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Abstract 

Purpose: Early detection and prevention of differentiated thyroid cancer using 

thyroidectomy and ablation therapy can reduce disease persistence and recurrence. A 

preablation I-131 scan performed between the thyroidectomy and ablation therapy may 

improve patient management. Although I-123 would involve less radiation dose, I-131 is 

widely available, and its long half-life enables imaging 24-72 hours after injection, which 

is crucial for dosimetry and which enhances visibility of distant metastasis. Typically, 2-

10 mCi I-131 is administered. To avoid stunning effects, 2 mCi is suggested. However, 

with 2 mCi, images are noisy. Compared with standard single pinhole SPECT systems, 

7-pinhole systems may provide greater geometric efficiency when using smaller pinhole 

diameter and thereby reduce noise. Due to the size of 7-pinhole systems, collision 

constraints may, however, increase the pinhole radius of rotation (ROR), thereby 

reducing efficiency. Herein we assess the competing effects of more pinholes and larger 

ROR to determine whether 7 pinholes could meaningfully improve efficiency, at a 

comparable or better spatial resolution. 

Methods: Radiotracer distributions and attenuation were computer simulated 

using modified XCAT phantom. Single-pinhole and 7-pinhole trajectories were 

developed to provide minimal RORs while avoiding collision with the patient. 

Reconstructed images were computer simulated, modeling attenuation, spatial 
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resolution, and Poisson noise. Single-pinhole and 7-pinhole were compared for a range 

of lesion sizes and activity concentrations. Comparison metrics included lesion 

conspicuity, uniformity, and contrast; and image quality in terms of noise, contrast 

recovery and RMSE. Gamma camera sensitivity and spatial resolution were also 

assessed. 

Results:  In this study, seven-pinhole configurations were compared to a 

clinically typical single-pinhole system. In the low-count study, it was found that the 

seven-pinhole system with 4-5 mm pinhole diameter could outperform the benchmark 

single-pinhole system. In the high-count study, it was found that seven-pinhole system 

with 3 mm pinhole diameter could outperform the benchmark single-pinhole system. 

However, ROR increases are great enough to substantially decrease the benefit of seven 

pinholes, for the pinhole configuration considered here. 

Conclusion: Seven pinhole maybe suitable for preablation scan because high 

sensitivity allows better detect the lesion with low activity concentration and smaller 

pinhole diameter allows better resolve the metastasis.  
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1. Introduction 

1.1 Differentiated Thyroid Cancer 

Thyroid cancer is one of the most common cancers in the USA, and the incidence 

continues to rise, likely due to early diagnosis of small tumors that otherwise would 

never become clinically evident. An estimated 57,000 new cases of thyroid cancer will be 

diagnosed and an estimated 2,000 deaths from thyroid cancer will occur in the USA in 

2017. However, the mortality has not significantly changed in the past decade, from 0.48 

(per 100,000) in 2005 to 0.5 per 100,000 in 2014 [1]. Differentiated thyroid cancer (DTC) is 

the most common thyroid cancer, characterized as 95% of cases [2]. The 5-year survival 

rates for well-differentiated thyroid cancer, including papillary thyroid cancer (PTC), 

follicular thyroid cancer (FTC) and Hürthle cell types, are 99.8 % for localized tumors, 

97.0% for tumors with regional metastasis, and 57.3% for tumors with distant metastases 

[3]. Most of the metastases commonly exist in cervical lymph nodes and less commonly 

in lungs for papillary thyroid cancer. However, follicular thyroid cancer, Hürthle cell 

thyroid cancer and poorly differentiated thyroid cancer have high tendency to be staged 

with distant metastasis located in bone or lungs [4]. Metastases commonly exist in most 

of the patients diagnosed with DTC. One of the useful treatments for differentiated 

thyroid cancer is thyroidectomy. The advantages of thyroidectomy include the removal 

of multi-focal disease, decreased incidence of local recurrence, and reduction of the risk 

of anaplasia in any residual tissue. At the same time, persistent cancer increases the risk 
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of distant metastasis. Metastatic lymph nodes are the most common sites of disease 

persistence and recurrence [5].  Early detection and prevention help improve the quality 

of life.  One important way to improve the patient life quality is to offer better risk 

stratification and patient management, including ablation therapy. Some researchers [6-

8] recommend that a preablation scan, which may alter patient management, should be 

performed before ablation therapy. 

 

1.2 Preablation Scan and Ablation Therapy 

Patients diagnosed with DTC or hyperthyroidism maybe undergo 

thyroidectomy with ablation therapy following. A preablation scan is a scan between the 

period of thyroidectomy and ablation therapy. The preablation scan is a whole-body 

scan which serves two purposes, one for imaging and the other one is uptake 

measurement. Both of them are crucial for determining the administered dosage in 

ablation therapy. 

There are three ways to determine the dosage in ablation therapy: fixed dosage 

for all patients, a prescribed dosage corrected for size of thyroid and remnant, and a 

calculated dosage to the thyroid remnant and metastasis [9]. Fixed dosage is one way to 

offer successful ablation therapy [10-11]. The major limitation of empiric fixed dosage is 

the failure to consider the individuality of the patients. The ideal dosage of radioiodine 

is the lowest possible amount of I-131 that delivers a lethal dose to both the thyroid 
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remnant and metastases while avoiding unacceptable side effects to the patient. 

However, empiric fixed dosage poses a risk to patient of either underdosing or 

overdosing. Furthermore, multiple empiric fixed activity may not produce the same 

therapeutic effect as using total radioiodine dosage calculated by dosimetry [12-13].  

Both prescribed and calculated dosages can be considered to be dosimetry-based 

approaches. Dosimetry-based approaches replace the conventional fixed activity and 

allows the administered therapeutic activity to be increased while avoiding undesired 

side effects. The absorbed dose can be optimized without inducing potential toxicity [12-

13]. There are two methods that can be used in a dosimetry-based approach. The first 

one is bone marrow limited. Bone marrow depression can still occur, even if the patient 

receives a conservative fixed dosage. Benua et al.  [14] developed a way to calculate the 

radiation dose that will be delivered to the hematopoietic system from each 

administration. Since blood, as a surrogate of the organ at risk, is considered as the 

critical organ in this method, 2 Gy is the generally accepted surrogate dose threshold to 

avoid serious myelotoxicity. This method focuses on giving patients the maximum 

dosage of I-131 that is safe and consistent with chemotherapeutic strategies. However, 

no valid data exist on improved response and/or outcome rates. Another commonly 

used method named lesion-based dosimetry, proposed by Maxon et al. [15-16], is 

designed to achieve the maximum therapeutic effect to any metastatic disease while 

minimizing the risk to the patient. Uptake and clearance of I-131 are measured from 
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identifiable thyroid remnants and/or metastatic lesions. The calculation of lesion 

radiation dose is based on the spherical model from OLINDA/EXM [17]. The general 

idea is to determine the concentration of I-131 in the lesion using a curve-fitting 

procedure, which assumes a single-exponential half-life, and getting the lesion activity 

by extrapolating the curve to zero time. The size of the remnant and the lymph node is 

crucial to determine concentration, since one prerequisite for lesion-based dosimetry is 

the knowledge of the mass of remnant and metastatic lymph node. One limitation in 

lesion-based dosimetry is that ill-defined corrections have to be applied to account for 

the initial phase of increasing uptake caused by the delayed reabsorption of orally 

administered I-131. Another limitation is statistical error in the SPECT measurements 

due to the poor counting statistics, particularly at late time points [18]. Furthermore, 

small lesion gives a measurement that is lower than the actual uptake because of partial 

volume effect. 

