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Abstract

Paranasal sinus cancers account for 3% of all head and neck cancers. Of these
cases, only 15% cases are ethmoid sinus cancers (Harari et al., 2014). Cancer in these
regions may spread rapidly to the adjacent areas, especially as the early disease is
frequently asymptomatic (Bleehen NM, 1972). Ethmoid cancers are locally advanced at
presentation and are difficult to cure, with 5-year disease-free survival rates of 30-50%.
Because of the anatomic constraints and patterns of local spread, the inclusion of these
tumors with those arising in the head and neck region and nasal fossa may be
misleading (Waldron et al., 1998).

Different imaging modalities can be used to diagnose ethmoid sinus cancer, such
as Positron Emission Tomography (PET), Single-Photon Emission Computed
Tomography (SPECT), Computed Tomography (CT), and Magnetic Resonance Imaging
(MRI). PET and SPECT can provide important functional and molecular information,
but they have considerable partial volume effects (PVEs), in which radiotracer activity in
small structures appears blurred into nearby tissue, thereby degrading quantitative
accuracy. These PVEs can be reduced if full anatomical information (fAl) is available
about the spatial extent of the structure, e.g. of a tumor. A less investigated — but
perhaps clinically more frequent — scenario is if only partial anatomical information

(pAl) is available. Consider for example a tumor in the ethmoid bone. Even if the tumor



is not visible on CT, the ethmoid bone is visible, and the visible spatial extent of the
ethmoid bone places some limit on the spatial extent of the tumor.

In this study, the impacts of CT partial anatomical information in the ethmoid
and vomer bones are investigated and are compared to full anatomical information and
to no anatomical information. The studies are performed for PET-like imaging (6-mm
spatial resolution) and SPECT-like imaging (12-mm spatial resolution).

Results: Compared with no anatomical information (as in OSEM reconstructed
images), PET/SPECT images reconstructed with anatomical information (pAl) have
reduced PVEs, as gauged by visual inspection and RMS errors, albeit not to the same
extent as images reconstructed with full anatomical information (fAI).

Keywords: Ethmoid sinus cancers, CT anatomy information, PET, SPECT, partial

volume effect, image reconstruction
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1 Introduction

1.1 The function of PET/SPECT and CT imaging in the diagnosis
of head and neck cancer

Head and neck cancer is one of the most common tumor types in the clinic.
Hospital studies report that about 55% of head and neck cancer arises in the maxillary
antrum, 35% in the nasal cavity, 9% in the ethmoid sinuses, and 1% in the sphenoid and
frontal sinuses (Roush, 1979). In ethmoid sinus cancer, most patients present with
tumors invading local structures but without lymph node involvement.

Nuclear medical imaging, including PET and SPECT, plays an important role in
diagnosing and staging cancer stage and in locating tumor.

Nuclear medicine imaging is also utilized during radiation therapy, to determine
tumor response to therapy, including changes in tumor’s shape and size. Such
information may be helpful in modifying treatment plans as tumor conditions change.

PET and SPECT however have relatively poor spatial resolution and are
relatively noisy. This results in the so-called partial volume effect (PVE), in which some
of the activity that is truly in a high-uptake region appears instead to be in surrounding
lower activity regions. That is, the SPECT or PET image indicates an incorrectly low
activity in the high-activity region and an incorrectly high activity in surrounding tissue.
A small tumor may look larger but less aggressive than it is. The contour of the tumor as

seen on PET images may encompass more than the real metabolically active part of the



tumor. Therefore, correcting the PVE could provide better radiotracer distribution
information and better results for diagnosis and staging and in radiotherapy planning
and treatment evaluation.

Partial volume effects are substantial when the width of a tissue structure along
one of more dimensions is comparable to or smaller than the full width at half-
maximum (FWHM) of the system spatial. The width of the ethmoid bone is about 0.4cm
to 0.6cm, and the transverse plane width of vomer bone is about 0.4cm. For PET with
FWHM about 0.6cm and SPECT with FWHM about 1.2cm, lesions located on ethmoid
bone and vomer bone are good candidates for partial volume correction.

