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Abstract

Cerenkov emission is generated from ionizing radiation in tissue above 264keV energy. This study
presents the first examination of this optical emission as a surrogate for the absorbed superficial
dose. Cerenkov emission was imaged from the surface of flat tissue phantoms irradiated with
electrons, using a range of field sizes from 6cmx6cm to 20cmx20cm, incident angles from 0 to 50
degrees, and energies from 6 to 18 MeV. The Cerenkov images were compared with estimated
superficial dose in phantoms from direct diode measurements, as well as calculations by Monte
Carlo and the treatment planning system. Intensity images showed outstanding linear agreement
(R%2=0.97) with reference data of the known dose for energies from 6MeV to 18MeV. When
orthogonal delivery was done, the in-plane and cross-plane dose distribution comparisons
indicated very little difference (£2~4% differences) between the different methods of estimation as
compared to Cerenkov light imaging. For an incident angle 50 degrees, the Cerenkov images and
Monte Carlo simulation show excellent agreement with the diode data, but the treatment planning
system (TPS) had at a larger error (OPT=+1~2%, Diode=+2~3%, TPS=+6~8% differences) as
would be expected. The sampling depth of superficial dosimetry based on Cerenkov radiation has
been simulated in layered skin model, showing the potential of sampling depth tuning by spectral
filtering. Taken together, these measurements and simulations indicate that Cerenkov emission
imaging might provide a valuable way to superficial dosimetry imaging from incident
radiotherapy beams of electrons.
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1.0 Introduction

Knowledge of skin dose would be beneficial in a range of treatments if it could be measured
accurately and within the acceptable workflow of patient throughput for fractionated
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therapy. Depending on clinical goals, skin may be included in the intended treatment volume
or may be a dose limiting organ at risk. Many factors such as SSD (Yadav et al., 2009, Saw
et al., 1994, Butson et al., 2003), beam types (electron or photon), beam energy (Bilge et al.,
2010, Klein et al., 2003), field size, beam modifying devices (Bilge et al., 2010, Butson et
al., 1996, Ling and Biggs, 1979, Spezi et al., 2001, Vatanen et al., 2009a, Vatanen et al.,
2009b, Wang et al., 2012, Yadav et al., 2009), angle of incidence (Butson et al., 1996, Gerbi
etal., 1987, Chow and Grigorov, 2007, Dogan and Glasgow, 2003)(Butson et al., 1996,
Gerbi et al., 1987, Chow and Grigorov, 2007, Dogan and Glasgow, 2003)(Butson et al.,
1996, Gerbi et al., 1987, Chow and Grigorov, 2007, Dogan and Glasgow, 2003),
complexities and deformation of the patients’ surface profiles and heterogeneities of the
internal tissue (Chung et al., 2005, Court et al., 2008, Higgins et al., 2007h, Qi et al., 2009,
Shiau et al., 2012, Nakano et al., 2012, Quach et al., 2000) lead to the difficulty in achieving
accurate surface dosimetry estimates or measurements. In all of these factors, the incident
angle with respect to the normal direction of the surface is one of the more complex issues
which affects skin dose. Irregular surface profiles of the treatment region decrease the
accuracy of superficial dose prediction and may result in under-dosing or over-dosing in the
delivered dose for specified treatment plans. Conventional surface dosimetry methods such
as radiochromic film (Butson et al., 2004, Chiu-Tsao and Chan, 2009, Devic et al., 2006,
Klein et al., 2003, Nakano et al., 2012, Roberson et al., 2008), ionization chamber
(Apipunyasopon et al., 2012, Chen et al., 2010, Klein et al., 2003, Wang et al., 2012),
MOSFETSs (Gladstone and Chin, 1995, Gladstone et al., 1994, Qi et al., 2009, Quach et al.,
2000, Xiang et al., 2007) and TLDs (Kron et al., 1996, Kron et al., 1993, Lin et al., 2001,
Nilsson and Sorcini, 1989) have been proven to be able to measure superficial dose,
however these techniques require clinical intervention and additional personnel time for use.
Each are limited by small fixed region measurements and sensitivity is often a function of
angular orientation of the detector with respect to the incident beam. Film and TLDs have
longer offline processing procedures which prevent superficial dose monitoring in real time.
In this study, the ability to directly image light emission from the tissue phantoms was
examined as a potential method of real time, in-vivo surface dosimetry in patients.

