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Objective: The purpose of this work was to assess
heating and radiofrequency (RF) deposition and image
quality effects of a prototype three-section carbon fibre
flatbed insert for use in MRI.

Methods: RF deposition was assessed using two different
thermometry techniques, infrared thermometry and
Bragg-grating thermometry. Image quality effects were
assessed with and without the flatbed insert in place by
using mineral oil phantoms and a human subject.
Results: Neither technique detected heating of the insert
in typical MRI examinations. We found that the insert was
less suitable for MRI applications owing to severe RF
shielding artefact. For spin-echo (SE), turbo spin-echo
(TSE) and gradient-echo sequences, the reduction in
signal-to-noise ratio (SNR) was as much as 89% when the
insert was in place compared with the standard couch,

INTRODUCTION

Radiotherapy centres are increasingly combining CT and
MR images to better define soft-tissue cancer treatment
targets. Patients need to be in near identical positions
during imaging and treatment in both CT and MRI. Ra-
diotherapy treatment couches are always flat to optimize
patient reproducibility and include indexable positions to
attach immobilization devices. Carbon fibre is an ideal
material for such couches owing to its lightweight, strength
and rigidity." Jockisch et al® found carbon fibre-reinforced
polyether ether ketone to be safe in rabbits and beagles
while producing a non-specific foreign-body tissue re-
action. Clinical MRI-compatible devices have also been
made with carbon fibres.”™® Liney et al’ compared induced
image artefacts of 2-mm-diameter carbon fibre rods with
MR-compatible needles for pre-surgical breast lesion de-
tection in phantoms. Artefact-free visualization of the tip,

making it less suitable as a patient-support material.
Turning on the MultiTransmit switch together with using
the scanner’s quadrature body coil improved the re-
duction in SNR from 89% to 39% for the SE sequence and
from 82% to 12% for the TSE sequence.

Conclusion: No evidence was found to support reports in
the literature that carbon fibre is an unsuitable material
for use in MRI because of heating.

Advances in knowledge: This study suggests that carbon
fibre is less suitable for large-scale MRI applications
owing to it causing severe RF shading. Further research
is needed to establish the suitability of the flatbed for
treatment planning using alternative sequences or
whether an alternative carbon fibre composite for large-
scale MRI applications or a design that can minimize
shielding can be found.

which was within 1 mm of the desired target, was achieved
with the carbon fibre rods. Ernstburger et al* assessed the
susceptibility artefacts in MR images of three invertebral
spacers each made of a different material (carbon, titanium
and cobalt—-chrome) at 1.5-T magnet field strength. A
control spacer was made of the human cortical bone. They
found that there were fewer susceptibility artefacts in the
images of carbon spacers than in the images of other
spacers. “The carbon, titanium and cobalt—chrome spacers
scored 83.3%, 62.5% and 50%, respectively.” Thomas et al°®
found that an MRI-compatible carbon fibre needle for
MRI-guided musculoskeletal interventions created smaller
susceptibility artefacts than a traditional titanium needle,
which induces a large artefact owing to a rather large
magnetic susceptibility difference with water and tissue.
Collis et al” presented the technique of intramedullary
nailing of a pathological humerus fracture with a radiolucent
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carbon fibre nail. The radiolucent nail was made out of carbon
fibre-reinforced polyether ether ketone. The nail had unique
biomechanical properties that mimic the elasticity of the cortical
bone and should result in the nail having a longer lifespan than
a metal nail.

Despite these studies, some authors have suggested’ that as the
carbon fibre is an electrical conductor, there is a theoretical risk
that local conductive current loops or antenna effects could
cause it to heat up during MRI examinations.'® In this work, we
describe experiments that were designed to assess radio-
frequency (RF) heating and MR image quality effects of a pro-
totype three-section carbon fibre flatbed insert.

