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Abstract: In nuclear medicine, obtaining information on the exact location, size, and dose of
radiopharmaceuticals distributed on lesions is critically important. Therefore, we have
fabricated a novel fiber-optic gamma endoscope (FOGE) to measure the shape and size of the
radioisotope as well as the gamma-ray distribution simultaneously. To evaluate the
performance of the novel FOGE, we obtained optical images and gamma images by using a
USAF 1951 target and radioisotope sources, respectively. The experimental results
demonstrated that the FOGE could be utilized to obtain both the location and the distribution
of the radioactive isotope that emitted gamma-rays. Based on the results of this study, use of a
flexible and thin FOGE would be valuable in nuclear medicine and nuclear safety
technologies given the advantages of accurate dose-monitoring. Especially, improvements
could be achieved in surgery technologies because the FOGE could be used in minimally
invasive radioguided surgery owing to its thin form and flexibility.
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1. Introduction

Recently, the minimally invasive approach has become widely used in the field of
radioguided surgery [1]. Minimally invasive radioguided surgery (MIRS) has been performed
by using imaging techniques such as methoxyisobutylisonitrile (MIBI, also called sestamibi)
scintigraphy, ultrasonography, computed tomography (CT)-scanning, magnetic resonance
imaging (MRI), and single-photon emission computed tomography (SPECT), which all have
contributed to the development of exploration approaches and enabled the accurate
identification of abnormal lesions preoperatively [2-4]. Along with these preoperative
imaging techniques, increasingly advanced gamma probes have been made available, thus
providing for the possibility of easy intraoperative identification of lesions [5, 6]. It is clear
that gamma-probe scanning is indispensable when surgical access areas are small [7]. During
MIRS, the gamma probe is used to measure radioactivity of radiopharmaceuticals distributed
over the whole lesion accurately, and once the lesion spot is confirmed, a small incision
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(usually around 2-2.5 cm) is performed [8, 9]. It has been reported that MIRS can reduce
costs and operative times, enable medical providers to carry out procedures with fewer
complications and smaller incisions, and produce comparable operative success rates [10].
However, MIRS requires more expensive high-end medical equipment and surgeons with
specialized training. Moreover, some operations may actually take longer because of the
various procedures involved [11]. Therefore, to make MIRS surgery safer and more
commercializable, it is necessary to develop an intraoperative gamma probe that is smaller
and easier to handle for the most experienced surgeon. Gamma probes used in hospitals
currently have several disadvantages when they are applied to MIRS. The commercialized
gamma probes are usually as large as 12 mm, and the smallest diameter of a commercial
gamma probe is 5 mm. To perform more effective MIRS, the development of smaller gamma
probes would be desirable [12]. Further, gamma probes currently in clinical use are
vulnerable to electromagnetic fields because scintillators sensing gamma-rays are directly
connected to photodiodes that convert data into electrical signals, and thus, they have a
disadvantage in that only a single type of radiation can be detected. In addition, gamma
probes typically have a spatial resolution that is not enough to accurately detect small lesions
distributed in the parathyroid lymph node and glands in MIRS [13]. Also, there is a further
disadvantage in that the setup requires electronic equipment with position-encoding circuits
[14-16].

Recently, a fiber-optic based radiation detector has been developed to overcome the
disadvantages of conventional gamma probes. Fiber-optic based detectors have the
advantages of miniaturization, high spatial resolution, long length of transmission, and no
interference of electromagnetic fields [17-21]. However, in spite of the various advantages of
fiber-optic-based radiation detectors, fiber-optic gamma probes developed thus far can only
be used to determine the presence and radioactivity of radionuclides by using the intensity of
light signals emitted from the scintillator [22-25]. Also, there were previous works to
demonstrate the feasibility of simultaneous endoscopic optical and gamma imaging system.
However their fusion imaging probe cannot be used in MIRS due to pretty big size of distal
end including a tungsten pinhole collimator [26, 27].

The purpose of this study is to fabricate a novel fiber-optic gamma endoscope (FOGE) for
obtaining both optical and gamma images that can be used in MIRS. The proposed FOGE is
based on a high-transparency and high-light-yielding scintillator that transmits the optical
images and produces scintillating lights referred to here as gamma images. Moreover, this
FOGE can be miniaturized and can detect the location of a radioisotope. We can obtain both
optical and gamma images with a very simple method in confined spaces such as small
incisions during MIRS when using this instrument. This novel FOGE is expected to provide
important information during the identification of lesions with small incisions and will be
easy to handle for experienced surgeons because it can be used in an examination with optical
images. The ability to obtain both optical and gamma images simultaneously with high
resolution and sensitivity during surgery also will enable the surgeons to visualize and find
lesions very easily and quickly.

