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Abstract

Introduction: SPECT and PET are long established methods for functional
imaging of bone lesions, including lesions in bone marrow and bone metastasis.
These imaging modalities are however limited by poor spatial resolution which
degrades quantitative accuracy and precise localization. This limitation in
quantitative accuracy corresponds to the partial volume effect (PVE), in which a
portion of the radiotracer activity truly in one structure appears, in the image, to
be in nearby image voxels. To some extent PVEs can be corrected by iterative
image reconstruction algorithms, such as ordered-subsets expectation
maximization (OSEM), that model spatial resolution. This approach is however
limited by noise, which is amplified as spatial resolution is recovered and PVEs
are reduced.!

SPECT and PET imaging often involves CT as well. CT provides very high-
resolution anatomical information which can be used to correct PVEs in SPECT
and PET. One approach to PVE correction is using Markov Random Fields (MRFs)
that incorporate anatomical information. However, there has been relatively little
investigation on MRF-based PVE correction for SPECT/PET bone imaging using

CT information. In this work, two types of CT anatomical information are
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considered: (i) partial anatomical information (pAI) which distinguishes, for
example, compact bone from bone marrow but does not otherwise distinguish the
tumor from surrounding tissue and (ii) full anatomical information (fAl), which
fully distinguishes tumor from surrounding tissue. Image reconstructions
involving pAl and fAI are referred to as RpAl and RfAI, respectively. RfAI is
expected to provide the best correction of tumor PVEs, but RpAl may be more
often available from CT images. The objective of the work is to assess the

effectiveness of RpAl as compared to RfAI and OSEM.

Methods: Radiotracer (SPECT/PET) and attenuation coefficient (CT) phantoms
were generated using XCAT software. Tumor lesions with high activity were
added to the bone marrow in the radiotracer phantom. Two CT phantoms, pAl
and fAl, were generated, with the fAI CT phantom including reduced CT number
in the tumor-lesion locations. Projection data were simulated, and images were
reconstructed using the computer code SPECT-MAP?, with modeled spatial
resolutions of 12mm (SPECT-like data) and 6mm (PET-like data). The RpAl and
RfAlimage reconstructions were performed using the iterative coordinate descent
(ICD) algorithm?® and the Bowsher prior*. The reconstructions were performed

with projection data at 4 noise levels: 5M-, 50M-, and 100M-counts and noise-free.



Reconstructed images were evaluated aby visual inspection and by root-mean-
square (RMS) error across the entire image and in 2 small ROIs (ROI-1 and ROI-2)

surrounding the tumor lesions.

Results: The estimated rmsemin calculated from ROI-1 and ROI-2 reconstructed images of

noisy (5M counts) projection data with res-12mm using OSEM, RpAl and RfAIl were
0.92E-5 & 0.82E-5 (both at iteration 5, subset 9), 0.76E-5 & 0.65E-5 (both at OPS of
1.0E+4), and 0.44E-5 & 0.44E-5 (both at OPS of 1.0E+4), respectively; while for res-
6mm, the rmsemin were 0.85E-5 & 0.81E-5 (both at iteration 10, subset 9), 0.57E-5 &

0.53E-5 (both at OPS of 1.0E+4), 0.37E-5 & 0.37E-5 (both at OPS of 1.0E+4),

respectively. At both spatial resolutions, the RpAl reconstructions, using partial

anatomical information only, provided reduced RMS errors compared to OSEM.

Conclusions: At spatial resolutions characteristic of SPECT and PET, the partial
anatomical information available from normal bone structures such as marrow
and compact bone can improve estimation of hot-spot lesions, as measured by

visual inspection and RMS error.
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1. INTRODUCTION

1.1 Bone Cancers and Metastasis

Bone cancers can be categorized as primary bone cancer formed in the bone; bone
metastasis, which are cancers that get localized in the bone from other parts of the

body and bone marrow cancer — which is also called blood cancer.

It has been reported from the American Cancer Society, that of all the primary
bone cancers in adults, about 4% of them are fibrosarcoma, followed by Ewing
tumors (8%), chordomas (10%), osteosarcomas (28%), and chondrosarcomas 40%
- which is the most common bone cancer seen in adults between the age of 40 and
70 years old.>® These tumors tend to develop in the hip, pelvis, or shoulder area.®
Ewing sarcomas have been seen to develop in most soft tissues surrounding bones.
It however affects specific areas such as the pelvis, ribs, and the upper and lower
leg. While Ewing sarcoma can develop at any age, more than half of those

diagnosed with it are between the age of 10 and 20 years old.”

Bone marrow produces about 200 billion new red blood cells every day, along with
white blood cells and platelets.® Without bone marrows in the bone, there would

be no production of blood cells for better functioning of organs in the body. The



white blood cells produced help to fight infection, the red blood cells carry oxygen
to the cells in the body, and the platelets are channeled towards blood clotting.
Multiple myeloma is a malignancy disease of the plasma cells in the bone marrow.
An estimated 34,920 new cases of myeloma (19,320 males and 15,600 females) are
expected to be diagnosed in the US in 2021°. Tc 99m Sestamibi has been recorded

as a sensitive radiotracer for imaging of multiple myeloma'’.

However, clinical evidence has shown that it is much more common for bones to
be the site of metastasis of cancers that started in other parts in the body.!! Based
on estimate, annually, the number of patients with bone metastases (BM) in the
United States will reach 35,000.'> ¥ * Worldwide, about 70% of all reported
metastatic bone disease is in patients with breast, lung, and prostate cancer —
which are the most prevailing cancers in our days'%. However, it has been noted
that the most common sites for bone metastasis are the spine, ribs, pelvis, and long

bones in the arms and legs.’