High resolution anatomical information can be utilized to reduce PVEs, as
described below in Methods. Consider for example a small tumor that has high
radiotracer uptake. The PET/SPECT PVEs associated with this tumor could be reduced if
the tumor is indicated on CT. We refer to such CT information as full anatomical
information (fAl). Such information may however not always be available. There may
instead though be partial anatomical information (pAl). For example, suppose that a
tumor in the ethmoid bone is not indicated on CT, so fAl is not available. The thin width
of the ethmoid bone does however provide some anatomical information (pAl), since we
know the tumor is no wider than the ethmoid bone, and the CT does indicate the width

of the ethmoid bone.



CT is almost universally available with PET and is often available with SPECT,
so it is important to investigate the potential of CT for reducing PET/SPECT PVEs.

In this study, we investigate effectiveness of partial anatomical information (pAl)
for reducing PVEs associated with tumors in the ethmoid and vomer bones of the nasal
cavity, including comparing the effectiveness of pAi as compared to fAl and to no

anatomical information.



2 Methods
2.1 Study Overview

CT Phantom | Pharmaceutical Phantom ‘

Add Lesion
Lesion Indicated Model spatial resolution

Lesion Indicated ‘ | Lesion Not Indicated | | Forward Projection |

Add noise

—| Noisy Projection Data

Model spatial resolution

RFAI RpAl

‘ OSEM Reconstructed Image }<-|

Image Reconstruction
(RpAI/RfAI)
t

RMSE quantitative comparison |

RMSE quantitative comparison

Pharmaceutical Phantom [M=========e=- 4

Figure 1: The stages involved in this study.

The flowchart shown in figure 1 outlines the methods used in this study to
compare 3 PET/SPECT image reconstruction methods: ordered-subsets expectation
maximization (OSEM), reconstruction with full anatomical information (RfAI) and
reconstruction with partial anatomical information (RpAI). All three methods were
evaluated using digital radiopharmaceutical phantom and PET-like and SPECT-like
projection data generated from that phantom. The digital radiopharmaceutical phantom
was based on the XCAT phantom but included also “hot-spot” lesions of high

radiopharmaceutical concentration in the ethmoid and vomer bones. The simulation of



projection data from digital phantoms is often called “forward projection”, as indicated
in figure 1. For PET-like projection data, the forward-projection modeled 6-mm spatial
resolution. For SPECT-like projection data, it modeled 12-mm spatial resolution. After
forward-projection, a pseudo-random number generator was utilized to generate noisy
projection data. These noisy projection data were then utilized in OSEM, RfAl, and RpAI
image reconstructions.

In addition to noisy projection data, the RfAI and RpAl image reconstructions
also utilized CT images. As with the radiopharmaceutical phantom, these CT images
were based on the XCAT phantom. As shown in figure 1, the CT image utilized in RfAI
image reconstruction included CT contrast between the lesions and surrounding healthy
vomer and ethmoid bone tissue, i.e. the lesions were visible on CT. The CT image
utilized in RpAl image reconstruction did include CT contrast between the lesions and
surrounding tissue, i.e. the lesions were not visible on CT.

As indicated by the blue dashed lines in figure 1, the images reconstructed by
OSEM, RfAI, and RpAl were compared to the radiopharmaceutical phantom, i.e. to the
true radiopharmaceutical image. The comparisons included visual inspection of images

and calculation of root-mean-squared (RMS) errors.



2.1 XCAT Software and Initial CT Phantom and Pharmaceutical
Phantoms

The phantom is generated by XCAT software. The XCAT software has three
generating modes. Different modes generate different types of phantoms or specific
defined lesions. For this study, mode 0 was used to simulate two physical models: a 3D
distribution of attenuation coefficients for a given photon energy (CT phantoms) and a
3D distribution of emission radionuclide activity for the various organs (pharmaceutical
phantom).