2. Methods and materials

The novel FOGE system is comprised of UV filter film (#39-426, Edmunds Optics), an
imaging lens (ILW-2.00, GoFoton), a scintillator disc (Epic Crystal), a coherent image guide
(MCL-2000-2.4, Industrial Optics), a fiber-optic taper (#55-141, Edmunds Optics), an image
intensifier (BV 2538 BZ-V, Proxivision), and a complementary metal-oxide semiconductor
(CMOS) camera module (U1-1480SE-C-HQ, iDS).
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Fig. 1. (a) Experimental setup of the FOGE and (b) inner structure of the distal-end of the
FOGE.

Figure 1(a) shows the experimental setup of the fabricated FOGE, whose outer diameter
and length are 2.0 and 300 mm, respectively. To obtain gamma and optical images, a
transparent and thin scintillator disc and an optical imaging lens with arraying in a line are
employed as the main elements at the distal end of the FOGE. The imaging lens is commonly
used as an objective lens for small-diameter imaging systems, where conventional lenses are
not suitable, owing to size limitations. The diameter and pitch of the lens used in this study
are 2.0 mm and 0.23, respectively.

As a scintillator disc, cerium-doped lutetium yttrium orthosilicate (LY SO:Ce) crystal with
a thickness of 1 mm and diameter of 2 mm is used to transmit the optical image and to
produce the scintillating lights, owing to its high transparency and light yield [28]. In
addition, this small LYSO:Ce disc should be moved forward or backward to focus the gamma
image and the optical image. As shown in Fig. 1(b), the tip of the FOGE is covered by three
sheets of UV filter film to prevent the excitation of LYSO:Ce by UV light and these films are
attached to the LYSO:Ce disc using an optical epoxy and index matching oil. Finally, the
optical image can be acquired by using an imaging lens, and it is transmitted to a fiber-optic
taper and a CCD camera module through a fiber-optic image guide. In general, a coherent
image guide is an assembly of micro-optical fibers, in which the individual optical fibers are
stacked in the same direction at both ends of the image guide. The coherent image guide used
in this endoscope has an outer diameter of 2.0 mm and consists of 13,000 polymethyl
methacrylate (PMMA) and fluorinated-polymer (FP)-based micro optical fibers with a
diameter of 8.7 um, and the refractive indices of the core and cladding of an individual optical
fiber are 1.49 and 1.40, respectively. The numerical aperture (NA) of an individual optical
fiber is about 0.5, and the spatial resolution of the coherent image guide is about 57.4 Ip/mm.
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A fiber-optic taper was also used as an image guide in this study to transmit a 2.27 times
magnified image from the outer surface of the coherent image guide to its output surface. The
diameter of the large end and the size of the small end of the taper were 27 mm and 6.4 x 4.8
mm?, respectively. The NA was approximately 1.00, and its spatial resolution was 102 lp/mm.
To reduce distortion and achieve high-contrast image quality for the fiber-optic taper, the
individual fiber was made with an extra-mural absorption (EMA) material that minimized
leaky rays. In addition, we also coated optical index matching oil on all optical interfaces of
the FOGE to reduce leaky rays.

As shown in Fig. 1(a), the gamma image is generated in the scintillating disc, and it is also
transmitted through the imaging lens, coherent image guide, and fiber-optic taper to the image
intensifier. The light intensity of the magnified scintillation image is intensified by the image
intensifier with a high spectral gain of 3.3 x 10° and high quantum efficiency. The phosphor
screen of the image intensifier is composed of terbium-doped gadolinium oxysulfide
(Gd20,S:Th), in which an amplified image with a light emission peak of 545 nm is
transmitted to the output window of the image intensifier. Furthermore, the image intensifier
has a spatial resolution of 28 Ip/mm owing to the fiber-optic plates at the input and output
windows, which can transmit a gamma image without any image distortion. The intensified
scintillation image is captured by the CMOS image sensor with a fixed focal length lens and a
2X extender over a certain period. Subsequently, video files containing the information on the
gamma images are converted to a red-green-blue (RGB) color image map by using the
MATLAB program (MATLAB, MathWorks).

