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Abstract 

Objective: To examine the impact of acquisition time on Lutetium-177 (177Lu) single-30 

photon emission computed tomography (SPECT) images using Monte Carlo simulation. 

Methods: A gamma camera simulation based on the Monte Carlo method was performed 

to produce SPECT images. The phantom was modeled on a NEMA IEC BODY phantom 

including six spheres as tumors. After the administration of 7.4 GBq of 177Lu, 

radioactivity concentrations of the tumor/liver at 6, 24, and 72 h after administration were 35 

set to 1.85/0.201, 2.12/0.156, and 1.95/0.117 MBq/mL, respectively. In addition, the 

radioactivity concentrations of the tumor at 72 h after administration varied by 1/2, 1/4, 

and 1/8 when comparison was made. Acquisition times examined were 1.2, 1.5, 2, 3, 6, 

and 12 min. To assess the impact of collimators, SPECT data acquired at 72 h after the 

administration using six collimators of low-energy high-resolution (LEHR), extended 40 

low-energy general-purpose (ELEGP), medium-energy and general-purpose (MEGP-1, 

MEGP-2, and MEGP-3) and high-energy general-purpose (HEGP) were examined. After 

prefiltering using a Butterworth filter, projection images were reconstructed using ordered 

subset expectation maximization. The detected photons were classified into direct rays, 

scattered rays, penetrating rays, and characteristic X-rays from lead. The image quality 45 

was evaluated through visual assessment, and physical assessment of contrast recovery 
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coefficient (CRC) and contrast-to-noise ratio (CNR). In this study, the CNR threshold for 

detectability was assumed to be 5.0.  

Results: To compare collimators, the highest sensitivity was observed with ELEGP, 

followed by LEHR and MEGP-1. The highest ratio of direct ray was also observed in 50 

ELEGP followed by MEGP-1. In comparison of the radioactivity concentration ratios of 

tumor/liver, CRC and CNR were significantly decreased with smaller radioactivity 

concentration ratios. This effect was greater with larger spheres. According to the visual 

assessment, the acquisition time of 6, 6, and 3 min or longer was required using ELEGP 

collimator at 6, 24, and 72 h after administration, respectively. Physical assessment based 55 

on CNR and CRC also suggested that 6, 6, and 3 min or longer acquisition time was 

necessary at 6, 24, and 72 h after administration.  

Conclusion: 177Lu-SPECT images generated via the Monte Carlo simulation suggested 

that the recommended acquisition time was 6 min or longer at 6 and 24 h and 3 min or 

longer at 72 h after administration.  60 

 

Keywords: Lutetium-177, Theranostics, 177Lu SPECT, Monte Carlo simulation.  
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Introduction 65 

177Lu-labeled radiopharmaceuticals have been increasingly used for nuclear 

medicine therapy. 177Lu is a medium-energy β-emitter with a maximum energy of 0.497 

MeV with a physical half-life of 6.7 days (1, 2). 177Lu-labeled DOTATE, DOTATOC, 

and DOTANOC are used for patients with metastatic tumors of neuroendocrine origin 

(NET) as a peptide receptor radionuclide therapy (PRRT) (3-8). These somatostatin 70 

analogs target somatostatin receptors on tumor cells. 177Lu-DOTATE was reported to 

show better response rate and fewer adverse events than the existing molecular targeted 

therapy (9).  177Lu-prostate specific membrane antigen is used for metastatic tumors of 

castration-resistant prostate cancer (10). In addition, the number of 177Lu-labeled 

compounds has been increasing (11). The therapeutic effect of 177Lu depends on the 75 

accumulated radioactivity in the tumor. Furthermore, radiation-induced toxicity also 

depends on the radiation dose on radiosensitive organs (12-14). Thus, the estimation of 

absorption dose is extremely important not only to assess the therapeutic effect but also 

to predict side effects of nuclear medicine therapy.  

