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Comparison between planar

and single-photon computed
tomography images for radiation
intensity quantification

in iodine-131 scintigraphy

Yusuke lizuka™, Tomohiro Katagiri, Minoru Inoue, Kiyonao Nakamura & Takashi Mizowaki

This study aimed to evaluate the feasibility of quantifying iodine-131 (}3!I) accumulation in
scintigraphy images and compare planar and single-photon emission computed tomography (SPECT)
images to estimate 3!l radioactivity in patients receiving radioactive iodine therapy for thyroid cancer.
We evaluated 72 sets of planar and SPECT images acquired between February 2017 and December
2018. Simultaneously, we placed a reference 13| capsule next to the patient during image acquisition.
We evaluated the correlation between the intensity of the capsule in the images and the capsule

dose and estimated the radiation dose at the thyroid bed. The mean capsule dose was 2.14 MBq
(range, 0.63-4.31 MBq). The correlation coefficients (p-value) between capsule dose and maximum
and mean intensities in both planar and SPECT images were 0.93 (p<0.01), 0.96 (p<0.01), 0.60
(p<0.01), and 0.47 (p<0.01), respectively. The mean intensities of planar images show the highest
correlation coefficients. Based on a regression equation, the average radiation dose in the thyroid bed
was 5.9 MBgq. In conclusion, planar images reflected the radiation dose more accurately than SPECT
images. The regression equation allows to determine the dose in other regions, such as the thyroid
bed or sites of distant metastasis.

The most common cancer in the endocrine system is thyroid cancer!, and its most frequent type differentiated
thyroid cancer (DTC), such as papillary and follicular carcinomas, being found in over 90% of cases.

After total thyroidectomy, radioactive iodine (RAI) therapy with iodine-131(**'I) is a widely accepted treat-
ment for DTC% According to the guidelines, the aims of RAI therapy are divided into three categories®: ablation
of the remnant thyroid tissue to simplify follow-up, adjuvant therapy for microscopic lesions to decrease the risk
of recurrence or distant metastasis, and treatment for tangible residual or metastatic diseases.

Generally, the dose of the "*'I drug is hardly defined based on the tumor or normal tissue; instead, the
radioactivity of RAI drugs is empirically fixed. For example, 1,110 MBq is sufficient for remnant ablation, while
adjuvant therapy and treatment require 3,700 to 7,400 MBgq, according to guidelines®. Some reports administered
BI drug based on bone marrow or blood level dosimetry, but it is not a popular procedure®. Although there are
some general models to simulate the kinetics of radioisotopes in humans, such as the medical internal radiation
dose method?, there is no established method to evaluate the strength of tumor or normal tissue radiation in
RAI therapy with *'I in single patients.

Planar imaging or single-photon emission computed tomography (SPECT) has been used for qualitative
evaluation of radioisotope distributions, with some reports focusing on the quantitative analysis of several
low-energy radioisotopes, such as *™Tc, %I, etc.*®. These quantitative values are used to evaluate treatment
response or predictive factors in the oncology field. In the field of RAI therapy, *'I distribution can be evaluated
with scintigraphy acquired with a gamma camera a few days after '*'I drug administration. However, in general,
it is difficult to quantitatively evaluate '*'I uptake because of the elevated energy of its gamma rays, collimator
penetration, and artifacts, which cannot be disregarded in quantitative analysis. As a result, thus far, there has
been no quantitative analysis or direct comparison between planar and SPECT images of '*'I scintigraphy.
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We hypothesized that we could quantitatively estimate '*'T uptake based on a known radiation dose source,
which is placed such that it is imaged by the same camera at the same time. In this study, we developed methods
for the quantitative evaluation of *'I uptake in planar and SPECT images using scintigraphy. In addition, based
on quantitative analysis, we estimated the radiation dose at the thyroid bed in patients with thyroid cancer who
underwent RAI therapy.

Results

Comparison between the planar and SPECT images. We successfully obtained '*'I intensity data in
all images using the treatment planning support system. The 37, 111, and 185 MBq of '*' capsules were used as
references, and the exact doses of the capsules were calculated with the time between the test day and the image
acquisition. The mean "'I capsule dose was 2.14 MBq (range, 0.63-4.31 MBq). The correlation coefficients
(p-value) between the capsule doses and the maximum and mean intensities in planar images and maximum
and mean intensities in SPECT images were 0.93 (p<0.01), 0.96 (p<0.01), 0.60 (p<0.01), and 0.47 (p<0.01),
respectively (Fig. 1, Table 1). The mean intensities of planar images show the highest correlation coefficients.
In post hoc power analysis, the statistical power was 0.98, when two-sided, the effective size was 0.5, and the
alpha error 0.01. Based on the mean intensities in planar images, the regression equation can be expressed as
y(dose) =0.0845 x (mean intensity in the planar image).

