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Simple Summary: We aimed to image the distribution of lutetium oxodotreotide in the body, which
is used in peptide receptor radionuclide therapy. We investigated imaging conditions using gamma
rays emitted from the radionuclide. The energy peaks of the gamma rays were 56, 113, and 208 keV. We
compared image quality by combining imaging from low-medium-energy general-purpose (LMEGP)
and medium-energy general-purpose collimators (MEGP). In phantom studies, static and SPECT
images showed that the combination of 56, 113, and 208 keV (three peaks) and LMEGP yielded the
best count ratio and image quality results based on visual evaluation, count ratios, and recovery
coefficient (RC) curves.

Abstract: We investigated imaging conditions for the distribution of lutetium oxodotreotide (Lu-177
DOTATATE) in the body during peptide receptor radionuclide therapy for neuroendocrine tumor
(NET). We investigated imaging conditions using gamma rays emitted from the radionuclide. The
gamma rays had energy peaks at 113 and 208 keV and characteristic X-rays at 56 keV. Image quality
was compared by utilizing a combination of low-medium-energy general-purpose (LMEGP) and
medium-energy general-purpose (MEGP) collimators. This study included the measurement of
total spatial resolution (Full Width at Half Maximum) using a line source phantom. We compared
the image quality of static images using a plane phantom and SPECT images using a cylindrical
phantom. This comparison involved assessing recovery coefficient curves, count ratio, and %CV.
Imaging evaluation was also performed on one NET patient. In phantom studies and the clinical
study, comparing the combination of the three energy peaks (56 + 113 + 208 keV) using the LMEGP
collimator and the conventional combination (113 + 208 keV) using the MEGP collimator revealed a
count ratio of 1.9 times the maximum, stable %CYV, and the best image quality.

Keywords: LMEGP collimator; three peaks; MEGP collimator; two peaks; Lu-177

1. Introduction

Peptide receptor radionuclide therapy using lutetium oxodotreotide (Lu-177 DOTATATE)
for neuroendocrine tumor (NET) treatment was approved in Japan in June 2021 [1,2]. Somato-
statin receptor (SSTR) is expressed in NETs in more than 80% of cases. Lu-177 DOTATATE
is a radionuclide that specifically binds to SSTR and can selectively treat tumor cells [3].
Lu-177 uses emitted beta rays to treat tumor cells but also emits gamma rays, making it
possible to obtain scintigram images with a gamma camera. Most imaging studies reported
a combination of a medium-energy general-purpose (MEGP) collimator and two energy
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peaks at 113 + 208 keV [4,5]. We noted that the T1-201 Cl image uses a characteristic X-ray
of 71 keV [6]. Lu-177 also has an energy peak of characteristic X-rays; however, it was not
utilized. In the Table of Radioactive Isotopes [7], the main photon energies and emission
rates from Lu-177 are 11.0% at 208 keV, 6.4% at 113 keV, 4.5% at 55.5 keV (Hf-K«), and
1.2% at 63.7 keV (Hf-Kf). Its energy spectrum using a low-medium-energy collimator is
shown in Figure 1. Due to the low energy resolution of the gamma camera, the character-
istic X-ray energy peaks of 55.5 keV and 63.7 keV overlap and appear as a single peak at
56.0 keV. However, the detection efficiency of the Nal (T1) scintillator is large (56.0 keV),
and the energy spectrum is different in the performance of the collimators (Figure 1). A
low-medium-energy general-purpose (LMEGP)-type [8,9] collimator is used for In-111
pentetreotide in somatostatin receptor scintigraphy (SRS) imaging. The acquisition con-
dition for Lu-177 imaging consists of a combination of a MEGP collimator and one peak
(208 keV) or two peaks (113 keV and 208 keV). To the best of our knowledge, no previous
study has reported an LMEGP collimator with a wide energy range and three peaks (56,
113, and 208 keV), including the characteristic X-ray of 56 keV.

Instensity(%)

0 100 200 300 400
Energy(keV)

Figure 1. Energy spectrum for Lutetium-177 of each collimator. Solid line is low-medium-energy general-
purpose (LMEGP) collimator, and dotted line is medium-energy general-purpose (MEGP) collimator.

In this study, we reviewed the appropriate acquisition conditions for Lu-177 images.

