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7.2.3 Results
7.2.3.1  Comparison With and Without Band-Pass RF Coil

Data for the emission simulation and image analysis are shown in Table 7.3 for
the cases with and without the band-pass RF coil. The scatter fraction was
significantly greater for the simulation with the RF coil. Figure 7.5 shows the
reconstructed PET images for both cases. The standard deviations of the activity
in the case with no RF coil and with the RF coil were 4.0 Bg/voxel and 5.0

Bg/voxel, respectively, where the actual activity in each water voxel was 41.9 Bq.

Table 7.3: Comparison of simulation results for the cases with and without RF coil.

Percent Change
Property No RF Coil Band-Pass RF Coil (relative to no RF)
prompts 207 x 10° 190 x 10° ~8.2%
trues 168 x 10° 140 x 10° —17 %
scatters 36 x 10° 47 x 10° +30 %
randoms 2.3 % 10° 2.1 % 10° -8.7%
scatter fraction 17.4 % 24.7 % +42 %
total sensitivity 4.96 % 4.55 % -83%
percentage 9.5% 11.9 % +25%

standard deviation
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Figure 7.5: Reconstructed PET images showing the central axial slice. The greyscale
has units Bg/voxel. The images on the left correspond to the simulation with no RF
coil present, and those on the right are for the case with the RF coil, including the RF
coil in attenuation and scatter corrections. The top row shows the PET images with a
zoom factor of 2 and full greyscale. Increased noise (25% higher standard deviation)
and a circular-shape artifact are apparent in the RF coil image (top right) when
compared to the case with no RF coil (top left). The bottom row shows the full field
of view windowed to make the background noise visible. The case with the RF coil
(bottom right) shows significantly increased noise outside the phantom when
compared with the case with no RF coil (bottom left). A symmetric artifact arising

from the ring of 8 capacitors is evident.

7.2.3.2 Effect of Omitting the RF Coil in Attenuation Correction

With the RF coils included in the attenuation correction, the reconstructed activity

matched that of the image with no RF coil within two percent. Omitting the RF
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coil from the attenuation correction resulted in a significant drop in the
reconstructed activity, as shown in Figure 7.6. When no attenuation correction
was applied, the mean activity was reduced to 60-70% of the correct value,

depending on the whether an RF coil was present.
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Figure 7.6: Relative reconstructed activities averaged over the phantom volume are
shown for simulations with the two RF coil models and scatter correction. The
activity values are scaled to a reference image from a simulation with no RF coil
present (100%). Omitting the RF coil in the attenuation correction (AC) results in a

significant underestimation of the activity. Error bars were too small to be visible.

Figure 7.7 shows how the reconstructed activity varied axially along the phantom
for various cases. Deviations from the average phantom activity of several percent

were apparent in the central region for the band-pass RF coil. Table 7.4 shows the
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effect of scatter correction on the mean relative activity for images with full

attenuation correction.
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Figure 7.7: Axial profile of the mean activity with scatter correction. Four slices
were averaged to produce each data point. The presence of rung capacitors in the

band-pass coil results in greater variation across the image along the axial direction.

Table 7.4: Mean relative activity in the central slice for scatter correction enabled or
disabled.

Scatter Correction Scatter Correction
Enabled Disabled
No RF Coil (reference) 100 100
High-Pass RF Coil 1009+ 0.3 102.6 0.3

Band-Pass RF Coil 101.6 £ 0.3 103.8£0.3
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7.2.4 Discussion and Conclusions

A Monte Carlo simulation that used the histogramming and reconstruction
software of the commercial system modelled showed that the presence of discrete
RF coil components, specifically capacitors and solder, within the PET field of
view results in a significant increase in image noise and a potential for image
artefacts. This study suggests that birdcage RF coils with capacitors located in the
middle of the rungs (band-pass) are not suitable for combined PET-MRI. Care
must also be taken when designing array coils for PET-MRI due to the high
number of discrete capacitor components surrounding the subject in close
proximity. The use of high-channel number array coils remains an outstanding
problem for human simultaneous PET-MRI. 32 channel (and higher) receive coil
arrays are critical for accelerated imaging and there is no obvious way to design
these coils without discrete components in the field of view. Currently, CT
attenuation data of rigid RF coils in human PET-MRI scanners are included in the

PET reconstruction, but the attenuation from flexible array coils is not considered.

