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Background: Cherenkov imaging can be used to visualize the placement of
the beam directly on the patient’s surface tissue and evaluate the accuracy of
treatment planning. However, Cherenkov emission intensity is lower than ambi-
ent light. At present, time gating is the only way to realize Cherenkov imaging
with ambient light.

Purpose: This study proposes preparing a novel carbon quantum dot (cQD)
sheeting to adjust the wavelength of Cherenkov emission to obtain the optimal
wavelength meeting the sensitive detection region of the camera, meanwhile
the total optical signal is also increased. By combining a specific filter, this
approach might help in using lower-cost camera systems without intensifier-
coupled to accomplish in vivo monitoring of the surface beam profile on patients
with ambient light.

Methods: The cQD sheetings were prepared by spin coating and UV curing with
different concentrations. All experiments were performed on the Varian Vital-
Beam system and optical emission was captured using an electron multiplying
charge-coupled device (EMCCD) camera. To quantify the optical characteris-
tics and certify the improvement of light intensity as well as signal-to-noise ratio
(SNR) of cQD sheeting, the first part of the study was carried out on solid water
with 6 and 10 MV photon beams. The second part was carried out on an anthro-
pomorphic phantom to explore the applicability of sheeting when using different
radiotherapy materials and the imaging effect of sheeting with the impact of
ambient light sources. Additionally, thanks to the narrow emission spectrum of
the cQD, a band-pass filter was tested to reduce the effect from environmental
lights.

Results: The experimental results show that the optical intensity collected with
sheeting has an excellent linear relationship (R? > 0.99) with the dose for 6
and 10 MV photons. The full-width half maximum (FWHM) in x and y axis
matched with the measured EBT film image, with accuracy in the range of
+1.2 and +2.7 mm standard deviation, respectively. CQD sheeting can signifi-
cantly improve the light intensity and SNR of optical images. Using 0.1 mg/mi
sheeting as an example, the signal intensity is increased by 209%, and the SNR
is increased by 147.71% at 6 MV photons. The imaging on the anthropomorphic
phantom verified that cQD sheeting could be applied to different radiotherapy
materials. The average optical intensity increased by about 69.25%, 63.72%,
and 61.78%, respectively, after adding cQD sheeting to bolus, mask sample and
the combination of bolus and mask. Corresponding SNR is improved by about
62.78%,56.77%,and 68.80%, respectively. Through the sheeting, optical images
with SNR > 5 can be obtained in the presence of ambient light and it can be
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1 | INTRODUCTION

As one of the three main approaches to treating malig-
nant tumors, radiotherapy has the advantages of broad
applicability, flexibility, and the ability to preserve organ
function."? The outcome of radiotherapy depends on
the accuracy of radiation dose delivery. However, due to
patient movement, anatomical variations and uncertain-
ties of treatment delivery parameters, erroneous dose
can be delivered which can result in patient injury>
TLD and OSLD have been widely used in point dose
measurement, however, they do not have online ver-
ification capacity due to the need for time-intensive
readout processing.*° Electronic portal imaging device
(EPID) has also made great advancement in recent
years. This technique allows real-time monitoring of
radiation fluence and new techniques have been devel-
oped to reconstruct the dose delivered to a patient at
each fraction® The dosimetry systems based on EPID
have difficulties in obtaining surface dose information
and it has a large amount of patient scatters during mea-
surement. Nowadays, with the extensive application of
Cherenkov light, real-time beam visualization is devel-
oping rapidly, it can be used to evaluate the accuracy
irradiation position.