2. Materials and Methods
2.1. System Condition

The SPECT system used was a Symbia T-6 (SIEMENS Healthcare, Bayerm, Ger-
many) with CT device. We used e.soft data processors. The energy window was 56,
113, and 208 keV with a window width of 20%. The energy peaks were acquired separately
and compared in combination with image processing. The combined energy peaks are
113 + 208 keV and 56 + 113 + 208 keV. Two different collimator combinations, LMEGP and
MEGP, were also compared.

2.2. Total Spatial Resolution

The total spatial resolution (Full Width at Half Maximum (FWHM)) with the Lu-177
source phantom (diameter: 1 mm) was measured according to the NEMA standard [10].
However, the radioactivity concentration of the line source is weak, and the acquisition time
is very long; thus, only static images without scatterers (water) were measured for FWHM.

2.3. Phantom Study

Two types of liver phantoms were created—one was an original plane phantom for
static images, and the other was a cylindrical phantom for SPECT images.
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2.3.1. Static Images

Static images were used instead of whole-body images. The size of the original plane
phantom was 10 cm x 30 cm. Imitation tumors (signals) with diameters of 7, 10, 15, 20, and
30 mm were placed 5 cm equidistant (Figure 2a). BG (liver) was set to 200 kBq/mL with
reference to the accumulation ratio of In-111 pentetreotide [9,10], and the imitated tumor
was set to five times for the plane phantom. The imaging conditions were a matrix size of
256 x 256 and acquisition time of 5 min.
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Figure 2. Signal position inside the phantom. (a) Static phantom, (b) SPECT phantom. (b) Simulated
tumors were set at 2-, 4-, 8-, and 16-fold concentrations and are shown in light gray.

2.3.2. SPECT Images

In SPECT, the cylindrical phantom (JS-10, Kyoto-Kagaku, Japan) was 250 mm in diam-
eter and 300 mm in length. Imitation tumors (signals) were placed concentrically from the
center (Figure 2b). The radioactivity concentration ratio of the signal (2, 4, 8, and 16 times
the BG (liver)) was set to 200 kBq/mL with reference to the accumulation ratio of In-111
pentetreotide [11,12].

SPECT data were acquired in a matrix size of 128 x 128 in continuous mode
(5 min/rotation) with three repeated rotations at 6° intervals (60 directions, 360° acquisi-
tion/detector). The projection data were added for each rotation to configure 5, 10, and
15 min data. The ordered subset-expectation maximization (OS-EM) method was used for
SPECT image reconstruction (iteration times 10, 5 subsets). The image-correction meth-
ods used were the dual energy window subtraction scatter correction method for scatter
correction and CT-based attenuation correction method.

2.4. Human Study

As a human study, a 35-year-old male patient with NET diagnosed on the basis of
clinical and CT findings was evaluated. Twenty-four hours after the intravenous injection
of 7.4 GBq of Lu-177 DOTATATE, whole-body images and SPECT images were acquired.
Whole-body images were acquired with a matrix size of 256 x 1024 at scan speed of
20 cm/min. SPECT-acquisition conditions were the same as for the phantoms. We used the
LMEGP collimator according to the code of ethics. We obtained energy peaks separately for
56, 113, and 208 keV and compared them in combination. This study was approved by the
Ethics Committee of Kansai Electric Power Hospital (21-101). Two energy peaks and three
energy peaks images are possible with image processing after one imaging. Comparison
of two or three energy peaks on the MEGP collimator is necessary; however, the Ethics
Committee did not approve twice imaging as it would increase the physical and mental
stress on the patient.

2.5. Statistics

Static images were evaluated using count ratio (maximum counts) and recovery
coefficient (RC) curve.

SPECT images were evaluated by visual evaluation including differences in acquisition
time, count ratio (maximum counts and average counts), RC curve, and %CV. Signals of
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SPECT images were compared at maximum counts. Each image was standardized to a
maximum count of 100%, and the relationship with the signal size was calculated as RC
(Formula (1)):

C.
RCj= = L %100 (%) (1)
30mm

where C; represents the maximum number of counts in each sphere, and Cspmm is the
maximum number of counts within ROI of 30 mm sphere. In addition, the %CV of image
quality was calculated (Formula (2)):

SDpg
BG

%CV = % 100 (%) (2)
where Cp represents the average count within ROI in BG, and SDpg is the standard
deviation within ROI in BG.

