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Purpose: Čerenkov radiation emission occurs in all tissue, when charged particles (either primary or
secondary) travel at velocity above the threshold for the Čerenkov effect (about 220 KeV in tissue for
electrons). This study presents the first examination of optical Čerenkov emission as a surrogate for
the absorbed superficial dose for MV x-ray beams.
Methods: In this study, Monte Carlo simulations of flat and curved surfaces were studied to analyze
the energy spectra of charged particles produced in different regions near the surfaces when irradi-
ated by MV x-ray beams. Čerenkov emission intensity and radiation dose were directly simulated
in voxelized flat and cylindrical phantoms. The sampling region of superficial dosimetry based on
Čerenkov radiation was simulated in layered skin models. Angular distributions of optical emission
from the surfaces were investigated. Tissue mimicking phantoms with flat and curved surfaces were
imaged with a time domain gating system. The beam field sizes (50 × 50–200 × 200 mm2), incident
angles (0◦–70◦) and imaging regions were all varied.
Results: The entrance or exit region of the tissue has nearly homogeneous energy spectra across
the beam, such that their Čerenkov emission is proportional to dose. Directly simulated local in-
tensity of Čerenkov and radiation dose in voxelized flat and cylindrical phantoms further validate
that this signal is proportional to radiation dose with absolute average discrepancy within 2%, and
the largest within 5% typically at the beam edges. The effective sampling depth could be tuned
from near 0 up to 6 mm by spectral filtering. The angular profiles near the theoretical Lamber-
tian emission distribution for a perfect diffusive medium, suggesting that angular correction of
Čerenkov images may not be required even for curved surface. The acquisition speed and signal
to noise ratio of the time domain gating system were investigated for different acquisition proce-
dures, and the results show there is good potential for real-time superficial dose monitoring. Dose
imaging under normal ambient room lighting was validated, using gated detection and a breast
phantom.
Conclusions: This study indicates that Čerenkov emission imaging might provide a valuable way
to superficial dosimetry imaging in real time for external beam radiotherapy with megavoltage
x-ray beams. © 2013 Author(s). All article content, except where otherwise noted, is licensed un-
der a Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1118/1.4821543]
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1. INTRODUCTION

In megavoltage (MV) external beam radiotherapy (EBRT),
skin is either included in the intended treatment volume,
or may be a dose limiting organ at risk depending on
the clinical plan. Skin dose measurements during radio-
therapy would be a useful tool for treatment monitoring,

skin reaction estimation,1 and treatment plan design and
modification.2–7 However, superficial dose is generally de-
posited in the build-up region, being sensitive to many fac-
tors including beam energy, beam type, beam filter,8, 9 incident
angle,10–12 distance,9, 13 complex patient surface profiles,7, 14

internal heterogeneities,15 patient movement, and deforma-
tion. These factors, especially irregular surface profiles,
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internal heterogeneities, movement and deformation of the
treatment region, decrease the accuracy of superficial dose
prediction and may result in underdosing or overdosing
in specified treatment plans. Several conventional dose
measuring methods, such as radiochromic film,16–20 ioniza-
tion chamber,21 MOSFETs,22–24 and TLDs (Refs. 25–27), ex-
ist for superficial dose measurement; however, these tech-
niques require clinical intervention to place detectors on the
patient and additional personnel time for postprocessing. All
are limited by small fixed region measurements and sensitiv-
ity 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, and so are not done routinely. Thus,
a simple method of superficial dose monitoring in real time,
suitable for large fields of view, would be desirable. In this
study, the feasibility of using Čerenkov emission is investi-
gated for the first time for superficial dose imaging for mega-
voltage x-ray beam.

Čerenkov radiation emission occurs in a dielectric medium
(such as water and biological tissue) when charged parti-
cles move with a phase speed greater than the speed of light
in that medium.28 The Čerenkov effect induces continuous
wavelengths of optical 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 Čerenkov light is observed as highly
weighted to the blue wavelength ranges.29 Recently, Čerenkov
radiation was measured from megavoltage external x-ray and
electron beams during radiotherapy in both water and tissue,30

showing the potential applications such as oxygenation sens-
ing and oxygen partial pressure tomography.31–33 It has been
shown that, above the threshold energy for Čerenkov radi-
ation (approximately 220 KeV in biological tissue), under
the approximation of charged particle equilibrium, the dose
deposited by megavoltage radiotherapy radiation, and the
number of Čerenkov photons released locally are directly pro-
portional; therefore, beam profiling and superficial dosimetry
imaging based on Čerenkov radiation is feasible.34–36 Radi-
ation dose is calculated by D = ∫ Emax

0 S(E)P (E)dE, where
D represents radiation dose, S(E) represents the mass stop-
ping power (J m2/kg) of the medium and P(E) represents
the fluence spectra of charged particles (m−2). Similarly, the
local intensity of Čerenkov radiation can be calculated by
I = ∫ Emax