 The goal of ablation therapy is to achieve the maximum therapeutic effect and 

facilitate subsequent follow-up [19]. Ablation therapy may probably destroy residual 

follicular cells that would become malignant over time [20] and also reduce the 

frequency of tumor occurrences that may occur many years later [21-26]. The 

relationship between surgical volume and the size of thyroid remnant can be quantified 

by a preablation I-131 uptake scan [27]. From this perspective, preablation scanning may 

affect the dosimetry calculation because the evaluation of size will affect the calculation 
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of lesion radiation dose. The findings of preablation scan may also alter the patient 

management. For example, Avram et al. [6] mentions that a 14-years-old girl was 

referred for preoperative bilateral neck dissection before ablation therapy and after the 

preablation scan. Thus, the management of ablation therapy will be adjusted based on 

the findings of preablation scan and thereby improve patient prognosis. 

1.3 Imaging Agents 

Three imaging agents, I-124, I-123, I-131, have been investigated by many 

researchers. The characteristics of these agents are summarized in Table 1. 

Table 1—Imaging Agents 

 I-124 [36] I-123 [39] I-131 [36] 

Physical half 

life 

4.2 days 13.2 hours 8.02 days 

Emission Gamma 

>90% abundance 

Max Energy 

603-1691 keV 

 

Beta+ 

23% abundance 

Average energy 

366-974 keV 

Gamma 

28 keV 

92% abundance 

159 keV  

84% abundance 

Gamma 

364 keV 

82% abundance 

 

 

Beta- 

606 keV max 

89% abundance 

 

Production Cyclotron Cyclotron Reactor 

Estimated 

Cost 

$500/mCi $300-400/mCi $5/mCi 

 

1.3.1 I-124 PET scan 

I-124 is used in PET scanning. I-124 has a half-life of 4.2 days and a relatively 

complex decay scheme, with 22% of the disintegrations (1532 keV and 2135 keV) being 
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positron emission, as well as a number of high-energy gamma and X-rays with energies 

as high as 1691 keV [28]. Many researchers suggest that I-124 can be used to detect and 

image thyroid lesions with high sensitivity and good resolution compared with I-123 

and I-131 [13,28-31], providing data for 3-D radiobiology and dosimetry [32-33]. Due to 

high sensitivity and better spatial resolution, I-124 PET scanning is superior in detecting 

more foci of remnant tissue and metastatic lesions [34]. However, the image quality and 

quantitative accuracy of PET imaging with I-124 are affected by the abundance of high-

energy gamma rays and by the high energy of the positrons emitted, which increases the 

background and the resulting loss of contrast. For quantitative purposes, the 602 keV 

photons emitted simultaneously with positrons may also yield multiple coincidences—

especially in 3D—if such a photon hits the detector ring together with both annihilation 

photons. Such multiple coincidences are rejected by the detector electronics so that the 

true information contained in the pair of 511 keV photons is lost [35]. At the same time, 

the high abundance of gamma radiation in itself leads to increased detection random 

rates and thus increases in image noise, since I-124 is not a pure positron emitter (Table 

1). 60.5% gamma ray with maximum energy of 603 keV will be emitted per 

disintegration. This emitted gamma rays will increase the random rates since the photon 

energy is close to 511 keV. The “spillover effect” could be very important in I-124 

PET/CT imaging of thyroid remnants and cancers. Spillover is defined as the increased 

activity in the adjacent voxels of the lesion because of partial volume effect. Remnant 
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tissue, having normal thyroid function, has a preserved capacity of RAI (radioactive 

iodine) uptake. A small volume may have a significant uptake of RAI and the visible 

PET activity might be overly exaggerated [36].  Furthermore, it is less clear what 

proportion of I-124 PET-identified lesions are sufficiently RAI avid for them to prove 

responsive to I-131 therapy [37-38].  Thus, further studies addressing the image quality 

and quantitative accuracy of I-124 imaging are needed.   

1.3.2 I-123 SPECT scan 

I-123 is used in SPECT scanning. I-123 has a half-life of 13.2 hours and decays by 

electron capture. The photons emitted are 28 keV (92%) and 159 keV (84%) gamma rays, 

the latter of which is near the optimal range for standard gamma camera imaging [40]. 

Compared with I-131, the detector efficiency with 1.27 cm sodium iodine crystal for I-

123 is almost three times higher than I-131, thereby improving the sensitivity and quality 

of imaging. The stunning effect will be lessened from imaging because I-123 delivers 

approximately one-fifth the absorbed radiation dose of 1-131 to the thyroid tissue [41].  

However, there are also several drawbacks. The first one is the short half-life. I-

123 has a half-life of 13.2 hours. The time to perform a preablation scan is at 24-48 hours 

post administration. Given the comparatively short half-life of I-124, the counting rate 

from I-123 relative to I-131 falls off rapidly with time post injection. On the one hand, the 

preablation scan is a whole-body-scan and some metastases are more easily to be seen 

after 24 hours when using I-131. This is because the kinetics of iodine of tumor is similar 
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to the kinetics in normal thyroid gland and the uptake peak shows up at about 24 hours. 

After 24 hours, the activity ratio of lesion to background increases because background 

activity decreases. However, I-123 has already undergone two half-lives at 24 hours after 

administration, the counts drop off rapidly which makes the images noisy and reduces 

the ability to detect the low-uptake lesion. The low concentration of I-123 at 24 hours is 

not good to detect the low-uptake metastases. On the other hand, I -123 does not permit 

radioiodine turnover (the metabolic rate of thyroidal radioiodine) studies for purpose of 

radiation dosimetry since this requires measurements over several days [42], even 

though some researchers suggest using 3-24 hours uptake measurement of I-123 seems 

to be feasible [43-45].  

 

1.3.3 I-131 SPECT scan 

I-131 is used in SPECT scanning. I -131 decays by beta emission and has a half-

life of 8.04 days. Both gamma rays (82% abundance, 364 keV) and beta particles (89%, 

606 keV) are emitted per disintegration. I-131 is suitable for ablation therapy, because of 

abundant beta emission compared with I-124 and I-123. However, the energy of the 

emitted gamma ray is higher than the ideal for imaging with gamma cameras, and this 

degrades the image resolution and lowers the detector efficiency.  

Although I-131 does not offer the sensitivity and spatial resolution achievable 

with I-124 and I-123, there are several reasons to choose I-131 as an imaging agent in 
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preablation scanning. First, neither I-124 nor I-123 can provide directly accurate 

measurement of I-131 uptake, and correction is needed in dose calculation. The basic 

principle to determine the dosage for ablation therapy is based on the clearance curve 

(activity versus time) of I-131. The clearance curves of I-124 or I-123 need to be corrected 

for physical decay for the dosimetry calculation. Second, the quantitative accuracy of I-

124 still needs further study. Third, I-123 is not good to detect the distant metastasis at 

24-48 hours. Finally, both I-124 and I-123 are relatively expensive compared with I-131. 

However, the main disadvantage of I-131 is the stunning effect.   

1.4 Stunning effect 

The “stunning effect” proposed by Rawson et al. [46] refers to “the decreased 

uptake of a therapeutic dose by residual thyroid tissue, or by functioning metastasis in a 

posttreatment whole-body scan, due to the preceding dose of radioiodine given for a 

diagnostic scan”. There are some controversies about the stunning effect. Some studies 

show decreased uptake in the post-treatment scan [47-50]. Park et al. [47] have shown 

that the higher the diagnostic radiation dose of I-131, the larger reduction of the uptake 

in the subsequent therapy and in post-treatment whole-body scan by visual judgement. 