Although treatment planning systems can be used to calculate the superficial dose, factors
such as patient motion, deformation and weight loss during fractionated radiotherapy
potentially contribute to errors between calculated superficial dose and the superficial dose
actually delivered. Also, the treatment planning system (TPS) algorithms provide their least
accurate predictions at the patient surface (Chung et al., 2005, Court et al., 2008, Devic et
al., 2006, Fraass et al., 1998). Commercial treatment planning systems have recently
included Monte Carlo algorithms with the potential of more accurate superficial dose. For
practical reasons, these algorithms have been optimized for calculation speed rather than
accuracy near the surface. Furthermore the models are fit to measured dosimetry data which
may introduce uncertainties or inaccuracies at the surface due to measurement
instrumentation. Thus, an accurate, real time, superficial dose measurement method such as
the one explored in this paper is needed to address these issues.

It is well known that Cerenkov radiation emission occurs when charged particles move in
dielectric medium, such as water and biological tissue, with a phase speed greater than the
speed of light in that medium (Cherenkov, 1938). The Cerenkov effect induces continuous
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wavelengths of emission from the ultraviolet down to the near-infrared. Frank-Tamm’s
formula shows that the spectral intensity emitted varies as the inverse square of the
wavelength, and thus Cerenkov light is observed as highly weighted to the blue wavelength
ranges (Cherenkov, 1938, Jelley, 1955). Recently, Cerenkov radiation was measured from
megavoltage external photon and electron beams during radiotherapy in both water and
tissue (Glaser et al., 2013a, Zhang et al., 2012, Axelsson et al., 2011). Furthermore, it has
been shown that, above the threshold energy for Cerenkov radiation (approximately 264KeV
in water), under the approximation of charged particle equilibrium, the dose deposited by
megavoltage radiotherapy radiation, and the number of Cerenkov photons released locally
are directly proportional to each other (Glaser et al., 2013a). Simulation showed the CSDA
range of electrons, with kinetic energy below the threshold energy in the medium (such as
water or tissue) is around 0.1 mm. Due to scattering of electrons, the absolute detoured
distance of travel below the threshold energy of Cerenkov radiation is actually smaller than
the CSDA range. This means that, to a resolution of 0.1 mm, with the approximation of
charged particle equilibrium, the dose contributed by those charged particles below the
threshold energy will simply be a constant offset of the dose contributed by charged
particles above the threshold energy. As shown in Figure 1B, high energy particles deposit
energy to the environment through interactions (soft and hard collisions) with the
environment during their transport. Cerenkov photons are emitted along the path of primary
and secondary charged particles and the intensity of Cerenkov radiation emission is
proportional to the locally deposited dose. Depending on the optical properties of the
phantom or tissue, Cerenkov photons generated in a thin layer at the surface will be
scattered and finally escape the surface to be detected. Thus the superficial dose distribution
can be assessed by imaging.

In this study, direct imaging of Cerenkov radiation emission resulting from external beam
radiotherapy of tissue phantoms was utilized to compare superficial dose using a range of
calculated and measured estimates. The light emission was imaged with a commercial
CMOS camera in a darkened radiation treatment room, avoiding issues of light
contamination, although it is also possible to gate imaging in a room with ambient lighting
(Glaser et al., 2012). Different integration times were studied to quantify the signal to noise
ratio (SNR) achievable. Electron beams were imaged in this study, since they are routinely
used for superficial radiotherapy treatments, and energies in the 6MeV~18MeV range were
studied, with field sizes from 6cmx6¢cm to 20cmx20cm. A range of incident angles were
used from 0 to 50 degrees, to show how the superficial dose varies with incident angle and
to explore a regime where measurements are known to disagree with most treatment
planning system predictions. Sampling depth of superficial dosimetry based Cerenkov
emission for 9 MeV electron beam has been investigated in layered skin model with typical
optical properties.

2.0 Materials & Methods

2.1 Phantom Surface Imaging

The experiments were performed with a linear accelerator (Varian Clinic 2100CD, Varian
Medical Systems, Palo Alto, USA) at the Norris Cotton Cancer Center in the Dartmouth-
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Hitchcock Medical Center. As shown in Figure 1A, a solid water equivalent phantom
(Plastic Water, CNMC, USA) of 300mm by 300mm by 40 mm was irradiated by electron
beams at SSD = 110cm to allow an unobstructed view of the surface by the camera. The
measurement system consisted of CMOS camera (Rebel T3i, Canon, Japan) which was
mounted 2 meters away and 0.7 meter above the surface center of the phantom and a
computer which was used to remotely control the camera outside the radiotherapy room.
Images of the phantom surface were taken during irradiation of the phantom for different
integration times, field sizes, energies and incident angles. Integration time varied from 1
sec to 30 sec. The essentials parameters adopted in this study has been listed in Table 1.
SNR of the images for different integration time was calculated. Beam field size from
6cmx6cm to 20cmx20cm were investigated. To investigate how the superficial dose
distribution varies with incident angle, a 10cmx10cm electron beam was directed towards
the surface with incident angles from 0 to 50 degrees in 10 degrees increments. For the proof
of concept, an anthropomorphic head phantom with complex surface profiles was imaged
while irradiating with a 9MeV electron beam. The dose rate was 1000MU/min for all
measurements.