Ec
C(E)P (E)dE, where I represents the local inten-

sity of Čerenkov radiation, Ec represents the threshold en-
ergy of Čerenkov radiation in the medium, C(E) represents
the number of Čerenkov photon emitted by a charged particle
(such as electron) with kinetic energy of E per unit path length
of the propagation of the charged particle and P(E) represents
the spectra of charged particles. Typically, S(E) and C(E) have
very different profiles. However, as long as P(E) is spatially
independent, i.e., the spectra of charged particles is a con-
stant distribution in the region of interest, radiation dose is
directly proportional to the local intensity of Čerenkov radi-
ation above the threshold energy. Reference data37 show that
the continuous slowing down approximation (CSDA) range

of electrons, with kinetic energy below the threshold energy
in the medium (take water as example, Ec

∼= 0.263 MeV) is
around 0.1 mm. Due to scattering of electrons, the absolute
distance of travel below the threshold energy of Čerenkov ra-
diation is actually smaller than the CSDA range. This means
that, to a resolution of 0.1 mm, with the assumption that P(E)
is spatially independent in the region of interest, the dose con-
tributed by those charged particles below the threshold energy
will be a constant off-set of the dose contributed by charged
particles above the threshold energy. As long as P(E) is spa-
tially invariant (charged particle equilibrium) in the region of
interest, to the resolution of the CSDA range of charged par-
ticles below the threshold energy, local intensity of Čerenkov
radiation will be directly proportional to radiation dose. This
observation is the theoretical underpinning of why Čerenkov
emission can be considered to be proportional to deposited
dose in several situations.

In this study, the spectra of charged particles [P(E)] was
simulated at different regions (entrance and exit regions),
crossing the whole beam near the surfaces while irradiating
flat and curved phantoms with megavoltage x-ray beams to
validate the spatial homogeneity of P(E). Radiation beams
were simulated in flat and curved phantoms, and radiation
dose and local intensity of Čerenkov radiation near the sur-
faces were compared directly with each other, to demon-
strate that local intensity of Čerenkov radiation is proportional
to superficial radiation dose. Sampling regions of superficial
dosimetry based upon Čerenkov emission for x-ray beams
were investigated by Monte Carlo simulations in layered skin
models (flat and curved surface) with typical optical proper-
ties. Angular distributions of Čerenkov photons escaped the
surfaces on flat and curved phantom, which is potentially use-
ful for intensity corrections due to the viewing angle and cur-
vature of the surfaces, were simulated. Experimentally, while
irradiating with megavoltage x-ray beams, surface of flat and
curved (breast-shaped) tissue-mimic phantoms were imaged
by a time domain gating system,38 varying field sizes, incident
angles, and imaging regions. The acquisition speed and signal
to noise ratio (SNR) were investigated for different acquisi-
tion procedures. The ability of imaging with reasonable am-
bient light levels was validated with a gated intensified CCD
camera. Taken together this provides a comprehensive pre-
clinical analysis of the feasibility of surface dose monitoring
with optical imaging.

2. MATERIALS AND METHOD

This study utilized the GEANT4 based toolkit GAMOS
for Monte Carlo modeling to stochastically simulate radiation
transport, dose deposition, Čerenkov radiation emission, and
transport.39 The process of radiation transport, dose deposi-
tion, generation of Čerenkov photons, and transport of optical
photons have been explained in detail by previous studies.31, 40

Phase space files of 6 MV x-ray beams for the linear accel-
erator (LINAC) (Varian Clinic 2100CD) were generated in
Ref. 41 and used in this study. The experiments were
performed with a LINAC (Varian Clinic 2100CD, Varian
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Medical Systems, Palo Alto) at the Norris Cotton Cancer Cen-
ter in the Dartmouth-Hitchcock Medical Center.

2.A. Simulation: Energy spectra
of charged particles

2.A.1. Flat surface

As shown in Fig. 1(a), detectors with size of 5 × 5
× 5 mm3 at positions (central and edge regions) were place
on the surface of a flat phantom (water equivalent) of 100 mm
thickness. Phase space files of 6 MV x-ray beams were used
to irradiate the flat phantom at SSD = 1000 mm. Energies
of charged particles in the detectors were logged. Entrance
and exit planes were investigated for field sizes of 20 × 20,
40 × 40, 100 × 100, and 200 × 200 mm2. For each field size,
100 × 106 primary particles (x-ray photons from the phase
space files) were launched for the simulation.

2.A.2. Curved (cylindrical) surface

As shown in Fig. 2(a), spherical detectors with diameter
of 3 mm were positioned along the central arc of a cylinder
phantom (water equivalent, diameter, and height of 83 mm)
every 15◦. A phase space file of 6 MV x-ray beam with field
size of 100 × 100 mm2 was adopted to irradiate the cylindri-
cal phantom centrally from the side at SSD = 1000 mm. One

hundred million primary particles were launched and simu-
lated, while energies of charged particles in these detectors
were logged.