1.2 CT information in SPECT/PET Imaging of bone lesions

1.2.1 Basic Importance

Imaging and diagnosis of bone cancers and metastatic bone cancers at their early
stage is crucial for precise diagnosis, cancer localization, improved therapy
planning, therapy response, long-term surveillance of patients, accurate
assessment of patient's prognosis, and evaluation of the efficacy of bone-specific

treatments that may reduce future bone-associated morbidity.!¢ '

A single imaging modality of bone cancer using Computed Tomography (CT) for
diagnosis and characterization of disease is based on morphological criteria such
as texture, size, and tissue attenuation.’® CT gives information regarding changes
in organ size, tissue density, precise spatial localization, and topographic
landmarks.” CT is recognized as nonspecific and insensitive for response

monitoring in a clinically relevant time frame.?

On the other hand, single imaging modality using nuclear medicine is based on
the bio-distribution of a radioactive agent over time and space, thus visualizing
physiological and pathophysiological processes that define the functional

characteristics of disease.’” Besides, functional images often lack the anatomic



detail necessary for accurate lesion localization, which can lead to image

misinterpretation.

Combining these two modalities, forming a hybrid imaging modality enables the
integration of anatomy and function in a single approach. The introduction of such
“hybrid” imaging has allowed for the characterization of tumors in all stages.!”
Hybrid imaging includes single-photon emission computed tomography (SPECT)
or positron emission tomography (PET) combined with computed tomography
(CT) as SPECT/CT and PET/CT. These translate molecular and metabolic
information into an immediate clinical impact for a wide range of diseases.*
SPECT/CT and PET/CT allow the localization of tumors or tissues which may be
seen on SPECT or PET single modality but are difficult to locate precisely relative
to other anatomical structures. The value of SPECT/CT has been geared towards
improved staging, prognosis and treatment planning and monitoring for a wide
variety of diseases.?? SPECT/CT allows a better characterization of uptake foci,
thus improving the specificity and decreasing the number of equivocal lesions that

do not contribute to diagnosis.?

PET/CT has also become a great tool which could provide an accurate and efficient

tool for detection of primary and metastatic foci.?



CT has high spatial resolution. Spatial resolution is comparatively poor for SPECT
and PET, such that they exhibit so-called partial volume effects (PVEs), in which
for example, activity that is truly within a small tumor region may appear
distributed more broadly into nearby tissue. The higher spatial resolution of CT

can be used to correct SPECT and PET PVEs, at least partially, as discussed below.

1.2.2 Partial Anatomical Information

CT images provide detailed pictures of structures inside the body, including
lesions, bones, different internal organs, blood vessels and their boundaries. There
are structures, however, including some tumors, for which CT provides little or
no contrast with surrounding tissue. This could be for example because a tumor
has almost the same density and tissue composition as surrounding tissue. There
are also cases where CT provides good tumor-to-surrounding-tissue contrast for
some, but not all, portions of the tumor. Consider for example a tumor in bone
marrow, such that some portions of the tumor are bounded by bone whereas other
portions are bounded by bone marrow. CT might provide excellent contrast

between tumor and bounding bone, but not between tumor and bounding bone



marrow. This type of anatomical information regarding the tumor is herein

referred to as partial anatomical information (pAl).

1.3 Partial Volume Effect and Corrections in pelvis bone Imaging

The effect that occurs when there is a loss of apparent activity in small objects or

regions owing to the limited resolution of the imaging system is known as partial

volume effect (PVE).

The image of a point source provides the point spread function (PSF) of an
imaging system. The PSF constitutes complete information about the spatial
resolution of linear shift-invariant system. Often the spatial resolution is

described by the full width at half maximum (FWHM) of the PSF.

The PVE is strong when the width of a region of interest (ROI) along one or more
dimensions is smaller than 2-3 times the system’s FWHM spatial resolution. In
this case, the resultant activity in the object or region is underestimated or
overestimated.” 2 The apparent change in activity of voxels within the ROI occurs
because of activity misdistribution to or from neighboring voxels. This leads to
two phenomena known as “spill over’ and ‘spill in’. The spill over indicates a

reduction in ROI activity because of a spillage of activity to the adjacent voxels,

6



while the adjacent voxel activities become increased because of “spill in’. These two
phenomena describe the general concept of PVE, where overestimation and
underestimation of activity are common. In PVE, the signal indicated in the ROl is
a mixture of radiotracer activities in the ROI and in tissue surrounding the ROL
For “hot spots”, i.e., ROIs that have more activity than surrounding tissue, the
effect of this will bring about decrease in apparent ROI activity and an increase in

the apparent activity of the neighboring voxels.

Owing to this, when the spatial resolution is limited, the accurate estimation of
radioactivity concentration uptake by each voxel may be compromised, and as a
result, normal and pathological patterns become difficult to differentiate.?” 2% 2
Following this, if radioactivity concentration uptake is compromised, the
standardized uptake value (SUV), which is one of the indices used to assist in the

interpretation of image characteristics in PET/SPECT, also becomes compromised.