METHODS AND MATERIALS

Flatbed and MRI scanning

A carbon fibre flatbed insert for Philips MRI scanners (Philips
Medical Systems, Best, Netherlands) was designed by the authors
to have three separate panels for ease of manoeuvrability, setup
and storage and manufactured by a specialist company (Norco
GRP Ltd, Poole, UK). The central panel measures 0.77 X 0.52 m
and each of the side panel measures 0.75 X 0.52m (Figure 1).
The central panel of the insert was designed to accommodate the
bottom part of a 32-element body coil (16 elements in the an-
terior plane and 16 elements in the posterior plane) between the
curved scanner bed and the insert. One of the side panels was
designed with a cut-out on the side, allowing the coil cable to be
connected to the scanner. The entire insert weighs approxi-
mately 7 Kg.

All experiments were carried out on a 3.0-T Achieva Tx MRI
scanner (Philips Medical Systems, Best, Netherlands) in con-
junction with a 32-element body coil.

Infrared thermometry

Measurements were carried out using a ThermoCAM® SC1000
thermographic camera (FLIR Infrared Systems Ltd, North Bill-
erica, MA), which recorded a short-wave spectral band of
3.4-5.0 wm with a sensitivity of £0.07 °C at 30 °C. Images of the
MRI system and the insert were taken before and after dynamic
imaging (32-element body coil) of mineral oil phantoms. A
single axial slice was acquired dynamically through the centre of
the phantom using three sequences with the following param-
eters: 50-mm slice thickness, 340 X 340-mm” field of view and
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1-mm? in-plane resolution. The sequences were a spin-echo
(SE) sequence [echo time (TE)/repetition time (TR) = 30/
1000ms run for 10min], a turbo spin-echo (TSE) sequence
(TSE factor 16, TE/TR =30/1000ms, run for 30min) and
a gradient-echo (GE) sequence (TE/TR = 4.1/7.5ms, flip angle
10°, run for 10 min). The TSE sequence was run for a period of
30 min, as it uses a train of 180° refocusing RF pulses and hence
the specific absorption rate (SAR) is higher.

Bragg-grating thermometry

To investigate heat deposition at the surface of the table,
a tissue-mimicking phantom, which resembled an average
human abdominal section, was made in a 300 X 300 X 120-mm’
rounded square container using 7% bovine gelatine (Type B,
SigmaAldrich) + 1% NaCl dissolved in 91 of distilled water. The
solution was heated to 45°C using a hotplate and a magnetic
stirrer was used to ensure that the powder-form gelatine dis-
solved uniformly in the water before being poured into the
phantom container. The phantom was left overnight in a fridge
at 4°C in order to maximize its rigidity. The gelatine phantom
was removed from the container and placed directly in contact
with the carbon fibre flatbed insert. A 10-mm axial slice (field of
view 320 mm, in-plane resolution 1 mm?®) through the middle
of the phantom was acquired using three typical clinical
sequences: a TSE (TSE factor 64, TE = 322 ms, TR = 2352 ms),
a spoiled GE (flip angle 30°, TE=4.3ms, TR=28.1) and
a balanced GE (flip angle 90°, TE =4.9ms, TR = 9.8 ms) se-
quence. Each sequence was run for 10 min continuously. All
sequences were set up with the shortest TE and TR possible,
and the TSE length was also increased compared with standard
imaging to increase SAR.

A four-channel Bragg-grating thermometry system, (Multi-
temp™ 4001; Optomed AS, Trondheim, Norway) with an ac-
curacy of =0.3°C, was used to measure the temperature at the
surface of the insert. This system has four optical fibre probes,
each containing 10 Bragg gratings that are uniformly spaced
4-mm apart (centre to centre) so that there is a distance of
36 mm between the first and last grating. All 40 temperature
measurement points were sampled at 5Hz. The probes were
inserted in the phantom in the locations indicated in Figure 2: 2
probes (Probes 1 and 3) were located in the axial imaging slice
with Probe 1 inserted in the centre of the anterior plane while 3
probes (Probes 2—4) were placed as close as possible to the bed,