The Monte Carlo PET simulations also showed that for PET-MRI studies to be
quantitative, it is necessary to include the RF coil in the attenuation correction.
Attenuation correction is especially important in applications where RF coils with
capacitors in the PET field of view cannot be avoided. Even with attenuation
correction, discrete components in RF coils located within the PET field of view
can result in increased variations in reconstructed activity across the PET image.
Analysis of images with and without scatter correction showed that scatter
correction could improve quantitative accuracy by several percent with an RF coil

present.
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Chapter 8

8 Conclusion and Future Work

8.1 Thesis Summary

The central aim of this thesis was to investigate approaches of combining MRI
with small animal PET systems with detectors based on photomultiplier tubes
(PMT). Various aspects of PET-MRI system integration and design considerations

were explored through experimentation and Monte Carlo simulation.

MRI provides excellent soft tissue contrast for imaging anatomy, while PET
provides functional information about cellular metabolism with exceptional
sensitivity. Combining PET with MRI in a dual-modality system provides the
ability to co-register PET images with anatomical features, among other benefits.
Thus, approaches for developing combined PET and MRI systems are of great
interest. The physics challenge of this integration arises from the incompatibility
of conventional PET detectors containing PMTs with magnetic fields. Several
tactics to overcome this include the following: PMTs can be replaced with solid-
state detectors immune to magnetic fields, the MRI system can be adapted to
accommodate conventional PET detectors or MRI and PET systems can be
separated sufficiently to minimize interference. The majority of research in the
past five years has been focused on developing MR-compatible PET inserts for
simultaneous imaging. This thesis describes the exploration and development of

the latter two approaches to PET-MRI.
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A high-performance commercial small animal PET scanner was obtained and
methods of integrating this PET system with MRI were investigated. Chapter 2
described magnetic field exposure experiments on the PET system to characterize
performance and image quality as a function of magnetic field. The results of this
experiment established external magnetic field limits, indicating that the PET
system could be operated during exposure to fields up to 0.9 mT with negligible
effect on image quality. Based on this field limit, Chapter 3 surveyed a wide range
of approaches to combining the PET system with various configurations of field-
cycled MRI and superconducting MRI systems. For each case, a design study was
conducted and the advantages and shortcomings were discussed. A feature of
field-cycled MRI is that all magnetic fields can be turned off rapidly, enabling the
use of conventional PMT-based PET detectors. Chapter 4 described the
integration of a prototype PET system using conventional PMT-based detectors
with a field-cycled MRI scanner. Interleaved PET and MRI acquisition of a dual
modality phantom was performed, generating a co-registered PET-MRI image and
demonstrating the feasibility of this approach. Next, a Monte Carlo PET
simulation workflow was implemented to inform the design of animal holders
compatible with both PET and MRI and to investigate the impact of the presence
of a radiofrequency coil on PET image quality. Chapter 5 introduced a
sophisticated simulation workflow where the simulated PET data were converted
to the raw list-mode data format of the commercial scanner modelled. This
approach was implemented so that the histogramming and image reconstruction
pathways of the simulated data matched those of the experimentally acquired data.
The simulation was validated against experimental data in Chapter 5 using a

highly precise GATE model for the NEMA NU 4-2008 image quality phantom.
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Chapter 6 introduced a novel method of rapidly generating attenuation correction
sinograms for simulated PET studies using an add-on built into GATE. Several
validation tests demonstrated the effectiveness of this approach. Finally, in
Chapter 7, Monte Carlo PET studies were performed to investigate the impact of
different MR-compatible bed materials on PET performance and image quality.
Furthermore, simulations were used to study the impact of discrete RF coil
components on photon scattering, attenuation and image quality, and to
investigate the importance of including the RF coil in attenuation correction on the

quantitative accuracy of PET images.