This has made PVE a huge concept that needs attention for a better quantitative
and qualitative accuracy in SPECT and PET imaging.’* Many correction techniques
have been employed for partial volume effect. These techniques include partition
methods using anatomical images®, image enhancement, image domain

anatomically based partial volume correction (PVC), projection-based PVC, non-



uniform PVC, and tissue fraction correction.” These techniques have been utilized
by many researchers with documented benetfits and liabilities. Limitations on PVC
include loss of high frequency information during data acquisition and noise in

the projection data.*

The specificity of this thesis work is in PVC for bone lesions. The technique
involves the combination of resolution modelling and use of high-resolution

anatomical information.

1.4 Specific Aim, Novelty, and Importance of the Study:

The Specific Aim of this project is to assess the effectiveness of partial anatomical

information (pAl) in correcting PVE in SPECT and PET imaging of pelvic bones.

The novelty of this work is in investigating the use of CT partial (rather than full)
anatomical information about tumors in pelvic bones. This work has medical
importance because CT images are widely available in conjunction with PET and
SPECT imaging and because it may be partial anatomical information, rather than

full anatomical information, that is often available from the CT.



2. MATERIALS AND METHODS

2.1 SPECT/PET/CT Phantoms Acquisition and lesions Study

2.1.1 Fine grid Radiotracer and attenuation coefficient (CT) phantoms.

A simulation study was carried out with the XCAT software creating radiotracers
and attenuation coefficient phantom of 256x256x32 voxel size each with
acquisition energy of 140keV (incorporating a simulated Tc-99m for the
radiotracer simulated phantom).32 slices of the pelvis bone region were modelled.

Each slice has a dimension of 256x256 with pixel size of 1.5mm, respectively.

Y S

Figure 1: 512x512x16 image panel of coarse grid Radiotracer and CT
phantoms of ilium pelvis bone.



In figure 1, the first row consists of radiotracer phantoms while the second row
consists of attenuation coefficient phantoms (CT). Each image is a size of
256x256x32 with pixel size of 1.5mm (which was changed to 128x128x16 with pixel
size of 3.0mm in the reconstruction algorithm). The XCAT parameter set the
radiotracer phantom background activity to 0.025, the bone marrow as 2.7, cortical
bone as 5, and muscles around the pelvis as 2.0. The attenuation coefficient
phantom has gray scale value of 0.024 in the muscle, bone marrow, 0.0235, and

cortical bone, 0.0335.

2.1.2 Coarse grid of Radiotracer and CT phantoms: Addition of
lesions in ROI

The XCAT phantoms were further modified by developing a MATLAB®
algorithm to import and export images for the purpose of adding lesions to the
ROIs and setting their activity values. The steps followed to accomplish these were
as follows: Stepl - non-spherical lesions (spots) of inner diameter estimate of 3.0,
3.0, 1.8, 4.5 & 4.5mm were added to the right and left pelvis bone of the XCAT
phantoms, respectively. Step 2 — Each of the non-sphere’s spots was filled with a
model Tc-99m of activity by setting the gray scale of the spots to 20, thereby
making them become hotspots and retaining the gray scales of nearby structures

such as muscles, bone marrow, and compact bone. These two steps were achieved
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by using MATLAB codes. The figure 2 below shows the radiotracer and
attenuation coefficient phantoms labelled with different sizes of hotspots on the
two sides - at the three positions in the ilium marrow of the pelvis: two hotspots
are placed in the two ilium marrow of the pelvis close to dorsal sacroiliac ligament
(RL1& RL2 and LL1 & LL2), while the ilium marrow at the middle pelvis contains
one hotspot each (RL3 and LL3) and two others are placed in the ilium marrow
close to anterior superior iliac spine(RL4 & RL5 and LL4 & LL5) . All the hotspots
made some contact with the compact bone. Table 1 shows a fixed activity within
the different sizes of the non-sphere hotspots. The hotspots within the ROI in
radiotracer and attenuation coefficient phantoms have approximately the same

parameters with respect to sizes and activity for a better correlation.
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Figure 2: XCAT Radiotracer with lesions. Figure 3: XCAT CT phantom with lesions
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Table 1: Non-spheres hotspots with fixed activity and different diameters

Right pelvis bone phantom:

Left pelvis bone phantom:

Right ilium (marrow) pelvis bone

left ilium (marrow) pelvis bone
inferiorly

inferiorly

Lesion | Approximate | Average | Lesion | Approximate | Average
Size inner Activity Size inner Activity

number | djameter (mm) number | diameter

RL1 3.0 20 LL1 3.0 20

RL2 3.0 20 LL2 3.0 20

Right middle ilium (marrow) pelvis

Left middle ilium (marrow) pelvis

bone bone

Lesion | Approximate | Average |Lesion | Approximate | Average
Size inner Activity Size inner Activity

no diameter (mm) no diameter

RL3 1.8 20 LL3 1.8 20

Right ilium (marrow) pelvis bone

left ilium (marrow) pelvis bone
superiorly

superiorly

Lesionno | Approximate | Average Lesion | Approximate | Average
Size inner | Activity no Size inner | Activity
diameter diameter (mm)
(mm)

RL4 4.5 20 LL4 4.5 20

RL5 4.5 20 LL5 4.5 20

2.1.3 RT image with full grid and ROIs

13




Figure 4: Fine grid Radiotracer phantom of 512x512x16 image panel with ten
lesions in each

Figure 5: Coarse grid Radiotracer phantom of 256x256x16 of image panel with
ten lesions in each.

Figure 6: RT-full grid Figure 7: RT-ROI

14



2.1.4 Fine and coarse grid of attenuation coefficient phantoms with
ten lesions in each (with partial and full anatomical information)

Figure 8: Fine grid of 512x512x16 image panel attenuation coefficient phantom

(CT) with ten lesions in each.