Figure 1. A prototype three-section carbon fibre flatbed insert: (a) top view and (b) underside view.
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Figure 2. Experimental setup for the temperature measurement of the carbon fibre flatbed insert using the Bragg-grating
thermometry system. The locations of the optical fibre probes are also shown. Two probes (Probes 1and 3) are located in the axial
imaging slice with Probe 1 inserted in the centre of the anterior plane, while three probes (Probes 2-4) are placed as close as

possible to the bed with Probe 2 inserted in the left plane and probes (Probes 3 and 4) inserted in the right plane.

with Probe 2 inserted in the left plane and probes (Probes 3 and
4) inserted in the right plane. The phantom was left at room
temperature with the probes recording baseline temperature for
15min. Each sequence was run 3 times with a 1-min interval
between each run.

Image quality

To assess image quality effects, images of mineral oil phan-
toms were acquired using the SE, TSE and GE sequences
described in section Infrared Thermometry in Methods and
Materials. Images were acquired with and without the flatbed
insert in place and also with the scanner’s MultiTransmit
switch turned OFF and then ON. This switch uses multiple
RF transmit/receive chains and coil elements in parallel, to
improve RF uniformity in high-field MRL'' Two sets of
phantom images were acquired, one set using the 32-element
body coil and the other using the scanner’s quadrature body
coil. Phantom images were analyzed offline using the OsiriX
software package (Pixmeo, Geneva, Switzerland). Regions of
interest (ROIs) were placed over the largest mineral oil
phantom and in the background of the image (10-cm-
diameter ROI). Mean plus standard deviation values of pixel
intensity were calculated for each of the three sequences. The
signal-to-noise ratio (SNR) and percentage uniformity (U)
were computed as follows:”

SNR = SROI/ O Background

U= (1 - m) X 100
Srot

where Spor is the mean signal intensity in the ROI and
OBackground and ooy are the standard deviations of signal in-
tensity in the background and ROI, respectively.

Images of the upper abdomen of a 40-year-old healthy
male subject were acquired using a clinical TSE sequence
(TE/TR = 80ms/1171 ms, 2 signal averages, 5-mm slice thickness,
TSE factor = 86), using the 32-element body coil and the scanner’s
quadrature body coil. Similar to phantom acquisition, images were
acquired with and without the flatbed insert in place and also with
the scanner’s MultiTransmit switch turned OFF and then ON.

Superior
. Anterior
Inferior

Probe1

Probe3
Probe4
Probe2

Right ‘.\>
Left

Posterior

RESULTS

Infrared thermometry

Heat maps of the flatbed insert and the scanner bore are shown
in Figure 3. All three sequences exhibited the same heating pattern,
with the temperature of the scanner bore and the scanner table
indicating an approximate offset of 1.5°C above the room tem-
perature. No heating was observed in the flatbed insert itself.

Bragg-grating thermometry

Temperature—time profiles for one run of the three sequences are
shown in Figure 4. There was no sudden change in temperature
on any of the probes and only small gradual increase in tem-
perature (<0.2°C) during a typical acquisition. The TSE se-
quence caused the largest temperature increase. This increase
was measured by the probes located in the imaging plane.

Image quality

Acquired images of the mineral oil phantoms (experiment de-
scribed in section Flatbed and MRI scanning in Methods and
Materials) using the scanner’s quadrature body coil configuration,
without and with the flatbed insert in place and with the Multi-
Transmit switch set to OFF and then ON, are shown in Figure 5.
SNR and signal uniformity were computed using the equations
defined in section Image Quality in Methods and Materials and are
presented in Table 1 for the 32-element body coil and in Table 2 for
the scanner’s body coil. For SE, TSE and GE sequences, the re-
duction in SNR was as much as 89% when the insert was in place
compared with the standard couch, making it less suitable as
a patient-support material. Turning on the MultiTransmit switch
together with using the scanner’s quadrature body coil improved
the reduction in SNR from 89 to 39% for the SE sequence and
from 82 to 12% for the TSE sequence. For the standard couch,
improvement in SNR was as much as 29% for the SE sequence
when the MultiTransmit switch was set to the “ON” state using the
scanner’s quadrature body coil. Turning on the MultiTransmit
switch also improved signal uniformity with the carbon fibre insert
in place compared with the standard couch. The drop in SNR and
uniformity is more prevalent in the posterior part of the image (i.e.
near the bed), specially when using the 32-element surface coil.