2.B. Simulation: Radiation dose and local intensity
of Čerenkov radiation

2.B.1. Flat surface

Similar to Sec. 2.A.1, water equivalent flat phantom was
defined in GAMOS and irradiated by 6 MV x-ray beams
with field sizes of 20 × 20, 40 × 40, 100 × 100, and 200
× 200 mm2. Layers with 10 mm thickness at the entrance
and exit of plane of the phantom were voxelized with size
of 0.5 × 0.5 × 0.1 mm3 (field sizes of 20 × 20 and 40
× 40 mm2) and 0.25 × 0.25 × 0.1 mm3 (field sizes of 100
× 100 and 200 × 200 mm2). One hundred million primary
particles were launched from the phase space files and sim-
ulated in the phantom. Radiation dose and number of lo-
cal Čerenkov photon with wavelength from 400 to 900 nm
were logged for each voxel. Images of radiation dose and lo-
cal intensity of Čerenkov radiation were achieved by sum-
ming up the recorded data for 3 mm underneath the surfaces
at entrance and exit planes. Images were smoothed by bi-
lateral filter42 and self-normalized by the maximum to the
range of [0, 1]. Cross plane (CP) and inter plane (IP) profiles

FIG. 1. (a) Position of detectors on flat phantom with respect to the beam field. (b) and (c) Energy spectra of charged particles for entrance and exit planes.
(d) and (e) Images (self-normalized by the maximum pixel value) of superficial dose and local Čerenkov emission for entrance plane. (h) and (i) Images (self-
normalized by the maximum pixel value) of superficial dose and local Čerenkov emission for exit plane. (f) and (j) CP and IP profiles of radiation dose and local
Čerenkov emission for entrance and exit planes. (g) and (k) Discrepancy of CP and IP profiles of radiation dose and local Čerenkov emission for entrance and
exit planes.
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FIG. 2. (a) Placement of detectors along the arc of the cylindrical phantom. (b) Energy spectra of charged particles along the arc. (c) and (d) Images (self-
normalized by the maximum pixel value) of radiation dose and local Čerenkov emission of the central transection of the cylindrical phantom. (e) and (g) Profiles
of superficial dose and local Čerenkov emission for entrance (0◦–90◦) and exit (90◦–180◦) plane (As indicated by dashed lines in Figs. 2(c) and 2(d), profiles
were calculated based on a layer of 3 mm along the arc of the cylindrical phantom.). (f) and (h) Discrepancies between profiles of superficial dose and local
Čerenkov emission for entrance (0◦–90◦) and exit (90◦–180◦) plane.

of images of radiation dose and local intensity of Čerenkov
radiation were compared directly for corresponding field
size.

2.B.2. Curved (cylindrical) surface

The cylindrical phantom defined in Sec. 2.A.2 was vox-
elized with size of 0.5 × 0.5 × 0.5 mm3. 6 MV x-ray beam
with field size of 100 × 100 mm2 was simulated to irradiate
centrally from the side at SSD = 1000 mm. One hundred mil-
lion primary particles were launched and simulated and the
radiation dose and local intensity of Čerenkov radiation were
logged for each voxel. At the boundary, the number recorded
by each voxel was weighted based on the fraction of the vol-
ume inside the cylinder. Six planes of voxels adjacent to the
central transection, representing a thickness of 3 mm, were
isolated and median filtered along the central axis of the cylin-
der to generate images of radiation dose and local intensity of
Čerenkov radiation of the central transection. Images of the
central transection were smoothed by bilateral filtering. From

the images of the central transection, for a cylindrical layer
along the arc of 3 mm thickness underneath the side surface
[indicated by dashed lines in Figs. 2(c) and 2(d)], profiles of
radiation dose and local intensity of Čerenkov radiation were
compared.

2.C. Simulation: Sampling region in layered
skin models

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.43 This lay-
ered skin model (flat phantom with size of 1000 × 1000
× 100 mm3) was built in GAMOS with each layer hav-
ing the corresponding thickness and optical properties (re-
fractive index, absorption, and scattering coefficient) at en-
trance and exit plane. Three types of skin [skin 1: lightly
pigmented skin (∼1% melanin in epidermis), skin 2: mod-
erately pigmented (∼12% melanin in epidermis), skin 3:
darkly pigmented (∼30% melanin in epidermis)] have been
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investigated. Pencil beams were generated by sampling the
energy distribution of the phase space file (6 MV, 100 ×
100 mm2). While irradiating (100 × 106 primary particles)
the surfaces of the phantom normally with the pencil beam,
Čerenkov photons were generated and tracked through pro-
cesses including Mie scattering, absorption, reflection, and
refraction at the boundary. The generation of Čerenkov pho-
tons and transport of optical photons have been explained in
detail by previous studies.31, 40 For any Čerenkov photon es-
caping the entrance surface of the phantom, initial positions
and final energy were recorded. The depth of all the Čerenkov
photons escaping the entrance surface was logged in a his-
togram and was fitted by a single exponential decay.44 The
effective sampling depth (depth where the detection sensitiv-
ity drops to 1/e) was calculated. Sampling depth tuning based
on spectral filtering can be discerned from the results of this
simulation.

2.D. Simulation: Angular distributions of Čerenkov
emission on the surfaces

2.D.1. Flat homogeneous phantom

A slab (1000 × 1000 mm2, varying thickness from 0.1 to
100 mm) of homogeneous water equivalent phantom was de-
fined in GAMOS [Fig. 5(a)]. Pencil beams were adopted to ir-
radiate the slab phantom. The final directions of any Čerenkov
photon escaping the surfaces (entrance and exit plane) were
logged. Angular distributions with respect to the normal of
the surfaces were calculated by histogramming the directions
and compared with the Lambertian distribution for ideal dif-
fusive medium. Factors affecting the angular distribution, in-
cluding incident angle (0◦–85◦), optical properties (1%–5%
blood + 1%–3% intralipid),31 refractive index (1.1–1.5), tis-
sue thickness (0.1–100 mm), beam energy (sampled from the
6 MV x-ray phase space file and monoenergetic from 2 to
10 MV) and scattering model ((1 − α) × Rayleigh + α

× Mie), were investigated. As indicated in bold in Table II,
the default conditions are incident angle = 0◦, optical prop-
erties = 1% blood + 1% intralipid, refractive index = 1.33,
tissue thickness = 100 mm, beam energy = sampled from the
6 MV X-ray phase space file, and scattering model = 100%
Mie scattering. While varying one of the conditions, the other
conditions were set to the default.