3. Experimental setup and results

In this study, to evaluate the performance of the novel FOGE, we obtained optical images and
gamma images by using an USAF 1951 target and radioisotope sources, respectively. From
the optical images, we measured the spatial resolutions of this optical system in relation to the
groups and elements of a USAF 1951 target and through modulation transfer function (MTF)
calculations. From the gamma images, we also measured the gamma distribution images of
radioisotopes with different radioactivity.

Obtained optical images

from USAF 1951 target

Group 3 Group 0

(» GRIN lens
(0.23 pitch)

(2) Tmaging lens
(0.23 pitch)

(3 Imaging lens
(0.23 pitch)

+ LYSO:Ce disc

(1 mm thickness)

+ UV filter film

Fig. 2. Optical images from the USAF 1951 target according to the optical system.
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Figure 2 shows the groups and elements of a USAF 1951 target according to the
component of the optical system applied in the FOGE. As shown in Fig. 2-1, we can clearly
see the magnified group 3 of the USAF 1951 target when the graded-index (GRIN) lens with
a 0.23 pitch is arrayed in the FOGE. On the other hand, in Fig. 2-2, we cannot see the
magnified group 3 of the USAF 1951 target as much as with the GRIN lens when the imaging
lens with a 0.23 pitch is arrayed in the FOGE because the working distance of an imaging
lens is designed to be 0 mm. However, we could acquire optical images of the USAF 1951
target with a higher contrast and sharpness as shown in Fig. 3. Figure 3 shows measured MTF
curves when combining only one type of GRIN lens and imaging lens. Therefore, we
concluded that the imaging lens was suitable for our FOGE system. Incidentally, in Fig. 2-3,
the optical image through the FOGE was obtained with lower spatial resolution as compared
to when only one type of imaging lens was used. When an image is transmitted, a greater
number of optical interfaces create more crosstalk and leaky rays, reducing the contrast and
resolution.

The MTF can be used to evaluate the spatial resolution and contrast of a fiber-optic
imaging system. The MTF curve of the imaging system was calculated from the Fourier
transform of the line spread function (LSF), which is the derivative of the edge response
function (ERF). Through Fig. 4, which shows the comparison of the MTF curves when
combining only one type of imaging lens and the additional optical elements combined in the
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FOGE, we can discern the rate of decline of the spatial resolution. The reason for these trends
is that the MTF is a parameter that determines the overall performance of the entire imaging
system and there is interference of the light and leaky rays between the optical interfaces
when the scintillator disc and UV filter film are combined.
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Fig. 5. (a) The intensities of the scintillating light and (b) SNR as a function of the control
voltage of the image intensifier.

Figure 5(a) shows the intensities of the scintillating light emitted from the LYSO:Ce in
FOGE as functions of the control voltages applied to the image intensifier. As shown in Fig.
5(b), the spectral gain and signal-to-noise ratio (SNR) of the image intensifier increase as the
control voltage increases. However, the control voltage depends on the energy and
radioactivity of the radioisotope to be measured. Therefore, we can obtain the optimal gamma
images with a proper control voltage for the image intensifier, which can enhance the image
quality of the FOGE.
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Fig. 6. Gamma images according to the location of the radioisotope.

Figure 6 shows the gamma images and gamma distributions according to the location of
Cs-137 with 5 pCi of radioactivity when using the FOGE. We can see that the position of the
gamma distribution is slightly shifted when the source is moved 1 mm from the probe, either
to the left or to the right.
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Figure 7 shows the variation of the gamma images, intensity of the scintillating light, and
dose equivalent according to the radioactivity of the radioisotope. The radioisotope Cs-137
with radioactivities of 0.25, 0.5, 1, and 5 puCi was used. The gamma-ray distribution of Cs-
137 with a low level radioactivity of 0.25 puCi was measured, and it was confirmed that the
FOGE has high sensitivity in gamma imaging. To obtain the plots in Fig. 7(b), we assigned a
region of interest (ROI) in the gamma images after superimposing real-time images and
converting them into an RGB scale to analyze the intensity of the scintillating light. The
circular ROI is assigned to the field of view of the FOGE with pixels of 62.5 pm in size.
Figure 7(c) shows the dose equivalent of Cs-137 according to the radioactivity measured by
using a commercial survey meter (X5C plus, GRAETZ StrahlungsmeRtechnik GmbH). Based
on Figs. 7(b), (c), the light intensity and dose equivalent according to the radioisotope have a
linear relationship. Thus, the novel FOGE in this study has a linear response that can facilitate
the dose measuring of gamma-rays from the gamma imaging. Accordingly, we derived the
equation, as shown below, that can be used to convert the data on the light intensity of the
scintillation signal to dose equivalents by using the gamma images acquired through the
FOGE.