The activities for different organs of the pharmaceutical phantoms were specified
in general parameter files. The organs took on the uniform values that were specified for
them. The background activity was set to 0.25 pCi/cc. The attenuation coefficients for
organs in the attenuation phantoms were determined based on the elemental
composition of the tissues and the photon energy specified in the general parameter

files.

2.2 CT Phantoms and Pharmaceutical Phantom

Utilizing the before mentioned XCAT radionuclide and attenuation phantoms, 1
radiotracer phantom and 2 CT phantoms were generated at each of several resolutions.
Resolution 1 has a grid size of 512 by 512 with 128 slices, and pixel width and slice width

of 0.5mm. Resolution 2 has a grid size of 256 by 256 with 64 slices, and pixel width and



slice width of Imm. Resolution 3 has a grid size of 128 by 128 with 32 slices, and a pixel
width and slice width of 2mm. The grids at all 3 resolutions occupy the same volume.

The initial phantoms from XCAT are at Resolution 1. The value at each voxel
equals the XCAT radionuclide or attenuation value of some tissue or the value assigned
to the lesions.

At resolution 2, the value in each voxel is the average of the 8 voxels at resolution
1 that occupy the same volume. The resolution-2 radionuclide phantom is utilized for
forward projection, to simulate the PET/SPECT projection data.

The resolution-3 grid is used of image reconstruction. The CT images that are
utilized in RfAI and RpAl image reconstruction are at resolution 3, as is the radionuclide
phantom to which they are compared.

Table 1: Phantoms generating process.

Phantom 1: Phantom 2: Phantom 3:
Grid size: 512*%512*128 % Grid size: 256*256*64 » Grid size: 64%64*32
Pixel size: 0.5mm Pixel size: Tmm Pixel size: 2mm

For the radiopharmaceutical phantom and the RfAI CT phantom, tumor lesions
were to the resolution-2 phantoms, added as “hot spots” on pharmaceutical phantom 2
and “cold spots” on RfAI CT phantom 2.

Three lesions were added: 2 centered on slice 44 and 1 centered on slice 18 of the
resolution-2 radiopharmaceutical and RfAI CT phantoms. Lesion 1 was centered at x =

130, y =45, z=44. Lesion 2 was centered at x = 126, y = 75, z = 44. Lesion 3 was centered



at x =130, y =52, z = 18. The activity concentration of the hot spots in pharmaceutical
phantom 11.25 mCi/cc. The CT number of the cold spots in the attenuation phantom is
0.002.

The region occupied by each lesion was determined as the intersection of a 15-
mm-radius sphere and the ethmoid or vomer bone. This was accomplished through
MATLAB programing. The two ethmoid-bone lesions are as shown in figure 2 and

figure 3.

Grid size: 512*512*128 Grid size: 256*256*64 Grid size: 64*64*32

Pixel size: 0.5mm Pixel size: Imm Pixel size: 2mm

Figure 2: Three sizes of pharmaceutical phantoms with lesions indicated.
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Grid size: 512*512*128 Grid size: 256*256*64 Grid size: 64*64*32

Pixel size: 0.5mm Pixel size: 1mm Pixel size: 2mm

Figure 3: Three sizes of CT attenuation phantoms with lesions indicated.

b

Grid size: 512*%512*128 Grid size: 256*256*64 Grid size: 64*64*32

Pixel size: 0.5mm Pixel size: 1Imm Pixel size: 2mm

Figure 4: Three sizes of CT attenuation phantoms without lesions indicated.



Figure 2 shows pharmaceutical phantoms from original grid (resolution1 ) to fine
grid (resolution 2) and course grid (resolution 3). Figure 3 shows the CT phantoms that
have lesions indicated on ethmoid bone. The CT-number for lesions is lower than the
CT-number of surrounding bones. The images in figure 4 show normal (i.e. lesion-

absent) CT phantoms.

