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Abstract This work aims to determine the relationship
between Cerenkov photon emission and radiation dose
from internal radionuclide irradiation. Water and thyroid
phantoms were used to simulate the distribution of Ceren-
kov photon emission and dose deposition through Monte
Carlo method. The relationship between Cerenkov photon
emission and dose deposition was quantitatively analyzed.
A neck phantom was also used to verify Cerenkov photon
detection for thyroid radionuclide therapy. Results show that
Cerenkov photon emission and dose deposition exhibit the
same distribution pattern in water phantom, and this relative
distribution relationship also existed in the thyroid phantom.
Moreover, Cerenkov photon emission exhibits a specific
quantitative relation to dose deposition. For thyroid radio-
nuclide therapy, only a part of Cerenkov photon produced
by thyroid could penetrate the body for detection; therefore,
the use of Cerenkov radiation for measurement of radio-
nuclide therapy dose may be more suitable for superficial
tumors. This study demonstrated that Cerenkov radiation
has the potential to be used for measuring radiation dose for
radionuclide therapy.
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Introduction

Radionuclide therapy is firmly established as an effective
treatment modality, which is expanding via the introduction
of new radionuclides, new carrier molecules, and combina-
tion with other therapies. In radionuclide therapy, killing
malignant cells to treat a disease is difficult when the dose
administered to the target area is insufficient. Moreover,
normal tissues and organs adjacent to the target area may
suffer from radiation hazards if the target area is overdosed.
These adverse consequences due to dose differences can be
resolved by dosimetry methods.

Three dosimetry methods are used for radionuclide ther-
apy, including Medical Internal Radiation Dose (MIRD)
dosimetry [1], dose-point kernel convolution dosimetry [2],
and patient-specific Monte Carlo method [3]. MIRD method
estimates the average absorbed dose for the organ or tumor
in the region of interest. The two other methods can produce
a detailed absorbed dose distributions, the underlying pro-
cesses are complex and time consuming [4, 5].

However, there is currently no efficient method to directly
measure the radiation dose during treatment for both pur-
poses of quality assurance and treatment optimization.

Cerenkov radiation are photons emitted by charged par-
ticles transported in a dielectric medium at a speed greater
than the phase velocity of light in that medium. In recent
years, Cerenkov radiation has been researched extensively
for potential applications in life sciences and engineering. A
number of articles have introduced its potential application
in accelerator beam monitoring [6], external radiotherapy
dosimetry [7-9], and molecular imaging [10—13]. However,
studies on the relationship between Cerenkov photon emis-
sion and the radiation dose from internal radionuclide are
limited. Cerenkov radiation as a potential dosimetry method
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for radionuclide therapy has the advantage of low cost and
easy operation compared with the traditional method [14].
In this study, three different radionuclides ('*'I, **P, and
0Y) were selected to determine the relationship between
the Cerenkov photon emission and dose deposition, and
the Geant4 Monte Carlo toolkit was used to perform Monte
Carlo simulations of treatment and radiation transportation.
The water phantom was used to quantitatively analyze the
relationship between the Cerenkov photon emission and
dose deposition under different radionuclide distributions.
Moreover, a complex distribution of radionuclide in thy-
roid was also studied based on a hybrid human phantom to
determine the potential influencing factors for a patient case.

Materials and methods
Cerenkov radiation

The Cerenkov effect is a well-known phenomenon that
occurs when a charged particle travels through a medium
with a velocity greater than the speed of light in the medium.
The charged particle can come from outside the medium but
can also be generated within the medium, such as radionu-
clide decay, y-ray, and other uncharged particles produce
secondary charged particles in the medium.

