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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 (fAI) 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 

(pAI) is available. Consider for example a tumor in the ethmoid bone. Even if the tumor 
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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 (pAI) 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 
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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 (fAI). Such information may however not always be available. There may 

instead though be partial anatomical information (pAI). For example, suppose that a 

tumor in the ethmoid bone is not indicated on CT, so fAI is not available. The thin width 

of the ethmoid bone does however provide some anatomical information (pAI), since we 

know the tumor is no wider than the ethmoid bone, and the CT does indicate the width 

of the ethmoid bone.  
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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 (pAI) 

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 fAI and to no 

anatomical information. 
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2 Methods 

2.1 Study Overview 

 

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 
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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, RfAI, and RpAI 

image reconstructions.  

In addition to noisy projection data, the RfAI and RpAI 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 RpAI 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 RpAI 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. 
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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 Ci/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 
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slice width of 1mm. 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 RpAI image reconstruction are at resolution 3, as is the radionuclide 

phantom to which they are compared. 

Table 1: Phantoms generating process. 

 

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 
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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. 

 

Figure 2: Three sizes of pharmaceutical phantoms with lesions indicated. 
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Figure 3: Three sizes of CT attenuation phantoms with lesions indicated. 

 

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

 

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. 

 

Table 3: Organ CT numbers. 
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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 RfAI and RpAI 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 - P, where P is: 

𝑃() =∑∑(𝑖 − 𝑗)
2

𝑗𝜀𝐶𝑖𝑖𝜖𝑉

 

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 
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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 RpAI reconstructions are initialized with an OSEM image. The 

OSEM images used in RfAI and RpAI 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/RpAI, it typically takes about 15 to 25 iterations to reach 

the MPL image. Therefore, we set 25 iterations for RfAI and RpAI reconstruction. For 
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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 . Each prior strength  results in a different MPL image. 

The prior strength  can be adjusted to give different MPL images with noise and 

resolution trade-offs comparable to different iterations of OSEM. 

 

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

 

 

Figure 7: RpAI - 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=√
1

𝑛
∑ (𝑦𝑖 − 𝑦̂𝑖))2
𝑛
𝑖=1  

where  𝑦̂𝑖 are the observations, 𝑦𝑖 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 3rd image 

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). 
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3.2 OSEM reconstructed images 

3.2.1 OSEM reconstructed images with different iteration numbers 

and noise counts 

 

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

number 1. 

  



 

 

19 

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. 

 

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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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. 

 

 

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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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, RfAI, and RpAI reconstructed 
images 

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 RpAI 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, RfAI, and 

RpAI). 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. 
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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. 
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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 

 

Figure 16: Column 1: Phantoms. Columns 2-6, Row 1-3: OSEM reconstruction, 

RfAI reconstruction, and RpAI reconstruction images of ethmoid bone., Spatial 

resolution = 6mm.  

 

Figure 17: Column 1: Phantoms. Columns 2-6, Row 1-3: OSEM, RfAI, and RpAI 

images in vomer bone. Spatial resolution = 6mm.  
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Figures 16 and 17 above show the OSEM, RfAI, and RpAI 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 RpAI. The images are reconstructed from 500k-

count projection data. Spatial resolution = 6mm. Below, table 6 and figure 18 show RMS 

errors. 

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. 

 

 

Figure 18: RMS error versus iteration for OSEM and prior strength for RfAI 

and RpAI. Projection data are 500k, with 6mm spatial resolution. 



 

 

27 

 

Figure 19: Column 1: Phantoms. Columns 2-6, Row 1-3: OSEM, RfAI, and RpAI 

images in ethmoid bone. Projection data are 500k, with 12-mm spatial resolution. 

 

Figure 20: Column 1: Phantoms. Columns 2-6, Row 1-3: OSEM, RfAI, and RpAI 

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, RfAI, 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 RfAI 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 

 

 

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 (RpAI) 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 (pAI) 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 pAI 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 pAI can provide substantial 

improvement compared to no use of anatomical information. This can be seen by 

comparing the row-3 RpAI 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 

RfAI. 

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 - P 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 pAI. For prior 

strength , the change of prior strength  will affect the parameter P in the objective 

function  = L - P. For RfAI and RpAI, fewer high-frequency components are 

reconstructed with the increase of prior strength , 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  to provide noise-reduction benefit. For low-count 

noisy images, the RMSE gap between RfAI and RpAI is widest with the lowest RMSE of 

prior strength  = 50 for PET-like resolution and lowest RMSE of prior strength = 200 

for SPECT-like resolution. This can be seen from figure 18 and figure 21. The lowest 

RMSE value of prior  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, RpAI reconstruction methods can provide improved 

image quality and PVE reduction as compared OSEM reconstructed images. 

  



 

 

33 

Reference 

James E. Bowsher, Hong Yuan, Laurence W. Hedlund, Timothy G. Turkington, Gamal 

Akabani, Alexandra Badea, William C. Kurylo, C. Ted Wheeler, Gary P. Cofer, 

Mark W. Dewhirst, G. Allan Johnson. (2004). Utilizing MRI Information to 

Estimate F18-FDG Distributions in Rat Flank Tumors. IEEE. 0-7803-8700-

7/04/$20.00 (C)  

Vunckx, K., Atre, A., Baete, K., Reilhac, A., Deroose, C., Van Laere, K., & Nuyts, J. (2012). 