2.3 Phantom images

(a) (b) (c)

Figure 5: (a) Pharmaceutical phantom with lesions indicated. (b) CT phantom
with lesions indicated. (c) Normal CT phantom.

The three phantoms used in this study are shown in figure 5. The organ activity

and CT numbers are listed in table 2 and table 3.
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Table 2: Organ activity.

Body Skin Muscle Brain Sinus
0.25 0.25 0.25 0.25 0
Artery Vein Cortical bone Cartilage Lymph (normal)
0.25 0.25 0.625 0.25 0.25
Airway Thyroid Salivary Pituitary Eye
0.25 0.25 0.25 0.25 0.25
Corpus Callosum Putamen Globus pallidus Thalamus Fornix
1 2 2 1 1
Anterior Amygdala Hippocampus Cerebral agqueduct Mamillary bodies
commissure
1 2 2 1 1
Cerebral peduncles Superior Inferior Pineal gland Periaqueductal
colliculus colliculus grey outer
1 1 1 1 2
Periaqueductal Pons Superior Middle cerebellar peduncle Substantia nigra
greyinner cerebellar
peduncle
2 1 1 1 2
Medulla Medullary Inferior olive Tegmentum of midbrain Midbrain
pyramids
1 1 1 1 1
Cerebellum Remaining Remaining grey Fourth ventricle Third ventricle
white matter matter
1 1 2 1 1
Lateral ventricle Internal Caudate Parathyroid Laryngopharynx
capsule
1 1 2 0.25 0.25
Table 3: Organ CT numbers.
Water Muscle Skin Spine Bone Lymph
0.0077 0.0080 0.0083 0.0093 0.0079
Adipose (fat) Blood lodine Blood Cartilage Brain
0.0071 0.0081 0.0086 0.0084 0.0080
Thyroid Skull Eye lens Red marrow Yellow marrow
0.0081 0.0100 0.0081 0.0078 0.0075

11



2.4 OSEM Image Reconstruction

The Ordered Subsets Expectation Maximization (OSEM) algorithm is an iterative
method that starts with an initial image estimate. It then improves the estimate by
comparing forward-projected projection values to measured projection values. It does
not utilize anatomical information. Consequently, the final image estimate is determined
primarily by an image, whose forward-projection is a good match with the measured
projection data and by the chosen number of iterations, since more iterations are
required to recover higher-frequency content.

2.5 RfAl and RpAl Image Reconstruction

The OSEM algorithm described above generally increases the log likelihood L on
each iteration, where L is a measure of the match between forward-projected and
measured projection data. One could say that L is the objective function for OSEM image
reconstruction. An alternative objective function is ® =L - aP, where P is:

P(J) = z 2(11- — %)

eV jeC;

where i 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. In [Bowsher et al,
2004] it was proposed to determine the set Ci, from among the M voxels nearest to voxel

i, as the N voxels most similar to voxel i in an anatomical image. This tends to smooth

12



voxel i with other voxels of the same tissue type, thereby reducing noise but without
reducing contrast between tissues. This together with spatial resolution modeling
reduces PVEs. Here we utilized M = 56 and consider N = 6.

The parameter « is called the prior strength, and the studies herein consider
variations of the prior strength.

The RfAI and RpAl reconstructions are initialized with an OSEM image. The
OSEM images used in RfAI and RpAl reconstructions have 10 subsets and 10 iterations.
The iteration numbers of iterative coordinate descent (ICD) are set to 25. For the
standard Poisson log likelihood function L in OSEM reconstruction, OSEM increases L
on each iteration and may require around 5,000 iterations, plus a gradual decrease in the
number of subsets, to obtain a good approximation to the maximum likelihood (ML)
estimate. Since OSEM images with lower iteration numbers are very blurry, and since
images with higher iteration numbers will improve spatial resolution but at the cost of
increased noise, 10 iterations of OSEM provides a reasonable balance between noise and
bias.