The kinetics and distribution of 177Lu-labeled radiopharmaceuticals are 80 

usually pre-estimated using single-photon emission computed tomography (SPECT) 

with 111In-labeled radiopharmaceuticals and positron emission tomography with 68Ga-
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labeled radiopharmaceuticals before the therapy (15, 16). 177Lu also emits low-energy γ-

rays at 208 keV (11.0%) and 113 keV (6.4%), and these photons allow scintigraphy. A 

scintigraphy with 177Lu-labeled radiopharmaceuticals is expected to be useful for 85 

evaluating biodistribution and subsequent dosimetry. Some researchers have already 

reported the availability of 177Lu SPECT imaging (17-21); however, the appropriate 

acquisition time for theranostic purpose has not yet been reported.  

Although 177Lu-labeled compound has not yet been approved for 

reimbursement of medical insurance in Japan, an imaging protocol and a therapeutic 90 

effect prediction should be established before the clinical use. Our previous studies 

reported that the Monte Carlo simulation successfully examined the suitable imaging 

protocol and a therapeutic effect prediction for nuclear medicine therapy (22-25). 

Optimization of the imaging protocol, such as shortening of the acquisition time, is 

expected to reduce the patient burden. Therefore, this study aimed to examine the 95 

influence of acquisition time on 177Lu SPECT images using the Monte Carlo simulation. 

 

Materials and Methods 

Simulation code 

The Monte Carlo simulation in this study included in-house codes, MCEP-100 



 Monte Carlo simulation for 177Lu 5 

 

SPECT (23), developed based on the gamma camera simulation codes HEXAGON and 

NAI developed by Tanaka et al. (24). HEXAGON code simulates photon and electron 

transportation in the phantom and collimator, while NAI code simulates the response of 

the NAI detector system using results from HEXAGON. The advantage of our simulation 

codes is the ability to track physical processes and flow in detail, making it easier to 105 

understand the internal processes. Specifically, our simulation codes can discriminate 

scatter components due to high energy gamma rays (23, 24), and detected photons were 

classified into direct rays (“dir0”), scattered rays (“dir1”), penetrating rays (“indir”), and 

characteristic X-rays from lead (“Pb-X”). Figure 1 shows simulation setting of SPECT 

cameras and a phantom based on previous studies (17-21). The collimator and NaI crystal 110 

size was 40 × 40 cm. To simulate the effects of backscatter photons from the backward 

components such as photomultiplier tubes, a glass and an aluminum plate were placed 

behind NaI.  

Six collimators were examined (17-21): low-energy high-resolution (LEHR), 

extended low-energy general-purpose (ELEGP), three of the medium-energy and general-115 

purpose (MEGP-1, MEGP-2, and MEGP-3), and high-energy general-purpose (HEGP). 

The characteristics of these six collimators are shown in Table 1.  

The computation time was approximately 96 h for 1010 decays using an 
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Intel® Core™ i7 /2.0 GHz central processing unit. 

 120 

Phantom 

A NEMA IEC BODY phantom was modeled and consisted of six spheres 

with diameters of 10, 13, 17, 22, 28, and 37 mm. In this study, the phantom length was 

100 mm. The background was assumed to be a healthy liver tissue, whereas the spheres 

were assumed to be tumors. In previous studies, the ratio between background and tumor 125 

has been investigated (26, 27). In this study, we referred to the previous study that 

provided more detailed data of radioactivity concentrations of liver and tumor (28). 

Studied tumor-liver ratios were three. After the administration of 7.4 GBq of 177Lu, 

radioactivity concentrations of the tumor/liver at 6, 24, and 72 h after administration were 

1.85/0.201 MBq/mL (ratio =9.20), 2.12/0.156 MBq/mL (ratio =13.6), and 1.95/0.117 130 

MBq/mL (ratio =16.7), respectively. In addition, the radioactivity concentrations of the 

tumor at 72 h after administration varied by 1/2, 1/4, and 1/8 when compared (the 

radioactivity concentrations of the tumor/liver were 0.974/0.117 MBq/mL [ratio = 8.32], 

0.487/0.117 MBq/mL [ratio = 4.16], and 0.244/0.117 MBq/mL [ratio = 2.08]). 

 135 

Data acquisition 
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The main energy window was 187–229 keV (208 keV ± 10 %), with 208 keV 

gamma ray as most frequent (10.41 %) among 6 gamma rays emitted from 177Lu (Table 

2). The number of projection was 96 per 360° for two detectors. The rotation radius was 

230 mm. Projection images were 128 × 128 pixels for the field of view of 40 × 40 cm; 140 

therefore, the pixel size was 3.13 × 3.13 mm. Data acquisition was performed at 6, 24, 

and 72 h post-injection. Acquisition times were for 1.2, 1.5, 2, 3, 6, and 12 min. To 

compare collimators, SPECT data were acquired at 72 h after the administration for 1.2 

min. 

