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Table 7.3. Spill-over-ratio (SOR) measured in the cold compartments of NEMA phantom with attenuation
correction only (AC), attenuation correction & scatter correction (AC+SC) and no correction (NC) for different
configurations. The measured values of SOR in true images (True) are also tabulated.

Number True AC AC+SC NC
of

objects Position  Air Water Air Water Air Water Air Water

1 Centre  0.04 0.32 0.07 0.34 0.05 0.32 0.15 0.41

Centre  0.06 0.42 0.10 0.48 0.07 0.40 0.17 0.43

3 Right  0.05 0.38 0.09 0.51 0.06 0.39 0.15 0.45

Left 0.06 0.41 0.11 0.53 0.08 0.40 0.14 0.46

Centre  0.06 0.51 0.08 0.59 0.06 0.52 0.19 0.55

Right  0.05 0.46 0.08 0.46 0.03 0.47 0.17 0.56

5 Left 0.03 0.39 0.07 0.59 0.05 0.42 0.16 0.47

Up 0.07 0.50 0.09 0.58 0.05 0.52 0.16 0.51

Down  0.06 0.47 0.11 0.55 0.04 0.46 0.15 0.53

Table 7.4. Contrast in percentage measured in the NEMA phantom with attenuation correction only (AC),
attenuation correction & scatter correction (AC+SC) and no correction (NC) for different configurations. The
measured values of Contrast in true images (True) are also tabulated.

Number True AC AC +SC NAC
of
objects Position  Air Water Air Water Air Water Air Water

1 Centre  71.08 52.27 62.98 49.98 70.32 51.84 61.67 48.76

Centre  82.35 52.86 61.96 47.92 80.39 51.09 60.74 46.49
3 Right 78.04 48.34 57.00 41.57 76.94 46.65 56.10 40.31
Left 78.03 47.05 59.51 41.87 77.62 45.96 58.69 40.87

Centre  83.68 49.44 56.99 46.04 86.66 51.33 55.63 45.08

Right 80.31 40.41 51.24 36.63 83.36 42.37 50.45 36.09

5 Left 80.63 42.75 55.34 36.48 82.05 43.41 54.63 36.04
Up 82.29 42.88 54.81 39.12 84.51 43.69 53.83 38.40

Down 79.47 41.08 53.53 36.01 81.46 42.53 52.66 35.70

The recovery coefficients in the lung, liver, left and right kidney regions of the MOBY phantom are
summarized in Table 7.5 for the different scanning configurations. The use of attenuation correction
overestimates the recovery coefficients especially in the five subjects configuration whereas
attenuation and scatter correction underestimates the recovery coefficients. Higher recovery
coefficients are obtained for single compared to multiple subjects imaging after scatter correction. A
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transverse slice of the MOBY phantom corresponding to single, three and five subject configurations
through the kidney region is shown in Figure 7.6. It can be seen that scatter correction has little value
especially for the single subject configuration.

Table 7.5. Recovery in percentage measured in the different body regions of MOBY with attenuation correction
only (AC) and attenuation correction & scatter correction (AC+SC) for different configurations.

Number Lung Liver Left kidney Right kidney
of
objects  Position AC AC +SC AC AC +SC AC AC +SC AC AC +SC
1 Centre  101.66 98.35 100.81 98.34 100.20 99.00 100.55 99.03
Centre  100.21 93.71 100.91 95.19 100.14 95.07 99.82 94.82
3 Right 99.86 95.26 99.75 94.92 99.73 95.41 100.61 97.28
Left 99.74 92.99 100.02 94.79 100.37 96.74 100.26 96.18
Centre  104.47 93.06 105.12 92.66 100.84 90.62 102.26 91.10
Right 102.11 93.32 102.98 92.72 99.45 91.37 100.78 93.13
5 Left 105.84 95.48 105.87 96.32 100.20 93.38 101.69 92.20
Up 103.86 96.38 101.87 93.66 100.38 94.20 102.16 95.53
Down 101.78 93.77 103.59 96.03 102.77 97.19 101.39 94.76
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Figure 7.5. Reconstructed images of the simulated NEMA image quality phantom (upper row) and its
corresponding True, AC and AC+SC corrected profiles (lower row) for (a) single phantom (b) multiple three
phantoms (c¢) multiple five phantoms.
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Figure 7.6. Representative slices of the simulated MOBY phantom (upper row) and their corresponding true,
uncorrected, attenuation corrected and attenuation and scatter corrected horizontal profiles (lower row) for (a)
single, (b) three, and (c) five MOBY phantoms.
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Figure 7.7. Recovery coefficients measured in different body regions of the ROBY phantom reconstructed with
attenuation correction only (AC), and with attenuation and scatter correction (AC+SC) for (a) single, (b) two
ROBY phantoms.

