstructed with the OSEM re-
construction method with 4 iterations and 21 subsets employing a 5 mm
Gaussian convolution kernel. For evaluation all measurements were
corrected for decay.

PET phantom measurements were evaluated as follows:

2.3.1. NEMA phantom

o the variation of the activity measured in the NEMA phantom spheres

was assessed as the w of mean activity values; mean
eansi:se

activity values were measured in the six, 15 mm diameter spherical
ROIs placed in the center of each sphere (S1 to S6, cf. supplementary
Fig. Al);

o the relative difference of the mean activity in the sphere (15mm
diameter ROI) and in the background regions was assessed as the
difference between measurements with and without FTT normalized
to the injected activity (done for different y-maps and scanners);
NEMA ROIs were grouped in pairs based on the distance to the FTT
(cf. supplementary Fig. Al);

2.3.2. Canister phantom

o the anterior-posterior (A-P) and cranio-caudal (C-C) profiles were
plotted and the uniformity index UI (UI = 100%+ABS [M])

MAX + MIN
was assessed for the PET series of the canister phantom scanned in

the PET/CT- and PET/MR with and without FTT, reconstructed
using different AC p-maps. The A-P profiles were plotted as the
mean value over a 20 mm wide stripe in the center slice of the
phantom and C-C profiles slice-wise as the mean over a 10 cm cir-
cular ROI placed in the center of the phantom. The UI was calcu-
lated on a 10 cm long axial, central part of the phantom excluding a
1 cm margin from the phantom wall and computed using a sliding
window approach with a 5 X 5 voxel ROI (volume of 0.8 cc) on a
slice-by-slice basis.

3. Results
3.1. MR compatibility experiments

No differences between SNR images acquired with and without FTT
were detected. The mean SNR value at the slice through the centre of
the phantom was 98.0 + 27.1 with FTT and 98.3 =+ 27.0 without FTT.
Furthermore, all SNR values measured in five smaller ROIs were com-
parable without a statistically significant difference: ROI;,p- 103.1 and
102.1, ROLyortom- 98.9 and 99.5, ROL.enire- 95.9 and 95.3, ROILq- 93.9
and 94.0, ROL;gn- 95.4 and 95.6.

The MR By measurements of the MR-QA phantom with and without
FTT revealed an insignificant, up to 10 Hz, increase in the frequency
shift distribution histogram values measured at the slice through the
centre of the phantom (Fig. 4).

The MR By measurement with the canister phantom at the level of
the indexing slots resulted in positive frequency shifts at the corners of
the phantom most distant from the FTT (up to +78 Hz) and negative
frequency shifts (up to —67 Hz) in proximity to the slots. Shifts not
higher than + 25 Hz were detected on the slices covering only the solid
table surface, without any fixation slots.

3.2. p-Maps

The materials composing the table resulted in HU ranging from
about —1000 to + 1000, with the median value of around —750 HU
(Fig. 5), hence it was not necessary to apply the correction of the
conversion as proposed by Paulus et al. [42].
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3.3. Attenuation experiments

The differences between activities measured in the respective NEMA
phantom spheres for PET/CT and PET/MR series with and without FTT
using various combinations of p-maps for AC are presented in Table 1.

The relative differences in the mean activity measured over all
spheres and background regions for PET/CT and PET/MR series with
and without FTT using various FTT p-maps for AC are presented in
Table 2.

The images resulting from the reconstructions of the canister and
NEMA phantoms’ PET scans using the different p-maps are presented in
Figs. 6 and 7, respectively.

Fig. 8 shows the A-P and C-C profiles of the canister phantom PET/
CT- and PET/MR-PET scans with and without FTT, reconstructed using
different AC p-maps. The presence of the FTT, when corrected for,
caused overestimation of the activity measured for both PET/CT and
PET/MR series with respect to the measurement without the FTT. Based
on the C-C profile analysis of the PET/MR image the overestimation
(3.4 and 2.5)% was on average higher when the CT-based p-map was
used instead of the °®Ge/®Ga transmission scan-based one. Not cor-
recting for the FTT in the PET/MR causes up to —4.0% underestimation
of the activity. A rapid increase of that activity underestimation can
also be observed on the A-P profiles, starting approximately 10 cm
above the FTT surface (cf. dotted line on Fig. 8B). In the close proximity
of the FTT the profiles on the images with and without FTT overlap less
than further away from it. It is most pronounced for the non-corrected
scenario, but can be seen for all other scenarios as well.

