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Purpose: A novel technique for optical dosimetry of dynamic intensity-modulated radiation therapy
(IMRT) and volumetric-modulated arc therapy (VMAT) plans was investigated for the first time by
capturing images of the induced Cherenkov radiation in water.
Methods: A high-sensitivity, intensified CCD camera (ICCD) was configured to acquire a two-
dimensional (2D) projection image of the Cherenkov radiation induced by IMRT and VMAT plans,
based on the Task Group 119 (TG-119) C-Shape geometry. Plans were generated using the Varian
Eclipse treatment planning system (TPS) and delivered using 6 MV x-rays from a Varian TrueBeam
Linear Accelerator (Linac) incident on a water tank doped with the fluorophore quinine sulfate. The
ICCD acquisition was gated to the Linac target trigger pulse to reduce background light artifacts, read
out for a single radiation pulse, and binned to a resolution of 512 × 512 pixels. The resulting videos
were analyzed temporally for various regions of interest (ROI) covering the planning target volume
(PTV) and organ at risk (OAR), and summed to obtain an overall light intensity distribution, which
was compared to the expected dose distribution from the TPS using a gamma-index analysis.
Results: The chosen camera settings resulted in 23.5 frames per second dosimetry videos. Temporal
intensity plots of the PTV and OAR ROIs confirmed the preferential delivery of dose to the PTV
versus the OAR, and the gamma analysis yielded 95.9% and 96.2% agreement between the exper-
imentally captured Cherenkov light distribution and expected TPS dose distribution based upon a
3%/3 mm dose difference and distance-to-agreement criterion for the IMRT and VMAT plans,
respectively.
Conclusions: The results from this initial study demonstrate the first documented use of Cherenkov
radiation for video-rate optical dosimetry of dynamic IMRT and VMAT treatment plans. The pro-
posed modality has several potential advantages over alternative methods including the real-time
nature of the acquisition, and upon future refinement may prove to be a robust and novel dosimetry
method with both research and clinical applications. © 2014 American Association of Physicists in
Medicine. [http://dx.doi.org/10.1118/1.4875704]
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1. INTRODUCTION

Recent advances in radiation therapy have led to increasingly
complex treatments. Modern techniques such as intensity-
modulated radiation therapy (IMRT) and volumetric-
modulated arc therapy (VMAT) have added additional
degrees of freedom to treatment planning and delivery which
have increased efficacy but also created a need for more robust
quality assurance (QA) methods for delivery verification.

Traditionally, QA methods focused on the use of radio-
graphic or Gafchromic R© film dosimetry for obtaining pla-
nar two-dimensional (2D) dose distributions inside a dosime-
try phantom.1–3 Although film dosimetry is high resolution

and near water equivalent, the process is cumbersome, not
real-time, and may exhibit processing-dependent variability.
More recent techniques include portal imaging,4–6 ioniza-
tion chamber arrays,7 and semiconductor arrays.6 A digital
analogue to film dosimetry, portal imaging is easy to use,
but the true experimental measurement may only be made
at a single planar slice. Array-based systems inherently lack
the resolution required for accurate dose verification, due to
the finite spacing of the detectors. Additional methods cur-
rently under development include gel and plastic or liquid
scintillation dosimetry.8–20 Despite several advantages, gel
dosimetry is time consuming, requires postprocessing and a
readout mechanism such as optical computed tomography
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(CT) or magnetic resonance imaging (MRI), and scintilla-
tion methods require careful calibration and suppression of
the stem effect.21–25 Finally, all of the current techniques are
not truly water equivalent, as the active medium is not wa-
ter itself. This point is of particular importance, as water is
the gold standard dosimetry medium due to its equivalence to
tissue, cheap abundance, high-purity, and ease of interinstitu-
tion standardization. Therefore, there is interest in a simple,
accurate, quick, robust, and real-time water-based method for
routine QA of patient-specific IMRT and VMAT treatments.