As for ICD reconstruction, it smooths among voxels within the region of interest
during image reconstruction. The ICD objective function @ increases on each iteration,
and the image which reach the highest value of @ is called the maximum penalized
likelihood (MPL). For ICD-RfAI/RpAl, it typically takes about 15 to 25 iterations to reach

the MPL image. Therefore, we set 25 iterations for RfAl and RpAl reconstruction. For

13



higher iteration numbers, the MPL images we got as the same as images with 25
iterations. Different trade-offs between noise and spatial resolution are obtained by
changing the prior strength a. Each prior strength a results in a different MPL image.
The prior strength o can be adjusted to give different MPL images with noise and

resolution trade-offs comparable to different iterations of OSEM.

CT Phantom with
Lesion Indicated

Al

Noisy Projection Data

RfAl Image Reconstruction

OSEM Reconstructed Image

Figure 6: RfAl - reconstruction with full anatomical information method.

CT Phantom without
Lesion Indicated

Noisy Projection Data

YYyVY

RpAl Image Reconstruction

OSEM Reconstructed Image

Figure 7: RpAl - reconstruction with partial anatomical information method.
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2.6 Root-mean-square error calculation

Root mean squared error (RMSE) is the square root of the mean of the square of

all the errors between predicted values and the value. The expression is:

RMSE-= \/% T, 0 = 90)?

where ; are the observations, y; are true values, and n is the number of observations
available for analysis (Ouyang, Kim & Pratx, 2016). Standard deviation is used to

measure how discrete a set of numbers is. Note that RMSE is scale-dependent.
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3 Results

3.1 Region where RMS error evaluated

RMS errors were evaluated in the region shown by the white box in the 3raimage
of figure 8 below. This is the region that contains the ethmoid-bone tumors, which can

be seen by comparing the location of the white box to the same locations in the

radiotracer phantom (left image) and CT phantom (middle image).

Figure 8: Radiotracer phantom (left), Normal CT phantom (middle), and region
over which RMS errors are calculated (white box in rightmost image).

16



3.2 OSEM reconstructed images

3.2.1 OSEM reconstructed images with different iteration numbers
and noise counts

OSEM reconstruction images

spatial resolution = 6mm Noise counts:

5k
~&

Pharmaceutical phantom

50k

CT phantom with lesions

500k

CT phantom without lesions

Iteration numbers: 10 4 3 2 1

Figure 9: Column 1: Phantoms. Columns 2-6, Row 1-3: OSEM reconstructed
images with 5k, 50k and 500k noise counts.

Different iteration numbers in OSEM reconstruction are shown in figure 9. Low
and middle frequency components are obtained at low iterations. As the number of
iterations increases, the high frequency components are reconstructed and noise level in
the image increases. For figure 9, a spatial resolution of 6mm was modeled in the
forward projection and image reconstruction processes.

Because more iteration numbers in OSEM reconstruction will recover higher-
frequency components, reconstructed images become less blurry and there is higher

contrast among different tissue structures, so the OSEM images in figure 9 are presented

17



with a decreasing sequence of iteration numbers from iteration number 10 to iteration

number 1.
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3.2.2 RMSE line chart of OSEM reconstruction images

To compare the difference between OSEM images and the true-activity, phantom
images, RMSE values were calculated for OSEM images reconstructed from low-count
data (5k, 50k and 500k; figures 10-11) and high-count data (5M, 10M, 20M, 40M, and
80M; figures 12-13). The x-axis is number of OSEM iterations, and the y-axis indicates

RMSE values.