2.2 Monte Carlo Simulation

2.2.1 Radiation Dose—This study used the GEANT4 based toolkit GAMOS for Monte
Carlo modeling to stochastically simulate radiation transport and dose calculation in order to
objectively compare measurements with theoretical predictions. As shown in Figure 1C, the
physical measurements were modeled in GAMOS using water as the medium. Since we
were primarily concerned with the dose deposited in a thin layer of the phantom a 10mm
thick layer of the phantom was voxelised into 0.5%0.5x0.1mm3 rectangular cubes. A phase
space file of the 9MeV electron beam for Varian Clinic 2100CD had been generated
elsewhere (Capote, 2012) and adopted as the source of the simulation. Primary particles
were initialized from the phase space file and propagated through the defined phantom. Both
primary and secondary particles have been included in the dose calculation. For each voxel,
the dose deposited has been calculated by the built-in dose scorer of GAMOS. One hundred
million primary particles were generated from the phase space file and transport was
simulated in the phantom. The simulated dose for 1mm thickness in depth was integrated
and compared with the Cerenkov emission images and TPS data from experiments for
incident angles of 0 and 50 degrees.

2.2.2 Sampling Depth in a Layered Skin Model—Thickness and optical properties of
layers of the skin have been reported in several papers, and here we used the well
characterized model by Meglinski et al (Meglinski and Matcher, 2002). This layered skin
model (flat phantom with size of 300x300x40 mm3) was built in GAMOS with each layer
having the corresponding thickness and optical properties (refractive index, absorption and
scattering coefficient). Three kinds of skin (skin 1: lightly pigmented skin (~1% melanin in
epidermis), skin 2: moderately pigmented (~12% melanin in epidermis), skin 3: darkly
pigmented (~30% melanin in epidermis)) have been investigated. The thickness of each
layer of the skin and corresponding optical properties are shown in Figure 2. Figure 2A lists
the name and thickness of each layer of human skin. Figure 2B shows the scattering
coefficient of each layer and Figure 2(C-E) shows the absorption coefficient of each layer
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for the three types of skin. The same phase space file (10cmx10cm, 9 MeV electron beam)
was adopted to simulate the irradiation of this model phantom. Cerenkov photons were
generated and tracked through processes including Mie scattering, absorption, reflection and
refraction at the boundary. The generation of Cerenkov photons and transport of optical
photons have been explained in detail by previous studies (Zhang et al., 2012, Glaser et al.,
2013b). For any Cerenkov photon escaping the entrance surface of the phantom, initial
positions and final energy were recorded. The depth of all the Cerenkov photons escaping
the entrance surface was logged in a histogram and then this shape was fitted by a single
exponential decay. The effective sampling depth (depth where the detection sensitivity drops
to 1/e) was calculated. Sampling depth tuning based on spectral filtering can be discerned
from the results of this simulation.

2.3 Treatment planning system (TPS) prediction

The geometry used in the Monte Carlo simulations was defined here, with a water phantom
300x300x40 mm3 simulated in the treatment plan system (Varian Medical Systems, Eclipse
electron Monte Carlo algorithm EMC1028). The phantom was placed at source to surface
distance (SSD) = 110cm and had voxels of size of 0.5x0.5x1mm3. A 10cmx10cm 9MeV
electron beam was defined in the TPS and phantom irradiation was modeled with 0 and 50
degrees incident angles. Dose was calculated for each voxel and exported as DICOM files
for further processing. The Eclipse Monte Carlo based dose algorithm was used for these
studies.

2.4 Water tank diode scan

Both cross plane (CP) and in plane (IP) diode scans (IBA EDF 3G) for 10cmx10cm 9MeV
electron beam with incident angles of 0 and 50 degrees were measured in a water tank beam
scanning system (Blue Phantom, IBA, Bartlett, USA). The silicon diode used for scanning
was 2mm diameter. The diode was placed at the surface of the water and scanned for both
CP and IP with step size of 0.3mm.