Evaluation of Three MRI-Based Anatomical Priors for Quantitative PET Brain 

Imaging. IEEE Transactions On Medical Imaging, 31(3), 599-612. doi: 

10.1109/tmi.2011.2173766 

Harari, J., Rosenberg, S., Riaz, N., Mitrani, L., Thompson, M., & Rao, S. et al. (2014). 

Ethmoid Sinus Cancer: Experience and Oncological Outcomes at Memorial 

Sloan-Kettering Cancer Center (MSKCC). International Journal of Radiation 

Oncology*Biology*Physics, 88(2), 520-521. doi: 10.1016/j.ijrobp.2013.11.178  

Bleehen NM. Ethmoid Sinus Cancer. JAMA. 1972.  

Waldron, J., O’Sullivan, B., Warde, P., Gullane, P., Lui, F., Payne, D., & Cummings, B. 

(1998). Ethmoid Sinus Cancer: Twenty-nine Cases Managed with Primary 

Radiation Therapy. International Journal Of Radiation 

Oncology*Biology*Physics, 41(2), 361-369. doi: 10.1016/s0360-3016(98)00018-2 

Roush, G. (1979). Epidemiology of cancer of the nose and paranasal sinuses: Current 

concepts. Head & Neck Surgery, 2(1), 3-11. doi: 10.1002/hed.2890020103 

Paelinck, L., Smedt, B., Reynaert, N., Coghe, M., Gersem, W., & Wagter, C. et al. (2006). 

Comparison of dose–volume histograms of IMRT treatment plans for ethmoid 

sinus cancer computed by advanced treatment planning systems including 

Monte Carlo. Radiotherapy And Oncology, 81(3), 250-256. doi: 

10.1016/j.radonc.2006.10.023 

Full width at half maximum - Wikipedia. (2021). Retrieved 5 July 2021, from 

https://en.wikipedia.org/wiki/Full_width_at_half_maximum  

Soret, M., Bacharach, S., & Buvat, I. (2007). Partial-Volume Effect in PET Tumor Imaging. 

Journal Of Nuclear Medicine, 48(6), 932-945. doi: 10.2967/jnumed.106.035774 



 

 

34 

McQuaid, S., Southekal, S., Kijewski, M., & Moore, S. (2011). Joint optimization of 

collimator and reconstruction parameters in SPECT imaging for lesion 

quantification. Physics In Medicine and Biology, 56(21), 6983-7000. doi: 

10.1088/0031-9155/56/21/014 

Ouyang, Y., Kim, T., & Pratx, G. (2016). Evaluation of a BGO-Based PET System for 

Single-Cell Tracking Performance by Simulation and Phantom Studies. 

Molecular Imaging, 15, 153601211664648. doi: 10.1177/1536012116646489 

Ouyang, Y., Kim, T., & Pratx, G. (2016). Evaluation of a BGO-Based PET System for 

Single-Cell Tracking Performance by Simulation and Phantom Studies. 

Molecular Imaging, 15, 153601211664648. doi: 10.1177/1536012116646489 

KOO, B., HUA, N., CHOI, C., RONEN, I., LEE, J., & KIM, D. (2009). A framework to 

analyze partial volume effect on gray matter mean diffusivity measurements. 

Neuroimage, 44(1), 136-144. doi: 10.1016/j.neuroimage.2008.07.064 

Bettinardi, V., Castiglioni, I., De Bernardi, E., & Gilardi, M. (2014). PET quantification: 

strategies for partial volume correction. Clinical And Translational Imaging, 2(3), 

199-218. doi: 10.1007/s40336-014-0066-y 

Blodgett, T., Fukui, M., Snyderman, C., Branstetter, B., McCook, B., Townsend, D., & 

Meltzer, C. (2005). Combined PET-CT in the Head and Neck. Radiographics, 

25(4), 897-912. doi: 10.1148/rg.254035156 

Blodgett, T., Fukui, M., Snyderman, C., Branstetter, B., McCook, B., Townsend, D., & 

Meltzer, C. (2005). Combined PET-CT in the Head and Neck. Radiographics, 

25(4), 897-912. doi: 10.1148/rg.254035156 

St Guily, J., Jacquard, A., Prétet, J., Haesebaert, J., Beby-Defaux, A., & Clavel, C. et al. 

(2011). Human papillomavirus genotype distribution in oropharynx and oral 

cavity cancer in France—The EDiTH VI study. Journal Of Clinical Virology, 

51(2), 100-104. doi: 10.1016/j.jcv.2011.03.003 

Segars, W., Sturgeon, G., Mendonca, S., Grimes, J., & Tsui, B. (2010). 4D XCAT phantom 

for multimodality imaging research. Medical Physics, 37(9), 4902-4915. doi: 

10.1118/1.3480985 