2.D.2. Flat surface of layered skin models

Similar to Sec. 2.C.1, slab phantom of layered skin (1000
× 1000 × 100 mm3) was built in GAMOS [Fig. 5(a)]. Pencil
beams sampled from the 6 MV x-ray phase space file was
adopted to irradiate the slab phantom. The final directions of
any Čerenkov photon escaping the surfaces (entrance and exit
plane) were logged. Angular distributions with respect to the
normal of the surfaces were calculated by histogramming the
directions and compared with the Lambertian distribution for
ideal diffusive medium. The three types of skin mentioned

before were investigated, while incident angle varying from
0◦ to 70◦.

2.D.3. Curved (cylindrical) surface of layered
skin models

Similar to the setup described in Sec. 2.A.2, cylindri-
cal phantoms of layered skin (41.5 radius, 41.5 mm height)
were built in GAMOS and detectors (3 mm width, 5◦ along
the central arc) were placed on the surfaces [Fig. 5(b)]. For
any Čerenkov photon escaped the surfaces and reach the de-
tectors, direction was logged. The angular distribution with
respect to the normal of the detectors was calculated and com-
pared with a Lambertian distribution to investigate how it be-
ing affected by the curvature of the surfaces.

2.E. Tissue phantom imaging with time domain
gating system

2.E.1. Flat phantom

As shown in Fig. 6(a), the optical imaging system was
created from a time domain gating ICCD camera (PI-
MAX3, Princeton Instrument) with a Canon EF (55–250 mm,
f/4–5.6) lens. The LINAC works in pulsed mode and the
radiation burst lasts for approximately 3 μs at a frequency
near 180 Hz. By synchronizing the ICCD gate to the radia-
tion burst, Čerenkov radiation emitted from the surfaces was
imaged, while the contribution of the signal from ambient
light was significantly reduced.38 A solid water equivalent
phantom (Plastic Water, CNMC) of 300 × 300 × 40 mm3

was irradiated by 6 MV x-ray beams (600 MU/min) at SSD
= 1000 mm. The ICCD camera was mounted 2.5 m away
and 1 m above the surfaces of the phantom and a computer,
which was used to remotely control the camera outside the ra-
diotherapy room. Images were processed by background sub-
traction, median filtering over a stack of repetitive frames of
images with each frame of image an accumulation of certain
number (50–1000) of radiation bursts to remove stray radi-
ation noise which results in saturated pixel values.45 Affine
transformation was implemented based on chosen points on
the image to correct the perspective distortion.44 Finally, each
image was smoothed by bilateral filtering and self-normalized
by the maximum to the range of [0, 1]. Acquisition speed and
signal to noise ratio for different acquisition procedure were
investigated.

2.E.2. Breast shaped phantom

To simulate whole breast radiotherapy, an anthropomor-
phic phantom [Fig. 7(a)] was made of silicone and placed on a
torso phantom at the correct clinical position while irradiating
with 120 × 80 mm2, 6MV x-ray beam, at an incident angle
of 80◦ (10◦ upward with respect to the horizontal plane). The
ICCD camera was placed at the foot of the patient couch, at
the same height of the breast phantom and about 3.25 m away.
Three positions of the side surface (entrance, exit, and tan-
gential) were imaged. Images were taken with ambient light
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on and off to validate that most of the ambient light can be
rejected by the time domain gating technique.

3. RESULTS

3.A. Validation of local Čerenkov emission
as surrogate of radiation dose

3.A.1. Flat phantom

Figure 1 shows the results of the energy spectra of charged
particles and validation of local Čerenkov emission as a sur-
rogate of radiation dose for 100 × 100 mm2, 6 MV gamma
beam. Figures 1(b) and 1(c) show the simulated energy spec-
tra of charged particles at different regions [indicated in
Fig. 1(a)] on the entrance and exit planes. The spatial homo-
geneity of these spectra suggests local Čerenkov emission can
be used as a surrogate of radiation dose within small discrep-
ancy. Comparing Fig. 1(b) with Fig. 1(c), the energy spectra
of charged particles is more spatially homogeneous on the en-
trance plane than that on the exit plane, suggesting that the
discrepancy between local Čerenkov emission and radiation
dose should be smaller on the entrance plane. To quantify the
spatial homogeneity of energy spectra of charged particles,
the absolute average discrepancy (mean value of the abso-
lute difference between two self-normalized energy spectra
by the maximum to the range of [0, 1]) of the energy spectra
of charged particles simulated at position 1–9 [Fig. 1(a)] were
calculated with respect to the spectra simulated at position 1
(center of the beam field) and listed in Table I for field sizes of