Cherenkov photons with a spectrum of 300—800 nm
can be emitted when a charged particle traverses a
dielectric medium faster than the phase velocity of light
in the given medium.” Previous studies have indicated
that the Cherenkov signal intensity is linearly correlated
with the dose delivered to the medium?-'° Based on
this relationship, some studies have been conducted
to evaluate the surface dose distribution on the skin
in breast treatment,'”'? head and neck treatment,'®
and total body electron treatment,'*"> as the verifica-
tion of the treatment plan. Compared with conventional
methods of dose measurement, this optical imaging
has the advantages of high spatial resolution, high sen-
sitivity, and fast imaging speed. However, the emitted
Cherenkov photons are scattered and absorbed by tis-
sues, especially for dark tissues with high absorption
coefficients, with the result that the Cherenkov signal is
difficult to be collected by CCD. For Cherenkov imag-
ing in radiotherapy, there have been studies on how to
improve the detection efficiency of Cherenkov emission

improved through combining with a band-pass filter. When red ambient lights
are on, the SNR is increased by about 98.85% after adding a specific filter.
Conclusion: Through a combination of cQD sheeting and corresponding filter,
light intensity and SNR of optical images can be increased significantly, and it
shed new light on the promotion of the clinical application of optical imaging to
visualize the beam in radiotherapy.

carbon quantum dot, Cherenkov, optical imaging, real-time beam visualization

to acquire high signal-to-noise ratio (SNR) and image
quality.'® Zhang et al. proposed a method to suppress
the influence of ambient light by gating the camera to
obtain images only during x-ray pulses and subtracting
the background image in between pulses.'” ' However,
in order to ensure that imaging cameras can collect
light only during a delivery of a radiation pulse by the
linac, intensified CMOS/CCD camera is usually used
for image acquisition. This greatly increases the cost of
the method. Meanwhile, although the time structure can
be utilized for background subtraction,’® however, this
may not be possible with continuous irradiation sources
such as those in Co-60 Gamma Knife or proton systems
based on isochronous cyclotron.

In this study, we propose a method to improve the
quality of optical imaging by using a novel carbon quan-
tum dots (cQD) sheeting to achieve optimal wavelength
meeting the sensitive detection region of the camera
and increase the total optical signal without using an
intensified camera system. With the use of cQD sheet-
ing, the optical emission is composed of three parts:
Cherenkov photons generated in the superficial surface
of the tissue, the fluorescence excited by the Cherenkov
photons, and the radioluminescence generated in cQD
(Figure 2a and b). The luminescence uniformity, stability,
and dose-response of the cQD sheeting are charac-
terized through optical imaging. Different radiotherapy
materials are used to observe the influence of cQD
sheeting on the quality of the detected signal. Consider-
ing the requirements of patients for the room light source
during the treatment, finally, LED with specific spectra
is used as ambient light sources to explore the optical
imaging effect of cQD sheeting under the existence of
ambient light, and the band-pass filter is used to reduce
the effect from the environmental lights.

2 | METHODS AND MATERIALS

21 | Preparation of the cQD sheeting

Carbon quantum dot is a carbon-based, zero-
dimensional material with excellent biocompatibility, and
its absorption spectra is consistent with the Cherenkov
emission spectra?® Absorption and emission spectra
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(a) Schematic diagram of cQD sheeting preparation process. (b) The Cherenkov spectrum (grey), the absorption spectra (blue),

and the luminescence emission spectra (orange) of the cQD sheeting, the shaded area is the wavelength-dependent relative camera sensitivity.

(c) Samples of cQD sheeting and schematic of its flexibility and thickness

of cQD has a minimal overlap, which results in reduced
optical blurring caused by re-absorption.

The mean diameter of cQDs (produced by Suzhou
Xingshuo Nanotechnology) used in this study is 10 nm.
The cQD solution and UV-curable adhesive (made by
Hefei Jingcheng Technology), which is liquid at room
temperature and pressure, are evenly mixed at a cer-
tain volume ratio at a temperature of 30°C in a magnetic
mixer. A substrate (polymethyl methacrylate) coated
with plastic sheeting is horizontally fixed on the tray
of a rotary coater through a vacuum pump. And then
the solution is dropped on the rotating plastic sheeting
through the dropper. Under the action of centrifugal force
generated by the rotation of the rotary coating machine,
the solution smoothly and evenly spreads on the surface
of plastic sheeting. Finally, the sheeting is solidified with
an ultraviolet lamp of 365—400 nm wavelength and an
irradiation intensity of 10 Mw/cm? for 40 s. Given the light
transmittance of sheeting, the cQD sheeting is prepared
with concentrations of 0, 0.05, and 0.1 mg/ml, respec-
tively. Among them, 0 mg/ml sheeting is the control group
which means cQD free and completely prepared by
UV curing adhesive. Figure 1a shows the schematic
diagram of the sheeting preparation process.