The recovery coefficients in the lung, heart, and kidney regions of the ROBY phantom
reconstructed with attenuation correction only and with attenuation and scatter corrections for single
and two subject scanning configurations are represented in Figure 7.7. The use of scatter correction
compensates for the overestimation of recovery coefficients resulting from attenuation correction
alone but induces equivalent underestimation. Transaxial slices and corresponding horizontal profiles
of the ROBY thorax region representing the true, uncorrected, attenuation corrected only, and
attenuation and scatter corrected images are shown in Figure 7.8.
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Figure 7.8. Representative slice of the simulated ROBY thorax region (upper row) and their corresponding true,
uncorrected, attenuation corrected and attenuation and scatter corrected horizontal profiles (lower row) for (a)
single and (b) two ROBY phantoms.

7.4. DISCUSSION

In this work, we assessed the magnitude and spatial distribution of the scatter component in small-
animal PET when imaging single- and multiple-subject simultaneously. The impact of scatter
correction on image quality and quantitative accuracy under the same conditions was also evaluated.
Monte Carlo calculations are widely used to study the characteristics of Compton scattering in PET
[35]. Moreover, the Monte Carlo method offers the unique capability to provide detailed information
about unscattered and scattered events and even to distinguish between single and multiple scattered
events. Recent developments in computationally efficient Monte Carlo simulation packages combined
with advances in computational platforms including graphical processing units and cloud computing
has made it possible to model the scatter component in small animal PET imaging using realistic
source distributions within complex anatomical models under controlled conditions [25].

In this work, the GATE platform was used to study the scatter characteristics of the LabPET-8
scanner. It was observed that the scatter contribution from kovar covering material was significantly
higher in comparison to scatter originating from lead and copper plate serving as end-of-FOV
shielding material. This is due to the fact that kovar, being a high density alloy covering the entire
detectors, produces more Compton scattering in the LabPET-8 scanner. Similar observations regarding
the behaviour of this material were reported more recently [18]. In particular, when imaging rats,
organs presenting with high uptake such as the heart, brain and bladder can be outside the imaging
FOV owing to the small axial FOV of the scanner. This might increase detected scatter originating
from outside the FOV. Therefore the contribution of scattered events arising from outside the FOV
was evaluated. It was observed that events arising from outside the FOV have a negligible impact
(<1%) for LETs of 350 and 450 keV, whereas the contribution was less than 1.7% for a LET of 250
keV, thus indicating that the end shields of the LabPET-8 scanner are reasonably effective in rejecting
out-of-FOV scatter. This also implies that a scatter correction method that models only scattered
events originating within the FOV, such as the single scatter simulation method used in this study [33],
is reasonably adequate is small animal PET imaging. The object SF was evaluated for single and
multiple scanning of the NEMA image quality phantom, MOBY, and different body regions of the
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ROBY anatomical model. The SF increases substantially for simultaneous multiple subjects imaging
compared to single subject imaging, implying that scatter correction is important when imaging
simultaneous multiple subjects.

Since APDs are inherently slow, APD-based systems such as the LabPET-8 scanner require a wide
coincidence window as well as a wide energy window. Also, different timing windows are used for
LGSO-LGSO, LYSO-LYSO and LGSO-LYSO in LabPET-8 scanner. Hence, the SF was evaluated
under realistic conditions for a selected coincidence timing window of 10 ns and lower energy
threshold of 250, 350 and 425 keV (the upper threshold was set to 650 keV). As expected, the SF
decreased with increasing the LET [8].

The estimated scatter distribution using the single-scatter simulation method shows good
agreement with Monte Carlo simulations for single- and simultaneous multiple-subject imaging. The
SNR for scatter corrected images deteriorates owing to the scatter subtraction process and the
consequent reduction of statistics in the acquired data sets. However, the quantitative accuracy is
improved especially for simultaneous multiple subjects imaging. The spill-over-ratio increases with
increasing the number of subjects in the FOV. Scatter correction improves the SOR for both cold
water and air compartments in single- and multiple-subject imaging; however, this effect is much
noticeable for the air compartment. Similar observations about the SOR were reported in a related
study [21]. The model-based scatter correction technique improves image contrast for both cold
compartments of the NEMA image quality phantom compared to the case where no correction is
performed. Likewise, the recovery coefficients in different body regions of the MOBY and ROBY
phantoms were remarkably improved after scatter correction for simultaneous multiple mice as well as
single and multiple rats imaging.