Figure 9: Coarse grid of 256x256x16 image panel attenuation coefficient
phantom (CT) with ten lesions in each.

Figure 10: (a) CT-pAl-full grid (b) CT-fAl full grid Figure 11: (a) CT-pAl-ROI
(b) CT-fAI-ROI

15



Figures 8,9, 10 and 11 below show the full coarse grid and ROI of radiotracer and
attenuation coefficient (CT) phantoms, respectively. Figure 7 show the ROI-1 and
2 in the right and left sides of the pelvis bone, respectively. The two sides are
symmetrical. However, the ROI 1 in the right has the same volume and
approximately the same total size of inner diameter with ROI 1 at the left. This is
also applicable to ROI-2. Figure 10a shows full grid of CT with partial anatomical
information (ten lesions not detected); while figure 10b shows CT with full
anatomical information (ten lesions detected). Figure 11 shows their ROlIs,
respectively. The approximate volume of ROI-1 is (30x37.5x10.5) mm while that of

ROI-2 is (39x40.5x10.5) mm.

2.2 Modelled gamma camera with Tc-99m

In this work, gamma camera (with parallel hole collimator) modelled with Tc-99m,
and body phantom parameters were incorporated in the XCAT software. The Tc-
99m emits 140 keV gamma rays upon decay, which are detected by cameras to

allow the localization of hotspots where the Tc-99m travels within the body.
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PARALLEL COLLIMATOR

Gamma rays

Point

sources ]

Figure 12: Sketch of Pelvis bone lesions Imaging
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A typical parallel-hole collimator is shown in Figure 12. In this work, the
collimator beam parameters were set for the distance from patient-side surface of
collimator to image plane as 5.0cm, detector efficiency 0.9, kfactor = 0.26,
corresponding to a hex lattice with hex holes, diameter of collimator hole 0.138cm,
length of collimator hole 4.550cm, and septal thickness 0.016cm. Moreover, the
projection structure parameters were set. Projection data were 192 bins by 200
slices by 120 angles. Total number of bins over all angles and slices is 4608000.
Projection slices were 0.300 cm transaxially by 0.300 cm axially, branching ratio
was 0.8, half — life was 6.0 hours, the radius of rotation of patient-side surface of
collimator was 48.0cm, the range of angles traversed, 360.0 (degrees), 0.5 stepsize
as the first angle (in units of angle step size). All measurements were in
centimeters. Seconds per angle was set at zero, which implies that

radiopharmaceutical decay was not modelled but absolute quantification assumed

a 20-minute scan.
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2.3. SPECT/PET reconstruction

2.3.1 Conventional OSEM-RnAI reconstruction method

Ordered subsets expectation maximization (OSEM) is the most widely utilized
iterative image reconstruction algorithm for SPECT and PET. As an iterative
algorithm, it can implement an accurate model of SPECT and PET, which is an
important component of partial volume correction (PVC). OSEM image
reconstruction generally does not involve use of anatomical information, and
OSEM is not well suited to incorporation of anatomical information. In this study,
OSEM is utilized to provide reconstructions involving no anatomical information

(RnAl).

In OSEM, the set of all projections is divided into a series of subsets where the
subsets are exhaustive and non-overlapping, making every projection element to
belong to exactly one subset®. OSEM uses 1 subset for each update of the image.

In this work, OSEM images are calculated with 10 subsets and up to 40 iterations.

19



2.3.2 Partial and full anatomy-guided image reconstruction: RpAI and RfAI

Maximum a posteriori (MAP) image reconstruction can be utilized to achieve
partial volume correction via use of anatomical information. Let A represent the
radiotracer distribution (i.e., the SPECT or PET image) and B represent the
measured SPECT or PET projection data. As described in Bayesian theory, the
probability of the image given the projection data can be written P(A|B). The

image A that is most probable is called the MAP estimate and is:

argmaxa P(AIB) .........oo (1)
P(AIB) =P(BJA)P(A)/P(B) «eeeeeeiiiiiiiiiiiieens (2)

where
P(A) = a priori probability of the image .................... (3)

P(B|A) = probability of the data B given image A ...... (4)
The p(A) represents a priori knowledge about the radiotracer image, e.g. as
obtained using CT anatomical information. Equation (2) can be maximized by
dropping the denominator P(B), since P(B) is independent of A.
argmax4P(A|B) =argmaxaP(BIA) P(A) .........cooooiin. (5)

Maximizing the posterior probability is equivalent to maximizing its logarithm:

20



Q(AIB) = 10g(P(BIA) - 108 P(A) «..vvoveeeeeeeeeeeeeeeeeeeeee (6)

In this work:

P(A) = aZiEV ZjSCi(ﬁ’i - ij)z, ...................................... (7)

where 7 is an index over voxels, V is the set of all voxels, Ci is a set of voxels in the
vicinity of voxel i, and i is the radiotracer concentration at voxel i. Often Ciis a
set of voxels distributed symmetrically about voxel i, in which case P(A) simply
smooths the image, thereby reducing noise. P(A) can however implement an
anatomical prior. In this study, we implement the prior®* 3>3¢such that Ci is the 6
or 12 of the nearest 56 voxels whose CT number is closest to that of voxeli. In this
way, P(A) tends to smooth voxel i with other voxels that are in the same
anatomical structure, with minimal smoothing across anatomical boundaries.
This combined with spatial resolution modeling provides partial volume

correction.