The absorption and emission spectra of the cQD
sheeting are measured by a fluorescence spectropho-
tometer (Cary Eclipse, Agilent Technologies G9800a,
Malaysia, measurement range 200—900 nm, 1 nm scan-
ning accuracy), as shown in Figure 1b. The thickness of

cQD sheeting is within the range of 222 + 5 um with
a diameter of 15 cm measured by a coating thick-
ness gauge (measurement range 0—1700 um, 1 um
measurement accuracy). CQD sheeting also has high
flexibility to ensure it can be fitted on the patient’s
surface (Figure 1c).

2.2 | Experimental radiation delivery

This study is performed on the VitalBeam system
(Varian Medical Systems). To quantify the optical char-
acteristics and certify the improvement of light intensity
as well as SNR of cQD sheeting, the first part of the
study is carried out on the solid water. The second
part is carried out on the anthropomorphous phan-
tom to explore the applicability of cQD sheeting when
using different radiotherapy materials and the imaging
effect of cQD sheeting with the impact of ambient light
sources. The diagram of the experiments is illustrated
in Figures 2e and f. To suppress the influence of ambi-
ent light on light detection, the indoor lighting is turned
off before image acquisition except in the research of
imaging effect with ambient light.

In the first part, the solid water is covered with a
2 mm layer of uniform, light colored skin-toned clay
(SuperSculpey Original) to mimic the optical properties
of skin. Ahmed et al. have validated the tissue-like optical
properties of the used modeling clay by measuring its
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FIGURE 2

Schematic of the luminescence emission without sheeting (a) and with the cQD sheeting (b). (c) Single-frame image of

luminescence from a broad solid water without sheeting. (d) Corresponding image with cQD sheeting on. (e, f) Photographs of solid water and

phantom imaging setup

absorption and scattering coefficients2' The absorption
and scattering coefficients of the clay (1, = 0.014 mm~',
Ws = 0.55 mm~"') match reasonable values of skin
and/or adipose human tissue. The gantry angle is set
as 0°, and the photon field is delivered using a field
size of 8x8 cm? and source-to-surface distance (SSD)
of 100 cm. Unless otherwise specified, the concen-
tration of cQD sheeting used is 0.1 mg/ml in this
part.

1. Luminescence uniformity and stability

100 MU is delivered with the static 6 MV and 10
MV, 200—600 MU/min beam to verify the luminescence

uniformity and stability of cQD sheeting. This process
is repeated three times, and the standard deviation is
quantified as measurement uncertainty.

2. Dose-response

To assess dose-response, the relationship between
the optical intensity and the delivered dose is evaluated
in solid water with cQD sheeting of concentrations of 0,
0.05,and 0.1 mg/ml. The dose rate is set to 600 MU/min
for delivered doses of 100, 200, 300, 400, and 500 MU
at 6 and 10 MV, respectively. Starting from 100 MU, the
monitor units are varied successively by +3%, +6%,
+9%, and +12% for solid water without sheeting and
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with 0.1 mg/ml cQD sheeting, respectively, to verify the
dose-response sensitivity of cQD sheeting.

3. Comparison of the optical profile and the dose
distribution

To verify the consistency between the optical profile
and the dose distribution, the EBT3 film is used to mea-
sure the 2D dose distribution in the solid water. The film
is placed on the surface of solid water, 100 MU is deliv-
ered with the static 6 MV, 600 MU/min beam, the optical
images w/ and w/o cQD sheeting are obtained under the
same conditions, respectively.