The threshold energy of a charged particle with rest mass
my to generate Cerenkov radiation in a medium is given by

n
ET = m0C2 m -1

where n and ¢ represent the refractive index of the medium
and the speed of light, respectively. For example, the thresh-
old energies of an electron to generate Cerenkov radiation
in water (n=1.33) and muscle (n=1.4) are 0.263 and
0.219 MeV, respectively. Therefore, most of the beta plus
and minus emitted by radionuclides commonly used in
molecular imaging, diagnosis, and treatment have end point
energies greater than the Cerenkov threshold in the tissues.

Virtual water phantom

Geant4 toolkit (version 4.10.1.p01) [15, 16] was employed
to simulate particle transport and analyze the relationship
between Cerenkov photon emission and internal dose in
radionuclide therapy. The standard low-energy electro-
magnetic physical process and the optical physical process
were used, and the cut-off value was set to 0.01 mm. For
each simulation, the number of radionuclide decays was
set to 1x 10°. Three representative radionuclides ('*'I, 3?P,
and *°Y), which emit beta-minus particles with 0.6, 1.7,
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Fig. 1 Geometric setup for water phantom
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Fig. 2 Distribution of radionuclide activity in water phantom

and 2.2 MeV end-point energy, for nuclear medicine were
selected in this study. A 5x5x5 cm® cubic phantom was
constructed, and a sphere with a radius of 1.5 cm containing
radionuclide was embedded in the center. Water was chosen
as the tissue equivalent material in both of the two geometric
models, as shown in Fig. 1. The Cerenkov photon emission
and dose deposition along the radial direction of the sphere
were tallied.

Ideally, radionuclides are uniformly distributed when the
therapeutic radionuclides are injected into the tumor. How-
ever, the diffusion rate of radionuclides within the tumor
varies depending on the type of the tumor. Therefore, two
different distributions of radionuclide were assumed; as
illustrated in Fig. 2, the black and red curves respectively
represent the radionuclide activity distribution in the sphere
when the radionuclide was diffused at a slow rate and a fast
rate.
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Neck voxel phantom

To simulate the distribution of radionuclide in lesions more
realistically, a neck voxel phantom with optical properties
was established based on the 30-year-old CHRP-Female
[17]. The voxel resolution was 0.2x 0.2 0.2 mm?>, as shown
in Fig. 3. The compositions of this organ were from ICRU-
46 and ICRP-89 [18, 19]. The distance from the skin surface
to the thyroid was approximately 1 cm. Optical properties,
such as scattering and attenuation coefficients, obtained from
the literature were applied to each tissue and organ. Optical
characterization of the soft tissue, skin, and the muscle can
be found in the study of Bashkatov [20, 21]. Given that the
thyroid has a similar density to the muscles, the thyroid is
assumed to have the same optical properties as the muscles.
A constant refractive index of n=1.4 was assumed for all
wavelengths due to lack of available date for all voxels of
the phantom [22, 23].

To obtain an ideal treatment effect to thyroid disease, the
ideal condition of radionuclides '3'I should be uniformly
distributed in the thyroid so that each part would get the
same radiation dose. However, iodine absorption varies in
different parts of the thyroid gland, generating the high-
radioactivity region and low-radioactivity region of iodine.
To simulate the distribution of '*'T in the high and low-con-
centration regions in the thyroid, a radioactive “cold area”
and “hot area” were set up in the lower part of the right lobe

Detector

Fig. 3 Demonstration of the detection of Cerenkov photons outside
of the neck phantom using a virtual two-dimensional detector array
(red grids)

and the upper part of the left lobe respectively, as illustrated
in Fig. 4.

The detection of Cerenkov radiation in the treatment of
thyroid diseases with radionuclide was also studied. A detec-
tor array with a length of 15X 15 cm? was set up outside the
neck to record the Cerenkov photons from the thyroid, and
the distance from the skin surface to the array was approxi-
mately 3 mm, as shown in Fig. 3.