20 × 20, 40 × 40, 100 × 100, and 200 × 200 mm2, showing a
trend of increasing with field size. Figures 1(d) and 1(e) show
the simulated images of superficial dose and local Čerenkov
emission for entrance plane. CP and IP profiles were shown in
Fig. 1(f). Figure 1(g) shows the discrepancies between these
profiles. Figures 1(h)–1(k) show the same results for the exit
plane. The maximum and absolute average discrepancies be-
tween local Čerenkov emission and radiation dose were cal-
culated and listed in Table I for CP and IP profiles on entrance
and exit plane for field sizes of 20 × 20, 40 × 40, 100 × 100,
and 200 × 200 mm2. With largest discrepancy within 5% at
the edges of the beam field and absolute average discrepancy
within 2%, the discrepancy shows a trend of increasing with
field size. Agreeing with the results of the energy spectra of
charged particles, the average discrepancy for entrance plane
is generally smaller than that of the exit plane.

3.A.2. Cylindrical phantom

As shown in Fig. 2(b), based on the similarity shared with
each other, the energy spectra along the central arc on the
surfaces of the cylindrical phantom can be divided into two
groups [entrance plane (0◦–90◦) and exit plane (90◦–180◦)],
suggesting that local Čerenkov emission could be taken as
surrogate of radiation dose for both entrance and exit plane
independently. The absolute average discrepancies of the self-
normalized energy spectra of charged particles (with respect
to data measured at 0◦ for entrance plane and 180◦ for exit
plane) were listed in Table I. Figures 2(c) and 2(d) show the

TABLE I. Validation of Čerenkov radiation as surrogate of radiation dose.

Energy spectrum of charged particles: Flat phantom

20 × 20 40 × 40 100 × 100 200 × 200
Field size (mm2) (positions 1–9) (positions 1–9) (positions 1–9) (positions 1–9)
Discrepancy at
entrance plane (%)
with respect to data of
position 1

0, 0.3, 0.2, 0.2, 0.1,
0.6, 0.2, 0.3, 0.3

0, 0.8, 0.5, 0.5, 0.5,
0.4, 1.0, 0.6, 0.5

0, 0.5, 0.9, 0.5, 0.3,
0.6, 1.6, 0.4, 0.6

0, 1.8, 2.0, 1.4, 1.3, 1.8,
2.4, 1.4, 1.1

Discrepancy at exit
plane (%) with respect
to data of position 1

0, 0.2, 0.3, 0.2, 0.4,
0.4, 0.8, 0.3, 0.9

0, 0.1, 0.7, 0.1, 0.6,
0.3, 1.9, 0.1, 1.5

0, 0.5, 1.5, 0.3, 1.4,
0.3, 2.3, 0.4, 3.1

0, 0.6, 1.4, 0.7, 2.3, 1.2,
4.3, 1.0, 3.6

Energy spectrum of charged particles: Flat phantom
Discrepancy (%) at entrance plane (0◦–90◦ with Discrepancy (%) at exit plane (90◦–180◦ with increment of 15◦)
increment of 15◦) with respect to data simulated at 0◦ with increment of 15◦) with respect to data simulated at 180◦

0, 0.7, 0.9, 3.7, 2.4, 1.0, 14.7 12.8, 5.7, 4.7, 2.6, 1.0, 0.3, 0

Local Čerenkov emission intensity and radiation dose: Flat phantom
CPa: Entrance plane CP: Exit plane IPb: Entrance plane IP: Exit plane

Field size (mm2) (%) (%) (%) (%)
20 × 20 0.6 (−1.1, +0.7) 1.1 (−1.9, +1.0) 0.6 (−1.8, +1.0) 0.9 (−1.7, +1.1)
40 × 40 0.6 (−2.2, +1.1) 1.1 (−2.5, +0.5) 0.6 (−1.4, +0.6) 1.3 (−2.6, +0.4)
100 × 100 0.9 (−2.5, +1.2) 1.4 (−4.0, +1.0) 0.8 (−2.5, +0.9) 1.3 (−3.6, +1.5)
200 × 200 1.3 (−4.6, +1.8) 1.8 (−4.9, +1.0) 1.3 (−4.5, +2.6) 1.4 (−4.7, +3.7)

Local Čerenkov emission intensity and radiation dose: Cylindrical phantom (Diameter and Height = 83 mm)
Discrepancy (%) at entrance plane (0◦–90◦) Discrepancy (%) at entrance plane (90◦–180◦)
1.5 (−3.4, +1.1) 1.9 (−4.5, +2.0)

aCP is short for cross plane.
bIP is short for inter plane.
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FIG. 3. (a) The sampling depth distribution of Čerenkov photons and corresponding exponential fitting for the three types 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)] for
entrance plane. (b) The spectra of Čerenkov emission from the entrance surface. (c) Effective sampling depth for different wavelength ranges on the entrance
surface.

simulated images of radiation dose and local Čerenkov emis-
sion of the central transection. In Figs. 2(e) and 2(g), pro-
files of radiation dose and local Čerenkov radiation are self-
normalized by the maximum to the range of [0, 1] for entrance
and exit planes. The corresponding discrepancies were shown
in Figs. 2(f) and 2(h) with the largest and absolute average
discrepancies listed in Table I.