4. Analysis of the light intensity and the signal-to-noise
ratio

The dose rate dependence of the light intensity
and the SNR of cQD sheeting with different concen-
trations (i.e., 0, 0.05, and 0.1 mg/ml) is explored in
this section. A constant dose of 100 MU is deliv-
ered to solid water, and the dose rate is set to 200,
300, 400, 500, and 600 MU/min at 6 MV and 10 MV,
respectively.

For the second part, the physical anthropomorphic
phantom is used to represent the patient's geometry.
The gantry angle is set to 0°, the beam field is 6 x 8 cm?
at the isocenter, and SSD is 100 cm. The concentration
of cQD sheeting used is 0.1 mg/ml.

1. Imaging effect with different radiotherapy materials

To assess the effect of different radiotherapy mate-
rials on the optical signal, the cQD sheeting is placed
on a bolus, mask sample, and the combination of
bolus and mask respectively to observe the influence
of cQD sheeting on the quality of the detected signal.
Meanwhile, the dependence of optical properties is fur-
ther discussed by repeating the experiment with three
different color shades of Sculpey clay.

2. Imaging effect with ambient light

To suppress the influence of ambient light on light
detection, the indoor lighting is turned off before image
acquisition in the previous studies. In the section of
imaging effect with ambient light, to explore the optical
imaging effect of cQD sheeting under the existence of
ambient light, red LED is placed on the couch as envi-
ronment light source, as shown in Figure 10a and the
spectrum is shown in Figure 10d. In consideration of the
spectral separation, a 420 + 10 nm (emission peak of
cQD) band-pass filter (Limit Optics) is placed behind the
lens (6 mm thick and 24 mm diameter). The dose rate is
set to 600 MU/min for a delivered dose of 100 MU at 6
MV.

MEDICAL PHYSICS——22

2.3 | Image acquisition and processing
All images in this work are obtained using a tripod-
mounted EMCCD camera (Andor iXon ultra-888) with
a 40 mm /1.8 Canon lens. The sensitive detection spec-
tra of the camera as shown in Figure 1b. The relative
position between the camera and the beam direction
is shown in Figures 2e and f. By comparing SNR with
different exposure times, 0.5 s is determined as the opti-
mal exposure time. Background image with the same
exposure time is collected after each beam output, and
it is subtracted from each frame of images collected
during beam output. To eliminate the noise caused by
stray radiation, 7 x 7 median filtering is adopted on each
image. To account for pixel-by-pixel differences in light
response, dark-field and flat-field correction are used for
post-processing of all images.

In order to compare the optical profile and dose dis-
tribution, reference points are extracted to correct for
the skewed perspective angle of the camera, relative
to the plane of the imaged solider water. The reference
points are selected according to the four corners of solid
water, as performed in previous studies.?? Using the light
field method of calibrating pixel size, a scalable factor of
0.68 mm/pixel is determined >

3 | RESULTS

3.1 | Optical characteristics of cQD
sheeting

3.1.1 |
stability

Luminescence uniformity and

The luminescence uniformity is estimated by the per-
centage deviation of mean optical intensity in five
regions of interest (ROIs) (50 x 20 pixel) selected from
the middle of the radiation field. The analysis on the
uniformity of optical emission is used to verify the unifor-
mity of cQD distributed in sheet under our preparation
process. Two groups of dataat6 MV and 10 MV are ana-
lyzed, as shown in Figures 3a and b, respectively. With
the impact of underlying dose profile, the percentage
deviation of optical distribution is less than 3.3% within
the dose rate range of 200—600 MU/min, which can be
proved that the luminescence has good uniformity and
the distribution of cQD in the sheeting has suitable uni-
formity. Luminescence stability is assessed by selecting
the average optical intensity in the ROI (50 x 120 pix-
els) of 40 frames. As shown in Figure 3c, the standard
deviation of the counts per frame is 2.78 (the average
intensity is 46.44), and the standard deviation without
cQD sheeting is 1.895 (the average optical intensity is
22.973) at 6 MV. Similar results are obtained at 10 MV
as shown from Figures 3d.
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(a, b) Average value deviation for five chosen adjacent ROls of the solid water without sheeting (red) and with cQD sheeting on