2.5 Image processing

Background images were taken when the beam was off. All raw images were converted to
grayscale images and then median filtered by a 15 pixels x 15 pixels kernel in MATLAB
2011a (The MathWorks Inc., Natick, MA). As shown in Figure 1A and Figure 1D,
perspective distortion exists in the images since the camera was at an angle about 20 degrees
with respect to the phantom surface. Due to the perspective distortion, the square shape
phantom looks like ladder-shaped. Figure 1D shows how the perspective distortion has been
corrected. In the reference white light image, four corner points (Q) of the surface of the
phantom and four corresponding objective points (P) were chosen, positions of the four
corners of the flat phantom (ladder-shaped in the image, indicated by red circles in Fig. 1D)
has been transformed to four corners of a pre-defined square (indicated by yellow circles in
Fig. 1D). A transformation matrix (T) was calculated based on those four pairs of points by
2-D optimal affine transformation (Eq. 1) and applied to transform the images. Since we
know what we imaged is the surface of a flat phantom, all the transformation of the image
only needs to be done on the plane of the surface of the flat phantom. Thus, only (X, y)
coordinates on the plane is needed, z will not provide any information since what we imaged
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is not a 3-D surface profile. After the transformation, the background image of the phantom
was subtracted from the transformed images. The size of the background corrected,
transformed image was 3456x3456 and with resolution of sub-millimeter.

T1 T2 T3 T4 uyp Uz Uz Ug 1
P=| y1 92 y3 s Q=] v1 v2 vz vy T=PQ QQ (Eq. 1)
1 1 1 1 1 1 1 1
3.0 Results

3.1 Cerenkov emission images of head phantom

As shown in Figure 1E, a white light image of the phantom was taken with ambient light on.
One side of the head phantom with complex surface profile was imaged while irradiating by
a 10cmx10cm 9MeV electron beam with ambient light off for 10 sec. For a proof of
concept, the Cerenkov emission image of the phantom was added to the blue channel of the
white light image to show how superficial dose distribution could be potentially affected by
the complex surface profile and imaged based on Cerenkov emission.

3.2 Different integration time and SNR

Cerenkov emission images of 10cmx10cm 9MeV electron beams for integration time from 1
sec to 30 sec are shown in Figure 3A. Intensity of each image was calculated by summing
up all the pixel values. Figure 3B shows that the normalized intensity is proportional to
integration time with R2=0.99. SNR was calculated by the ratio of the mean value of a 400
pixels square region in the center and the standard deviation of that region. Figure 3C shows
that the SNIR increases from approximately 2 to 75 for integration time from 1 sec to 30 sec.
Fitting of the SNR with integration time showed that SNR increases with the square root of
integration time with R2>0.99.

3. 3 Different field size

Figure 4A shows the images of 9 MeV electron beams of field size from 6cmx6cm to
20cmx20cm for 30 sec integration time. The intensity of each image was calculated by
summing up all the pixel values in the beam. Figure 4B shows that the intensity (normalized
by the intensity of the 20cmx20cm beam) was simply directly proportional to the area of the
beam with R2>0.99, as would be expected.

3.4 Different energies

Cerenkov emission images of 10cmx10cm electron beams with energies from 6 MeV to 18
MeV are shown in Figure 5A, using a 30 second integration for each. The intensity of a
chosen 400 pixels square region in the center of each image was calculated by summing up
all the pixel values belonging to the chosen region. Superficial dose reference data (the
fraction of superficial dose with respect to the dose at dy,x) has been extracted from the
depth dose profiles measured by ionization chamber scanning under the same experimental
conditions (Field size = 10cmx10cm, SSD = 110cm). Figure 5B shows that the normalized
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intensity was proportional to the reference superficial dose data of corresponding energies
with R2=0.97.

3.5 Different incident angles and comparison

Cerenkov emission images of a 10cmx10cm beam are shown in Figure 6, with incident
angles from 0 to 50 degrees with respect to the normal of the phantom surface. To quantify
how accurate the images are in assessing the distribution of superficial dose, these images
were directly compared with each of 1) Monte Carlo simulation data, 2) TPS data, and 3)
water tank diode scanning measurements. The 2-D superficial dose distributions from Monte
Carlo simulation, Cerenkov emission imaging and TPS were smoothed by a bilateral filter
(Lee et al., 2008) and the data are shown in Figure 7A. The CP and IP profiles of the Monte
Carlo simulations, TPS data and water tank diode scanning have been aligned to match the
middle points of full width half max (FWHM) of the profiles of Cerenkov images. All the
profiles were normalized to the values of the middle points of their own FWHM and are
plotted in Figure 7B and Figure 7C. For the convenience of comparison, all the CP and IP
profiles have been interpolated to be a step size of 0.5mm between 0 and 300mm. In Figure
7D and Figure 7E, the difference between diode scanning data and data from other three
techniques has been calculated by subtracting and plotted for both CP and IP scanning.
Similar data processing and plots are shown for 50 degrees incident angle in Figure 8.
Maximum and average (average of the absolute values of disagreements) disagreements
between diode scanning data and data from other three techniques has been listed in Table 2.