These methods were evaluated with spatial resolution modeling involving
SPECT/PET spatial resolutions of 6 and 12mm resolution for simulated

SPECT/PET projection data.
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The prior strength o in the MAP algorithm was varied to check for its effect on the
ability to reveal structural details, including small tumors with high radiotracer

concentrations.

The reconstructions involving RpAl and RfAI were carried out with twenty

iterations and 128 x 128 x 16 grid size.

Both noise free and noisy projection data were investigated with these
reconstruction methods. Three different noise level were used: 5M counts (noisy),

50M counts (less noisy) and 100M counts (lesser noise).

The General Workflow A incorporated modelled SPECT (12mm) and PET (6mm)

spatial resolution both in the forward projection and reconstruction algorithms.
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2.4 General Workflow A — RnAl, RpAI and RfAI)
with modelled spatial SPECT/PET systems resolution

m Noisy data reconstruction

Phantom wit .

X Noise free Add noise HNois
e e projection of varying projectz'on OSEM
voxels projection .

data counts data Image

l 12/6 mm
modelled | m 12/6 mm modelled
EDIT IMAGE image spatial spatial resolution
from sampled (SPECT/PET
systems)

image

resolution
(SPECT/PET
systems)

Image reconstruction
unto 3mm wide voxel

|

Generate
anatomical
prior

Phantom with
3mm wide voxels

RpAl image RfAl image
(noisy/noise (noisy/noise
free data free data

Figure 13: General Workflow A - OSEM-RnAl, RpAI and RfAI)
with a modelled spatial SPECT/PET systems resolution
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2.5 RMSE Analysis

RMS errors were computed for the entire image and for ROIs 1 and 2 (see

Fig. 9). RMS errors were computed as:

,‘ N ;
" Z ( Predicted,— Actual, )
RMSE :\ i1

N

Where Predicted; is the true phantom value at voxel i, Actualiis the reconstructed

image value at voxel i, and N is the number of voxels.
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3. RESULTS

3.1: Pelvis bone lesions image (full grid &ROI) reconstruction for
12mm and 6mm spatial resolution.

The full grid and ROIs of the reconstructed images of 12mm and 6mm noise free
and noisy projection datausing OSEM-RnAl, RpAl and RfAI methods were

evaluated for PVE correction and their rmse results comparisons were analyzed.

3.1.1 SECTION 1: PVE correction measures for Quantitative and qualitative
Evaluation

3.1.1: SECTION 1A

The rms errors from the reconstructed images of noise free and noisy data types
as a result of variation of different parameters, such as the number of iterations
and subsets, number of neighbors pixels selected for smoothing and strengths of

the high resolution prior are shown in tables below:
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3.1.1.1. 12mm spatial resolution noise free projection data - OSEM-RnAl

TABLE 2: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noise free projection data with res-12mm
METHODS OSEM-RnAlI

Full grid ROI-1 ROI-2
RMSEmiN 0.20E-05 0.6E-05 0.5E-05
ITERATION/SUBSET | 30-40/10 10-40/10 20-40/10
THAT GAVE RMSEmiN

2D noise free forward
projection data

RT true phantom

\/’

CT phantom not
incorporated.

No Anatomical
information.

Lesions’ activity
‘spill-over’

Figure 14: Noise free data. 12mm spatial resolution - OSEM-RnAlI
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RMS errors versus iteration numbers ROIs RMS errors versus iteration

numbers
w
o 6.00E-06
o =
3.50E-06 : 8.00E-06
¢ 30006 €  6.00E-06
S 2.50E-06 =
T 2.00E-06 T 4.00E-06
E  1.50F-06
'; 2 .00E-06 5.00E-06
= 1.00E-06 2.00E-06
500807 0.00E+00
0.00E+00 0 20 40 60

0 20 40 60 Iteration numbers

—&— nfd-12-6-ROI-1 rms errors
—0— nfd-12-6-ROI-2 rms errors

Iteration numbers

Figure 15: RMS errors from
OSEM -RnAl reconstructed
images of nfd with res-12mm

Figure 16: Same as figurel5 but
showing ROI-1 & ROI-2 rms errors

3.1.1.2. 12mm spatial resolution noise free projection data -RpAlI

TABLE 3: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noise free projection data with res-12mm/CT-
pAI
METHODS RpAI @ 6 neighbors
Full grid ROI-1 ROI-2
RMSEmiN 0.2E-05 0.5E-05 0.4E-05
OPS 1.0E+5 1.0E+5 1.0E+5

27



2D noise free forward
projection data

nfd rms errors

RT true phantom

ey’

Figure 17: Reconstructed

image via RpAl:

quantitative and visual
illustration
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@ OPS, rmsemin was achieved.  Quality remained the same.

CT phantom-pAl OPS=1.0E+6

RMS errors versus Prior
Strengths
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Figure 18: RMS errors from
RpAI reconstructed images of
nfd for res-12mm versus
iteration numbers

An
increase
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OPS
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Figure 19 Same as
figure 18 but showing
ROI-1& ROI-2 rms
errors



3.1.1.3. 12mm spatial resolution noise free projection data — RfAl:

TABLE 4: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noise free projection data with res-12mm/CT-fAl
METHODS RfAI @ 6 neighbors

Full grid ROI-1 ROI-2
RMSEm~ 0.12E-5 0.3E-6 0.3E-5
OPS 1.0E+5 1.0E+5 1.0E+5
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2D noise free forward
projection data

res-12 rmse

RT true phantom

Figure 20: Reconstructed
image via RfAI:
quantitative and visual
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illustration

@ OPS, rmsemin was achieved.