However, many researchers also report that there are no and very few stunning effects 

in their studies [52-54]. It is difficult to conclude that the stunning effect is caused by the 

diagnostic-only radiation dose of I-131.  The delay between the diagnostic scan and 

therapy, the diagnostic radiation dose, and the therapeutic radiation dose are the factors 
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that may cause stunning effect. The optimal time for ablation is within 3 or 4 days after 

preablation scan or 1 week later [55].  

Much research has focused on the proper diagnostic dosage for preablation scan. 

The ratio of therapeutic to diagnostic retention has a significance negative correlation 

with the effective half-life and 24-h uptake [51].0.1 mCi to 2 mCi [55-59] is suggested by 

many papers. Although diagnostic scan with 5 mCi of I-131 is also recommended 

[48,53], compared with 74MBq, this value may, with high possibility cause a stunning 

effect in later ablation therapy or post-treatment whole-body scan.  

Although a diagnostic dosage less than 2mCi is suggested by many researchers, 

the concentration of I-131 combined with the low sensitivity of SPECT I-131 imaging 

increases the difficulty in detecting the metastatic lymph node and accurately evaluating 

the size of remnant since image is noisy. At the same time, a common site of disease 

persistence is the cervical lymph node, so it is important to increase the sensitivity of 

SPECT I-131 neck imaging. 

 

1.5 Imaging Systems 

To perform the diagnostic scan after thyroidectomy or in follow up, planar 

scintigraphy was first used to evaluate the residual thyroid tissue and local or distant 

metastasis. Planar imaging gives only 2-dimensional images; however, the advantages 

of SPECT include enhanced contrast, 3-dimensional localization, and estimation of 
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lesion size [61]. SPECT has also found to further increase the sensitivity of thyroid 

imaging [62] and to precisely localize the characteristic differentiated thyroid cancer foci 

[63]. Pinhole collimators and parallel-hole collimators have also been compared in 

thyroid imaging, and pinholes sometimes offer higher sensitivity and doubtless higher 

resolution [64]. Spanu et al. [60,65] points out that pinhole SPECT can better detect and 

localize lesions in the neck because of its high-resolution, high quality cross-section and 

3-dimensional images. Furthermore, a pinhole-collimator also reduces downscatter 

compared with a parallel-hole collimator [66]. A multi-pinhole system has also been 

used to achieve high sensitivity and high resolution, such as 30 pinholes [67]. The 

limitations of SPECT are the lack of anatomic information, but SPECT/CT has been 

widely proposed since it increases the accuracy of localization [6, 63, 68-71].  

To increase the sensitivity and keep the relatively good resolution compared 

with a single pinhole collimator, we propose to use a 7-pinhole collimator. A 7-pinhole 

collimator was first introduced by Vogel et al [72] and has shown improved detection 

efficiency in multiplanar imaging. Two planar thyroid imaging studies have been 

conducted using 7-pinhole systems [73-74], but no further studies on thyroid imaging by 

7-pinhole collimator since then. It may be interesting to compare 7-pinhole SPECT with 

single pinhole SPECT, since 7-pinhole may have a high potential to replace the single 

pinhole system due to high contrast [75].  
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1.6 Purpose of Thesis Project 

Based on the introduction above and to keep the advantage of accurate uptake 

measurement as well as high sensitivity in detecting metastasis after 24-48 hours, we 

suggest using I-131 as imaging agent. To avoid the stunning effect, no greater than 2 

mCi is proposed in this preablation I-131 scan, the disadvantage of which is low count-

rate. Thus, the purpose of this thesis is to increase the sensitivity and resolution when 

using low diagnostic dosages in preablation scanning, and thus improve staging and 

risk stratification and give better patient management. 
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2. “spect-map” Validation 

spect-map is a comprehensive computer-based SPECT simulation system written 

by Dr. James E. Bowsher in C and used to generate projection data and reconstructed 

images for different collimators and detector trajectories, using an Ordered Subset 

Expectation Maximization algorithm (OSEM). Since the research is based on these 

computer simulations, it is important to perform checks that spect-map accurately 

models geometric sensitivity and attenuation.  

2.1 Sensitivity Check 

2.1.1 Methods and Materials 

2.1.1.1 Phantom and Radiotracers distribution 

Sensitivity check with attenuation and without attenuation is described 

respectively in this section. Six activity images were placed in 256 x 256 x 152 grids with 

0.16 cm x 0.16 cm x 0.16 cm voxel size. Each image includes a large sphere and a 

relatively small sphere placed at the center of the grid. Small spheres with radii varying 

from 0.24 cm to 0.84 cm (Figure 1) were used to simulate metastases in cervical lymph 

nodes. The larger sphere was used to simulate an attenuation phantom with uniform 

linear attenuation coefficient. An exclusion zone was set to be 1 or 2 cm, reflecting 

realistic detector trajectories in which there is always some space between the collimator 

and the patient, in order to avoid collision between collimator and patient. The activity 

concentrations in each small sphere were set to be 1.85MBq/ml (50µCi/ml), a value 
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within typical range of thyroid-remnant uptake after 2-mCi diagnostic dosage is 

administered.  The pinhole collimator linear attenuation coefficient was 1000/cm so that 

there was essentially no septal penetration. The way, the measurements set to reflected 

geometric sensitivity only. Detector and FOV images were placed in a 240 x 240 x 160 

grids with 0.32-cm voxel width. Seven angles of projection data with 30 degrees interval, 

spanning 180-degrees angle coverage, were placed on a 52 x 160 grid with 0.32 cm x 0.32 

cm pixel size and using specter1 to display the image. 52 represents the bin number and 

the bin width was set to be twice the voxel width of the phantom activity images. The 

acquisition time for each angle stop was set to be 20.057 secs. 

 

Figure 1- Six phantom images. All spherical lesions are positioned at the center 

of a larger ellipse, the lesion radii from left to right are 0.24 cm, 0.36 cm, 0.48 cm, 0.60 

cm, 0.72 cm, 0.80 cm. 

 

Figure 2-Seven angle stops. From left to right: -𝟗𝟎°, -𝟏𝟐𝟎°, -𝟏𝟓𝟎°, -𝟏𝟖𝟎°, -𝟐𝟏𝟎°,      

-𝟐𝟒𝟎°, -27𝟎°. The big triangle represents the FOV and the small triangle represents the 

pinhole collimator. 

                                                      

1 Specter: Software created by Dr. Timothy G. Turkington, Duke University Medical Center. 
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2.1.1.2 Principle of Sensitivity Calculation 

Since all simulations utilize a grid with finite width voxels, voxelization effects 

will be considered in calculating the volume of each lesion. The lesion activity is 

calculated by  

𝐴𝑙𝑒𝑠𝑖𝑜𝑛𝑠 = 𝑁𝑣𝑜𝑥𝑒𝑙𝑠 × 𝑉𝑜𝑙3 × 𝐴𝑐𝑜𝑛/𝑚𝑙 

Where 𝐴𝑙𝑒𝑠𝑖𝑜𝑛𝑠 represents the activity of lesion, 𝑁𝑣𝑜𝑥𝑒𝑙𝑠 represents the number of 

voxels occupied by the lesion, 𝑉𝑜𝑙3 represents the volume of a single voxel, and 𝐴𝑐𝑜𝑛/𝑚𝑙 

represents the concentration of lesion activity concentration with units µCi/ml.  