 145 

Image reconstruction 

SPECT images were produced using the Prominence ProcessorTM version 

3.1 (Nihon Medi-Physics Co., Ltd., Osaka, Japan). Reconstruction algorithms and various 

corrections have been studied in previous studies and referred to in this study (17-21). 

Projection images were pre-filtered using a Butterworth filter (cut-off frequency: 0.50 150 

cycle/cm, order: 8). Projection images were reconstructed using ordered subset 

expectation maximization method (OSEM) with 8 iterations and 6 subsets. Reconstructed 

images were then corrected by attenuation correction using the Chang method (0.13/cm). 

Scatter correction was not performed.  
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 155 

Image assessment 

The regions of interest (ROIs) were placed on all spheres at the center slice 

of phantom (Figure 2). The diameter of sphere ROIs was defined as the diameter of each 

sphere. Twelve background ROIs with 37 cm diameter were placed at the periphery. The 

value of each ROIs was expressed as the mean count per pixel. 160 

For the visual assessment of image quality, SPECT images were evaluated 

using the detectability of 10-mm sphere and background uniformity by a board-certified 

nuclear medicine physician and two radiological technologists. The detectability of 10-

mm sphere was classified into a 5-score scale: 1, definitely absent; 2, probably absent; 3, 

equivocal; 4, probably present; and 5, definitely present (29, 30). The background 165 

uniformity was also classified into a 5-score scale: 1, very poor; 2, poor; 3, fair; 4, good; 

and 5, very good. Images were randomly evaluated without any information about the 

acquisition condition and reconstruction parameters. The scores of the three observers 

were averaged. The total score of 10-mm sphere detectability and background uniformity 

of >6.0 was considered appropriate. The visual assessment of the image at 72 h after 170 

administration was performed only for the case of the ratio =16.7.  

The image quality was physically evaluated using contrast recovery 
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coefficient (CRC) and contrast-to-noise ratios (CNR). CRC is the ratio of the count ratio 

of images to the true radioactivity ratio that indicates its accuracy. CNR is the ratio of the 

signal of hot spheres to the standard deviation of the background activity. The CNR is a 175 

detectable index on how easily is the sphere detected. In this study, the detectability 

threshold was assumed to be CNR = 5 according to previous studies (31, 32). CRC and 

CNR are defined using the following equation: 

             CRC ,

,

100                      (1)  

 180 

CNR ,

,
                              (2) 

 

where the subscript “H” denotes the hot sphere, “B” denotes the background, j is the size 

of the sphere, CH,j is the count of the hot sphere j, CB is the average count of 12 background 

ROIs, SDB,mean is the mean standard deviation of count in 12 background ROIs, aH is the 185 

true radioactivity concentration of the hot sphere and aB is the true radioactivity 

concentration of the background. The image assessment of the comparison of 

radioactivity concentration ratio was performed by physical assessment only. 

 

Results 190 
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Collimator comparison 

Figure 3 shows SPECT images using six collimators at 72 h after 

administration. A 13-mm sphere was visible in all collimators. A 10-mm sphere was 

visible in LEHR, ELEGP, MEGP-1, and MEGP-3, but not in MEGP-2 and HEGP. The 

background uniformity was almost equivalent among collimators. The LEHR image 195 

showed a relatively noisier background and more artifacts outside the phantom.  

Figure 4 shows CRC and CNR of different collimators. Neither CRC nor 

CNR of 10-mm sphere were not measured in HEGP. In other five collimators, both CRC 

and CNR of all spheres were not significantly different.  

Figure 5 shows the detector sensitivity and proportion of detected photons. 200 

The detector sensitivity in LEHR, ELEGP, MEGP-1, MEGP-2, MEGP-3, and HEGP was 

3.99, 4.74, 3.82, 2.01, 3.06, and 2.27 cps/MBq, respectively. The Pb-X was not 

measurable in all collimators. The highest sensitivity was observed in ELEGP, followed 

by LEHR and MEGP-1. The highest “dir0” was also observed in ELEGP, followed by 

MEGP-1. The LEHR showed the second highest sensitivity, whereas the “indir” 205 

component was 53 %. Both MEGP-2 and HEGP showed relatively low sensitivity. 