Results

Cerenkov photon emission and dose deposition
for uniformly distributed radionuclides in the water
phantom

The relationship between Cerenkov photon emission and
dose in the radial direction is plotted in Fig. 5a—c for 'I,
32p, and °°Y uniformly distributed in the water phantom.
The Cerenkov photon emission and dose were normalized
to their maximum values. As shown in the curves, the rela-
tive Cerenkov photon emission was consistent with the cor-
responding dose values for 1317 32p and ?°Y. For the radius
larger than 1.5 cm, the Cerenkov photon emission and dose
decreased rapidly, and the differences between Cerenkov
photon emission and dose appeared at the edge of radio-
nuclide concentrated region. The differences between the
Cerenkov photon emission and dose are less than 1.1, 2.3,
and 2.1% for ®'1, 32P, and *°Y, respectively.

The radionuclide *°Y was selected to explore the two-
dimensional distribution of the Cerenkov photon emission
and the dose in water phantom, as shown in Fig. 6a, b. The
distributions of Cerenkov photon emission and the dose were
similar to each other, and clear dose outlines appeared along
the border of the *°Y concentrated region. In the central
region of the sphere, uniform distributions were observed
for Cerenkov photon emission and the dose.

“Hot area”

“Cold area” <~

Fig. 4 The thyroid phantom contains a “cold area” and “hot area”
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Fig. 5 Relative Cerenkov photon emission and dose deposition for 31T (a), 3P (b), and *°Y (c)
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Fig. 6 Two-dimensional distribution of Cerenkov photon emission (a) and dose deposition (b) produced by *°Y
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Fig. 7 Relative Cerenkov photon emission and dose deposition for '3'I (a), *?P (b), and *°Y (¢) with a slow diffusion rate. Relative Cerenkov
photon emission and dose deposition for BI1 (d), P (e), and *°Y (f) with a fast diffusion rate
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Cerenkov photon emission and dose deposition
for nonuniformly distributed radionuclides in the water
phantom

Figure 7a—c show the relative Cerenkov photon emission
and dose curves in the radial direction produced by three
radionuclides 3'1, 32P, and *°Y with a slow diffusion rate,
and Fig. 7d—f present the result with a fast diffusion rate.
The black curve in each figure represents the relative dis-
tribution of radionuclide activity in the radial direction.
The Cerenkov photon emission and dose were normalized
to their maximum values for all cases. The results show
that the Cerenkov photon emission and dose have the same
trend in these two distributions for these radionuclides. For
1317 32p and °°Y, the differences between the Cerenkov
photon emission and dose are less 0.3, 3.5, and 4.0% for
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the slow diffusion rate; and 0.1, 0.9, and 1.2% for the fast
diffusion rate.

Based on the distribution of the two radionuclide activ-
ity mentioned above, the radionuclide Y was selected to
explore the two-dimensional distribution of Cerenkov pho-
ton emission and dose. The two-dimensional distribution of
the Cerenkov photon emission and dose with a slow diffu-
sion rate can be seen in Fig. 8a—b, and Fig. 8c—d show the
results with a fast diffusion rate.

Quantitative relationship between the Cerenkov photon
emission and dose deposition

The relationship between the Cerenkov photon emission
(i.e., No) and dose deposition (i.e., Dose) within the irradi-
ated medium, can be defined as the total number of photons

(b) Dose

X (cm)

Dose

-2 -1 0 1 2
X (cm)

Fig. 8 Two-dimensional distribution of Cerenkov photon emission (a) and dose deposition (b) produced by *°Y with a slow diffusion rate. Two-
dimensional distribution of Cerenkov photon emission (c¢) and dose deposition (d) produced by 90y with a fast diffusion rate

@ Springer



Australas Phys Eng Sci Med

(oo}

N W~ 00 OO N

N,/Dose (photons/mm°/Gy)

Radius (cm)

Fig. 9 R values in the radial direction produced by '*'I, 3P, and *°Y
with uniform distribution

emitted by the Cerenkov effect at any given spatial location
to the amount of dose deposited at that same spatial location,
R=N,/Dose [7].