8.2 Future Work

Several designs for combining the commercial PET system with MRI were
explored in this thesis. A design for removing the PET detector ring from the
Siemens Inveon and inserting it into a new field-cycled MRI scanner was
considered, but not pursued. A design study showed that building a field-cycled
MRI system for docking on the end of the PET system, using a track to move the
animal holder between scanners, was feasible and could be considered for further
development. Next, the concept of placing the PET scanner in the vicinity of a
conventional superconducting MRI system was investigated. Designs for active
electromagnet shield coils to null the magnetic field in the PET detectors were
investigated; however, this approach introduces unnecessary complication when
compared to the alternative of physically separating the scanners within the same
room. Therefore, small animal MRI facilities that have sufficient floor space
should consider the simple approach of placing the PET system in a location

where the fringe magnetic field is below 0.9 mT.
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The magnetic field exposure tests in Chapter 2 were limited to fields oriented in
the axial direction of the PET system. In general, due to physical room constraints,
the optimal location for a PET system in an MR suite may be such that the fringe
field at the PET detectors is oriented in a non-axial direction. Additional
experiments are needed to characterize the performance of the PET system when
exposed to fields in a variety of directions. This would necessitate either the use of
a larger coil than the one used in Chapter 2 or moving the PET system within the

fringe field of an actual MRI system.

The final system integration will require the construction of a common bed that
can be used with both PET and MRI modalities, such as the design proposed in
Chapter 7. If an RF coil is to be integrated with the bed, the design should ensure

that the capacitors are outside the PET field of view.

The Monte Carlo simulation could be made more accurate by including materials
part of the actual detector housing, such the thin aluminium cylinder that protects
the scintillator crystal rings, including scintillation light detection in the model,
and using more sophisticated physics models that are more accurate at low
energies. To implement any of these changes it would be necessary to also repeat
the normalization simulation, a process that took nearly two months to complete
on an 8-CPU computer using the fastest parameters. Access to a computer cluster

would allow these modifications to be simulated in a reasonable amount of time.

8.3 Conclusion

Research into combined PET-MRI has developed and expanded rapidly

throughout the past fifteen years. This thesis describes several original
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contributions to this field. The first hybrid system to combine PET and field-
cycled MRI was demonstrated. Results from the magnetic field exposure tests on
the Siemens Inveon PET will be important to other institutions considering a
sequential PET-MRI small animal imaging facility with both scanners in the same
room. The Monte Carlo simulation results yielded useful insights into RF coil
design for simultaneous PET-MRI approaches, and the significant consequences
of omitting the RF coil from attenuation correction were revealed. In addition to
these contributions to the field of PET-MRI research, this thesis includes
contributions that are expected to be of broad utility to the GATE PET simulation
community, specifically, the novel attenuation correction add-on and the precise

implementation of the NEMA NU 4-2008 small animal PET phantoms.
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Appendix A

Some of the programs, classes and scripts that were developed during the course
of this thesis work may be useful to other researchers. Because they include
thousands of lines of code, it is impractical to include the code directly in this
thesis document. Instead, the source codes are made available as supplementary
data and also on Prof. Chronik’s group website, which can be accessed through
the website of the Department of Physics and Astronomy at Western University

(http://physics.uwo.ca). At the time of thesis publication, Prof. Chronik’s website

was available at the following URL: http://silverberg.physics.uwo.ca

A summary of the available codes is given below.