Below (Table 2) is for manual calculation. 

Table 2—Factors of Manual Calculations 

𝑅𝑂𝑅 𝑃𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ2 𝑁 𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑆𝑒𝑛𝑠𝑖𝑡𝑣𝑖𝑡𝑦 

 

Fraction of atoms 

that decay 

𝐴𝑡𝑡𝑒𝑛𝑢𝑎𝑡𝑖𝑜𝑛 𝑠𝑢𝑟𝑣𝑖𝑣𝑖𝑎𝑙 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

𝑅𝑂𝑅1 𝐿1 𝑁0 𝑑𝑒𝑓𝑓
2/(16𝑅𝑂𝑅1

2) 1 − 𝑒−𝜆Δ𝑡 𝑒−𝜇𝐿1  

𝑅𝑂𝑅2 𝐿2 𝑁0𝑒−𝜆Δ𝑡 𝑑𝑒𝑓𝑓
2/(16𝑅𝑂𝑅2

2) 1 − 𝑒−𝜆Δ𝑡 𝑒−𝜇𝐿2  

𝑅𝑂𝑅3 𝐿3 𝑁0𝑒−𝜆2Δ𝑡 𝑑𝑒𝑓𝑓
2/(16𝑅𝑂𝑅3

2) 1 − 𝑒−𝜆Δ𝑡 𝑒−𝜇𝐿3  

𝑅𝑂𝑅4 𝐿4 𝑁0𝑒−𝜆3Δ𝑡 𝑑𝑒𝑓𝑓
2/(16𝑅𝑂𝑅4

2) 1 − 𝑒−𝜆Δ𝑡 𝑒−𝜇𝐿4  

𝑅𝑂𝑅5 𝐿5 𝑁0𝑒−𝜆4Δ𝑡 𝑑𝑒𝑓𝑓
2/(16𝑅𝑂𝑅5

2) 1 − 𝑒−𝜆Δ𝑡 𝑒−𝜇𝐿5  

𝑅𝑂𝑅6 𝐿6 𝑁0𝑒−𝜆5Δ𝑡 𝑑𝑒𝑓𝑓
2/(16𝑅𝑂𝑅6

2) 1 − 𝑒−𝜆Δ𝑡 𝑒−𝜇𝐿6  

𝑅𝑂𝑅7 𝐿7 𝑁0𝑒−𝜆6Δ𝑡 𝑑𝑒𝑓𝑓
2/(16𝑅𝑂𝑅7

2) 1 − 𝑒−𝜆Δ𝑡 𝑒−𝜇𝐿7  

 

                                                      

2 Path length means the attenuation path length that emitted photons go through. 
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In Table 2, ROR means the radius of rotation and L is the attenuation path length 

that emitted photons traverse before reaching the detector. In this case, L is equal to the 

radius of the spherical phantom. N represents the starting number of decay events in 

each angle stop, 𝑑𝑒𝑓𝑓 is effective pinhole diameter, Δ𝑡 the acquisition time for each angle 

stop, λ is the decay constant, µ  is linear attenuation coefficient. 

Total counts for each projection from manual calculation without attenuation is 

𝑁𝑚𝑎𝑛𝑢𝑎𝑙 = 𝑁 × 𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 × 𝐷𝑒𝑐𝑎𝑦 

 

With attenuation, 

𝑁𝑚𝑎𝑛𝑢𝑎𝑙 = 𝑁𝑑𝑒𝑡−𝑤𝑜𝑎𝑡𝑡𝑛 × 𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 

Where 𝑁𝑑𝑒𝑡−𝑤𝑜𝑎𝑡𝑡𝑛 represents the counts without attenuation that were 

registered by detector. 

The difference between manual calculation is defined as  

Difference =
|𝑁𝑚𝑎𝑛𝑢𝑎𝑙 − 𝑁𝑑𝑒𝑡|

𝑁𝑑𝑒𝑡
 

where 𝑁𝑚𝑎𝑛𝑢𝑎𝑙 represents the counts of manual calculation while 𝑁𝑑𝑒𝑡 represents 

the counts with/without attenuation that were registered by detector.  

2.1.2 Results 

 

Table 3---Radius of Rotation 

Lesion 

Radius(cm) 

Projection 

1 

Projection 

2 

Projection 

3 

Projection 

4 

Projection 

5 

Projection 

6 

Projection 

7 
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0.24 6.532 6.852 6.852 6.852 7.012 6.852 6.852 

0.36 6.532 6.852 6.852 6.852 7.012 6.852 6.852 

0.48 6.532 6.852 6.852 6.852 7.012 6.852 6.852 

0.60 6.532 6.852 6.852 6.852 7.012 6.852 6.852 

0.72 6.532 6.852 6.852 6.852 7.012 6.852 6.852 

0.84 6.532 6.852 6.852 6.852 7.012 6.852 6.852 

 

Table 4---|𝑵𝒎𝒂𝒏𝒖𝒂𝒍 − 𝑵𝒅𝒆𝒕|𝑾𝒐𝑨 

Lesion 

Radius(cm) 

Projection 

1 

Projection 

2 

Projection 

3 

Projection 

4 

Projection 

5 

Projection 

6 

Projection 

7 

0.24 4.89 2.64 2.64 5.43 1.17 1.16 5.42 

0.36 5.82 7.18 7.18 8.23 6.62 6.61 8.23 

0.48 1.19 6.99 6.98 9.06 6.89 6.88 9.06 

0.60 1.87 5.97 5.96 10.08 3.86 3.86 10.08 

0.72 21.80 0.57 0.57 9.10 5.26 5.26 9.10 

0.84 24.33 16.80 16.80 13.18 14.44 14.44 13.19 

WoA---Without Attenuation. 

Table 5--- |𝑵𝒎𝒂𝒏𝒖𝒂𝒍 − 𝑵𝒅𝒆𝒕|𝑾𝑨  

Lesion 

Radius(cm) 

Projection 

1 

Projection 

2 

Projection 

3 

Projection 

4 

Projection 

5 

Projection 

6 

Projection 

7 

0.24 0.36 0.16 0.17 0.27 0.16 0.16 0.27 

0.36 2.67 0.91 0.94 2.33 0.95 0.98 2.33 

0.48 6.74 1.79 1.86 6.04 1.86 1.92 6.04 

0.60 10.55 2.36 2.46 9.67 2.29 2.37 9.67 

0.72 19.18 2.90 3.07 17.46 2.47 2.59 17.46 

0.84 35.91 1.57 1.81 32.82 0.60 0.77 32.83 

WA---With Attenuation. 

Table 6--- The 𝐃𝐢𝐟𝐟𝐞𝐫𝐞𝐧𝐜𝐞 𝑾𝒐𝑨(%) 

Lesion 

Radius(cm) 

Projection 

1 

Projection 

2 

Projection 

3 

Projection 

4 

Projection 

5 

Projection 

6 

Projection 

7 

0.24 6.37 4.21 4.21 9.05 1.90 1.90 9.05 

0.36 1.14 1.59 1.59 1.83 1.54 1.54 1.83 

0.48 0.10 0.63 0.63 0.82 0.65 0.65 0.82 

0.60 0.10 0.35 0.35 0.60 0.24 0.24 0.60 

0.72 0.68 0.02 0.02 0.31 0.19 0.19 0.31 

0.84 0.44 0.33 0.33 0.26 0.30 0.30 0.26 

WoA---Without Attenuation. 