When the three kinds of radionuclide (1311, 32p and QOY)
were uniformly distributed in the water phantom, the rela-
tionship between the Cerenkov photon emission and dose
deposition in the radial direction was shown in Fig. 9. The
R values almost kept as the constants in the radionuclide-
concentrated regions, where radius is smaller than 1.5 cm.
The R values for *'I, 3P, and *°Y were approximate to
4.1x 107 (photons/mm>/Gy), 4.3 x 10% (photons/mm?*/Gy),
and 5.7 x 10® (photons/mm?/Gy), respectively. However,

—_
Q
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Radius (cm)

the R values gradually decrease for outside the radionu-
clide-concentrated regions.

Considering the radionuclide distributed in the water
phantom with a slow and fast diffusion rate. Figure 10
shows the relationships between the Cerenkov photon
emission and dose deposition in the radial direction for
the considered three kinds of radionuclide (13 I, 32p, and
90Y). Figure 10a, b show that whether the diffusion rate
is slow or fast, the R values were approximately 4.1 x 10’
(photons/mm®/Gy), 4.3 x 10® (photons/mm?/Gy), and
5.7 % 10® (photons/mm?*/Gy) for *'T, *?P, and *°Y in the
radionuclide-concentrated regions, which was same as the
relationship for the case of uniform distribution. In addi-
tion, the R values also gradually decreased outside the
radionuclide-concentrated.

Distribution of Cerenkov photon emission and dose
deposition in thyroid phantom

Figure 11a, b show the two-dimensional distribution of
Cerenkov photon emission and absorbed dose at the trans-
verse plane in the case of nuclide uniformly distributed in
the thyroid. It is evident that the Cerenkov photons and
the dose have similar two-dimensional distribution in the
thyroid phantom, and both were uniformly distributed.

Figure 12a, b show the two-dimensional distribution
of Cerenkov photon emission and dose at the transverse
plane in the “cold area”, and Fig. 12c, d show the results
in the “hot area”. The Cerenkov photon emission and the
dose have the similar two-dimensional distribution in the
“cold area” and “hot area”.
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Fig. 10 R values in the radial direction produced by '*'I, 32P, and *°Y with a slow diffusion rate (a). R values in the radial direction produced by

1311 32p and *°Y with a fast diffusion rate (b)
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Fig. 11 Two-dimensional distribution of Cerenkov photon emission (a) and dose deposition (b) at the transverse plane in thyroid phantom

Simulation of the detection of Cerenkov radiation

Based on the human neck phantom, the relative intensity
distribution of Cerenkov photons in vitro when radionuclide
iodine is uniformly distributed in the thyroid phantom is
shown in Fig. 13. The results show that the relative intensity
distribution of Cerenkov photons can roughly reflect the pro-
file of the thyroid, and the intensity of the Cerenkov photons
in the central area of the thyroid was higher than at the edge.

Discussion

Radionuclide therapy is a promising method for treating
malignant tumors. However, there is not an effective method
for monitoring the radiation dose inside the tumor for radio-
nuclide therapy. This study presents a novel dose monitor-
ing method through detecting the Cerenkov photons emitted
from the tumor during radionuclide therapy. The relationship
between Cerenkov photon emission and absorbed dose from
internal radionuclide was theoretically studied by Monte
Carlo simulation. To some extent, the results of this study
can serve as a fundamental basis for future research on real-
time tumor dose monitoring in radionuclide therapy.

As illustrated in Figs. S5a—c and 7a—f, there is a good
agreement between the Cerenkov photon emission and dose.
As shown in Fig. 7a—f, compared with the distribution of
radioactivity, the trend of the Cerenkov photon emission and
the dose in the radial direction is similar to that of radio-
activity, but the changing rate is different. The difference
increases with increasing electron mean energies of the
p-emitting radionuclides. This can be attributed to the larger

@ Springer

mean energy of electrons that results in longer electron
ranges compared to the smaller mean energy of electrons,
and therefore, more electrons fled from high-concentration
regions to low-concentration regions and deposited part of
their energies in low-concentration regions.