The energy peak of 113 + 208 keV is indicated as two peaks, and the energy peak of
56 + 113 + 208 keV is indicated as three peaks. When in combination with each collimator,
it is indicated as two peaks + LMEGP, two peaks + MEGP, three peaks + LMEGP, and three
peaks + MEGP.

3. Results
3.1. Total Spatial Resolution

The FWHM were 11.82 mm for two peaks + LMEGP, 9.05 mm for three peaks + LMEGP,
9.69 mm for two peaks + MEGP, and 8.62 mm for three peaks + MEGP.

3.2. Phantom Study
3.2.1. Static Image

Static images with different combinations of energy peaks and collimators are shown in
Figure 3. The count ratio (maximum value) and RC curve are shown in Figures 4a and 4b,
respectively.

LMEGP MEGP
3 peaks |0'°- @ e -
2 peaks I"“ ik e

Figure 3. Static image for each imaging condition. Upper row is three peaks (56 + 113 + 208 keV)
imaging, and lower row is two peaks (113 + 208 keV) imaging. LMEGP collimator is on the left, and
MEGP collimator is on the right.

The visual evaluation showed similar signal detectability with a size of 15 mm, taking
into account the resolution of the gamma camera. Three peaks + LMEGP was 1.8 times
more counts than the conventional imaging method (two peaks + MEGP). In the RC curve,
three peaks + LMEGP was best, with a maximum 1.1 times difference compared to the
conventional imaging method. The %CV was 6.1% for three peaks + LMEGP, 5.9% for three
peaks + MEGP, 6.6% for two peaks + LMEGP, and 6.8% for two peaks + MEGP. Thus, three
peaks + MEGP was slightly stable.
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Figure 4. Image analysis of static images. (a) Maximum count ratio: X-axis is the signal size, and
Y-axis is the maximum count for each imaging condition. (b) RC curve: X-axis is the signal size, and
Y-axis is the normalizing count for each imaging condition.

3.2.2. SPECT Image

SPECT images with different combinations of energy peaks and collimators are shown
in Figure 5. The count ratio (maximum value) and RC curve are shown in Figures 6a and 6b,

respectively.
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Figure 5. Cont.
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Figure 5. Static image for each imaging condition; (a) 5 min images; (b) 10 min images; (c) 15 min

images. The radioactivity concentration ratio, size, and position of the signals are shown in Figure 2b.
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Figure 6. Maximum count for each imaging condition at each radioactivity concentration. (a) and (b) both
show results for 5, 10, and 15 min imaging from top to bottom. (a) Maximum count ratio: X-axis is the
signal size, and Y-axis is the maximum count for each imaging condition. (b) RC curve: X-axis is the signal
size, and Y-axis is the normalizing count for each imaging condition.

The visual evaluation revealed that the 10 min imaging of three peaks + LMEGP had
a radioactivity concentration four times that of 30 mm, eight times that of 20 mm, and
a circular shape. Greater distortion was observed in Disk 2 at 5 min imaging than the
conventional imaging method (Figure 5).

The count ratios of three peaks + LMEGP were higher than those of the conventional
two peaks + MEGP; in particular, regarding the 15 mm signal at the four times concentration
(Figure 6a), the radioactivity concentration was 1.9 times at 5 min, 1.8 times at 10 min, and
1.8 times at 15 min, showing an increase. In the RC curve, the curve of three peaks + LMEGP
was large (Figure 6b). In Figure 6b, for 5 min imaging, two peaks + MEGP for the 15 min
imaging is shown as a dotted line to compare with the conventional condition. This result
indicates that the RC curve of three peaks + LMEGP for 5 min imaging is better than that of
two peaks + MEGP for 15 min imaging.

3.2.3. Human Study

Due to ethical regulations, the collimator was used only for LMEGP to reduce the
effect on the mental health of the patient. Visual evaluations based on differences in the
number of energy peaks were almost the same (Figure 7).
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Figure 7. A case of NET. The left is high density, the center is low density, and the right is the ROI position.