3.6 Sampling Depth in Layered Skin Model

The sampling depth distribution of Cerenkov photons and corresponding exponential fitting
for average emission depth of origin is shown in Figure 9A for the three types of increasing
skin pigment. Figure 9B shows the spectrum of Cerenkov emission on the surface, with the
predominant emissions in the red and infrared wavelengths, and increasing overall emission
for decreasing skin pigment, as might be expected. Effective sampling depth for different
wavelength ranges (400 nm to 900 nm (overall), 400 nm to 500 nm, 500 nm to 600 nm, 600
nm to 700 nm, 700 nm to 800 nm and 800 nm to 900 nm) are listed in Figure 9C, illustrating
that the sampling depth changes substantially with wavelength range. In fact, wavelength
range changes affect the emission sensitivity depth by more than an order of magnitude,
whereas skin pigment changes alter this value by less than a factor of 2.

4.0 Discussion

Unlike conventional superficial dose measurement techniques such as radiochromic film,
ionization chamber, MOSFET, diodes, or TLDs, superficial dose assessment based on
Cerenkov emission imaging does not require anything to be put on or near the surface of the
patient, and is implicitly being emitted from every patient already undergoing radiation
therapy. The significant value of this approach is that, the spatial resolution of Cerenkov
images is sub-millimeter, which is much higher than any other conventional superficial dose
measurement techniques. While film has similar spatial resolution, it clearly does not have
the rapid and repeated ability to image that Cerenkov imaging have. Additionally, real time
superficial dose assessment during radiotherapy could be realized by this technique and
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could be potentially adopted to monitor the treatment. Thus, while the imaging examined
here is in a very early phase, the potential value of adding this imaging into conventional
radiation therapy monitoring could be quite important. The goal of this work was simply to
examine the methodology for its potential value.

A key figure of merit is if the imaging can be quantitatively correlated to superficial dose.
To test this, Figure 1E shows that, for a complex surface profile, the Cerenkov imaging
technique could potentially image the superficial dose distribution. However, limited by the
fact that the phantom is not optically tissue equivalent and there is a lack of information
about the complex surface profile in 3-D, quantitative result cannot be gained from the
testing Figure 1E at this point. However, for real tissue or tissue equivalent phantom, due to
the internal highly scattering effect of optical photons, the angular distribution of Cerenkov
photons escaped the surface will be close to Lambertian distribution exists in perfect
diffusive medium(Lambert, 1760). Under the approximation of Lambertian distribution,
intensity change of each pixel due to viewing angle and distance will be compensated
exactly by the corresponding changes of solid angle and area of emission contributing signal
to the pixel. Therefore, the radiance emitted will be independent of viewing angle and
positions(Lambert, 1760). In other words, angular and distance (such as inverse square)
corrections of Cerenkov images of tissue surface are not necessary for the first order of
approximation, which greatly simplifies image correction especially for flat and complex
surface profiles. For flat and regular region, like the flat phantom investigated in this study,
Cerenkov images could be transformed by the affine transformation to correct perspective
distortion. For complex surface profiles, this problem becomes registration of 2-D Cerenkov
images to the corresponding 3-D surface profiles. Radiotherapy monitoring system (e.g.
AlignRT®, Vision RT; Catalyst™, C-Rad) incorporating optical 3-D surface imaging
techniques(Geng, 2011) are able to measure the complex surface profiles of the treatment
region accurately. By transform the coordinate systems of the 3D surface profiles and the 2D
Cerenkov images to share the same x-y plane, pixels in the 2D Cerenkov images could
potentially be registered to the corresponding small region on the 3D surface profiles.