(blue) at 6 and 10 MV, respectively. (c, d) Average intensity for a ROl chosen around the midpoint of the solid water without sheeting (red) and
with cQD sheeting on (blue) at 6 and 10 MV, respectively. The error bar represents the standard deviation of the data obtained from three
repeated experiments. The inset shows statistically significant difference in with vs without sheeting
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(a) Integrated intensities measured for with cQD sheeting of concentrations of 0 mg/ml (grey), 0.05 mg/ml (orange), 0.1 mg/ml

(red) and without sheeting (blue) as a function of the MU at 6 MV (full line) and 10 MV (dashed line), respectively. (b) Sensitivity of optical
intensity without sheeting (red) and with cQD sheeting on (blue) to small changes in accelerator output with the static 6 MV

3.1.2 | Dose-response

Figures 4a shows the dose-response of luminescence
when covered by cQD sheeting with concentrations
of 0, 0.05, and 0.1 mg/ml, and with no sheeting under
6 MV and 10 MV beam irradiation. The total optical
intensity collected has an excellent linear relationship
(R? > 0.99) with the dose for 6 MV and 10 MV photons.

As can be seen from Figure 4b, even for a change of
3% (3 MU) in dose output, optical counts also show a
high response sensitivity and linearity within the dose
change range of 3—12 MU, no matter with and without
the cQD sheets. The R? corresponding to the presence
and absence of cQD sheeting is 0.9998 and 0.9993 at
6 MV, respectively. The overlap of the two fitting lines
reflects the consistency of the response sensitivity of
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TABLE 1 Results of beam width measurements with vs without cQD sheeting

Nominal Optical width Optical

beam Film (without width (with Error without Error with
Direction size/lcm width/cm cQD)/cm cQD)/cm cQD/mm cQD/mm
X 8 8 7.91+ 0.25 8.07+ 0.05 0.9+ 25 0.7+ 0.5
Y 8 8 8.22+ 0.17 8.15+ 0.12 22+17 1.5+ 1.2

The number after + represent the standard deviation of the data obtained from three repeated experiments.

the two optical systems. This indicates that the addition
of sheeting changes the dose response of optical
intensity, but it still has the same response sensitivity as
that without sheeting.

3.1.3 | Comparison of the optical profile
and the dose distribution

The perspective transformation is applied to the optical
images captured with or without cQD sheeting, and the
transformed results are shown in Figures 5b and c. The
optical boundaries are determined by the full width at
half maximum (FWHM) of the optical image in the lateral
direction, as shown in Figures 5a. The irradiated EBT3
film is scanned by a film scanner (EPSON V850 pro) and
saved tiff image for analysis (Figure 5d), this location
is illustrated in Figure 5a. The results of measurements
are summarized numerically in Table 1, listing the width
from film measurement and Cherenkov emission anal-
ysis with versus without cQD sheeting. The calculation
results show that the optical width with or without cQD
sheeting is in good agreement with the film width. In
the x-direction, the average discrepancy without sheet-
ing between measured and field size is 0.9 mm, while
that with cQD sheeting this number is 0.7 mm. In the y-

direction, corresponding average discrepancy is 2.2 and
1.5 mm, respectively.

3.1.4 | Analysis of the light intensity and
the SNR

To quantify the improvement of image quality after
adding cQD sheeting, we choose light intensity and SNR
for quantitative analysis. SNR is defined as

OPT (i, j)— #BKG)
OBKG

SNR = mean< )

where OPT(j, j) is the count of pixels (i, j) in the lumi-
nescence region ROIlgpt, while ugkg and ogkg are the
mean count and standard deviation of ROlgkg in the
background area, respectively. The selection of ROIlgpt
and ROlgkg is shown in Figure 6a. The mean OPT(j,j) of
ROlgpt is defined by the light intensity of the lumines-
cence area to analyze the improvement of SNR through
cQD sheeting. Figures 6b and c show the change of
SNR accumulated by 1-12 frames of images at 6 and 10
MV, respectively. The SNR is increasing with the increase
of cumulative frames (i.e., exposure time). Single-frame
images of luminescence from solid water without
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sheeting and with cQD sheeting is shown in Figure 2c
and d. At 6 MV, the SNR accumulated by 12 frames of
images with cQD sheeting is about 2.1 times higher than
without sheeting,and approximately 2.23 times at 10 MV.