 

 

18 

Table 7---The 𝐃𝐢𝐟𝐟𝐞𝐫𝐞𝐧𝐜𝐞 𝑾𝑨(%) 

Lesion 

Radius(cm) 

Projection 

1 

Projection 

2 

Projection 

3 

Projection 

4 

Projection 

5 

Projection 

6 

Projection 

7 

0.24 0.91 0.50 0.53 0.87 0.52 0.52 0.87 

0.36 1.01 0.39 0.41 1.00 0.43 0.45 1.00 

0.48 1.06 0.32 0.33 1.06 0.34 0.36 1.06 

0.60 1.09 0.27 0.28 1.10 0.28 0.29 1.10 

0.72 1.15 0.19 0.20 1.14 0.17 0.18 1.14 

0.84 1.24 0.06 0.07 1.24 0.02 0.03 1.24 

WA---With Attenuation. 

Table 8---Geometric Sensitivity 

Lesion 

Radius(cm) 

0.24 0.36 0.48 0.60 0.72      0.84 

Projection 

number 
7 7 7 7 7 7 

Ave Ratio 

WoA (%) 
3.42 1.25 0.59 0.35 0.06 0.32 

Ave Ratio WA 

(%) 
0.08 0.19 0.26 0.31 0.38 0.51 

Ave---Average. WA---With Attenuation.  WoA---Without Attenuation 

Table 3 shows the radius of rotation (ROR) for each projection. The ROR for each 

projection could be different even if the center of the lesions and spherical phantom are 

the same.  The reason for this is the spherical phantom cannot be defined well by finite 

grid. Table 4 and Table 5 show the difference between the manual calculation and spect-

map result with/without attenuation for each projection angle. The difference expressed 

as percentage can be seen in Table 6 and Table 7. The average difference over seven 

projections can be seen in Table 8. 

From this investigation, the error of the geometric sensitivity check with/without 

attenuation is within 1%, which confirms accurate modeling of geometric sensitivity and 

attenuation. 
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2.2 Normalization check  

Two different situations would be simulated in this section. The first is to check 

whether there is a normalization issue when using spect-map. The second is to 

investigate the effect on profiles when the projection bin and reconstruction-grid voxel 

width are larger than the phantom-grid voxel width.  

2.2.1 Methods and Materials 

A large sphere with radius of 9.0 cm was built as a phantom and three different 

size spherical lesions with different activity concentration were put inside the phantom. 

In this case, we assume these three lesions have the same uptake value but with different 

size, and thereby they have different activity concentration. The uptake value that we 

choose are also within the typical range of thyroid remnant. Since this is just a 

normalization check, simplification will be first factor to the design this check to save 

time for image reconstruction. All the lesions and phantom are set to be spherical and 

the linear attenuation coefficient will be uniform. Figure 3 shows the radiotracer 

distributions. The activity concentration of the middle sphere with radius of 1.2cm was 

0.9287 MBq/ml (25.1 μCi/ml), the left with radius of 0.4 cm is 0.8621 MBq/ml (23.3 μ

Ci/ml) and the right with radius of 0.6cm is 0.2146 MBq/ml (5.8 μCi/ml). The phantom 

was built on a 160 x 160 grid with 0.32-cm voxel width. The projection bin width and the 

reconstruction voxel width were also set to be 0.32 cm in normalization check. However, 
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the bin width and the reconstruction voxel-width were set to be 0.64 cm, which is twice 

as the phantom grid size, to check the effect to profile. 

 

Figure 3—Radiotracer distribution. 

2.2.2 Results 

Figure 4 is consistent with normalization issue in reconstructed image. For 

example, small discrepancies apparent between the reconstructed and phantom images, 

may be due to the limited number of iterations. The profile through the smallest lesions 

on the left, would presumably also overlap with the phantom image exactly given a 

sufficient number of the iterations. The peak on the left below channel 20 is outside the 

common volume and this may be an artifact of insufficient sampling. 
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Figure 4—Profiles of different iterations and phantom image. The magnitude 

of iteration 600 is almost overlapped with phantom image. Thus, there is no 

normalization issue. 

 

 

Figure 5—Projection of different iterations. The phantom voxel-grid is 0.32cm. 

The projection bin width and reconstruction-grid voxel width are both 0.64cm. 
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Figure 5 shows that up to 600 iterations, the phantom image still matches up well 

with reconstructed image except the lesion with highest activity concentration. The 

phantom in Figure 5 was created when the phantom in Figure 4 was put in a coarse grid. 

Comparing Figure 4 with Figure 5, the profile of phantom in the coarse grid is much 

lower than the fine grid, especially for small lesions. When the reconstruction grid is 

twice as coarse as the phantom grid, the coarse reconstruction grid does not allow exact 

replication of the distribution implemented on the fine grid, and this is even given that 

the phantom images is transferred to a coarse grid in order to draw profiles. The activity 

reconstructed on the coarse grid is chosen to best match the projections, which may 

differ from the activity given by averaging the phantom distribution onto the coarse 

grid. 

 

2.3 Geometry Establishment  

Clinical parameters set would be investigated for single-pinhole and seven-

pinhole systems in this section. Future simulations will be adjusted and performed 

based on the comparison of different clinical parameter sets in this section. 

2.3.1 Methods and Materials 

The critical parameters for single pinhole includes 1) collimator materials, 2) 

focal length, 3) detector size, 4) number of angle stops, 5) acquisition time and setup 

time for each stop, 6) crystal thickness, 7) common volume, 8) pinhole diameter. The 
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collimator material was tungsten and the corresponding linear attenuation coefficient for 

364 keV was 4.10/cm. For the single-pinhole system, a 30-cm focal length and a circular 

detector with diameter of 45 cm resulted in a 74-degree pinhole opening angle. Angular 

coverage was 180 degrees plus pinhole opening angle, that is 254 degrees. 86 angle stops 

with 3-degree rotation were simulated. At the same time, the acquisition time for each 

stop was 23 secs and 2 secs for setting up each stop. As for the crystal thickness, a 1.27-

cm thick sodium iodine crystal was used, the corresponding detection efficiency for 

364keV was 0.32 and the intrinsic resolution was around 0.32 cm [77]. With radius of 3.5 

cm, common volume was placed at the center of the middle lesions. Pinhole diameter 

would be the only variable and typical pinhole diameters 6 mm, 7 mm, 8 mm for the 

preablation scan were considered in this situation 

For the seven-pinhole system, parameter settings are the same as single-pinhole 

system except 1) focal length 2) detector size 3) number of angle stops and 4) pinhole 

diameter. For seven-pinhole system, a 20-cm focal length and a circular detector with 

diameter of 15 cm resulted in a 41-degree opening angle for each pinhole. 33 angle stops 

with 7-degree rotation and 21 angle stops with 11.1-degree rotation were simulated. 

Pinhole diameter was set to be 5 mm. 

For the data, all the projection data acquired from the phantom placed at 280 x 

280 grid with 0.16 cm grid size. The bin width was twice as the phantom grid size, which 

was 0.32 cm. All the images were reconstructed at 140 x 140 grid with 0.32 cm grid size.  
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For the phantom design, three spheres were put around the thyroid bed. 