The evaluation of the canister phantom images revealed a UI of
(16.7 = 1.7)% for PET/CT without FTT and (26.3 * 2.2)% for PET/
CT with FTT. The Ul for the PET/MR without FTT was (32.8 * 3.0)%.
Introduction of the FTT into the PET/MR and not correcting for its
attenuation resulted in the UI of (53.3 = 2.5)%. The AC using the CT-
based and ®®Ge/**Ga transmission scan-based p-maps recovered the Ul
to (35.0 = 2.8)% and (34.8 + 2.7)%, respectively. The above men-
tioned UI differences can be observed in Fig. 6.

4. Discussion

Several groups investigated the need and solutions for attenuation
correction of the hardware components in the PET/MR imaging
[26,31,33,37,46-51]. Both, the MR and PET image quality and the true
representation of the imaged objects have been investigated to assess
the impact of the positioning and immobilization devices as well as
receiving coils and coil holders. In this study a custom designed FTT
was tested for its MR compatibility and two different approached for its
AC were evaluated.

The FTT has shown to be fully MR-compatible. No image quality
loss was observed and the measured frequency shifts were smaller than
the receiver bandwidth. However, due to the change of the imaging
geometry by introducing the FTT (e.g. the distance between patient and
the spine coil increased by 24 mm) the image quality may degrade in
certain clinical settings.

The generation of the y-map based on the ®3Ge/®®Ga transmission
scan was more cumbersome than the CT-based one. Due to the low
activity of the used ®®Ge/®®Ga sources the process required more time
than in the CT scanner and the image handling was more laborious. Due
to the low resolution and the limited FOV, the ®®Ge/°®Ga transmission
scans required additional processing and were difficult to position in
the PET/MR’s scanner frame of reference, which is essential for accu-
rate AC.

The mean NEMA sphere activity values from both, attenuation
corrected PET/CT and PET/MR measurements without FTT, agreed
within 3.5% with the respective inserted activity (c.f. Table 1). Placing
the FTT in the PET/MR scanner disturbed the PET measurement re-
sulting in a difference to the true activity of 4.5% when the table was
not corrected for. By introducing the p-maps AC the discrepancy
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Fig. 5. Distribution of HU in the CT scan of the FTT. It includes the air that is in
the indexing holes (ROI defined at the border of the table).

between the used activity and the measurements decreased down to 2.6
and 2.8% for the ®®Ge/®®Ga transmission scan-based and CT-based
correction, respectively (c.f. Table 1).

The evaluation of the relative differences between the measure-
ments performed with and without FTT showed that even for the PET/
CT reference experiment, the introduction of the table into the scanner’s
gantry caused up to 3.2% difference for the spheres positioned closest
to the table (cf. Table 2 and supplementary Fig. Al).

For the background regions the overestimation of the measured
activity reached 10.1% at 2 cm distance from the FTT’s surface. The
background activity between the NEMA spheres was different by
19.1%. Not correcting for the FTT in the PET/MR caused an under-
estimation of the measured activity in all considered background re-
gions. Correcting inverted the effect and moved the results towards the
values resulting from the PET/CT experiment. Although the average
over all spheres was closer to the reference measurement than for PET/
CT the SD was higher and the results depend on the position of the
sphere. The discrepancy for the regions BKG;_3 was smaller than for
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Table 1
Variation between the activity measured in the respective NEMA phantom

spheres, d as the Mw‘sllv}f:n’ Mins1:56 of mean values measured in the 15 mm
S1:56

diameter spherical ROIs placed in the centre of each sphere. Measurements
were reconstructed with different combinations of FTT and NEMA phantom p-
maps (CT-based, °®Ge/*®Ga transmission scan- based, MR-based, no — no p-map
used, n/a — no FTT was used).