The changes in light intensity of sheeting with differ-
ent concentrations sheeting are shown in Figures 7a
and b. All of them seem to have a good dose-rate stabil-
ity with or without cQD sheeting. There is no statistically
significant difference in light intensity between different

dose rates through the use of two-sample t-test. For
0.05 mg/ml, the percentage deviations of light inten-
sity for dose rates varying from 100 to 600 MU/min at
6 MV and 10 MV are less than 11.67% and 5.83%,
respectively, which are 9.29% and 5.79%, respectively,
for 0.1 mg/ml. The changes in SNR of sheeting with dif-
ferent concentrations and without sheeting are shown
in Figures 7c and d. For 0.05 mg/ml, the SNR increases
by 19.64%~41.85% and 33.92%~38.51% for dose rates
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FIGURE 8 The top row (a-d) shows images for tissue-colored clay, transparent bolus, mask samples, and the combination of bolus and
mask from treatment with cQD sheeting. The bottom row (e-f) shows images from treatment without sheeting

TABLE 2 Integrated intensity and SNR values for different radiotherapy materials with versus without cQD sheeting

Integrated intensity SNR
Attachment of phantom ‘s,\::ttezctmt With sheet Delta (%) \é\":;':t’lﬂ With sheet Delta (%)
Tissue-colored clay 8.56 23.52 174.77 6.96 17.87 156.75
Bolus 126.78 214.57 69.25 82.86 134.87 62.77
Mask 101.74 166.58 63.73 53.13 83.29 56.77
Bolus+ mask 194.81 315.16 61.78 97.6 164.74 68.79

The integrate intensity is units of pixel counts.

varying from 200 to 600 MU/min at 6 and 10 MV,
respectively.

3.2 | Imaging effects on the
anthropomorphic phantom

3.2.1 | Imaging effects with different
radiotherapy materials

The optical distribution image of each material is shown
in Figure 8. It can be seen in Table 2 that the average
optical intensity increased by about 69.25%, 63.72%,
and 61.78%, respectively, after adding the cQD sheet-
ing to bolus, mask sample and the combination of bolus
and mask. Corresponding SNR is improved by about
62.78%,56.77%, and 68.80%, respectively.

Using three different color shades of Sculpey clay
with different optical properties, the optical intensity with
and without cQD sheeting is imaged (Figure 9). Aver-
age intensity images are analyzed in the ROI for each

type. As the clay color increases, less Cherenkov pho-
tons escape the surface therefore less cQD is excited.
Measurements of optical emission from clay3 with sheet
are more than 6x greater than that from clay1.

3.2.2 | Imaging effect with ambient light
The imaging with ambient light is shown in Figures 10b
and c shows the optical images with the filter. After
adding the filter, the SNR of the images obtained with
ambient light is improved. Compared with the case with-
out filter, the SNR under red LED with filter is increased
by about 98.85% (as shown in Figure 10e).