Consider a 55 kg woman who got 2 mCi I-131 dosage in diagnostic scan, then the 

average concentration would be 0.04 μCi per gram, which is background activity. We 

assume the typical uptake for remnant and lymph node metastasis were 1.8% (36 μCi) 

and 0.15% (3 μCi). Then, the value for activity concentration in middle lesion 

representing a remnant with radius of 0.7 cm was 0.9287 MBq/ml (25.1 μCi/ml); the 

value for activity concentration in left lesion with radius of 0.3 cm was 0.8621 MBq/ml 

(23.3 μCi/ml); the value for activity concentration in right lesion with radius of 0.5cm 

was 0.2146 MBq/ml (5.8 μCi/ml).  

 

2.3.2 Results 
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Figure 6—Pinhole Reconstructed Images. The window and level are 0-0.5 and 

the images were reconstructed from projection data with noise added. Each column 

represents the iteration number from one to five. From top to bottom, each row shows 

the images acquired with different pinhole diameter, from 6 mm to 7 mm. The last 

row represents the phantom image. 

 

 

Figure 7—Seven Pinholes Reconstructed Images. The window and level are 0-

0.5 and the images were reconstructed from projection data with noise added. Each 

column represents the iteration number from one to five. The first row shows the 

images acquired from 33 angle stops and the second row shows the images from 21 

stops. The last row represents the phantom image. 
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Since the activity concentration was set to be high, the resulting images (Figure 6, 

Figure 7) show good resolution and high sensitivity. The results have shown that these 

parameter sets are reasonable for future simulations.  
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3. Visibility Test 

This section is going to compare the visibility of the seven-pinhole with single 

pinhole systems. All simulations are based on the same acquisition time and same active 

detector surface. 

3.1 Materials and Methods 

Critical parameters include 1) focal length, 2) total detector size, 3) number of 

angle stops, 4) total acquisition time and setup time for each stop, 5) pinhole diameter, 6) 

common volume. Common volume was set to be a sphere with diameter of 8cm for both 

systems.  

For the single-pinhole system, a 30-cm focal length and a circular detector with 

diameter of 40 cm resulted in a 67.4-degree pinhole opening angle. Angular coverage 

was 180 degrees plus opening angle, that is 247.5 degrees. 43 angle stops with 6-degree 

rotation interval was simulated. The acquisition time for each stop was 25 secs and 2 

secs for setting up each stop. Total acquisition time was 17.92 mins and does not include 

the setup time. Pinhole diameter was set to be 7 mm to provide high sensitivity.  

For each single pinhole in the seven-pinhole system, a 15-cm focal length and 

circular detector with diameter of 15 cm resulted in a 53.2-degree opening angle. The 

total detector surface area was the same as the single-pinhole system. Angular coverage 

was 180 degrees plus opening angle, that is 233.2 degrees. 30 angle stops with 8-degree 
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rotation interval were simulated. The acquisition time for each stop was 35.84sec and 2 

secs for setting up each stop. The total acquisition time for the seven-pinhole system was 

also set to be 17.92 mins. Pinhole diameter was set to be 5 mm to obtain better 

resolution, given that use of 7 seven pinholes increases sensitivity at a given ROR.  

Nine same-size spherical lesions (Figure 8) were used to evaluate the visual 

ability of these two systems. The activity concentration varied from 14.8 kBq/ml (0.4 

µCi/ml) to 29.6 kBq/ml (0.8 µCi/ml). The background activity concentration was 1.48 

kBq/ml (0.04 µCi/ml). The phantom was implemented on a 280 x 280 x 120 grid with 0.16 

cm wide cubical voxels. Projection bins were 0.32 cm, which were twice as wide as 

phantom voxel width. All the images were reconstructed on 140 x 140 x 60 grid with 

0.32-cm wide cubical voxels. 

 

Figure 8—Phantom image for visibility simulation. There are two rows of 

lesions. Activity concentration in the first row from left to right: 14.8 kBq/ml (0.4 

µCi/ml), 18.5 kBq/ml (0.5 µCi/ml), 22.2 kBq/ml (0.6 µCi/ml), 25.9 kBq/ml (0.7 µCi/ml). 
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Activity concentration in the second row from left to right: 14.8 kBq/ml (0.4 µCi/ml), 

18.5 kBq/ml (0.5 µCi/ml), 22.2 kBq/ml (0.6 µCi/ml), 25.9 kBq/ml (0.7 µCi/ml), 29.6 

kBq/ml (0.8 µCi/ml). The background activity is 1.48 kBq/ml (0.04 µCi/ml) 

 

 

4.2 Results 

 

Figure 9—Seven-pinhole trajectory. The white trapezoids color represents the 

seven-pinhole collimator and gray color represents the FOV. The first three row 

represents the inferior slice, central slice and superior slice. The horizontal axis 

represents different rotation angle. The last row shows the slice that has biggest cross-

section area. The graph shows that there is no collision issue. 
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Figure 10—Single-pinhole trajectory. White pyramids or trapezoids represent 

the single-pinhole collimator and gray pyramids or trapezoids represent the FOV. The 

first three row represents the inferior slice, central slice and superior slice. The 

horizontal axis represents different rotation angle. The last row shows the slice that 

has the biggest cross-section area. The figure shows that there is no collision issue. 

 

Figure 11—Minimum ROR versus Rotation Angle. Minimum achievable ROR 

versus angle for an 8-cm diameter common volume.  
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Figure 12—Geometric Sensitivity versus Collimator Resolution. Each dot 

corresponds to the sensitivity and spatial resolution of a ROR that occurs at one or 

more stops. The dot corresponding to the flat-line regions of Figure 11 are only shown 

by one dot, the dot that with highest sensitivity and lowest resolution. 

 

. 
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Figure 13—Images of visibility study. Rows from the top to bottom represent 

phantom images, single-pinhole images (7-mm aperture), seven-pinhole images (3-

mm aperture), seven-pinhole images (4-mm aperture), seven-pinhole images (5-mm 

aperture).  Columns from left to right represent iteration 2, iteration 4, iteration 6, and 

iteration 8. The specter gamma value is 0.6. 

Figure 9 and Figure 10 show that there is no collision between the collimator and 

patient. Figure 11 shows that the single pinhole can be much closer to patient compared 

with seven pinholes. Also, the flat-line region of minimum with single-pinhole is slightly 

longer than with seven pinholes. In the flat-line region, the minimum ROR is given by 

the requirement to keep the target region within the FOV. Compared with seven 

pinholes, the single-pinhole system occupies less space and has a larger opening angle. 

The larger opening angle enables smaller ROR while maintaining the target region in the 

FOV. That is, a larger opening angle lowers the flat line. Occupation of less space 

enables the single-pinhole system approach closer without colliding with the patient. 
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This occupation of less space can make the flat line wider. Single pinhole (7-mm 

diameter) is slightly better that 7-pinholes (4-mm diameter) in the flat-line region. 

Sensitivity versus resolution is plotted in Figure 12. At a given sensitivity, 3-mm pinhole 

diameter can achieve good resolution while use of 5-mm pinhole diameters provides 

high sensitivity at give resolution. The 7-pinhole system with 4-mm pinhole diameters is 

similar to single pinhole with 7-mm pinhole diameter particularly in the upper part of 

the curve. This means 4-mm pinhole diameter actually can achieve the similar resolution 

and sensitivity with the 7-mm single-pinhole system when both systems are in the flat-

line region. However, at the angular extremes, both systems are shifted outward to 

avoid shoulder. Shoulder is the main obstacle that limits the ROR in the first and last 

several angular stops. 

Compared with single pinhole, seven-pinhole with 4-mm and 5-mm pinhole 

diameter in seven pinholes show better lesion visibility. However, seven-pinhole with 3-

mm pinhole diameters seem to result in a noisy image. 
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4. Size Investigation 

In this section, different lymph-node sizes and different activity concentrations 

will be investigated. 