7.5. CONCLUSION

The scatter component originating from different parts of the LabPET-8 scanner including gantry and
out-of field-of-view was characterized. The magnitude and spatial distribution of Compton scattering
were evaluated for single- and simultaneous multiple-subject. Model-based estimation of the scatter
component has good agreement with corresponding Monte Carlo simulations. Attenuation and scatter
corrections improve contrast and quantification in small animal PET especially for simultaneous
multiple-subjects imaging. For accurate PET quantification, attenuation correction is required for
single and multiple mice and rat studies whereas scatter correction is required for single rat and
multiple mice and rat studies.
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8.1 Conclusions

In recent years, PET technology dedicated to small-animal imaging has proved its enormous potential and
is now playing a pivotal role in biomedical research. However, many challenges in the domains of PET
instrumentation, data acquisition and processing protocols, as well as quantitative analysis still remain to be
addressed and overcome through research. This thesis presents original contributions focusing on the
characterization of the performance of dedicated small-animal preclinical PET scanners and the analysis of
the parameters that degrade image quality and quantitative accuracy of PET images as a preliminary step
towards the development of new procedures and algorithms that enable to compensate for these degrading
factors and open new pathways to quantify physiological and biological processes in vivo.

The main contributions of this thesis are:

1. Comprehensive performance assessment of two state-of-art dedicated small-animal preclinical PET
scanners, namely, the X-PET™ and the LabPET-8™, having different geometries and design
features. This investigation demonstrated that both scanners are well suited for imaging rodents
and for providing the required information in typical molecular imaging studies. This study also
demonstrated the limitations of standardized procedures and guidelines recommended for
performance assessment of small-animal PET scanners.

2. Development and evaluation of CT tube voltage-dependent attenuation correction procedure on
the FLEX Triumph™ preclinical PET/CT platform. Experimental phantom and rodent PET studies
were successfully corrected for photon attenuation using the implemented CT-based attenuation
correction procedure using both bilinear and quadratic energy-mapping methods. It was observed
that attenuation correction is of prime importance in preclinical PET imaging. The slope of the
energy-mapping curves for CT numbers greater than 0 HU increases with increasing tube voltages.
In addition, higher correlation coefficients were obtained for the quadratic energy-mapping method
compared to the bilinear energy-mapping approach.

3. A novel cone-shaped phantom was designed and fabricated for the assessment of object size-
dependent scatter fraction and NECR for small animal PET scanners. The characteristics of the
LabPET™-8 and X-PET™ small animal PET scanners in terms of SF and count rate analysis were
studied using this phantom. Monte Carlo simulation models of two small-animal PET scanners
were validated experimentally. It was concluded that a single cone-shaped phantom enables the
assessment of the effect of three factors, namely radial offset, energy threshold and object size on
the SF and NECR for various sizes of mice, rats and small rabbits. This makes the cone-shaped
phantom suitable for the evaluation of object size-dependent SF and NECR for preclinical PET
imaging.

4. Following the widespread adoption of dedicated preclinical PET scanners, optimization of scanner
time and number of small-animals scanned per session has become crucial. This had motivated the
emergence of approaches enabling to scan multiple subjects simultaneously. However, scanning
multiple subjects simultaneously increases attenuation and scattered events. Therefore, the
magnitude and spatial distribution of the scatter component in small-animal PET imaging was
characterized for imaging single and multiple subjects simultaneously. Modeling the scatter
distribution using the single-scatter simulation technique has shown good agreement with Monte
Carlo simulations using simple and more realistic phantoms. Scatter and attenuation corrections
improve PET image contrast and quantitative accuracy. It was concluded that attenuation
correction is required for single and multiple mouse and rat studies whereas scatter correction is
required for single rat, and multiple mice and rat studies for accurate PET quantification.
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8.2 Future perspectives

e The last decade has witnessed a growing interest in small animal PET technology due to the

necessity of studying biochemical processes at a molecular level. The major thrust for future
preclinical PET instrumentation lies in the further improvement of spatial resolution and sensitivity
of dedicated scanners.
As of present time, none of the PET scanners provides the fundamental spatial resolution which
can be potentially achieved by PET. For spatial resolution improvement, the use of semiconductor
crystals such as cadmium-zinc-telluride (CZT) instead of scintillation crystals with conventional
readout technologies is foreseen. In this thesis, it was demonstrated that non-conventional PET
scanner geometries result in improved and more uniform spatial resolution across the FOV when
taking full advantage of accurate statistical modelling in the framework of statistical iterative
reconstruction algorithms. Moreover, the spatial resolution can further be improved by using
spatially-varying point spread functions during the reconstruction procedure and using super
resolution approaches. One of the major hindrances in the regular use of accurate and advanced
iterative reconstruction algorithms is computation time, which will be further reduced through the
use of grids technology and graphical processing units (GPUs).