4 | DISCUSSION

In recent years, Cherenkov imaging has been proposed
for dosimetry and monitoring positions of patients dur-
ing radiotherapy. The low intensity of the Cherenkov
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clays. The top row (a-c) shows optical images without sheeting, while
the bottom row (d-f) shows images with cQD sheeting

emission coupled with the need of ambient room light
for patient safety has restricted the wide application of
this method. In this study, cQD is utilized to improve
Cherenkov image quality, we propose to prepare a cQD
sheeting that can be attached to the surface of the
skin, to improve the detection efficiency of light inten-
sity and obtain images with high light intensity and SNR
for in-vivo optical surface dosimetry. Jenkins et al. pre-
pared scintillating sheets by mixing GOS scintillating
phosphor powder and a silicone elastomer to real-
ize real-time beam visualization?* Compared with this
method, the cQD sheeting prepared in our study have
the following advantages. The thickness was reduced
by about 72%, the reduction of thickness can suppress
the perturbation to the radiation beam and the surface
dose deposition. CQD is spin coated on the surface
of the plastic substrate to ensure that the scintillation
material does not directly contact the skin. CQD sheet-
ing is almost transparent and do not block Cherenkov
emission from tissues, therefore, it is going to be inher-
ently dependent on the optical properties of the tissue
beneath it. When imaging human tissue, the hetero-
geneity in patient absorbing and scattering properties
introduces nonlinearity between Cherenkov emission
signal and deposited dose. Monte Carlo simulations esti-
mate that tissue absorption and scattering events can
contribute up to 45% variation in the detected light.>°
If the method is further applied to real-time dosimetry,
it is necessary to explore the variety of different intra-
and inter-patient variability in superficial tissue types
during Cherenkov imaging. Hachadorian et al. examined
the potential to correct for superficial vasculature using
spatial frequency domain imaging to map tissue optical
properties for large fields of view/® and corrected the
Cherenkov intensity by extracting X-ray CT to eliminate
the influence of dependence on intrinsic tissue optical
properties.?’ Our repeated experiments with three differ-
ent color shades of Sculpey clay as shown in Figure 9

also show that optical properties of clay affect the opti-
cal intensity. Scintillator disks prepared by the Tendler et
al provide the potential to eliminate the inherent depen-
dent on tissue optical properties, which also expands our
thinking for future dosimetry research.2*

To characterize the optical properties of the cQD
sheeting, luminescence uniformity, stability, and dose-
response must be analyzed. Results show that com-
pared with and without cQD sheeting, there is similar
luminescence uniformity in the selected ROls. The total
optical intensity collected has an excellent linear rela-
tionship (R? > 0.99) with the dose for 6 and 10 MV
photons and the stability of luminescence of cQD does
not change in the continuous irradiation with the max
dose of 500 MU. It is noteworthy that the light inten-
sity of sheeting with the concentration of 0 mg/ml is
also slightly higher than that without sheeting. A possible
explanation for this inconsistency might be that transpar-
ent colloids have lower optical attenuation coefficients
and more Cherenkov photons can be emitted and cap-
tured by the camera. In the case of 6 MV, the SNR of one
frame with sheeting (7.843) is higher than that of three
frames without sheeting (6.839). In other words, when
acquiring images with the same SNR, the exposure time
required for adding cQD sheeting is about three times
shorter than that without it. So, the time resolution of
real-time monitoring can be improved while ensuring a
high SNR of image.