RMSE of OSEM images (lesions region)
spatial resolution = 6mm

60
50
40
30

20

10— ggm————

iterl iter2 iter3 iterd iters iteré iter? iter8 iter9  iterl0

s 5 e 5,0k 500k

Figure 10: RMSE in the Fig. 8 white-box region for OSEM reconstruction from
6-mm-spatial-resolution, low-count data. Iteration number from 1 to 10.
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RMSE of OSEM images (lesions region)
spatial resolution = 12mm

35
30
25
20
15

10

. /-_gf

iterl iter2 iter3 iterd iter5 iter iter7 iter8 iter9 iterl0

5k 50k 500k

Figure 11: RMSE in the Fig. 8 white-box region for OSEM reconstruction from
12-mm-spatial-resolution, low-count data. Iteration number from 1 to 10.

RMSE of OSEM images (lesions region)
spatial resolution = 6mm

1.2

o ——

0.6

0.4

0.2

iter5 iterlO iterl5 iter20 iter25 iter30 iter35 iterd0 iterd5 iter50 iter55 iter6O

5M 10M 20M 40V e 80M

Figure 12: RMSE in the Fig. 8 white-box region for OSEM reconstruction with
6-mm-spatial-resolution, high-count data. Iteration number from 5 to 60.
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RMSE of OSEM images (lesions region)
spatial resolution = 12mm

iter5 iterl0 iterl5 iter20 iter25 iter30 iter35 iterd0 iterd5 iter50 iter55 iter60

s 5V e 10M 20M 40M e 30M

Figure 13: RMSE in the Fig. 8 white-box region for OSEM reconstruction with
12-mm-spatial-resolution, high-count data. Iteration number from 5 to 60.

For the low-count data (figures 10-11), the RMSE is a minimum at iteration 1, and
it subsequently increases with iteration. For the high-count data (figures 12-13), the
RMSE initially decreases with iteration, and in most cases varies only slowly between

iterations 30 and 60.
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3.3 Comparison between OSEM, RfAl, and RpAl reconstructed
iImages

3.3.1 Best RMSE values for three reconstruction processes with
noise level from 5k counts to 80M counts

Table 4 and Figure 14 below show RMS errors as a function of data noise level,
from the highest noise at 5k counts to the lowest noise at 80M counts. At 5k and 50k,
RfAI and RpAlI reconstructions were performed only at prior strength 50, and the
resulting RMS errors are shown. The other RMS errors are approximately the best RMS
errors obtained at each noise level for each reconstruction method (OSEM, RfAl, and
RpAlI). For OSEM images, these are the RMS errors at iteration 1 for low-count data and

at iteration 60 for high-count data. (Please see figures 10 — 13 and the corresponding

text).
Table 4: Best RMSE values for PET-like, 6mm-spatial-resolution data.
RMSE of OSEM, RfAl and RpAl
(Lesion region,6mm)

Spatial resolution = 6mm

Sk 50k 500k 5M 10M 20M 40M 80M
OSEM 13.87011 7.91493 8.866259 0.825622 0.834116 0.80207 0.761799 0.757362
RfAl 2.070874 2.011589 1.130492 1.618279 1.630612 1.620174 1.625866 1.625875
RpAl 2.071001 2.010908 1.558288 1.721293 1.726974 1.719219 1.722722 1.722352
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RMSE of OSEM, RfAl and RpAl
(Lesion region,6mm)
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Figure 14: Best RMSE values for PET-like, 6mm-spatial-resolution data.
Similarly to Table 4 and Figure 14 for 6mm data, Table 5 and Figure 15 show best
RMS errors for 12mm data.

Table 5: Best RMSE values for SPECT-like, 12mm-spatial-resolution data.