e The NEMA NU-04 2008 standards were comprehensively utilized in this thesis. For scanners
having unconventional geometries, these standards make use of the conventional FBP
reconstruction algorithm for spatial resolution measurement. The consequence is that for
unconventional geometries, FBP reconstruction provides inferior measured spatial resolution
compared to iterative algorithms which use an accurate model of the system response. In addition,
the amount of injected activity is fixed to 3.7 MBq for the image quality test. This prohibits the
evaluation of the full capability of the PET scanner at the maximum NEC taking advantage of the
high count rate capability of new generation PET scanners. Future work will focus on adaptation
and further development of the current NEMA NU-04 2008 standards to account for scanners
having unconventional geometries and enable count rate dependent image quality test.

* The NECR and SF were estimated for various sizes of rodents using an novel custom-made cone-
shaped phantom. The NECR, which depends on the rodent’s size, is an important parameter for
optimization of acquisition protocols and image quality characteristics. Hence, the NECR can be
used to optimize the injected dose of radiotracers in small-animal PET for individual rodents.
Further work will focus on the optimization of individualized radiotracer dose to rodents using the
cone-shaped phantom.

e Accurate quantification in PET imaging requires correction for photon attenuation. Phantom and
rodent PET studies were successfully corrected for photon attenuation using the CT-based
attenuation correction method. The polyenergetic x-ray spectra used in CT imaging induces beam
hardening artefacts caused by the absorption of low energy x-rays. This effect generates cupping
and streak artefacts in the reconstructed CT images which propagate to PET images following
application of the CTAC procedure. Future work will focus on quantifying and correcting beam
hardening effects in the CTAC of small-animal PET studies, especially following administration of
contrast agents.

e Nowadays, PET imaging is capitalizing and complementing other modalities such as CT and MRI
to answer basic research and clinical questions. Initially, multimodality imaging was accomplished
through the use of software-based image registration (rigid or non-rigid) and fusion to correlate
anatomic (CT and MRI) and functional (SPECT and PET) information. However, the challenges
and inherent limitations of software-based image registration approaches motivated the emergence
of hardware based-approaches for multimodality imaging. The interest in multimodality imaging
shifted from clinical to preclinical imaging domains. Trimodality configurations incorporating
PET, SPECT and CT subsystems are commercially available since few years. More recently,
preclinical systems combining PET and MRI capable of acquiring regional or whole body imaging
data in sequential or simultaneous mode were developed in both academic and corporate settings.
This trend will likely continue to be developed taking advantage of innovations in MR-compatible
photodetectors and related instrumentation. With the recent interest in combined PET-MRI
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systems, there is no established metric to assess and evaluate the degree of interference between
the two modalities. Future work will focus on the proposal of reliable and robust interference
evaluation metrics.

e In preclinical PET/CT imaging, the radiation dose delivered to animals is a crucial issue.
Depending on the study design, the radiation dose can be in large scale and should be monitored
cautiously because it may lead to changes in tumour characteristics, induce significant biologic
effects or in the worst case be fatal. The radiation dose due to the CT component can be reduced
through the use of MRI instead of CT. Though few preclinical multimodality PET-MRI prototypes
are developed and deployed for preclinical research, a breakthrough in the use of combined PET-
MRI systems in biomedical research is foreseen. Quantitative procedures developed for small-
animal PET-CT in this thesis will be further developed and evaluated for small-animal PET-MR
systems (MR-guided PET attenuation correction).

* Since the use of anaesthesia and other immobilisation devices during rodent imaging can cause
unusual changes in the physiology of rodents which may affect the experimental outcomes, another
challenge is to image freely moving rodents and derive reproducible quantitative information.
Accurate and consistent strategies for motion correction in freely moving rodents is and will
remain an active research topic in preclinical PET studies.

* Some preliminary results regarding the requirements in terms of attenuation and scatter correction
for simultaneous multiple small-animal PET imaging have been reported using Monte Carlo
simulations. These results show that simultaneous multiple small-animal PET imaging is feasible
provided correction of degrading factors is performed. Further work should focus on validating
similar strategies using experiments involving real small animals.

e Automatic quantification of PET data is becoming an essential tool since it can reduce variability
across several centers participating in imaging trials and might improve the reliability of image
data analysis independent of reader experience. Some preliminary work for automatic
quantification of small animal PET data was developed by our group. The registration of PET
images to a predefined atlas images plays an important role in initialising the automatic
quantification of PET data. However, the use of parametric entropies such as kinetics and organ
uptake of radiotracers for registering the images will further improve automatic quantification of
PET data. Moreover, future work is required for accurate segmentation of body parts, especially
moving targets owing to physiological motion such as respiration, heart beating and bladder filling.
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