The boundaries of optical images Figure 5b and c on
a solider water are more blurred than those of the radi-
ation field as reported by the EBT3 film Figure 5d. This
is expected due to point spread function of the optical
system and the scattering of light. If Cherenkov imaging
is used as the verification tool for quality assessment
before radiotherapy treatment, this blurring is affected
by the optical properties of imaging plates with differ-
ent materials, a less translucent plate could be used in
the measurement to reduce the optical scatter diffusion
at the edges, as the research of Miao et al*® However,
in real-time beam visualization during treatment, scat-
tering mainly depends on the tissue characteristics of
the patients, the variability associated with lateral scat-
ter in the imaged tissue is a factor to blur the edges
of the beam image. Therefore, radiotherapy technicians
should carefully and accurately evaluate the light field
edge when using this method to monitor the radiation
field. Meanwhile, in order to acquire optimal Cherenkov
light emission intensity, the downward facing angle of
the camera and incident beam direction is set to 45°.
The result of film measurement is served as the gold
standard for measurement to verify the consistency
between the optical profile and the dose distribution.
The accuracy of film measurement also can be subject
to increased variation depending on the film scanned
method. The method of film measurement proposed
by Fiandra et al. has been adopted in this work to
avoid the measurement error as much as possible.??
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Regarding beam profiles, it has been observed that
the inline profile exhibits more blurring in this angle.??
The profile measurements in y-axis are more subject
to skewed perspective angle of the camera, and the
oblique viewing angle limits image resolution in the y-
direction. This leads to smearing in the interpolation
during image transformation, increasing the error in the
y-direction. It also occurs in other applications of per-
spective transformation.2? This effect could be reduced
with the use of a checkerboard pattern to extract more
pixel locations of the corners as discrete points to cal-
culate transformation matrix.?® The depth of field (DOF),
type of lens and imaging distance from the object also
need to be taken into account to avoid out-of-focus
imaging of the beam. When considering quantitatively
accurate optical beam profiling, the DOF should be
greater than the width of the beam in the direction paral-
lel to the camera viewing direction to avoid out-of-focus
imaging of the beam. Through the DOF calculation for-
mula used by Glaser et al.*>° the DOF of our imaging
setup in the first part is 9.27 cm. This imaging geome-
try would therefore be adequate for imaging the beam
delivered during our experiment.

To further explore the imaging effect of the cQD
sheeting on different radiotherapy materials, such as
bolus, mask sample, and the combination of bolus and
mask are used to observe the influence of cQD sheeting
on the quality of the detected signal. Light emission from
the surface of the different radiotherapy materials with
cQD sheeting is all over 60% more than without sheet-
ing. The corresponding SNR is also increased by more
than 55%. These results indicate that the cQD sheet-

ing could be applied to different radiotherapy materials
attached to the surface of the body, to obtain images
with high light intensity and SNR. Future studies will
test more irregular surfaces to further explore the per-
formance of surface dosimetry. Finally, in consideration
of the optical imaging effect of cQD sheeting under the
existence of ambient light, red LED is used as ambi-
ent light sources. Through the cQD sheeting, optical
images with SNR > 5 can be obtained in the presence
of ambient light. After adding a filter, the SNR of the
image obtained with ambient light is increased and the
intensity of optical capture is reduced using the filter. A
large fraction of the ambient light is suppressed by fil-
ter while maintaining the most of the optical emission
detected by the camera, which is similar with the other
studies3! There is abundant room for further progress
in combining fluorescent materials with different emis-
sion spectra with corresponding different filters to make
the study more systematic. Meanwhile, all images in this
study are obtained using an EMCCD camera with high
photon sensitivity. Under this imaging system, the SNR
tends to decrease with the decrease of dose rate. This
can result from that at lower average dose-rates, time
between radiation pulses increases and therefore more
background signal is acquired. This will not be an issue
if the camera is synchronized to the radiation pulses.
Meanwhile, in patient verification, complexities include
analyzing fields from diverging beams that are summed
from non-rectangular fields on the irregular surface with
complicated geometries and different optical properties,
so there is an existing deficit in our research to explore
the complexity of this method during human radiation
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treatments. Future studies will attempt to increase the
concentration of cQD in sheeting to acquire images
with high signal and SNR, and carry out human imag-
ing experiments further discuss the above issues if
available.

5 | CONCLUSION

In this study, we have achieved the improvement of
SNR and image quality of optical imaging in surface
dosimetry by preparing a flexible cQD sheeting which
is non-toxic and can be directly attached to the surface
of human body. The luminescence uniformity, stability
and dose-response of cQD sheeting is characterized
through optical imaging experiments. The imaging on
the phantom verified that cQD sheeting could be applied
to different radiotherapy materials to obtain images with
a high light intensity and SNR. The cQD sheeting allows
optical images with SNR > 5 to be obtained in the
presence of ambient light and can be improved by the
combination with a band-pass filter. This approach pro-
vides novel insights into optical imaging for real-time
beam visualization and can be utilized as a versatile
beam monitoring tool in radiotherapy.
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