 

Comparison of the radioactivity concentration ratio of tumor/liver 



 Monte Carlo simulation for 177Lu 11 

 

Figure 6 shows CRC and CNR in each sphere size with different radioactivity 

concentrations in the liver (that is, with different tumor/liver radioactivity concentration 210 

ratios). Both CRC and CNR were high with larger sphere in any of the radioactivity 

concentration. CRC and CNR significantly decreased with smaller radioactivity 

concentrations. This effect was greater with larger sphere size. 

 

Comparison of the acquisition condition 215 

Figure 7 shows simulated 177Lu SPECT images using ELEGP collimator 

with different acquisition time and time after administration. The longer the acquisition 

time, the better the background homogeneity. The visibility of 10-mm sphere improved 

by long acquisition time. The contrast between the sphere and the background tended to 

increase in relation to the long acquisition time and the time after administration. 220 

Results of visual assessment are shown in Table 3. Both scores of a 10-mm 

sphere and background were generally high in the long acquisition time at any time after 

administration. At 6 and 24 h after administration, the total score exceeded six when the 

acquisition time was >6 min. At 72 h after administration, the acquisition time of >3 min 

was required to exceed total score of six.  225 

Figure 8 shows CRC in relation to the acquisition time and time after 
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administration. The CRC was high in large sphere and was not significantly different for 

any acquisition time and at any time after administration. The CRC fluctuated in short 

acquisition time. Figure 9 shows CNR in relation to the acquisition time and time after 

administration. The CNR increased with the long acquisition time at any time after 230 

administration. The CNR at 24 and 72 h after administration was higher than that at 6 h. 

The CNR of 13–37-mm spheres were >5 for any acquisition time and time after 

administration. The CNR of 10-mm spheres were >5 in ≥6 min acquisition time at 6 and 

24 h after administration. The CNR of 10-mm sphere was >5 in ≥1.5 min acquisition time 

at 72 h after administration. However, the CNR was exceptionally higher than the 235 

exceptions of 2 and 3 min. The acquisition time of 6, 6, and 3 min or longer was 

comprehensively considered to be required at 6, 24, and 72 h after administration. 

 

Discussion 

In this study, the influence of acquisition time on 177Lu-SPECT images 240 

generated by the Monte Carlo simulation was examined using visual and physical 

evaluations. The recommended collimator for 177Lu-SPECT was ELEGP followed by 

MEGP-1. In 177Lu-SPECT using ELEGP collimator, CNRs of SPECT images improved 

as the acquisition time at any time after administration became long. The recommended 
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acquisition time was ≥6 min at 6 and 24 h, and ≥3 min at 72 h after administration. 245 

The most appropriate collimator among 6 collimators examined was 

considered ELEGP, followed by MEGP-1, based on the visual and physical evaluation 

and sensitivity analysis. A previous study examined LEHR, LEGP, and MEGP to 

determine an optimal condition for a dosimetry of 177Lu imaging (33). The % difference 

of sphere-to-background ratio between the true radioactivity concentration and count in 250 

images was used as an index. Their results showed that %difference was the smallest in 

MEGP (-10.9 ± 9.7%), followed by LEGP (-44.1 ± 7.5%) and LEHR (-66.3 ± 13.2%). 

They suggested that the MEGP was an optimal collimator and considered septal 

penetration of primary imaging photons that deteriorate the LEGP and LEHR results. This 

is consistent with our study demonstrating that the largest penetrating photon “indir” was 255 

observed in LEHR. Furthermore, although neither CRC nor CNR did not show significant 

difference among collimators in this study, the detector sensitivity of the direct photon 

“dir0” was the largest in ELEGP, followed by MEGP-1. ELEGP is a vender specific 

collimator, although its structural feature is similar to that of MEGP-1. Because ELEGP 

is not generally available, MEGP-1 is considered as another candidate for 177Lu-SPECT. 260 