Tissue optical properties (absorption and scattering) could be measured to estimate the
emissivity of Cerenkov emission. Figure 3B shows that the intensity of the image is linear
with the integration time with R2=0.97, indicating that for a fixed geometry the reliability is
outstanding. Thus, given the right tissue curvature and emissivity corrections, the imaging
could be quite quantitative. The effects of field size and beam energy would be of interest, in
particular to ensure that the imaging quantifies the effects in terms of dose accurately. Figure
4A shows the ability of Cerenkov imaging technique for radiotherapy beams with different
field sizes (6cmx6cm to 20cmx20cm). From Figure 4B, the linearity between the field size
and integrated intensity (summing up all the pixel values in the beam) is outstanding
(R2>0.99). In Figure 5, Cerenkov images for 10cmx10cm electron beams of energies from
6MeV to 18MeV indicates that the intensities are proportional (R?=0.97) to the
corresponding superficial dose reference data. Thus in this controlled geometry, there is
outstanding reliability to quantify superficial dose in the situation of changing beam size and
energy.
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Another important feature of this type of dosimetry is the ability to image quickly with high
spatial resolution. To test this, the data in Figure 3C shows that for integration times from 1
sec to 30 sec, the SNR of the images varies from 2 to 75. Most importantly, for a relatively
short integration such as 5 sec, the SNR is above 20. The image processing (median filtering
and perspective view transformation by not thoroughly optimized algorithms) takes less than
1 sec on a reasonable configured laptop, which further proves that superficial dose
monitoring could be realized in real time or short time post therapy by this technique, with
updated images on the second timescale.

Perhaps the most important potential advantage for superficial dose imaging is to quantify
the values when the incident beam is tangential or at high oblique angle to the tissue. This
was tested using a 10cmx10cm 9MeV electron beam with incident angles from 0 to 50
degrees (Figure 6). As seen here, the superficial dose distribution was highly sensitive to
incident angle, with variation especially for large angles with respect to the normal direction
of the surface. Thus, for treatment plans including beams incident at large angles such as
tangential beam for breast or chest wall treatment (Hong et al., 1997, Hong et al., 1999, Li et
al., 2004), monitoring the surface is important. However it is not obvious which method of
estimating superficial dose is most accurate in this setting. To quantify how accurate the
Cerenkov imaging technique was, it was compared to superficial dose estimates from Monte
Carlo simulation, TPS predication and water tank diode scan measurements. The difference
of the CP and IP profiles were calculated with the data compared to diode measurement
data. For an incident angle of 0 degrees, Figures 6D and 6E show that the difference of
Cerenkov images, TPS data and Monte Carlo simulation with diode scanning are +4%,
+3~4% and +2~3% approximately (Table 2). Yet for incidence of 50 degrees, Figures 7D
and Figure 8E show that the corresponding differences are £1~2%, +6~8% and +2~3%
(Table 2). It is known that TPS based on Monte Carlo algorithm may compromise the
accuracy for calculation speed and also that the TPS is tuned to reproduce the input
measurements (Van Dyk, 2008, Jamema et al., 2008), typically made with cylindrical
ionization chambers. Secondly, in TPS, dose is generally calculated in voxelised volume
from the CT scan. However, the voxelised phantom does not render the surface profiles well
(a more accurate way is mesh based surface profiles) and thus the transport and interaction
of radiation near the surface will not be simulated to high accuracy. Even assuming that
treatment planning systems can be used to calculate the superficial dose accurately, factors
such as patient setting up and motion, deformation and weight loss during fractionated
radiotherapy potentially contribute to errors between calculated superficial dose and
superficial dose actually delivered. Dose prediction errors have been found in TPS when the
region of interest is near the surface (Chung et al., 2005, Court et al., 2008, Devic et al.,
2006, Fraass et al., 1998, Court and Tishler, 2007, Higgins et al., 2007a), which explains
why Cerenkov images and Monte Carlo simulation have shown better agreement with the
diode scanning than the TPS, especially for large incident angles.

Although the Cerenkov imaging has shown certain advantages for superficial dose
assessment, several important issues exist which needs to be clarified by further
investigation and validation. At first, the ambient light was shut off completely in this study
through darkening the room, and blocking off all indicator lights. However, in real
radiotherapy treatments, a minimum amount of ambient is essential for the patient comfort

Phys Med Biol. Author manuscript; available in PMC 2014 August 26.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Zhang et al.

Page 10

and for the radiation therapy technicians to do their job. To solve this problem, temporal-
gating of image acquisition was demonstrated in a previous study, and could be adopted in
the future clinical use (Glaser et al., 2012, Zhang et al., 2012). This gated camera was not
available at the time of this preliminary study, and so was not utilized, but it is sufficient to
image Cerenkov in the presence of a low level room light (Glaser et al., 2012).