Estimation of the dose at the thyroid bed. Among all patients, in the 47 who underwent RAI therapy
for the first time, their uptake was observed at the thyroid bed. Based on the above regression equation, the aver-
age (range) radiation dose at the thyroid bed was 5.9 MBq (0.1-45.1 MBq).

Discussion

In the present study, we were able to calculate radiation doses from scintigraphy images. By comparing planar
and SPECT images, we determined the proper image to estimate the radiation dose based on scintigraphy, find-
ing that planar images are appropriate for radiation dose estimation.

Recently, the importance of dosimetry has increased in nuclear medicine, especially in radioisotope therapy,
because the absorbed dose of the tumor directly correlates with effectiveness. Although several studies have
reported on quantitative dose estimations for radioisotopes, such as **™Tc and '*’I in scintigraphy, to the best of
our knowledge, this is the first report to suggest the possibility of dose estimation in '*'I scintigraphy.

There are some commercial tools for the quantitative analysis of bone scintigraphy. For example, the bone scan
index in BONENAVT (Fujifilm RI Pharma Co. Ltd., Tokyo, Japan) with planar images and standardized uptake
values in GI-BONE (AZE, Tokyo, Japan) with SPECT images have been well reported®-!!. These quantitative
indicators are used for the prediction or evaluation of therapeutic effects or predictive factors for survival in the
oncology field'>'*. With progress in this study and the accumulation of more data points, we could predict the
therapeutic effect or survival rate in the treatment of DTC.

There have been several attempts to quantitatively evaluate *'I. For example, van Gils et al. suggested a
method for estimating the absorbed thyroid dose with a collar detector and SPECT images. They assumed a two-
compartment model fit and showed good agreement with the measured data points in three patients'. Minguez
et al. analyzed SPECT/CT dosimetry with whole-remnant and maximum-voxel methods, and could estimate the
absorbed dose at the thyroid bed in patients who underwent ablation'®. However, the purpose of these reports
was different from that of this study, and none aimed to directly compare planar and SPECT images in "*'I scin-
tigraphy. There has been no established dosimetry method of '*'I accumulation based on the scintigraphy; our
method based on this study may be one way to calculate the radiation dose.

Planar images reflected the radiation dose more accurately than SPECT images in this study, and according
to the post hoc analysis, this result was reproducible and robust. We expected that SPECT images would show
a better correlation between the actual dose and intensity because SPECT images are acquired using CT images
with absorption compensation. In addition, the spatial resolution of SPECT images is better than that of planar
images, calculating the absorbed dose with CT images, such as external beam radiotherapy, more conveniently.
However, the results were not consistent with our expectations. There were 10 images that showed strong halos
around the capsules among 72 sets of images and 14 of 47 patients (36.2%) patients showed strong halos at the
thyroid bed, which might be due to the high counts. The percentage of patients with strong halos at the thyroid
bed was similar to the previous report'®. These strong halos might preclude the correct measurement of the
intensity. Although we should have used geometric mean in planar images study (mean intensity of anterior and
posterior images), our pilot study showed that anterior images were superior for calculating the geometric mean.
The reason was not clear, but the absorption by the patient’s body or couch might have affected the intensity.

This study had some limitations. First, this was a single-center investigation with a small number of patients.
However, we were able to standardize the imaging acquisition protocol in the planar and SPECT images. Sec-
ond, we could not verify the results of this study. The radiation dose could be estimated based on the images,
but the dose accuracy was not validated. Further research on other systems, such as the image viewers used in
nuclear medicine diagnosis, is needed to validate our results. Third, there were no patients with low-risk DTC
in this study; therefore, we cannot provide any recommendations for this specific patient population based
on this study. Finally, we only evaluated one imaging time point. We could not evaluate 131 redistribution or
distribution changes during RAI therapy. Multiple images must be acquired to evaluate the dynamics of the 1*'I
distribution. We are planning to conduct another study to examine these distribution patterns both in time and
space, calculate the absorption doses in accordance with this study, as well as determine the relationship between
clinical results and absorption doses.
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Figure 1. The scatter plots and regression lines of the relationship between the intensity and the actual
radiation dose. The intensity is shown in maximum intensity in the planar image (a), averaged intensity in the
planar image (b), maximum intensity in the single-photon emission computed tomography (SPECT) image (c),
and averaged intensity in the SPECT image (d).