CT phantom-fAl

RMS errors versus Prior strengths
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Figure 21: RMS errors from
RfAI reconstructed images of
nfd (for res-12mm) versus
iteration numbers

Quality remained the same.
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Figure 22: Same as figure 21 but
showing ROI-1& ROI-2 rms errors



3.1.1.4 Reconstructed images of noise free projection data with res-12mm using
via OSEM, RpAl, and RfAI methods: Quantitative and qualitative
comparisons

Figure 23 illustrated a clear comparisons among the three reconstruction methods

Xy - A Y 4 2 A

N Vo7 N o os

Radiotracer phantom CT phantom-pAl CT phantom-fAl RnAl — 10 iterations RnAl — 20 iterations RnAl - 40 iterations

% 4 V % 2
N7

i
Ny \ 7

1.0E+6 1.0E+8 1.0E+10

Yy

1.0E+10

Figure 23: Reconstructed images from noise free projection data with 12mm
spatial resolution using three reconstruction methods. Row 1: Phantoms and
OSEM. Row 2: RpAI Row 3: RfAIL
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3.1.1.5 RMSEmin comparisons among images obtained via the three
reconstruction methods

As shown in the figure 24 below, RfAI and RpAlI reconstruction method achieved
smaller rmsemin than the conventional OSEM-RnAI method for full grid, ROI-1,

and ROI-2 respectively.

nfd minimum rmse versus Reconstruction

methods
7.00E-06
6.00E-06
2 5.006-06
ET
E 4.00E-06
£
E 3.00E-06
£
T 2.00E-06
<
1.00E-06
0.00E+00
ROI-1 ROI-2

Reconstruction methods

B OSEM-RnAl HRpAl m RfAl

Figure 24: Comparisons among the minimum rms
errors from reconstructed images of nfd for res-12mm
using the 3 reconstruction methods
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3.1.2 SECTION 1B: PVE correction measures for Quantitative and qualitative
Evaluation

3.1.2.1. 6mm spatial resolution noise free projection data - OSEM-RnAI

TABLE 5: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noise free projection data with res-6mm

RECONSTRUCTION | OSEM-RnAI

METHODS

Full grid ROI-1 ROI-2
RMSEmin 0.2E-05 0.4E-05 0.3E-05
ITERATION/SUBSET | 20/10 20/10 20/10
THAT GAVE RMSEwm~
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2D noise free forward
projection data

RT true phantom

Figure 25: Reconstructed
image formation of nfd
with res-6mm via

via OSEM-RnAI:
quantitative

and visual illustration.
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OSEM reconstruction (20 iteration = rmsemin)

CT phantom not
incorporated

=

No Anatomical
information

Mis-quantified —

lesion activity. <
RMS errors versus iteration
numbers
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0.00E+00
0 20 40 &0
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Figure 26: RMS errors from
OSEM-RnAI reconstructed
images of nfd ( for res-6mm)
versus iteration numbers

nfd rms errors

L Mis-
L5 quantified
lesion

RMS errors versus Prior strengths
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nfd-12-6-R0OI-2 rmse

Figure 27: Same as figure 26
but showing ROI-1& ROI-2
rms errors



3.1.2.2. 6mm spatial resolution noise free projection data — RpAl

TABLE 6: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noise free projection data with res-
6mm/CT-pAl
METHODS RpAI @ 6 neighbors
Full grid ROI-1 ROI-2
RMSEmin 3.19E-00 6.89E+00 | 5.81E-00
OPS 0.0 0.0 0.0
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2D noise free forward
projection data

RT true phantom

Figure 28: Reconstructed
image formation of nfd
with res-6mm via

via RpAl: quantitative
and visual illustration.

36

PET-nfd-RpAl-rmse

@ OPS, rmsemin was achieved

RMS errors versus Prior
strengths
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Figure 29: RMS errors from
RpAl reconstructed full grid
images of nfd (for res-6mm)
versus iteration numbers

Quality remained the same

An
increase
from
OPS

-

ROIs rms errors versus Prior
strengths
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Figure 30: Same as figure 29
but showing ROI-1& ROI-2
rms errors



3.1.2.3. 6mm spatial resolution noise free projection data — RfAI

TABLE 7: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noise free projection data with res-6mm/CT-fAl
METHODS RfAI @ 6 neighbors

Full grid ROI-1 ROI-2
RMSEmin 0.20E-5 0.20E-5 0.20E-5
OPS 1.0E+5 1.0E+4 1.0E+4
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2D noise free forward
projection data

nfd rms errors

RT true phantom

Figure 31: Reconstructed
image formation of nfd
with res-6mm via

via RfAI: quantitative
and visual illustration.
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@ OPS, rmsemin Was achieved

RMS errors versus Prior
strengths
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Figure 32: RMS errors from
RfAI reconstructed full grid
images of nfd (with res-6mm)
versus iteration numbers

Quality remained the same

An
increase
from
OPS

ROIs rms errors versus Prior

strengths
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Figure 33: Same as figure 32
but showing ROI-1& ROI-2
rms errors.