10.711 —9870.23
D[4SV, ):—+0.476 1
( 4 16637 @)

where | is the intensity of the scintillating light emitted from the LYSO:Ce disc in the FOGE,
and D is the dose equivalent. According to the above equation, even if a very short half-life
isotope such as Tc-99m (6 h) is used in treatment or diagnosis during nuclear medicine
applications, the dose equivalent for the patient can be calculated by using the FOGE in real
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Fig. 8. (a) Gamma images and (b) intensity of the scintillating light and MCNPX results as a
function of the distance between the radioisotope and the FOGE.

Figure 8(a) shows gamma images taken when the distance between the Cs-137
radioisotope with a 5 uCi of radioactivity and the FOGE is changed when the control voltage
of the image intensifier is set to 5V. As the distance between the tip of the FOGE and the
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surface of Cs-137 increases, the intensity of the scintillation image is reduced and the blurring
of the scintillation image is increased due to the gamma-rays emitted from the radioisotope,
which traveled in all directions and attenuated in air. When the distance is greater than 20
mm, it is almost the same as the background gamma image. It can be seen that the gamma-ray
is barely incident on the FOGE.

Figure 8(b) shows the variation in intensity of the scintillation signal and Monte Carlo N-
particle transport code (MCNPX) results according to the distance between the Cs-137 with a
radioactivity of 5 pCi and the tip of the FOGE. According to the results, the intensity of the
scintillation signal decreases in inverse proportion to the square of the distance. It has an
intensity of about 60% when the distance is 1 mm, but at a distance of 20 mm from the
source, the measured intensity of scintillating light is almost zero. However, if the energy and
radioactivity of the radiation source to be measured are large, and the diameter of the
scintillator used in the FOGE becomes large, the measurable distance will increase [29].

4. Conclusion

In this study, we proposed a new type of surgical probe for MIRS that could yield various
advantages such as reduced costs and operative times, limited dissections with fewer
complications and smaller incisions, and comparable operative success rates. We fabricated a
novel FOGE by using UV filter film, a scintillator disc, an imaging lens, a fiber-optic image
guide, a fiber-optic taper, an image intensifier, and a CMOS (complementary metal-oxide
semiconductor) camera module, and this setup can measure not only the shape and size of the
radioisotope but also the gamma-ray distribution simultaneously. Our proposed FOGE can be
used to find exact location of the tumor or tumor remnant using optical and gamma images by
changing final optical device such a CMOS camera and an image intensifier, respectively.
Further, we obtained optical images of a USAF 1951 target and gamma images of Cs-137
radioisotopes. To evaluate the spatial resolutions of the FOGE system, MTFs were calculated
based on the LSFs and ERFs of the optical images. The numeric value of the light intensity
and dose equivalent were also calculated based on the gamma images, which reveal the
distribution and intensity of the radioisotope. Finally, we were able to obtain the optical and
gamma images with a very simple method by using the novel FOGE system. The proposed
novel FOGE has a diameter of 2 mm, which is smaller than the minimum diameter of 5 mm
of currently used gamma probes, and the new probe is flexible. We expect that it will be easy
to make available and will allow for easy and accurate intraoperative identifications of
radiopharmaceuticals distributed over whole abnormal lesions when a small surgical access
area is made in minimally invasive approaches such as MIRS. In addition, since the novel
FOGE can be used to measure optical images and scintillation images simultaneously during
MIRS, it should be easy to operate by surgeons who have experience in radioguided surgery
with the exploration method. In summary, the new endoscope has the potential to make MIRS
surgery safer and more readily commercialized.

Further studies will be carried out to obtain a more enhanced field of vision and
information on other gamma images by using a wide-angle lens and compact collimators.
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