RMSE of OSEM, RfAl and RpAl
(Lesion region,12mm)

Spatial resolution = 12mm

5k 50k 500k 5M 10M 20M 40M 80M
OSEM 6.444279 5.559906 5.223478 1.202129 1.152459 1.183773 1.170813 1.182604
RfAI 2.070963 2.039266 2.052405 1.877196 1.873954 1.866802 1.867847 1.867497
RpAl 2.071242 2.043619 2.06613 1.875445 1.87327 1.867266 1.867247 1.867188
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RMSE of OSEM, RfAl and RpAl
(Lesion region,12mm)
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Figure 15: Best RMSE values for SPECT-like, 12mm-spatial-resolution data.
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3.3.2 Comparisons versus Iteration and Prior Strength

Noise counts =500k, spatial resolution = 6mm

_ 0SEM
- ’ w \’ I 4 .
Pharmaceutical phantom teration10 Iteration4 Iteration3 Iteration2 Iteration1
¥ I ]
. ‘ d .
RfAI
CT phantom with lesions
RpAI
y

CT phantom without lesions

Prior Strength: 5 25 50 200 500

Figure 16: Column 1: Phantoms. Columns 2-6, Row 1-3: OSEM reconstruction,
RfAI reconstruction, and RpAl reconstruction images of ethmoid bone., Spatial
resolution = 6mm.

Noise counts =500k, spatial resolution = 6mm

OSEM
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Figure 17: Column 1: Phantoms. Columns 2-6, Row 1-3: OSEM, RfAlI, and RpAlI
images in vomer bone. Spatial resolution = 6mm.
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Figures 16 and 17 above show the OSEM, RfAI, and RpAl images of ethmoid
bone (figure 16) and vomer bone (figure 17) as a function of iteration for OSEM and a
function of prior strength for RfAI and RpAl. The images are reconstructed from 500k-
count projection data. Spatial resolution = 6mm. Below, table 6 and figure 18 show RMS
erTors.

Table 6: RMS errors at 500k for 5 different iterations (OSEM) and prior
strengths (RfAI, RpAI). Resolution = 6mm. Prior strengths: 5, 25, 50, 200, and 500.

iterationl iteration2 iteration3 iterationd4 iterationlO

OSEM 8.866259 12.42086 13.63371 14.17468 15.22138
5s 25s 50s 200s 500s

RfAl 1.839962 1.587483 1.130492 1.745996 1.723813
5s 25s 50s 200s 500s

RpAl 1.852893 2.055087 1.558288 1.898634 1.867402

Noise counts= 500k
Spatial resolution = 6mm

o . . iteration10
iteration3 iteration4
14 iteration2
12
10 iterationl
8
6
4
2
0 [] B = B 0
35 25s 50s 200s .

EOSEM mRfAl mRpAl

Figure 18: RMS error versus iteration for OSEM and prior strength for RfAI
and RpALI Projection data are 500k, with 6mm spatial resolution.
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Noise counts =500k, spatial resolution = 12mm
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Figure 19: Column 1: Phantoms. Columns 2-6, Row 1-3: OSEM, RfAI, and RpAIl
images in ethmoid bone. Projection data are 500k, with 12-mm spatial resolution.

Noise counts =500k, spatial resolution = 12mm

OSEM
Pharmaceutical phantomiteration10 Iteration4 Iteration3 Iteration2 Iterationl
' v
RfAI
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y
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Figure 20: Column 1: Phantoms. Columns 2-6, Row 1-3: OSEM, RfAl, and RpAlI
images in vomer bone. Projection data are 500k, with 12-mm spatial resolution.

Figures 19 and 20 above are analogous to figures 16 and 17 but are for 12-mm

spatial resolution. They show the OSEM, RfAl, and RpAI images of ethmoid bone
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(figure 19) and vomer bone (figure 20) as a function of iteration for OSEM and a function
of prior strength for RfAIl and RpAI._Below, table 7 and figure 21 show RMS errors.