Example images of the upper abdomen of a healthy 40-year-old
male volunteer are shown in Figure 6. The effect of shielding is
evident, particularly in the posterior direction, where the pos-
terior section of the 32-element body coil is located beneath the
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Figure 3. Heat maps of the carbon fibre flatbed insert in (a), (b) and (c) following completion of the turbo spin-echo sequence. The

bore of the scanner is captured in (c).

carbon fibre insert. Turning the MultiTransmit switch to the
“ON” state also improved the image quality but not significantly
for this particular coil configuration. Using the scanner’s
quadrature body coil resulted in noisier images compared with
the 32-element body coil but with less shielding in the posterior
section of the image.

DISCUSSION

In this work, we employed two different methods, namely an in-
frared thermometry system and a Bragg-grating thermometry
system, to measure the temperature of a prototype carbon fibre
flatbed insert during MRI examinations. The sampling frequencies
of both techniques were positioned in the optical band of 60-86 THz
and in the extremely low-frequency band of 3-30 Hz, respectively,
thus avoiding interference with the scanner’s RF fields.

In both experiments, we did not observe any heating or any sudden
change of temperature, which could have indicated deposition of
energy through current loops or antenna effects. The only changes
observed were linked to RF energy deposition during imaging. The
Bragg-grating thermometry system measured the largest tempera-
ture increase, when the TSE sequence was run. This result is un-
surprising because SAR or the deposited RF energy in the subject is
proportional to the square of the RF pulse flip angle being used'?
and the number of RF excitation pulses in a given time. The second

highest temperature increase was measured when the balanced fast
field echo (BFFE) sequence was run. No change in temperature was
detected when the fast field echo (FFE) sequence was run. In
conclusion, we found no evidence to support reports in the liter-
ature’ regarding the heating of carbon fibre during typical MRI
examinations.

The carbon fibre flatbed was found to be less suitable for MRI
applications owing to it causing severe RF shielding artefacts, as
reported in the Results section. This observation is consistent with
a previous report, where the authors had to modify the design of
a carbon fibre neonatal incubator owing to severe RF shielding ar-
tefact."” Two sets of phantom images were acquired, one set using the
32-element body coil and the other with the scanner’s quadrature
body coil. For SE, TSE and GE sequences, the reduction in SNR was
as much as 89% when the insert was in place compared with the
standard couch, making it less suitable as a patient-support material.
Turning on the MultiTransmit switch together with using the scan-
ner’s quadrature body coil improved the reduction in SNR from 89 to
39% for the SE sequence and from 82 to 12% for the TSE sequence.

The use of the flatbed in radiotherapy warrants further in-
vestigation where conditions on image quality are less stringent
compared with diagnostic imaging and images with reduced
uniformity/SNR could potentially be sufficient for treatment

Figure 4. Temperature-time profiles during the acquisition of turbo spin-echo (TSE), balanced fast field echo (BFFE) and fast field

echo (FFE) sequences.
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Figure 5. Axial images of mineral oil phantoms acquired without (row a) and with (row b) the carbon fibre flatbed insert in place for
spin-echo (SE), turbo spin-echo (TSE) and gradient-echo (GE) sequences using the scanner’s quadrature body coil and with the

MultiTransmit switch (MX) turned OFF and then ON.

SE

MX OFF

Quadrature body coil

planning. The recommendations given by the American Asso-
ciation of Physicists in Medicine'* and Institute of Physics and
Engineering in Medicine'® provide guidelines for image quality
assurance in diagnostic radiology. In a recent work by Xing
et al,'® the authors demonstrated 40% reduction in SNR using
a commercially available fibreglass flatbed specifically designed
for treatment planning.