FIT NEMA phantom p- “Activity variation” in 15 mm
p-map map spheres
PET/CT
No FTT n/a CT 3.5%
With FIT CT CT 5.0%
PET/MR
No FTT n/a MR 8.0%
No FTT n/a CT 3.5%
With FIT no CT 4.5%
With FIT ~ °®Ge/**Ga  CT 2.6%
With FIT CT CT 2.8%

PET/CT, but the activity overestimation is higher close to the table
surface (c.f. Table 2).

Figs. 6 and 7 visualize the effect of the FTT on the PET images of the
canister and the NEMA phantom acquired with PET/CT and PET/MR
scanner. For PET/CT it is almost impossible to recognize the difference
by visual inspection, while for PET/MR the uncorrected images are
clearly showing the underestimation of the activity in the close proxi-
mity of the table. For the images reconstructed with the generated p-
maps the image quality is restored. An increase of the measured activity
in the central part of the canister phantom, which is also visible at the
A-P profile (Fig. 8A), could be explained by the underestimation of the
scatter effects in the PET/MR reconstruction, which was also observed
for the NEMA spheres (Table 1).

To our knowledge the scatter correction induced overestimation of
the activity was not yet reported and is also revealed by the lack of
flatness of the PET/MR profiles. Paulus et al. [26] performed similar
experiments with a big water-filled round and symmetric phantom but
in another measurement geometry. The related profiles were de-
termined in C-C direction and the ROIs placed in the phantom were
large or a mean value over several ROIs was calculated, hence this
overestimation was not detected. The central brightening effects on MR
images of large water-filled phantoms occur due to the high dielectric
constant of water reducing the RF excitation wavelength and resulting
in standing RF waves [51,52]. That however has no influence on the
MR p-map of the phantom’s content, since the scanner segments only 3
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Table 2
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Relative differences in the mean activity measured over all NEMA phantom spheres (15 mm diameter ROI) and background regions between measurements with and
without FTT (normalized to the used activity) for different p-maps. Spheres and background ROIs were grouped in pairs based on the distance to the FTT.
Abbreviations: FTT - flat table top; Sy — sphere number x; SD — standard deviation; BKG, — background area number x; shares and background areas naming as in

Supplementary Fig. Al.

FTT S1a2 Sse4 [ Mean SD BKGig» BKG3 BKG3 em Mean SD
p-map
PET/CT
CT 2.6% 1.0% 3.2% 2.3% 1.2% 9.1% 19.1% 10.1% 12.7% 4.5%
PET/MR
No -11.0% -7.9% -7.1% —8.7% 2.1% —~7.8% —7.2% —7.0% ~7.3% 0.4%
%8Ge/%®Ga —4.6% 1.0% 3.7% 0.0% 3.6% 1.8% 5.3% 13.4% 6.8% 4.9%
CT —3.8% 2.1% 5.2% 1.2% 3.9% 2.9% 6.8% 16.2% 8.7% 5.6%

PET/CT no FTT

PET/MR no FTT

PET/MR with FTT

Fig. 6. PET images of the canister phantom: A and D
— acquired in the PET/CT without and with the FTT;
B and E - acquired in the PET/MR without and with
the FTT not correcting for attenuation in the FTT; C
and F - acquired in the PET/MR with the FTT using
CT-based and ®®Ge/°®Ga transmission scan-based -
maps for AC, respectively.

CT-based AC

A

PET/MR with FTT

PET/CT with FTT %Ge/**Ga-based AC

PET/MR with FTT

PET/MR with FTT

PET/ICT no FTT CT-based AC

PET/MR no FTT

B

PET/MR with FTT

PET/CT with FTT %Ge/*®*Ga-based AC

PET/MR with FTT

Fig.7. PET images of the NEMA phantom: A and D -
acquired in the PET/CT without and with the flat
table top; B and E — acquired in the PET/MR without
and with the flat table top not correcting for at-
tenuation in the FTT; C and F — acquired in the PET/
MR with the flat table top using CT-based and
%8Ge/%®Ga transmission scan-based p-maps for AC,
respectively.

types of materials: water, fat and air. On the other hand, the presence of
photopenic effects (halo-artefacts) was previously reported and im-
proper scatter correction was found to be the potential source of error
[53].