Table 7: RMS errors at 500k for 5 different iterations (OSEM) and prior
strengths (RfAI, RpAI). Resolution = 12mm. Prior strengths: 5, 25, 50, 200, and 500

iterationl iteration2 iteration3 iterationd4 iterationl0

OSEM 5.223478 6.504495 7.329369 7.865598 9.053572
5s 25s 50s 200s 500s

RfAl 2.044651 2.079339 2.052405 1.633703 1.614603
5s 25s 50s 200s 500s

RpAl 1.979644 2.079337 2.06613 1904304 1.872018

Noise counts= 500k
Spatial resolution = 12mm

10 iteration10
. . iteration4
8 iteration3
iteration2

6 iterationl
4
" ANN HED ADD i i
0 i [

5s 25s 50s 200s 500s

EOSEM mRfAl mRpAl

Figure 21: RMS error versus iteration for OSEM and prior strength for RfAI
and RpAI Projection data are 500k, with 12mm spatial resolution.
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4 Discussion

In this study, CT anatomical information was investigated to correct the partial
volume effect in PET-like and SPECT-like images by using partial anatomical
information (RpAl) and full anatomical information (RfAI). RfAI is expected to provide
the best result, and that was observed, for example in the PET-like images of figures 16
and 17 and the SPECT-like images of figures 19 and 20, all reconstructed using the
clinically realistic count level 500k. Full anatomical information (fAI) — that completely
specifies, for example, a tumor location — may however often not be available. Much
more common may be partial anatomical information (pAl) that speciifies only some of
the boundary of, for example, a tumor.

The nasal cavity has narrow structures — such as the ethmoid and vomer bones —
that are bounded by air. The narrow widths of the ethmoid and vomer bones place
bounds on the widths of tumors within those bones, thereby providing pAl for such
tumors. Importantly this pAI — the widths of these bones — is always visible on CT.
Furthermore, CT is universally available with PET and is often available with SPECT. It
is notable then that in this study we found that this pAl can provide substantial
improvement compared to no use of anatomical information. This can be seen by
comparing the row-3 RpAl reconstructions of figures 16 and 17 (PET-like) and 19 and 20
(SPECT-like) to the row-1 OSEM reconstructions, which do not utilize anatomical

information. It is also evident in the 500k RMS errors of figures 14, 15, 18, and 21, where
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OSEM (no anatomical information) is seen to have much higher RMSE that RpAI and
RfAIL

In this study, we also consider high-count projection data (5M to 80M). Although
generally not clinically realistic, it is interesting to see how the RpAI and RfAI perform
in high-count scenarios. We found that OSEM has lower RMS error. This is plausible in
that the purpose of the anatomically-based penalty function P in ® =L - aP is to reduce
noise. Since the high-count data have very little noise, the penalty P does not provide
much noise-reduction benefit. The penalty P may however lead to some increase in bias,
e.g. by some smoothing across anatomical boundaries, particularly with pAl For prior
strength o, the change of prior strength o will affect the parameter aP in the objective
function ® =L - aP. For RfAI and RpAl, fewer high-frequency components are
reconstructed with the increase of prior strength o, as well as with the decrease of
iteration numbers in OSEM. The images get more blurry and anatomical boundaries get
smoother. This phenomenon is obvious in low-count images as they have enough noise
for penalty P and prior strength o to provide noise-reduction benefit. For low-count
noisy images, the RMSE gap between RfAI and RpAl is widest with the lowest RMSE of
prior strength o = 50 for PET-like resolution and lowest RMSE of prior strength a= 200
for SPECT-like resolution. This can be seen from figure 18 and figure 21. The lowest
RMSE value of prior a is higher for SPECT-like spatial resolution than for PET-like

spatial resolution.
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Partial volume effects (PVEs) arise when structures are narrow or about the same
as the system spatial resolution along one of more directions. The ethmoid and vomer
bones have widths of around 5mm in some directions, which is comparable to the
spatial resolution of PET and smaller than the spatial resolution of SPECT. Hence PVEs
can be expected in these structures. The present study demonstrates the ability of partial

anatomical information, widely available via CT, to reduce these PVEs.
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5 Conclusion

If a tumor in narrow structures of the nasal-cavity region cannot be
identified by CT images, RpAl reconstruction methods can provide improved

image quality and PVE reduction as compared OSEM reconstructed images.
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