In conclusion, using a regression equation, we can determine the *'I dose in other regions, such as the thyroid
bed or sites of distant metastasis. This value can be useful for the prediction of treatment results or the calcula-
tion of the actual *'I absorbed dose.

Scientific Reports|  (2021) 11:21858 |

https://doi.org/10.1038/s41598-021-01432-x

nature portfolio



www.nature.com/scientificreports/

Planar SPECT

Maximum Mean Maximum Mean
Correlation coefficients 0.93 0.96 0.60 0.47
p-value <0.01 <0.01 <0.01 <0.01

Table 1. The relationship between the intensity and the actual radiation dose. SPECT single-photon emission
computed tomography.

Figure 2. One example of the determination of region of interest (ROI). The diameter of the ROI was 5 cm
and the center of the ROI was set at the center of the accumulation. Right: planar image, Left: single-photon
emission computed tomography image.

Methods

Image acquisition and analysis. We evaluated 72 sets of planar and SPECT images acquired between Feb-
ruary 2017 and December 2018 in patients who underwent high-dose RAI therapy in our hospital. The inclusion
criteria were as follows: (1) total thyroidectomy and pathologically proven DTC, (2) high-dose RAI therapy as
adjuvant therapy or cancer treatment for metastases in an inpatient setting, and (3) available images for imaging
analysis. The exclusion criterion was the refusal by patients to provide their images for this study. Thirty-two and
40 patients received RAI therapy as adjuvant therapy (prescribed dose was 3,700 MBq =100 mCi) and for cancer
treatment (prescribed dose was 4,810-5,550=130-150 mCi), respectively. The preparation of the RAI therapy
was performed with thyroid hormone withdrawal (n=39) or recombinant human thyroid-stimulating hormone
(n=43). Forty-seven patients received RAI therapy for the first time. Image acquisition was performed 3 days
after 1*'T administration using a gamma camera with high-energy collimators (Infinia Hawkeye4, GE Healthcare,
Milwaukee, USA). Planar images were acquired in the patient’s whole body at 15 cm/min, and the exposure time
per pixel was 160 s. The matrix size was 256 x 1,024 pixels. SPECT images were acquired in a 64 x 64 matrix with
step and shoot mode, and 60 projections for 10 s each. A Butterworth filter was used with critical frequency 0.32,
and reconstruction was performed using the ordered subset expectation maximization (OSEM) method with 2
OSEM iterations and a max of 10 subsets. Attenuation correction with computed tomography (CT) images that
were acquired at the same time and resolution recovery were performed. Scatter correction was not performed.
CT images were acquired with tube potentials of 140 kV and a tube current of 2.5 mA. The slice thickness was
5 mm, and the CT rotated at 2.6 rotations per minute.

We placed "'l capsules with their radiation doses, which were calculated based on the test date and were low
enough such that it did not affect the image quality, near the patient’s arm, and planar and SPECT/CT images
were acquired together with the reference. These images were transferred to a commercial treatment planning
system for radiotherapy (MIM Maestro version 6.4, MIM Software, Cleveland, USA) and checked. We set the
5 cm diameter of the region of interest (ROI) on the '*'I capsules where radiation was calculated on the day
of examination and measured the intensity of the accumulation (Fig. 2). In the pilot study, we found that a
5-cm ROI performed better in evaluating the relationship between dose and intensity than ROI of other sizes.
We measured the maximum and mean intensity in the ROI on planar and SPECT images and evaluated the
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relationship between the intensities of the ROIs and the actual radiation dose. Based on these dimensions, the
ROI was planar on the planar images and spherical on the SPECT images. We tried to predict the function to
estimate the radiation dose; we also estimated the radiation dose at the thyroid bed in patients who underwent
RALI therapy for the first time in the same way as the reference capsule with a 5-cm ROL