Table 1. Percentage change in signal-to-noise ratio (SNR) and
percentage uniformity (U) values without and with the carbon
fibre insert in place for the spin-echo (SE), turbo spin-echo
(TSE) and gradient-echo (GE) sequences with the MultiTransmit
switch (MX) turned “OFF” and then “ON”. The 32-element body
coil configuration was used in this setup

TSE

GE

Potential applications of the carbon fibre flatbed in hybrid
positron emission tomography (PET)/MRI' to support and
immobilize patients must also be investigated. Despite sig-
nificant advantages of hybrid PET/MRL'® the reproducibility
of patient positioning remains a technical challenge, which
must be overcome.'” Devices inserted into the PET/MRI field
of view cause attenuation of the PET signal,'””'” a problem

Table 2. Percentage change in signal-to-noise ratio (SNR) and
percentage uniformity (U) values without and with the carbon
fibre insert in place for the spin-echo (SE), turbo spin-echo
(TSE) and gradient-echo (GE) sequences with the MultiTransmit
switch (MX) turned “OFF” and then “ON”. The scanner’s
quadrature body coil configuration was used in this setup

Normal couch Normal couch
RE SNR change (%) U (%) RE SNR change (%) U (%)
transmission transmission
SE TSE GE SE TSE GE SE TSE GE SE | TSE GE
MX OFF - — - 81 81 80 MX OFF - - — 96 96 96
MX ON +3 -3 +2 82 83 80 MX ON +29 —1.7 +0.87 97 96 96
Carbon fibre insert Carbon fibre insert
SNR change (%) U (%) SNR change (%) U (%)
MX OFF —89 —82 —88 39 40 60 MX OFF —80 —63 —82 74 74 86
MX ON —77 —65 —83 54 55 61 MX ON —39 —12 —64 95 95 94
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Figure 6. Axial images of the upper abdomen of a healthy 40-year-old male subject without (row a) and with (row b) the carbon
fibre flatbed insert in place using a clinical turbo spin-echo sequence. The 32-element body coil was used in this acquisition with the

MultiTransmit switch (MX) turned OFF and then ON.

MX OFF

that must be addressed. Development of tools for patient
positioning in hybrid PET/MRI systems presents a series of
challenges, which require further research.

The Philips scanner used in this study employs two independent RF
sources at 3.0 T.*° It is well established that parallel RF transmission
results in enhanced image uniformity, enhanced contrast uniformity,
enhanced consistency (optimum RF shimming for each patient) and
faster imaging."' This particular MultiTransmit switch is specific to
the Philips Achieva 3.0-T scanner. At present, other vendors offer
alternative RF shimming solutions. Siemens (Siemens Healthcare,
Erlangen, Germany) offers a different anatomy-specific RF shim-
ming solution referred to as “TimTX TrueForm” as part of the
TimTX TrueShape architecture. GE (GE Healthcare, Waukesha, WI)
offers MultiDrive RF Transmit with fully automated and in-
dependent RF pulse amplitude and phase control, to produce
consistently clear 3.0-T images. Toshiba (Toshiba Medical Systems,
Tokyo, Japan) offers multiphase transmission technology, which
utilizes four points of RF transmission, combined with automatic
adjustments in phase and amplitude, to ensure optimal RF distri-
bution and homogeneity in all body regions.

MX ON

One should also pay particular attention to the coil configu-
ration used, when assessing RF shielding effects. This study
demonstrated that using the scanner’s quadrature body coil
resulted in less reduction in SNR compared with the 32-ele-
ment body coil, which could be attributed to the fact that the
posterior section of the 32-element body coil was beneath the
flatbed insert.

CONCLUSION

This study suggests that carbon fibre is less suitable for large-
scale MRI applications owing to it causing severe RF shading.
Further research is needed to establish the suitability of the
flatbed for treatment planning using alternative sequences or
whether an alternative carbon fibre composite for large-scale
MRI applications can be found or if the shielding effect could be
reduced by altering the design of the bed.
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