3.1.2.4. 6mm spatial resolution noise free projection data reconstructed using

OSEM-RnAI, RpAlI, and RfAI: Quantitative and qualitative comparison

N Y’ \ 7 \.l 7 \"T‘/ \-’c;?:‘i”

Radiotracer phantom CT phantom-pAl CT phantom-fAl RnAl — 10 iterations RnAl - 20 iterations RnAl — 40 iterations

/ \ {/’ \ ,f’ \ ff’

' \ay/

|
N/

1.0E+2 1.0E+4 1.0E+6 1.0E+8 1.0E+10

—

7 oY N Y Ny

1.0E+4 1.0E+6 1.0E+8 1.0E+10

Figure 34: Reconstructed images from noise free projection data with 6mm
spatial resolution using three reconstruction methods. Row 1: Phantoms and
OSEM. Row 2: RpAI Row 3: RfAIL
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3.1.2.5. RMSEmin comparisons among images obtained via the three
reconstruction methods

As shown in the figure 34 below, RfAl and OSEM-RnAI reconstruction methods

achieved smaller rmsemin than the RpAl in the full grid, ROI-1, and ROI-2,

respectively.
Minimum rmse values from reconstructed images using
the 3 reconstruction methods

4.50E-06 8.00E+00
__ 4.00E-06 7.00E+00
£ 3.50E-06 <
& 6.00E+00 &
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v 4.00E+00 &
£ 2.00E-06 =
c 3.00E+00 S
S 1.50E-06 £
= =
£ 1.00E-06 2.00E+00 £
€

5.00E-07 1.00E+00

0.00E+00 0.00E+00

full-grid ROI-1 ROI-2

Full grid and ROIs

EEEN OSEM-RnAl B |CD-RfA| === |CD-RpAI

Figure 35: Comparisons among the minimum rms
errors from reconstructed images of nfd for res-12mm
using the 3 reconstruction methods
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3.1.3 SECTION 1C: PVE correction measures for Quantitative and qualitative
Evaluation

3.1.3.1. 12mm spatial resolution noisy projection data (5M counts):

OSEM-RnAI

TABLE 8: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noisy projection data (5M counts) with res-
12mm
METHODS OSEM-RnAlI
Full grid ROI-1 ROI-2
RMSEmin 0.26E-5 0.91E-5 0.81E-5
ITERATION/SUBSET | 5/10 5/10 5/10
THAT GAVE
RMSEMmiN
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OSEM-RnNAI reconstruction (10 iterations = rmsemin)

=)

2D noisy (5M counts)
forward projection data

CT phantom not
incorporated

»

No Anatomical
information

fullgrid-rms errors versus
iteration numbers

0.00205
RT true phantom 0.002
0.00195

0.0018

res-12mm rmse,/680

0.00185

0.0018 0.2347E-5

0.00175

Figure 36: 0 0 4 &0

Reconstructed image

Iteration numbers

formation of noisy (5M
counts) data with res-

12mm via

via OSEM-RnAL:
guantitative

and visual illustration.
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Figure 37: RMS errors from
reconstructed full grid
image of noisy (5M counts)
data with res-12mm via
OSEM-RnAI versus
iteration numbers

Mis-quantified
lesions activity

ROl rms errors versus iteration

numbers
2 0.91985E-5
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Figure 38: Same as figure 37
but showing ROI-1& ROI-2
rms errors



3.1.3.2. 12mm spatial resolution noisy projection data (5M counts) — RpAlI

TABLE 9: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noisy projection data (5M counts) with res-
12mm/CT-pAl
METHODS RpAI @ 6 neighbors
Full grid ROI-1 ROI-2
RMSEwmN 0.27E-5 0.75E-5 0.65E-5
oPS 1.4E+4 1.4E+4 1.4E+4
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2D noisy (5M counts)
forward projection
data

RT true phantom

Figure 39:
Reconstructed image
formation of noisy (5M
counts) data with res-
12mm via

Via RpAl: quantitative
and visual illustration.
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Figure 40: RMS errors from
reconstructed full grid
image of noisy (5M counts)
data with res-12mm via
RpAIl versus prior strengths
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Figure 41: Same as figure 40
but showing ROI-1& ROI-2
rms errors.

Quality remained the same



3.1.3.3. 12mm spatial resolution noisy projection data (5M counts) — RfAl

TABLE 10: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noisy projection data (5M counts) with res-
12mm/CT-fAl
METHODS RfAI @ 6 neighbors
Full grid ROI-1 ROI-2
RMSEmiN 0.197E-5 0.446E-5 0.446E-5
OPS 1.0E+4 1.0E+4 1.0E+4
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@ OPS, rmsemin Was achieved. Quality remained the same

2D noisy (5M counts) CT phantom-fAl

OPS = 1.0E+4 An
forward projection .
InCrease
data
from
OPS

ROIs rms errors versus Prior

Full grid rms errors versus Prior o strengths
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Figure 42: Figure 43: RMS errors from Figure 44: Same as figure 43
]Ic?econs_tructfed IMage  reconstructed full grid but showing ROI-1& ROI-2
ormation of noisy (SM 246 of noisy (5M counts) rms errors.

counts) data with res-
12mm via

via RfAI: quantitative
and visual illustration.

data with res-12mm via
RfAI versus prior strengths
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3.1.3.4. 12mm spatial resolution noisy projection data (5M counts) using OSEM

RnAl, RpAlI, RfAI: Quantitative and qualitative comparison

<« 6D @ . v

Radiotracer phantom CT phantom-pAl CT phantom-fAl RnAl - 10 iterations RnAl - 20 iterations RnAl - 40 iterations

4

N7

1.0E+10

1.0E+10

Figure 45: Reconstructed images from noisy projection data (5M counts) with
12mm spatial resolution using three reconstruction methods. Row 1: Phantoms
and OSEM. Row 2: RpAIL Row 3: RfAIL
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3.1.3.5 RMSEmin comparisons among images obtained via the three

reconstruction methods

As shown in the figure 45 below, RfAl and RpAl reconstruction methods achieved
smaller rmsemin than the conventional OSEM-RnAI method full grid, ROI-1, and

ROI-2, respectively.