3.B. Sampling region in layered skin models

The sampling depth distribution of Čerenkov photons and
corresponding exponential fitting for average emission depth
of origin on the entrance plane is shown in Fig. 3(a), for the

three types of increasing skin pigment. Figure 3(b) shows
the spectra of Čerenkov emission on the entrance plane, with
the predominant emissions in the red and infrared wave-
lengths, and increasing overall emission for decreasing skin
pigment, as might be expected. Effective sampling depths for
different wavelength ranges [400–900 nm (overall), 400–500,
500–600, 600–700, 700–800, and 800–900 nm] are listed in
Fig. 3(c), illustrating that the sampling depth changes sub-
stantially 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. Similar results were shown
in Fig. 4 for the exit plane. The build-up effect [Fig. 3(a)] is

FIG. 4. (a) The sampling depth distribution of Čerenkov photons and corresponding exponential fitting for the three types of skin for exit plane. (b) The spectra
of Čerenkov emission from the exit surface. (c) Effective sampling depth for different wavelength ranges on the exit surface.
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FIG. 5. (a) Simulation of the angular distribution of Čerenkov photons escaped the surfaces for flat phantom with pencil beams. (b) Simulation of the angular
distribution of Čerenkov photons escaped the surfaces for the cylindrical phantom. (c) Angular distribution for different skin types. (d) Angular distributions for
skin 1 with different incident angles from 0◦ to 70◦. (e) Angular distributions for skin 1 along the arc of the cylindrical phantom. (f) Angular distributions for
different tissue thickness from 0.1 to 100 mm on the entrance surface.

obvious for the entrance plane, which leads to larger sampling
depth than that of the exit plane.

3.C. Angular distributions of Čerenkov emission
on the surfaces

Figure 5(c) shows the angular distribution of Čerenkov
emission on the entrance surface for the three types of skin.
All of the profiles look similar to the Lambertian distribution,
while the discrepancy increases for increasing skin pigment.
Figure 5(d) shows that the angular distribution is insensi-
tive to incident angle, because of high scattering of Čerenkov
photons in the tissue. As shown in Fig. 5(f), if the layer of
the tissue is too thin (<1 mm), which means Čerenkov pho-
tons will not be scattered enough, the angular distribution has
a large discrepancy (Table II) with respect to a Lambertian
distribution. For a curved surface, Fig. 5(e) shows the an-
gular distribution is close to a Lambertian distribution and
not sensitive to the curvature. All the other conditions men-
tioned in Sec. 2.D were investigated for the entrance and exit
planes, and the absolute average discrepancy with respect to a
Lambertian distribution is listed in Table II. In most of the
cases, the absolute average discrepancy varies around 5%,
suggesting that a Lambertian distribution is usually a rea-
sonable approximation for angular correction of Čerenkov
images.

3.D. Tissue mimic phantom imaging with time domain
gating system

3.D.1. Flat phantom imaging

To image enough Čerenkov photons, each frame of the
image was measured by accumulating the Čerenkov emis-
sion from many radiation bursts delivered by the LINAC.
Figure 6(b) shows the acquisition speed of the time do-
main gating system for a frame of image, with accumula-
tions from 1 to 1000 radiation bursts. To increase the SNR of
the Čerenkov image, several frames of images with the same
accumulation were taken together as a stack and median fil-
tered over it. After background subtraction, image transfor-
mation and image smoothing with bilateral filtering, each im-
age was 1024 × 1024 pixels. Irradiating with 100 × 100 mm2,
6 MVX-ray beam, different acquisition procedures were in-
vestigated. A square region (100 × 100 pixels) in the center
of images was chosen to calculate the SNR (mean pixel value
over the standard variance). As shown in Fig. 6(c), the SNR
increases with the number of accumulations and the number
of frames of images included in median filtering. For exam-
ple, from Fig. 6(b), an image of 50 accumulations takes about
0.21 s and from Fig. 6(c), median filtering over 10 frames of
images gives a SNR over 35, suggesting the possibility of real
time or semireal time (depending on SNR) superficial dose
monitoring. By setting the acquisition procedure to be 50 ac-
cumulation each frame of image and median filtering over a
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TABLE II. Angular distributions of Čerenkov photons escaped the surfaces compared with Lambertian distribution.

Flat homogenous phantom
Incident angle (deg) 0 10 20 30 40 50 60 70 80 85
Discrepancy (%) 4.5, 3.1 5.0, 4.0 3.6, 3.2 3.8, 3.9 4.7, 3.6 3.9, 3.6 3.3, 3.9 3.6, 3.3 3.2, NA 3.1, NA
Beam energy (MV) 2 4 6 8 10 Sampleda

Discrepancy (%) 4.0, 3.5 3.5, 3.2 3.6, 3.7 4.6, 2.9 3.5, 2.9 4.5, 3.1
Optical propertiesb 1% and 1% 1% and 2% 1% and 3% 2.5% and 1% 2.5% and 2% 2.5% and 3% 5% and 1% 5% and 2% 5% and 3%
Discrepancy (%) 4.5, 3.1 4.0, 3.2 4.3, 3.3 4.3, 3.3 3.9, 4.0 3.2, 3.6 4.6, 3.2 5.0, 3.2 4.3, 3.3
Refractive index 1.1 1.2 1.3 1.33 1.4 1.5
Discrepancy (%) 6.8, 7.2 4.7, 4.1 4.7, 3.1 4.5, 3.1 3.0, 3.1 3.2, 3.0
Tissue thickness (mm) 0.1 0.5 1 5 10 50 100
Discrepancy (%) 23.2, 15.9 5.9, 9.4 1.9, 4.6 3.4, 2.2 3.9, 3.4 3.4, 3.2 4.5, 3.1
Scattering phase
functionc