In a previous study, the system sensitivity of low-energy collimators was higher than that 

of medium or high-energy collimators (34). However, relatively large ratio of “indir” 
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deteriorates image quality of LEHR. They suggested that medium-energy collimators 

were preferable for 177Lu imaging because of their lower septal penetration of the high-

energy photons emitted by 177Lu. Although high-energy collimators had slightly better 265 

sensitivity for 208 keV photons than medium-energy collimators, an inferior spatial 

resolution of high-energy collimator due to their wider holes could be a problem in 

clinical use (34). In clinical practice, medium-energy collimators have been widely used 

(7, 12, 17, 18, 26, 35, 36). However, the largely different characteristics among MEGP-

1, MEGP-2, and MEGP-3 should be considered. 270 

Both CRC and CNR were high with larger sphere size and radioactivity 

concentration. Previous studies have shown that tumor size and ratio of tumor to 

background increases for NET, with high malignancy (26). Therefore, based on the results 

of CRC and CNR in this study, the time required for image acquisition should be set 

longer than 12 minutes in order to improve the image quality for low-grade tumors and 275 

tumors with low accumulation less than 1/4 of the set radioactivity concentration (0.487 

MBq). 

The optimal acquisition time was considered to be 6, 6, and 3 min or longer 

at 6, 24, and 72 h after administration, respectively. Some previous clinical studies have 

acquired 177Lu-SPECT data with relatively long acquisition time for 15–32 min (7, 12, 280 
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26, 35, 36). Conversely, some studies acquired data with relatively short acquisition time 

for 8–12 min (17, 18). These studies demonstrated that the acquired SPECT data showed 

sufficient quality for the quantification of 177Lu activity distribution. Although a longer 

acquisition provides better image quality and accurate quantification, it also increases 

patient burden. Furthermore, quantification for theragnostic purpose sometimes requires 285 

whole-body SPECT with multiple bed positions. The acquisition time in our study is 

shorter than that of previous studies and was 6, 6, and 3 min or longer at 6, 24, and 72 h 

after administration, respectively. Visual evaluation showed the sufficient image quality 

with these acquisition time. CRC was stable and did not improve any more using longer 

than these acquisition time. Although the CNR increased with the long acquisition time, 290 

the CNR was >5 for any acquisition time. Some previous studies adopted resolution 

recovery algorithm for image reconstruction (37-39). It is expected to improve the 

quantitative accuracy of small lesion, although it is also known to result overestimation 

(40).  Further examination is required to clarify the influence of resolution recovery on 

the quantitative accuracy. 295 

This study has some limitations. First, the Monte Carlo simulation was 

performed using an in-house hand-made code. Data acquisition was restricted to circular 

orbit and step-and-shoot mode. Different acquisition protocols should be further 
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examined. Second, in this study, the background was the liver, and we did not compare 

tumors to other organs. Therefore, background tumor ratios using other organ data should 300 

also be considered. Third, it is expected that more detailed image quality data can be 

obtained by further refining the time interval settings for the acquisition time. Fourth, 

scatter correction was not performed in this study because it reduces the counts used for 

image reconstruction. Previous studies reconstructed SPECT images by using OSEM 

algorithm with all of attenuation correction, scatter correction and resolution recovery 305 

(17-21, 34), and the usefulness of scatter correction for quantitative accuracy was reported 

(18).  Thus, the scatter correction should be further examined with sufficient count 

acquisition. Finally, the dead time correction was not required for this simulation study. 

The usefulness of the dead time correction should be further required in case of clinical 

situation. 310 

 

Conclusions 

In conclusion, the Monte Carlo simulation generated 177Lu-SPECT images 

and recommended ELEGP as an optimal collimator, followed by MEGP-1. 177Lu-SPECT 

images using ELEGP collimator improved in relation to long acquisition time at any time 315 

after administration. The recommended acquisition time was ≥6 min at 6 and 24 h and ≥3 
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min at 72 h after administration. 
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Figure Legends 

Figure 1. Setup for the simulation of single-photon emission computed tomography 

(SPECT) imaging. The phantom was modeled on a NEMA IEC BODY phantom. Spheres 

were installed in the phantom with diameters of 10, 13, 17, 22, 28, and 37 mm. 

Figure 2. Setting of regions of interest (ROI). ROIs of bold black circle is set on the 455 

SPECT image of 177Lu. (a) hot spheres, (b) the background ROI. 