4.1 Method and Materials 

4.1.1 Phantom and Radiotracers Distribution 

Background activity images were generated by XCAT2. The background activity 

was set to 1.48 kBq/ml(0.04 µCi/ml). Approximately spherical lymph-node lesions were 

placed on these activity images (Figure 14) through spect-map. Lesion sizes varied in 

nominal radius from 0.3 cm to 0.7 cm. Because of voxelization effects, actual lymph node 

shapes and sizes were slightly different. In the lesions, the activity concentration was set 

to 66.6 kBq/ml (1.8 µCi/ml).  

Critical parameters include 1) focal length, 2) total detector size, 3) number of 

angle stops, 4) total acquisition time and setup time for each stop, 5) pinhole diameter, 6) 

common volume. Common volume was set to be a sphere with diameter of 8cm for both 

systems.  

For the single-pinhole system, a 30-cm focal length and a circular detector with 

diameter of 40 cm resulted in a 67.4-degree pinhole opening angle. Angular coverage 

was 180 degrees plus opening angle, that is 247.5 degrees. 43 angle stops were 

simulated, given 6-degree rotation between stops. The acquisition time for each stop was 
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25 secs and 2 secs for setting up each stop. Total acquisition time was 17.92 mins and 

does not include the setup time. Pinhole diameter was set to be 7 mm, providing 

relatively high sensitivity.  

For each single pinhole in the seven-pinhole system, 15-cm focal length and 

circular detector with diameter of 15 cm resulted in a 53.2-degree opening angle. The 

total detector surface area was the same as the single-pinhole system. Angular coverage 

was 180 degrees plus opening angle, that is 233.2 degrees. 30 angle stops were 

simulated, given 8-degree rotation between stops. The acquisition time for each stop was 

35.84 secs and 2 secs for setting up each stop. The total acquisition time for seven-

pinhole system was also set to be 17.92 mins and does not include setup time. Pinhole 

diameter of 3-mm, 4-mm, 5-mm were simulated for seven pinholes because we assume 

seven pinholes will achieve higher sensitivity than single pinholes, which allow us to 

use smaller pinhole diameter. Another reason is the size of seven pinholes is larger than 

single pinhole, which degrades the resolution. Smaller pinhole diameter will help seven 

pinholes to achieve better resolution to complement the degradation caused by larger 

radius of rotation. 

 

Figure 14—Six activity images of size-effect study. From the left to the right, 

the lymph node size defined by radius are 0.3 cm, 0.4 cm, 0.5 cm, 0.6 cm, 0.7 cm. 
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4.1.2 Root Mean Square Error (RMSE) 

Root mean square error between the phantom and each reconstructed image was 

computed as: 

RMSE =  √
∑ (𝑦𝑖 − 𝑦�̅�)

2𝑛
𝑖=1

𝑛
 

In the above equation, 𝑦𝑖 represents the pixel value within ROI from 

reconstructed image. 𝑦�̅� represents the pixel value within ROI from true image or 

phantom image. 𝑛 is the total number of pixels within ROI. The region of interest (ROI) 

for RMSE calculation is defined as an ellipsoid with 5-cm half long axis, 3-cm short axis 

in other two directions centered at the same position as middle lesion.  

4.1.3 Contrast 

Contrast between the lesions and the background was defined as: 

contrast =
(𝐴𝑙𝑒𝑓𝑡 𝑙𝑒𝑠𝑖𝑜𝑛 − 𝐴𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) + (𝐴𝑚𝑖𝑑𝑑𝑙𝑒 𝑙𝑒𝑠𝑖𝑜𝑛 − 𝐴𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) + (𝐴𝑟𝑖𝑔ℎ𝑡 𝑙𝑒𝑠𝑖𝑜𝑛 − 𝐴𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)

3 ∗ 𝐴𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

 

Below (Figure 15) shows the regions over which background activity 𝐴𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑  

was computed. 
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Figure 15—ROIs of background. The blue circle represents the ellipsoids to 

calculate the average background activity.  

4.2 Results 

The single-pinhole and seven-pinhole trajectories were the same as for the 

visibility test since the all the parameter settings are the same except the radiotracer 

distribution.  

 

Figure 16—Resolution vs Angle and Sensitivity vs Angle. 
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From Figure 16, the flat line of the curve for seven pinholes with 4-mm pinhole 

diameter has similar sensitivity and resolution as the single-pinhole system with 7-mm 

pinhole diameter. For the non-flat region, the single pinhole has lower sensitivity than 

seven pinholes at many of these angles. We also integrate the area of the sensitivity 

curve. The corresponding results for seven pinhole using 3-mm pinhole diameter, 4-mm 

pinhole diameter, and 5-mm pinhole diameter and for single-pinhole using 7-mm 

pinhole diameter are 0.0833, 0.1243, 0.1738, 0.1357 respectively. The integrals are similar 

for seven pinholes with 4-mm pinhole diameter and single pinhole with 7-mm pinhole 

diameter. 

 

Figure 17—Contrast comparison among different lesion size. Lesion and 

background activity concentration are 1.8 𝛍𝐂𝐢/𝐦𝐥 and 0.04  𝛍𝐂𝐢/𝐦𝐥 respectively, giving 
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a lesion/background ratio of 45:1. Except the lesion with radius of 0.5 cm, seven 

pinholes show better contrast compared with single pinhole. 

Table 9—The Minimum RMSE  

 0.3 cm 0.4 cm 0.5 cm 0.6 cm 0.7 cm 

Seven-3 mm 3.88E-002 5.62E-002 6.73E-002 9.70E-002 1.13E-001 

Seven-4 mm 4.37E-002 5.78E-002 7.14E-002 9.60E-002 1.20E-001 

Seven-5 mm 4.49E-002 5.41E-002 6.31E-002 9.50E-002 1.18E-001 

Single-7 mm 5.06E-002 5.82E-002 6.50E-002 1.01E-001 1.21E-001 

 

Table 9 shows that for all lesion sizes, the lowest RMSE was achieved by a seven-

pinhole system, rather than the single-pinhole system. Although the value is very small, 

the unit for the value of RMSE is 𝜇𝐶𝑖/𝑚𝑙. If the lesion size is large or if we want to 

quantitatively evaluate the low uptake of metastasis, the difference could be significant. 

Minimum RMSE increases with lesion size, perhaps because increasingly greater 

portions of the RMSE ROI are occupied by the lesions, which have higher activity 

concentration than the background. 
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Figure 18—Reconstructed images of spherical lesion with 0.3cm radius. From 

top to the bottom, each column represents the iteration number. From left to right, 

they are phantom images, single-pinhole images (7-mm pinhole diameter), seven-

pinhole images (3-mm pinhole diameters), seven pinhole images (4-mm pinhole 

diameter), seven-pinhole images (5-mm pinhole diameter). The activity concentration 

is 66.6 kBq/ml (1.8 µCi/ml). 

Figure 18 indicates somewhat better results with seven-pinhole as compared to 

single pinhole. The seven-pinhole images have better uniformity in lesion activity. From 
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these single random realizations, it cannot be determined to what extent these variations 

are due to noise. The images show that the best contrast recovery is achieved by the 

seven-pinhole system with 3-mm pinhole diameter, as expected given that this system 

has the best spatial resolution. 