A second issue is that the optical properties of the patients’ skin need to be considered to
correct for the emissivity of the Cerenkov light, sampling depth and finally correlation of the
intensity of the Cerenkov image with absolute dose value. If the optical properties of region
of interest (ROI) are homogenous, the superficial dose distribution will not be affected.
However, if heterogeneities exist in ROI, information of optical properties of ROI are
needed for correction of the image. Optical properties will also affect the sampling depth of
Cerenkov images. As shown in Figure 9A, the sampling depth distribution is sensitive to
optical properties of the skin model. For skin types that are more pigmented (more melanin
in the epidermis (layer 2)), the sampling depth distribution spreads slightly wider, which
means that the sampling region is a bit deeper for more pigmented skin. This observation
might be a bit counter intuitive, but is caused by the presence of the absorber melanin being
present in the superficial layer of the skin, meaning that as this pigment increases in
concentration, it preferentially absorbs the light generated in the top layers of the skin.

As mentioned before, the spectral emission of Cerenkov intensity is proportional to the
inverse-square of the wavelength and weighed more highly in the short wavelength ranges.
However, Cerenkov photons with short wavelengths are generally more likely to be
absorbed in tissue which leads to the spectrum of emission from the surface being weighted
more to the NIR region (700 nm to 900 nm) (Figure 9B). The sensitivity of sampling depth
depends on optical properties, increasing the complexity of superficial dosimetry based on
Cerenkov radiation. In practice, optical properties of skin can be measured non-invasively
and accurately by techniques such as reflectance spectroscopy (Vishwanath et al., 2011) and
thus sampling depth could be estimated. An interesting observation from the simulations
done here is that the sampling depth could be tuned by spectral filtering (Figure 9C). As the
spectral filtering range is varied from 400~500 nm to 800~900 nm, the effective sampling
depth increases from 0.28 mm to 3.99 mm, 0.62 mm to 4.09 mm and 0.49 mm to 4.15 mm
for the three types of skin. This spectral filtering could limit the number of photons detected,
thus comprising the image quality, but methods to compensate for this could be through the
use of more sensitive imaging cameras, such as an Intensified CCD camera or longer
acquisition times if possible. This is a topic for following studies, in which biological
phantoms with different optical properties will be imaged while irradiating to determine how
the optical properties and spectral filtering will affect the Cerenkov imaging.

In this study, we have focused on comparing the relative dose values because of the
challenges of calibrating Cerenkov intensity to absolute dose for different optical properties.
Within this context, the diode is a better choice than ionization chamber, because the diode
is the smallest detector (diameter about 2mm) and thus can measure the dose distribution
with a higher spatial resolution, more closely matching what can be achieved with the
Cerenkov imaging. Absolute values of dose are optimally measured with ionization
chamber, albeit at coarser spatial resolution, but in this study the Cerenkov images are
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normalized to peak values anyway, and this would be the likely usage. lonization chamber
measurements would be much coarser resolution and potentially would not match because
of the large mismatch in sampling volume. This is especially important in regions of beam
edges where the field changes rapidly with location. The sampling depth of the diode used in
this study is about 1~2 mm. From the simulated results in layered skin model, for typical
tissue optical properties, most of the detected Cerenkov photons generated within 2 mm
underneath the surface. Thus, comparing the Cerenkov images with diode scanning and
simulated dose within 1 mm underneath the surface (Figure 7 and Figure 8) should be a
reasonable approximation. Another reason we use diode is that the stopping power of silicon
is very similar to water, unlike ionization chamber where correction due to stopping power
difference between air and water is needed.

The camera system used in this study has high resolution, and can capture changes with sub-
millimeter resolution. While most Cerenkov and dose variations are slow functions of space,
there are instances where this is not the case, such as in tissue folds or edges, and this is
exactly where imaging can help. More abstractly, dose has likely never been imaged with
this high level of spatial resolution, so advancing this technology to the point where it can be
utilized to determine where there are high resolution changes in dose would be a worthy
effort. However, when it comes to complex surface profiles such as whole breast cancer
radiotherapy and head and neck treatment, the curvature of the surface will varies
dramatically even with in several millimeters. Since superficial dose is highly dependent on
the curvature of the surface, higher resolution is very useful to provide more detailed dose
distribution, especially for complex surface profiles. Plus, even for a flat phantom, higher
resolution could potentially reveal small hot or cold spots which may be blind to
conventional measurement methods due to the resolution issue. Pixel binning may benefit
the acquisition speed and SNR of the image. However, higher acquisition speed and SNR
could also be achieved by imaging with more sensitive devices such as an Intensified CCD
without compromising the resolution.