Minimum rms errors from reconstructed images using
the 3 reconstruction methods

ROI-1 ROI-2

Reconstruction methods

7.00E-03
6.00E-03
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0.00E+00

B OSEM-RnAl ® RpAl m RfAl

Figure 46: Comparisons among the minimum rms errors
from reconstructed images of 5M counts for res-12mm
using the 3 reconstruction methods
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3.1.4 SECTION 1D

3.1.4.1. 6mm spatial resolution noisy projection data (5M counts) - OSEM-RnAI

TABLE 11: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noisy projection data (5M counts) with res-6mm
METHODS OSEM-RnAI @ 6 neighbors

Full grid ROI-1 ROI-2
RMSEmin 0.24E-5 0.85E-5 0.80E-5
ITERATION/SUBSET | 10/10 10/10 10/10
THAT GAVE RMSEwm~
OPS NA NA NA
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2D noisy (5M counts)
forward projection
data

RT true phantom

Figure 47:
Reconstructed image
formation of noisy (5M
counts) data with res-
6mm via

via OSEM-RnAI:
quantitative

and visual illustration.
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OSEM reconstruction (10 iterations = rmsemin)

CT phantom not
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No Anatomical
information

fullgrid-rms errors versus
iteration numbers
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Figure 48: RMS errors from
reconstructed full grid
image of noisy (5M counts)
data with res-6mm via
OSEM-RNAI versus prior
strengths

Mis-quantified
lesions activity

ROIs rmse versus iteration

numbers
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Figure 49: Same as figure 48
but showing ROI-1& ROI-2
rms errors.



3.4.1.2. 6mm spatial resolution noisy projection data (5M counts) — RpAl

TABLE 12: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noisy projection data (5M counts) with res-
6mm/CT-pAl
METHODS RpAI @ 6 neighbors
Full grid ROI-1 ROI-2
RMSEmiN 0.222E-5 0.577E-5 0.532E-5
ors 1.0E+4 1.0E+4 1.0E+4
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Quality remained the same
@ OPS, rmsemin Was achieved.
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Figure 50: Figure 51: RMS errors from Figure 52: Same as figure 51
Reconstructed image reconstructed full grid but showing ROI-1& ROI-2
formation of noisy (5M image of noisy (5M counts) rms errors.
counts) data with res- data for res-6mm via

6mm via
via RpAl: quantitative
and visual illustration.

RpAI versus prior strengths
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3.1.4.3. 6mm spatial resolution noisy projection data (5M counts) — RfAl

TABLE 13: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noisy projection data (5M counts) with
res-6mm/CT-fAI
METHODS RfAI @ 6 neighbors
Full grid ROI-1 ROI-2
RMSEmin 0.16E-5 0.037E-5 0.037E-5
OPS 1.0E+4 1.0E+4 1.0E+4
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2D noisy (5M counts)
forward projection
data

RT true phantom

Figure 53:
Reconstructed image
formation of noisy (5M
counts) data with res-
6mm via

via RfAl: quantitative
and visual illustration.
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Figure 54: RMS errors from
reconstructed full grid
image of noisy (5M counts)
data for res-6mm via

RfAI versus prior strengths
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Figure. 55: Same as figure 54
but showing ROI-1& ROI-2
rms errors.



3.1.4.4. 6mm spatial resolution noisy projection data (5M counts) using OSEM-

RnAlI RpAl and RfAI: Quantitative and qualitative comparison

x “ . o"
o’ LR

Radiotracer phantom CT phantom-pAl CT phantom-fAl RnAl — 10 iterations RnAl - 20 iterations RnAl — 40 iterations

& 2

\ ,..

1.0E+10

Figure 56: Reconstructed images from noisy projection data (5M counts) with
6mm spatial resolution using three reconstruction methods. Row 1: Phantoms
and OSEM. Row 2: RpAIL Row 3: RfAI

Generally, for the 5M counts data (which is more clinically realistic), 2743 counts/bin is
the number of counts per bin in regions that are projections of the background only, e.g.,
muscle, bone marrow, etc., and 60+6.5 counts/bin in regions where the projections
include a hot spot. These correspond to 300+41 counts/cm”2 and 667+72 counts/cm”2,

respectively.
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3.1.4.5. RMSEmin comparisons between the three reconstruction methods

As shown in the figure 56 below, RfAI and RpAlI reconstruction method achieved
a better rmse than the conventional OSEM-RnAI method full grid, ROI-1 and ROI-

2 respectively.
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Figure 57: Comparisons among the minimum rms errors
from reconstructed images of 5M counts for res-6mm
using the 3 reconstruction methods

56



3.1.5 SECTION 1E

3.1.5.1. 12mm spatial resolution noisy projection data (50M counts)

— OSEM-RnAI

TABLE 14: CHART SHOWING THE RESULT PARAMETERS

DATA TYPES Noisy projection data (50M counts) with res-
12mm

METHODS OSEM-RnAlI RpAl@6 | RfAl@6

neighbors | neighbors

Full grid Full grid | Full grid

RMSEmin 0.243E-5 0.240E-5 | 0.163E-5

ITERATION/SUBSET | 40/10 20 20

THAT GAVE RMSEwm~

oes |- 1.0E+