The comparison of the C-C profiles along the z-axis of the cylinder
phantom (cf. Fig. 8C) with the results of Paulus et al. [26], who assessed
the influence of another FTT on the PET/MR imaging, is affirmative.
The relative difference in measured activity between the reference scan
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without and the scan with FTT, reached on average —4.0% in the
current study and —3.8% in [26]. Using dedicated ®®*Ge/®®Ga trans-
mission scan- and CT-based p-maps overestimated the activity from 2.5
to 3.4% whereas in [26] it caused underestimation of —0.6%. The
slight differences can be the result of the different FTT, phantom, size of
ROIs and geometry. In the presented study the ROI, based on which the
profiles are plotted, was smaller and the phantom was positioned closer
to the FTT surface.
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Fig. 8. A-P profiles of the canister phantom PET/CT- (A) and PET/MR- (B) PET series without and with FTT (for B reconstructed using different AC p-maps); C — C-C
profiles of the canister phantom PET/MR- PET series without and with flat table top reconstructed using different AC p-maps.

The inclusion of the FTT’s p-map is an off-line process that has to be
conducted by the expert personnel. An automatic recognition of the
table by the scanner would be a major improvement of the clinical
workflow and a reduction of the risk not including the FTT in the AC.
The respective p-map could be delivered together with the hardware to
assure correct and uniform use among different facilities. Such a solu-
tion is already implemented for the coils that are used during the scan.

In the clinical environment the easy handling of medical equipment
(e.g. positioning aids) plays a pivotal role. It assures the correct usage,
decreases the procedure time (and cost) as well as assures patients’
safety and comfort. The small gantry diameter of the PET/MR scanner
can be a limiting factor for the usage of some of the typical RO-specific
positioning aids. The tested FTT is a good alternative to the standard
non-MR compatible RO-specific positioning aids as it holds in its setup
position, is thin, stiff, and easy to handle and sterilize.

The construction of the FTT, with its extensive number of indexing
slots, was recognized as a possible cause of false activity reconstruction
in the proximity of the slots. Additional series of profiles were evaluated
both through the centre of the hole and its edge (canister phantom
experiment). These profiles revealed that the differences were higher
for the CT-based p-map and were mostly pronounced outside of the
relevant field of view (below of the FTT’s surface). Within the phan-
tom’s volume, the artefacts causing errors of about = 15 % were only
detectable up to 1.5 cm above the FTT’s surface.

One limitation in this study is the fact that the AC method in the
PET/CT could not be influenced to explore the replacement of the FTT
CT image with its transmission p-map. Furthermore, there are differ-
ences between the reconstruction process between PET/CT and PET/
MR which are related to the attenuation and scatter correction algo-
rithms implemented by the vendor and not changeable by the user
[48,54].

The exclusive focus of our study on the FTT might be seen as an-
other limitation. Besides the FTT, most other immobilization devices
are indication specific and were partly investigated by other groups. For
example, Paulus et al. investigated flexible RF coils, coil holders and
body bridges for the same hybrid scanner system as used in the present
study [26,49]. For clinical radiotherapy motivated imaging applications
the authors combined these system specific results with the FTT results
described in this manuscript.

The attenuation of immobilisation devices for the pelvic area, as e.g.
needed for tumour biology studies in cervix cancer, is less explored,
however currently under investigation by the authors. Including these
aspects would go beyond the scope of the current study.

5. Conclusion

The MR image quality is not hampered by the presence of the FTT
custom constructed from a specific MR-compatible composition of
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materials. Since the table is not taken into account in the scanners
automatic attenuation correction the measured activity represented on
PET images is inaccurate. In order to achieve PET images comparable to
the clinical standard defined by the PET/CT, the attenuation correction
in the mMR scanner has to be improved by implementing a dedicated
table hardware p-map. In the frame of this study a transmission scan as
well as a CT-based p-map were created and included in the mMR
scanner attenuation protocol. Although the transmission scan based p-
map is favourable due to the physical principle, the results revealed no
significant difference between the two hardware p-maps. Since PET
scanners with transmission sources are not widely accessible anymore,
the p-map, once acquired, could be provided by the vendor together
with the table. For tables build of materials of higher density the need
for correction of the HU to PET LAC, as proposed by Paulus et al. [42]
should be considered.
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