5. Discussion 

There are two purposes to perform preablation scans. One involves static 

imaging. The other involves dynamic imaging to obtain activity concentration as a 

function of time. Static imaging is utilized for staging and risk stratification and, in some 

cases, to alter the dose prescribed for ablation therapy. Accurate dynamic imaging of the 

time-activity curve is crucial for dosimetry approaches to determining the ablation 

therapy dose. For both purposes, imaging of metastases is important and can influence 

the dose prescribed for ablation therapy. Metastatic lymph nodes usually have relatively 

low uptake compared with thyroid remnant, and their activity concentration is only 

moderately greater than background activity concentration. High gamma-camera 

sensitivity is important in detecting metastasis because of their low uptake. 

Furthermore, high sensitivity may allow lower diagnostic I-131 dosage and thereby may 

cause less stunning effect.  

Seven-pinhole systems have potential to offer higher geometric sensitivity since 

they have seven pinholes (rather than only one pinhole) to receive emitted gamma rays. 

However, for a given total detector area and given focal length, seven-pinhole systems 
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have smaller opening angles and thus narrower FOVs. Consequently, a greater ROR is 

required for the system to view the target region. Reducing the focal length can increase 

FOV width, but this also broadens the detector system, which may result in larger RORs 

due to collision constraints. Increases in ROR reduce sensitivity and degrade spatial 

resolution. This thesis project investigates the sensitivity and resolution achievable with 

seven-pinhole systems, the performance of seven-pinhole imaging in thyroid-cancer 

related scenarios, and what trade-offs should be made to obtain good results. 

All parameter settings were keep the same in both the visibility and size 

investigations to better evaluate results from all simulations. The flat-line regions of 

Figure 11 illustrate the limitations on minimum ROR that are imposed the size of the 

common volume and by pinhole opening angle.  The flat-line region also represents the 

ROR with the best sensitivity and resolution. The highest point of each curve in Figure 

12 represents all the points in the flat-line regions in Figure 11, since these points all 

have the same sensitivity and resolution. The highest points from each sensitivity-

versus-resolution curve of seven pinholes in Figure 12 are connected by two lines. In 

Figure 12, the highest point in the single-pinhole curve exceeds the lines that connect the 

highest points of the seven-pinhole curves. This suggests the conclusion that in the FOV-

limited, flat-line portion of the curves, single-pinhole provides better 

sensitivity/resolution trade-offs than do the seven-pinhole systems considered here. 
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More data points, particularly for single-pinhole, would be needed though before that 

conclusion would be definitive. 

Compared with the Figure-12 seven-pinhole curves for 4-mm and 5-mm 

diameter pinholes, the single-pinhole system (using a 7-mm diameter pinhole) provides 

better resolution at given sensitivity. Also, compared with the seven-pinhole curve for 4-

mm diameter pinholes, the single-pinhole system (using a 7-mm diameter pinhole) 

shows better resolution and sensitivity in the FOV-limited flat region.  

However, in the reconstructed images for the visibility study (Figure 13), seven 

pinholes with 4-mm and 5-mm pinhole diameters provides better lesion visibility than 

the single pinhole system. In the visibility study, the activity concentration varies from 

0.4μCi/ml to 0.8μCi/ml (Figure 8), resulting in a relatively low number of projection 

events. Gamma-camera sensitivity is thus important in the visibility study, perhaps 

more so than spatial resolution. Figure 12 shows that at any given resolution, seven 

pinholes with 5-mm pinhole diameters provides better sensitivity than does single 

pinhole with a 7-mm diameter pinhole. This is also the case for seven pinholes with 4-

mm pinhole diameters, except in the flat-line region. In low sensitivity regions 

(corresponding to larger RORs), where sensitivity issues are the most severe, seven 

pinholes with 4-mm pinhole diameters has up to about twice the sensitivity of the 

single-pinhole system, and the sensitivity improvement is considerably greater still for 

seven pinholes with 5-mm pinhole diameters. There are a lot of detector stops located at 
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the low-sensitivity (larger ROR) end of the sensitivity-versus-resolution curve (Figure 

12). The above points are illustrated also in Figure 16, which shows sensitivity versus 

angle. At the most peripheral angles, where RORs are large, all 3 seven-pinhole systems 

have better sensitivity than the single-pinhole system.   

The size investigation presents a different scenario, in which activity 

concentration is high, 1.8 μCi/ml. The ratio of lesion-to-background activity 

concentration is also high, 45 to 1. In such scenarios, gamma-camera sensitivity may be 

less important, notably in that good spatial resolution may be achievable without 

inducing detrimental levels of noise in the image. Consider noise-free data for example. 

In that case, gamma-camera sensitivity would be irrelevant, and the best pinhole system 

would be the one that provided the best spatial resolution. In Figure 18 (which involves 

1.8 μCi/ml lesions), the images generated using seven pinholes with 3-mm pinhole 

diameters show better lesion contrast recovery than images generated by the other 

pinhole configurations, including the single-pinhole system. The sensitivity-versus-

resolution curves of Figure 12 show that 7 pinholes with 3-mm pinhole diameters has 

much better resolution than the other pinhole configurations, albeit at low sensitivity. 

The resolution of seven pinholes with 3-mm pinhole diameters ranges between 0.7 to 1.0 

cm, versus approximately 1.0 to 1.5 cm for the other pinhole systems.   

The phantoms utilized in this thesis do not strongly test or illustrate the ability of 

pinhole imaging to resolve nearby structures. This may be an important area for future 
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work. Better spatial resolution may for example be important in enabling resolution of 

metastatic lymph nodes near the thyroid remnant or near esophageal activity. 

6. Conclusion 

Trade-offs in the number of pinholes versus ROR have been investigated for 

pinhole imaging of the thyroid. It was found that ROR increases are great enough to 

substantially decrease the benefit of seven pinholes, for the pinhole configurations 

considered here. Still, using the same total detector area as a benchmark single-pinhole 

system, it was found that the seven-pinhole system could be configured to achieve a 

markedly better spatial resolution, albeit at lower sensitivity, or a greater sensitivity, 

albeit at somewhat poorer spatial resolution. Correspondingly, it was shown that when 

the task is an appropriate fit, i.e. the task is more resolution dependent or more 

sensitivity dependent, improved images could be obtained by the appropriate seven-

pinhole system. Hence, insight has been generated into challenges and trade-offs 

involved in seven-pinhole imaging of the thyroid 

7 Future Work 

In this study, only one benchmark single-pinhole system was considered. A full 

understanding of the comparative strengths of single-pinhole and seven-pinhole 

imaging will require investigations into variation of both single-pinhole and seven-

pinhole parameters. In the Discussion section, investigation of resolution tasks was 

mentioned as one area of future work. Another important area for future investigation 
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would be to tilt the pinhole axes. In this thesis work, the symmetry axes of the single-

pinhole and seven-pinhole systems were always in the plane of rotation of the pinhole 

systems. By instead tilting the symmetry axes out of this plane, such that the pinhole 

systems are tilted away from the shoulders, it may be possible to move the pinhole 

systems closer to the target region, thereby improving resolution and sensitivity for both 

systems. It is possible that this will improve imaging more for one of the systems as 

compared to the other. The present studies considered a seven-pinhole system capable 

of imaging target regions up to 14cm in diameter. Another area of investigation would 

be to consider seven-pinhole systems designed for smaller target regions. Finally, in this 

thesis work, the seven-pinhole and single-pinhole systems have approximately the same 

the total detector surface area. It would be useful to investigate the effect of increased 

total detector surface area on the ability of these systems to image the thyroid and 

nearby regions. 
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