The accumulation counts of Lu-177 DOTATATE were compared using the following
ROIs (Figure 7, right): multiple liver metastases (a), right anterior superior area: S8 (b), left
lateral superior area: S2 (c), thoracic (d), right rib (e), and left pelvis (f). The accumulation
count of three peaks + LMEGP increased in all areas from low to high accumulation
(Figure 8), with a maximum 1.5-times increase in counts at the left pelvis.
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Figure 8. Maximum count within ROI of a clinical case. X-axis is the ROI position, and Y-axis is the
maximum count within the ROIL

4. Discussion

NET is a general term for tumors arising from neuroendocrine cells. NET can occur
in all organs of the body, but the pancreas, gastrointestinal tract, and lungs account for
80% of cases [13]. It is classified into three types: highly differentiated (NET); poorly
differentiated (NEC); and MiNEN, which is a mixture of NET or NEC and cancer cells. In
Europe and the U.S., midgut NET is more common, but in Japan, NET of the colon and
rectum is more common. NET therapy options include surgery, pharmacotherapy, and
internal RI therapy. As SSTRs are expressed on NETs in more than 80% of cases [2,14],
peptide receptor radionuclide therapy is used for treatment. Lu-177 uses emitted beta rays
to treat tumor cells. The maximum dose is 7.4 GBq per infusion administered intravenously
up to four times at 8-week intervals [2,15]. The maximum energy of 3-rays is 498 keV, and
the maximum range is 2.2 mm, which irradiates the tumor while minimizing damage to
surrounding tissues. Moreover, Lu-177 emits gamma rays, making it possible to obtain
scintigram images with a gamma camera.

Lu-177 DOTATATE scintigraphy focuses on energy peaks and collimators. The char-
acteristic X-ray used for Lu-177 is 56 keV [7]. Huizing et al. reported a combination
of 113 + 208 keV [5]. Furthermore, Roth et al. investigated the usefulness of 56, 113,
and 208 keV peaks for semiconductor gamma cameras [16]; however, they have not been
applied clinically.

In the present study, we used an LMEGP-type collimator with a target energy of 190 keV or
less and an MEGP-type collimator with a target energy in the range of 160 to 300 keV. Although
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the energy peak of 56 keV has a lower passage rate in MEGP (Figure 1), it is clearly detected
in LMEGP. However, the energy range varies slightly depending on the manufacturer. The
analysis method was based on the maximum value and took variation in counts into account.

Therapy of NET patients with Lu-177 DOTATATE is accompanied by mental and phys-
ical considerations. In addition, confirmation of therapeutic efficacy by Lu-177 DOTATATE
scintigraphy is often difficult. Increasing the acquisition counts can shorten acquisition time
and affect the mental health of patients. For these reasons, we reviewed the combination of
energy peaks, considering LMEGP collimators, to increase the number of acquired counts.

In the phantom studies, the image quality was the same, and the count increased in
the LMEGP and three-peak combination condition compared to the conventional MELP
and two-peak combination condition. The RC curve and %CV were the best when we
investigated the combined conditions of LMEGP and three peaks. These results suggest
that this imaging condition increases the count and improves SN, thereby improving
the recognition of small tumors. Furthermore, conventional scintigraphy uses static or
whole-body imaging, but SPECT may also be added.

The therapeutic effect of Lu-177 DOTATATE has been measured by morphologi-
cal imaging criteria or functional imaging using Gallium-DOTA peptide studies (Ga-68
DOTATATE) or somatostatin analogue scintigraphy (In-111 pentetreotide) [17]. Ga-68
DOTATATE PET/CT is superior to In-111 pentetreotide in image quality and quantita-
tion [18]. However, Ga-68 DOTATATE PET/CT is only available in a limited number of
hospitals in Japan. Lu-177 DOTATATE imaging reflects the distribution of the metabolic
therapy received; in addition, it is performed in multiple doses at fixed intervals, enabling
the evaluation of risk organs by imaging at each time. Therefore, this imaging could be
used for theranostics [19].

5. Conclusions

The LMEGP collimator showed a wider energy range and increased counts when used
in combination with the LMEGP 3 peak. It is thought that the increase in counts with 3 peaks
results in better SN and allows for better visibility of small tumors.

The results of this experiment showed that MEGP + 2 peaks with 15 min imaging
was equivalent in image quality to LMEGP + 3 peaks with 5 min imaging, suggesting that
the examination time can be shortened and the examination burden on the patient can be
reduced. Further study of imaging time is required to expand the possibilities of imaging
conditions for LMEGP + 3 peaks.
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