Quantitative analysis of the relationship between Ceren-
kov photon emission and dose is critical to realize further
application of Cerenkov radiation-based measurement of
radionuclide therapy does in clinical practice. According to
the study of Glaser [7], in order for a Cerenkov radiation
based optical dosimetry method to be successful, R ideally
is expected to be constant. As shown in Figs. 9 and 10, the
relationship between the number of Cerenkov photon emis-
sion and dose in the radial direction is almost constant in
the radionuclide-concentrated regions regardless of whether
the radionuclide is uniformly or non-uniformly distributed.
The values were approximately 4.1 x 107 (photons/mm?/
Gy), 4.3x10® (photons/mm*/Gy), and 5.7 x 10% (photons/
mm?®/Gy) for 1, P, and *°Y, respectively. For the same
mean energy of the electron, the number of Cerenkov pho-
tons emitted is proportional to the locally deposited dose
[24]; therefore, the R values remains unchanged for the same
electron mean energies of the f-emitting radionuclides and
was not related to the distribution. However, the R values
gradually decreased outside the radionuclide-concentrated
regions. This is due to the mean energy of electrons decreas-
ing with increasing radius, and therefore, the number of elec-
tron with energies below the threshold for Cerenkov photon
emission increased. They still deposited dose but did not
contribute to the Cerenkov photon emission. As a result,
the R value gradually decreases outside the radionuclide-
concentrated regions in the radial direction.
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Fig. 12 Two-dimensional distribution of Cerenkov photon emission (a) and dose deposition (b) at the transverse plane in the “cold area”. Two-
dimensional distribution of Cerenkov photon emission (c) and dose deposition (d) at the transverse plane in the “hot area”

To explore the capability of the Cerenkov photon emis-
sion to accurately reflect the true dose distribution, a thyroid
phantom was used to analyze the distribution of Cerenkov
photon and dose. As shown in Fig. 12a—d, with existing “hot
area” and “cold area” regions in the thyroid, the distribution
of Cerenkov photon emission and the dose remains corre-
lated. The dark and light spots in the distribution of Ceren-
kov photons are correlated to the location and size of the
“cold area” and “hot area” of dose.

To detect the Cerenkov radiation, as a potential means
of measuring dose (e.g., using an external CCD cam-
era), the externally detected 2D distribution of Cerenkov

photons can roughly reflect the profile of the thyroid
(Fig. 13). Given that the Cerenkov photon produced in
the deep tissue had difficulty to penetrate the tissue and
skin, this part of photons was hard to detect. Therefore,
the use of Cerenkov radiation for radionuclide therapy
dose measurement might be more suitable for superficial
tumors.

Given that there are numerous studies on Cerenkov
dosimetry for external radiation therapy [25-28], the
developed technology could be translated to internal radia-
tion therapy based on our result. However, certainly more
efforts are warranted for experimental studies (e.g., detec-
tion efficiency, resolution, clinical implementation, etc).
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Fig. 13 Detection of Cerenkov photon in thyroid radionuclide ther-
apy

Conclusion

In this study, we studied a potential method of measur-
ing internal radiation dose with Cerenkov radiation. The
results revealed the relationship and physical mechanism
between the Cerenkov photon emission and dose in radio-
nuclide therapy.

These theoretical simulations and the analytical inter-
pretation of this method are useful for demonstrating the
feasibility of using the Cerenkov radiation for measuring
the internal dose for radionuclide therapy. However, the
actual distribution of radionuclide was influenced by the
tissue or organ absorption capacity and human metabo-
lism, resulting in a complex distribution of radionuclide.
Therefore, exploring the relationship between the Cerenkov
photon emission and dose in complex and actual conditions
is warranted.
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