0.5 0.6 0.7 0.8 0.9 0.95 0.99 1

Discrepancy (%) 3.6, 2.6 3.3, 2.7 3.0, 3.0 3.5, 3.0 3.7, 3.2 4.3, 3.7 3.6, 3.3 4.5, 3.1

Flat surface of layered skin models
Incident angle (deg) 0 10 20 30 40 50 60 70
Skin 1 4.0, 3.1 4.0, 3.8 4.1, 3.7 4.1, 3.6 3.7, 4.0 4.2, 3.7 4.2, 3.4 3.3, 3.8
Skin 2 6.6, 5.8 6.4, 5.8 6.5, 5.6 6.4, 5.6 6.1, 5.9 6.4, 5.8 6.5, 5.8 5.7, 6.0
Skin 3 8.1, 7.3 7.5, 7.1 7.7, 7.1 7.7, 7.0 7.5, 6.9 7.6, 7.3 7.5, 7.0 7.2, 6.8

Curved (cylindrical) surface of layered skin models
Position along the
central arc (deg)

0, 15 30, 45 60, 75 90 105, 120 135, 150 165, 180

Skin 1 4.7, 4.7 7.9, 3.6 4.3, 4.5 4.4 4.2, 4.6 4.0, 4.4 3.3, 3.1
Skin 2 6.4, 6.4 8.5, 6.5 6.2, 6.7 6.8 6.2, 6.1 5.9, 5.8 6.0, 5.5
Skin 3 7.4,7.5 9.2, 7.5 7.4, 7.3 7.4 7.2, 7.0 7.1, 7.0 7.2, 6.9

aSampled from 6 MV phase space file.
bOptical properties decided by 1%–5% blood +1%– 3% intralipid.
cPhase function decided by (1 ∼ α) × Rayleigh + α × Mie with values of α listed in the table.

stack of 10 frames of images (about 2.1 s acquisition time),
Čerenkov images of different field sizes (from 50 × 50 to 200
× 200 mm2) and incident angles (from 0◦ to 70◦ with field
size to be 100 × 100 mm2) were shown in Figs. 6(d) and 6(e).

3.D.2. Breast shaped phantom imaging

Figure 7 shows the Čerenkov images of the breast shaped
phantom (described in Sec. 2.E.2) from different angles [en-
trance, tangential, and exit as indicated in Fig. 7(a)] during
EBRT. The acquisition procedure was set to be 50 accumula-
tions each frame of image and 10 frames of images for median
filtering over the stack. Figures 7(c)–7(e) validated Čerenkov
emission could be imaged and thus superficial dose could be
estimated for complex surface profiles within the process of
EBRT. As shown in Figs. 7(e) and 7(f), images of the exit
plane measured with and without ambient light [Fig. 7(b)]
were similar to each other, suggesting imaging with reason-
able level of ambient light during EBRT is possible. There
was a slight offset shown between them, which is suitably
smaller than the dynamic range, and so can be subtracted off
as needed in postprocessing.

4. DISCUSSION

Čerenkov radiation is intrinsically generated in tissue
during irradiation. Different from conventional superficial

dose measurement techniques, superficial dosimetry imaging
based on Čerenkov radiation does not require any detector to
be placed on patient or any clinical intervention within the
process of EBRT. Instead of small region measurement, this
technique is able to image a large field of view or focus on the
region of interest, which provides global as well as detailed
information about superficial dose distribution. As shown in
Figs. 6(b) and 6(c), the acquisition time of images with rea-
sonably good quality and SNR (about 35) is approximately
2 s. Comparing this to the time scale of typical radiotherapy
(about 10–20 s at dose rate of 600 MU/min), real time moni-
toring of patient movement, deformation and the correspond-
ing effects to superficial dose delivery is possible. Instead of
correlating Čerenkov images to superficial dose distribution,
this technique could also be used for quality assurance of the
radiotherapy beam for hot or cold spot detection.

Although Čerenkov imaging has shown certain advantages
for superficial dose assessment, several important issues exist
which needs to be clarified. First, local intensity of Čerenkov
radiation is proportional to radiation dose under the approxi-
mation that energy spectra of charged particles is spatially in-
dependent. This approximation was validated with maximum
discrepancy within 5% and average discrepancy within 2%
(Fig. 1 and Table I) for flat phantom with different field sizes
from 20 × 20 to 200 × 200 mm2. For curved phantoms, as
shown in Fig. 2 and Table I, this approximation holds for most
of entrance and exit plane and has the largest discrepancy
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FIG. 6. (a) Time domain gating system. (b) Acquisition speed of one frame of image with accumulation of different number of radiation bursts. (c) Signal
to noise ratio for different acquisition procedures. (d) Čerenkov images (self-normalized by the maximum pixel value) of flat phantom with field sizes from
20 × 20 to 200 × 200 mm2. (e) Čerenkov images (self-normalized by the maximum pixel value) of flat phantom with incident angles from 0◦ to 70◦.