Finally, this study has focused on using electron beams instead of photon beams because
electrons are frequently used to treat tumors near the skin. However, it has been shown that
megavoltage X-ray beam generate secondary charged particles which emits Cerenkov
radiation and can be detected directly by imaging techniques (Glaser et al., 2013a).
Recently, Cerenkov radiation generated in fiber arrays has been applied for megavoltage X-
ray imaging (Teymurazyan and Pang, 2012). Future studies will investigate use of Cerenkov
emission to monitor superficial dose in X-ray beams for entrance and exit dosimetry. Image
transformation and registration algorithms need to be designed to map the 2-D projected
images to the 3-D surface profiles obtained by complimentary techniques such as CT, MR,
or optical stereotactic technologies. It is also possible, that Cerenkov emission might
ultimately be better used to detect other features during radiation therapy such as variations
in flatness and symmetry, or changes in output at the center of the beam with field size.
These would require different measures of utility, and would have to be the focus of future
studies that required these applications.
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5.0 Conclusions

This work presents the first demonstration of Cerenkov emission surface imaging in a
therapeutic radiation therapy beam, and demonstrates a high degree of correlation to
superficial dose. While the work is a preliminary study in phantoms, and does not have all
the nuance of problems associated with patient imaging, it is clear that this signal is emitted
from all patients, and in-vivo dosimetry via quantitative imaging should be possible with
further development. This study demonstrates that surface Cerenkov emission is linear with
dose, and quantitative optical imaging estimates the superficial dose accurately with
variation in beam energy, size, and angle of incidence, to a level of error which appears
suitable for practical monitoring of patients. Superficial dose can be imaged directly with a
camera, and presented in real time to the radiation therapist control area. Simulation results
in layered skin model shows the sensitivity of sampling depth depending on typical skin
optical properties and suggested the potential of sampling depth tuning based on spectral
filtering. The phenomenon is in an early stage of discovery, but has significant potential for
real time patient monitoring.
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D) Original Image Transformation Points

Figure 1.
(A) The geometry of the measurement system. CMOS camera was supported 2 meters away

and 0.7 meter above the surface of the water equivalent phantom (300mmx300mmx40mm)
and a computer was connected to the camera to remote control. (B) High energy particles
deposit energy to the environment during transportation. Cerenkov photons will be emitted
along the path of primary and secondary charged particles and the intensity of Cerenkov
radiation emission is proportional to the deposited energy locally. Depending on the optical
properties of the phantom or tissue, Cerenkov photons generated in a thin layer of surface
will be scattered and finally escape the surface to be detected by the camera. (C) The
geometry of Monte Carlo simulation in GAMOS. Dose has been scored in a
300mmx=300mmx10mm water phantom with voxel size of 0.5mmx0.5mmx0.1mm. (D)
Image transformation process to correct the perspective aberration. (E) Cerenkov emission
image of phantom with complex surface profile.
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Figure 2.

(A) Name and thickness of each layer of human skin. (B) The scattering coefficient of each
layer. (C-E) The absorption coefficient of each layer for the three types of skins.
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(A) Cerenkov emission images of 10cmx10cm 9MeV electron beams for integration time

from 1 sec to 30 sec. (B) Intensities of the images plot with integration time and linear

fitting. (C) SNR of the images plot with integration time and
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(A) Cerenkov emission images of 9MeV electron beams of field sizes from 6cmx6cm to
20cmx20cm. (B) Intensities of the images plot with field size and linear fitting.
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(A) Cerenkov emission images of 10cmx10cm electron beams of energies from 6MeV to
18MeV. (B) Intensities of the images plot with superficial dose reference data.
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Figure 6.
Cerenkov emission images of 10cmx10cm electron beams with incident angles from 0 to 50

degrees.
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Figure 7.
(A) 2-D superficial dose distribution from Monte Carlo simulation, Cerenkov emission

imaging and TPS for 0 incident angle. (B—C) CP and IP superficial dose profiles of the
results from Monte Carlo simulation, Cerenkov emission imaging, TPS and water tank diode
scanning. (D-E) CP and IP difference between the profiles from water tank diode scanning
and other three techniques.
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Figure 8.
(A) 2-D superficial dose distribution from Monte Carlo simulation (SIM), Cerenkov

emission imaging (OPT) and TPS for 50 degrees incident angle. (B—C) CP and IP superficial
dose profiles of the results from Monte Carlo simulation, Cerenkov emission imaging, TPS
and water tank diode scanning. (D-E) CP and IP difference between the profiles from water
tank diode scanning and other three techniques.
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Figure 9.

(A) The sampling depth distribution of Cerenkov photons and corresponding exponential
fitting for the three types of skin. (B) The spectrum of Cerenkov emission from the surface.
(C) Effective sampling depth for different wavelength ranges.
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