Figure 3. SPECT images using low-energy high-resolution (LEHR), extended low-energy 

general-purpose (ELEGP), medium-energy and general-purpose (MEGP-1, MEGP-2, 

MEGP-3), and high-energy general-purpose (HEGP). A 10-mm sphere was visible in 

LEHR, ELEGP, MEGP-1, and MEGP-3, but not in MEGP-2, and HEGP. The image with 460 

LEHR showed a relatively noisier background and adequate artifacts outside the phantom. 

Figure 4. Physical evaluation in different collimators. (a) Contrast recovery coefficient 

(CRC) and (b) contrast-to-noise ratio (CNR). The CRC and CNR of all acquisition 

conditions were slightly different among collimators. 

Figure 5. The detector sensitivity in different collimators. The highest sensitivity was 465 

observed with ELEGP, followed by LEHR and MEGP-1. The highest “dir0” was also 

observed in ELEGP, followed by MEGP-1. Both of MEGP-2 and HEGP showed a 

relatively low sensitivity. 
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Figure 6. Simulated images were acquired for 12 min at 72 h after administration. The 

collimator was ELEGP. Both CRC and CNR decreased at lower radioactivity 470 

concentration ratio. 

Figure 7. The simulated 177Lu SPECT images in different acquisition times. The longer 

the acquisition time, the better the homogeneity of the background. The visibility of 10-

mm sphere improved with long acquisition time. 

Figure 8. The CRC in different acquisition times. The CRC at (a) 6, (b) 24, and (c) 72 h.  475 

The CRC was not significantly different for any acquisition time and time after 

administration. The CRC fluctuated in a short acquisition time. 

Figure 9. The CNR in different acquisition time. The CNR at (a) 6, (b) 24, and (c) 72 h. 

The CNR at 24 and 72 h after administration were higher than that at 6 h. The CNR of 

10-mm spheres were >5 in ≥6 min acquisition time at 6 and 24 h after administration and 480 

in ≥1.5 min acquisition time at 72 h after administration. 
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Table 1. Characteristics of six collimators.  

Collimator Hole diameter (cm) Septal thickness (cm) Hole length (cm) 

LEHR 0.150 0.020 3.500 

ELEGP 0.250 0.040 4.000 

MEGP-1 0.294 0.114 4.064 

MEGP-2 0.300 0.105 5.800 

MEGP-3 0.340 0.086 5.840 

HEGP 0.400 0.180 6.600 

low-energy high-resolution, LEHR; extended low-energy general-purpose, ELEGP;  

medium-energy and general-purpose, MEGP-1, MEGP-2, and MEGP-3; high-energy 

general-purpose, HEGP. 485 
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Table 2.  The energies and probability of β and γ emissions from the decay of Lutetium-

177 

Energy (keV)     Probability (%)     Radiation 

175.9  11.52 β- 

247.5  0.02 β- 

384.3  9.01 β- 

497.2  79.44 β- 

71.6  0.16 γ (Hf) 

112.9  6.22 γ (Hf) 

136.7  0.05 γ (Hf) 

208.4  10.41 γ (Hf) 

249.7  0.21 γ (Hf) 

321.3  0.20 γ (Hf) 

 

  490 
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Table 3. Visual assessment of Lutetium-177 single-photon emission computed 

tomography images. The radioactivity concentration ratio for 72 h is 16.7. 

Time after 

administration 

(hours) 

Acquisition time 

(minutes) 

Score obtained by visual assessment 

10-mm sphere Background Total 

6 

1.2 1.0  2.3  3.3  

1.5 1.7  2.3  4.0  

2 1.7  2.3  4.0  

3 1.3  3.3  4.7  

6 2.3  4.3  6.7  

12 3.0  4.7  7.7  

24 

1.2 1.0  2.7  3.7  

1.5 1.7  2.3  4.0  

2 2.0  3.3  5.3  

3 2.0  3.7  5.7  

6 2.0  4.7  6.7  

12 3.0  4.7  7.7  

72 

1.2 1.0  2.3  3.3  

1.5 3.0  2.0  5.0  

2 2.0  3.0  5.0  

3 3.0  4.0  7.0  

6 2.7  4.3  7.0  

12 3.0  4.7  7.7  
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