Statistical analysis and ethical approval. All statistical analyses were performed using R software (ver-
sion 3.3.1)'. We calculated Pearson’s correlation coefficient between the image intensity and the actual radia-
tion dose and p-value. We defined a p-value <0.05 as statistically significant. We used a simple linear regression
model to predict the function underlying the radiation dose. We also calculated the statistical power after the
evaluation. This study was performed in accordance with the 1964 Declaration of Helsinki and all subsequent
revisions and followed the recommendations of the Ethical Guidelines for Medical and Health Research Involv-
ing Human Subjects. This study was approved by the Institutional Review Board (Kyoto University of Graduate
School and Faculty of Medicine and Kyoto University Hospital Ethics Committee) and was performed using the
opt-out method posted on our hospital website. Written informed consent was obtained from all participants of
using their images for this study.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 26 February 2021; Accepted: 25 October 2021
Published online: 08 November 2021

References
1. Vigneri, R., Malandrino, P. & Vigneri, P. The changing epidemiology of thyroid cancer: Why is incidence increasing?. Curr. Opin.
Oncol. 27,1-7 (2015).
2. Silberstein, E. B. et al. The SNMMI practice guideline for therapy of thyroid disease with 1311 3.0. J. Nucl. Med. 53, 16331651
(2012).
3. Sawka, A. M. et al. American thyroid association guidelines and statements: past, present, and future. Thyroid 28, 692-706 (2018).
4. Alan Selcuk, N., Toklu, T., Beykan, S. & Karaaslan, S. I. Evaluation of the dosimetry approaches in ablation treatment of thyroid
cancer. J. Appl. Clin. Med. Phys. 19, 134-140 (2018).
5. Loevinger, R., et al. A Revised schema for calculating the absorbed dose from biologically distributed radionuclides, MIRD Pam-
phlet No. 1 Revised. The Society of Nuclear Medicine. 1976.
6. Agostini, D. et al. I-123-mIBG myocardial imaging for assessment of risk for a major cardiac event in heart failure patients: insights
from a retrospective European multicenter study. Eur. J. Nucl. Med. Mol. Imaging 35, 535-546 (2008).
7. Boening, G., Pretorius, P. H. & King, M. A. Study of relative quantification of Tc-99 m with partial volume effect and spillover
correction for SPECT oncology imaging. IEEE Trans. Nucl. Sci. 53, 1205-1212 (2006).
8. Hellman, R. S. et al. Alzheimer disease: Quantitative analysis of I-123-iodoamphetamine SPECT brain imaging. Radiology 172,
183-188 (1989).
9. Vija, A. H. et al. ROC study and SUV threshold using quantitative multi-modal SPECT for bone imaging. Eur. J. Hybrid Imaging
3,10 (2019).
10. Koizumi, M. et al. Evaluation of a computer-assisted diagnosis system, BONENAVI version 2, for bone scintigraphy in cancer
patients in a routine clinical setting. Ann. Nucl. Med. 29, 138-148 (2015).
11. Ogura, L et al. Quantitative SPECT/CT imaging for medication-related osteonecrosis of the jaw: A preliminary study using
volume-based parameters, comparison with chronic osteomyelitis. Ann. Nucl Med. 33, 776-782 (2019).
12. Dickson, J., Ross, J. & Voo, S. Quantitative SPECT: The time is now. EINMMI Phys. 6, 4 (2019).
13. Romain De Laroche, P. R, et al. Therapeutic response assessment of bone metastatic prostate carcinoma treated by abiraterone
using x-SPECT Quant®: preliminary results. J. Nucl. Med. 57, 1422 (2016).
14. van Gils, K., Brinks, P,, Lavalaye, J., Verberne, H. J. & Habraken, J. B. A. A method to measure the absorbed dose of the thyroid
during I-131 therapy, using a collar detector system and a SPECT acquisition. Med. Phys. 44, 5450-5456 (2017).
15. Minguez, P. et al. Whole-remnant and maximum-voxel SPECT/CT dosimetry in (131) **'I-Nal treatments of differentiated thyroid
cancer. Med. Phys. 43, 5279-5287 (2016).
16. Kong, S. H. et al. Star-shaped intense uptake of 1311 on whole body scans can reflect good therapeutic effects of low-dose radioac-
tive iodine treatment of 1.1 GBq. Endocrinol. Metab. 33, 228-235 (2018).
17. Team RdC. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing; (2012).

Acknowledgements
This study was supported by the Japan Society for the Promotion of Science (JSPS) KAKENHI Grant Numbers
18K15629 and 21K15763.

Author contributions
Y.I. and T.K. developed the theoretical formalism and Y. I carried out the experiment. M.I. and K.N. discussed
and interpretation the results. T.M. supervised this project. All authors contributed the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.I.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:21858 | https://doi.org/10.1038/s41598-021-01432-x nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
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