A.1  Code to Convert GATE ROOT Output to Siemens Inveon
List-mode Format (root2/st_muilti)

Description

This C++ program processes GATE ROOT files containing coincidences and
outputs a Siemens Inveon list mode data format “.Ist” file that can be used by
Inveon Acquisition Workplace for making sinograms and reconstruction. The
directory where root files are stored should contain files named with the following
convention: filename 0.root, filename 1.root, filename 2.root, etc. The user must

specify the number of files to process in the directory.
From the command line, the usage for root2lst multi is as follows:

root2lst multi <trues> <num_root _files> <rootfile path> <output file name>
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<trues>: set to ‘trues’ for only true unscattered coincidences, ‘prompts’ for all
prompts, and ‘prompts_plus_delays’ to include random coincidences as delayed

event packets.
<num_root_files>: set the number of root files to process in the directory.

<first root file name>: set the path to the first root file. For example:

/Data/inveonPET/inveonPET _0.root.

<output file name> set the name of the list-mode file for output. For example:

/Data/inveonPET/filename.lst
Availability
root2lst_multi.cpp

A.2 Batch Script to Split GATE Simulations into Multiple Runs for
Parallel Processing on Multi-CPU Computers

Description

This perl script splits large GATE simulation runs into multiple runs of equal
time. The user specifies the maximum number of CPUs to use, the start time of
the simulation, the number of seconds of simulated time for each run, and the total
number of runs. This script requires no compilation and is a simpler alternative to
the GATE Job Splitter (‘gjs’) that is distributed with the latest versions of GATE.
The script requires the Forks::Super perl package which is available from the code

repository at http://www.cpan.org. It should be noted that improvements in

computation time can be achieved as long as the number of simultaneous runs is
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less than or equal to the number of available physical processors. As of GATE
6.1, the use of additional logical processing cores (i.e. through hyper-threading)

does not decrease the total computation time.
Availability
gate batch_splitter.pl

A.3 Specification of the NEMA NU 4-2008 Phantom and Source
Macros in GATE

Description

This set contains the GATE macro files for the phantom geometries and source
distributions of the small animal PET imaging protocols of the NEMA NU 4-2008
standard. These files can be used to test the accuracy of GATE simulations of

small animal PET scanners, regardless of the scanner geometry.
Availability

phantom_nema_image quality.mac
phantom_nema_point_source.mac
phantom_nema_mouse_scatter.mac
phantom_nema_rat_scatter.mac
phantom_nema_mouse_scatter.mac

source_nema_image_quality.mac
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source_nema_point_source.mac
source_nema_mouse_scatter.mac
source_nema_rat_scatter.mac
source_nema_mouse_scatter.mac

A.4 GATE Attenuation Correction Add-on

The GATE attenuation correction add-on consists of two classes and two headers.
These must be inserted into the GATE source directory and compiled. To use the
GATE add-on to generate an attenuation correction sinogram, the user runs a
special GATE macro different from the emission simulation macro. The
attenuation macro should call the same phantom and detector macros as the
emission simulation. The attenuation correction actor is called after the physics

processes are initialized and before the run is initialized as follows:

# Initialize Physics Processes
/control/execute physics.mac

# Attenuation Correction Actor

/gate/actor/addActor AttenuationCorrectionActor myAtten
/gate/actor/myAtten/attachTo world
/gate/actor/myAtten/setNumProjectionBins 128
/gate/actor/myAtten/setNumAngleBins 160
/gate/actor/myAtten/setNumAxialSinograms 159
/gate/actor/myAtten/save my_attenuation_sinogram.atn

# Initialize Run
/gate/run/initialize

The add-on requires that a source be initialized with the total number of primaries
equal to the number of LORs. For the case above, the number of LORs required is

128 x 160 x159 = 3256320 and the number of primaries can be set as follows:

/gate/application/setTotalNumberOfPrimaries 3256320



Availablility

Sources (../GATE/source/digits_hits/src/):

GateAttenuationCorrectionActor.cc

GateAttenuationCorrectionActorMessenger.cc

Headers (../GATE/source/digits_hits/include/):

GateAttenuationCorrectionActor.hh

GateAttenuationCorrectionActorMessenger.hh
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