(within 15%) near the tangential region, which means that
Čerenkov images of entrance and exit regions should be in-
terpreted independently. It is worth noting that the images
could under- or overestimate radiation dose several percent,

especially near the edge of the beam field or in tangential re-
gions. Calibration of this issue requires detailed information
about energy spectra of charged particles at different regions,
which is potentially possible but computationally intense. In

FIG. 7. (a) A picture of the breast phantom placed on an anthropomorphic torso phantom (entrance, tangential, and exit imaging region indicated in the picture).
(b) A picture shows the ambient light tested for time domain gating. (c)–(e) Čerenkov images (ambient light off) of the entrance, tangential, and exit region of
the breast phantom under whole breast radiotherapy. (f) Čerenkov image of the exit region with ambient light on.
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practice, the easiest solution is that regions such as beam
edges and tangential surfaces with respect to the direction
of the incident radiation beam could be eliminated from the
image, or interpreted with caution for superficial dose
estimation.

Unlike conventional superficial dose measurement tech-
niques, Čerenkov emission samples the superficial dose sev-
eral millimeters (0–5 mm) underneath the surfaces with the
sampling region being sensitive to the optical properties
[Figs. 3(a) and 4(a)]. The detected Čerenkov intensity is also
correlated to optical properties [Figs. 3(b) and 4(b)]. One po-
tential way to solve this issue is including noninvasive optical
properties techniques such as reflectance spectroscopy46 to
measure optical properties of the skin accurately and adopted
for sampling region simulating, sampling depth tuning by
spectral filtering [Figs. 3(c) and 4(c)] and Čerenkov intensity
to absolute dose calibration. This will be investigated in fol-
lowing clinical studies focusing on whole breast treatment and
correlate the Čerenkov images to superficial dose and skin re-
actions for different types of skin.

For complex surface profiles (breast or head and neck tu-
mor treatment), the angular correction of Čerenkov images
is important. For highly scattering media such as human tis-
sue, optical photons could be scattered sufficiently and lose
their initial angular distributions. As summarized in Table II
for flat and curved tissue mimic phantom, the angular dis-
tribution of emission is close to the theoretical Lambertian
distribution for perfect scattering medium. Lambertian distri-
butions essentially simplify the angular correction to a trivial
monotonic function with a known analytic expression, which
is especially important for complex curved surfaces, because
the intensity changes due to the curvature of the surfaces will
be exactly compensated by the corresponding changes of the
solid angle. The results in this study suggest that Lamber-
tian correction would be a reasonably good normalization fac-
tor to correct the emission intensity. While complete angular
correction is a challenge because angular distributions is af-
fected slightly by the surfaces profiles combined with all the
potential factors, many of these issues can be potentially ad-
dressed by 3D surface capture techniques47 and systems (e.g.,
AlignRT R©, Vision RT; CatalystTM, C-Rad). In the follow-
ing clinical trial of whole breast radiotherapy, combining 3D
surface profiles with the treatment plan of radiation delivery
and measured optical properties of patient skin will be inves-
tigated. By coupling 3D surface profiles and measurements
of optical properties with Čerenkov images, factors such as
curvatures of the surfaces, incident angles, and optical prop-
erties could be decided for the treatment region and adopted
to simulate the angular distribution, which will be later used
for intensity corrections due to viewing angles and curvatures.

In practice, a reasonable level of ambient lighting is es-
sential for the patient’s comfort and for the radiation therapy
technicians to do their job. This ambient light could easily
affect Čerenkov images if imaging with standard cameras.
To solve this problem, time-gating of image acquisition was
demonstrated in this study. By synchronizing the camera to
short radiation bursts (3 μs at a repetitive frequency about
180 Hz), ambient light which is generally continuous in time

will be reduced to less than 5% of the signal. As shown in
Figs. 7(e) and 7(f), with the ambient light level to be what
shows in Fig. 7(b), the Čerenkov images are not significantly
affected. Further improvement will be implemented by cod-
ing the camera to take background images during the gating,
while radiation burst is just off and subtract the background
image from Čerenkov image automatically.

5. CONCLUSION

We have shown that local Čerenkov emission can be used
to estimate radiation dose for flat and curved surfaces. Sim-
ulation of the sampling region of Čerenkov emission in lay-
ered skin models suggested the possibility of sampling depth
tuning based on spectral filtering. Angular distributions of
Čerenkov photons escaping the surfaces are close to the
well-known Lambertian distribution, because of the tissue’s
high optical scattering, simplifying the angular correction of
Čerenkov image for flat and curved surfaces. The concept
of superficial dose imaging based on Čerenkov emission for
MV EBRT x-ray beams was demonstrated in breast phantoms
by time domain gating, suggesting real time superficial dose
monitoring with reasonable ambient light level. While this
work focuses on Monte Carlo simulations and phantom stud-
ies, it is clear that this signal is emitted from all tissue, and
in vivo superficial dosimetry via quantitative imaging will be
investigated with further development in a whole breast radio-
therapy clinical trial.
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