2. THEORY

A number of recent studies have proposed using light gen-
erated by the Cherenkov effect (light emission from charged
particles traveling through a dielectric medium at a speed
greater than that of the local speed of light) for water-based
dosimetry26–31 and other radiotherapy applications.32–37 In an
initial study, a simple theoretical interpretation to the corre-
lation between Cherenkov light emission and dose deposition
for a single monoenergetic x-ray photon beam was given.26

The formalism can be summarized by expressing the number
of Cherenkov photons emitted per unit mass at any spatial lo-
cation in the irradiated medium, N, as

N =
∫

�

ρ

(
dN

dx

)
dE, (1)

where E is the particle energy, � is the polyenergetic electron
fluence spectrum, dN

dx
is given by the Frank-Tamm formula,

and ρ is the density of the irradiated medium. Similarly, the
dose, D, can be expressed as

D =
∫

�

ρ

(−dT

dx

)
dE, (2)

where −dT
dx

is the electron collisional stopping power. Al-
though in the initial study, the similarity between the two
quantities was attributed to the approximate proportionality
between the Frank-Tamm formula and electron collisional
stopping power above the threshold energy for Cherenkov
light emission (under this formalism, there exists an obvious
disproportionality at lower energies where Cherenkov light
emission is not possible), here we reform this notion and sug-
gest that the correlation between the two phenomena is inde-
pendent of the form of dN

dx
and −dT

dx
under the pretense that the

relative electron fluence spectrum remains the same. It should
be noted that this assumption is valid in the beam interior and
may break down at the beam edges, leading to a dispropor-
tionality between Eqs. (1) and (2).

If we assume that the relative shape of � remains constant
in the majority of the irradiated medium, Eqs. (1) and (2) can
be rewritten as

N = A

∫
�r

ρ

(
dN

dx

)
dE, (3)

D = A

∫
�r

ρ

(−dT

dx

)
dE, (4)

where A represents a scalar constant at each point in the ir-
radiated medium, which simply scales the constant relative
electron fluence spectrum �r. In this case, the integrals in
Eqs. (3) and (4) can be easily calculated and represent single
scalar values. N and D therefore scale in identical ways sim-
ply based upon A. Referring to the scalar values as BN and BD,
respectively, the relationship between the number of emitted
Cherenkov photons and deposited dose, R, in the medium can
then be defined as

R = BN

BD

(5)

which holds true at all spatial locations in the irradiated
medium. Therefore, for relative dosimetry, the correlation is
independent of the two energy loss mechanisms (i.e., the
Frank-Tamm formula and collisional stopping power), al-
though changes in R would need to be considered for absolute
dosimetry.

Although this notion is true for a monoenergetic x-ray pho-
ton beam, (i.e., after the buildup region, due to exponential
attenuation the medium will be in transient charged particle
equilibrium and the assumption of a constant relative elec-
tron fluence spectrum is valid), for any realistic polyenergetic
x-ray photon beam this is not be the case. If we consider a
single x-ray photon beam incident on a homogenous volume,
the fluence of primary x-ray photons at a given energy, ψ ,
reaching a certain depth, z, will be exponentially attenuated
as

ψ = ψre
−μz, (6)

where ψ r is the initial fluence at the volume surface and μ is
the linear attenuation coefficient of the medium for the given
x-ray photon energy. Due to the fact that the linear attenua-
tion coefficient of most materials (e.g., water for the purposes
of radiotherapy QA) vary in the clinical x-ray photon energy
range, the x-ray photon spectrum will change as a function
of depth due to the preferential attenuation of lower energy x-
ray photons (i.e., beam hardening). As a result, �r will exhibit
some degree of depth dependence.

However, if we consider multiple beams (as is the case in
IMRT and VMAT delivery), and simplify the scenario for two
parallel-opposed beams irradiating a rectangular volume, the
x-ray photon fluence at any depth can be given by the super-
position of the two beams as

ψ = ψr [e−μz + e−μ(d−z)], (7)

where it is assumed that ψ r is constant for the two beams,
and d is the thickness of the irradiated volume. As an approx-
imation, this superposition of the fluence from both beams
mitigates the beam hardening effect. (i.e., near either of the
entrance surfaces the superposition is of a hard and soft beam,
whereas in the center of the volume the superposition is of two
moderate beams). Therefore, the validity of using Cherenkov
light emission as a surrogate for the deposited dose may be
best for dynamic treatment IMRT and VMAT treatment plans
in which the plan can be approximated as the superposition of
a number of parallel opposed beams.
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FIG. 1. In (a), the Monte Carlo simulation results for the normalized PDD
curves of the dose and Cherenkov light emission, normalized at depths of 25,
50, 75, 100, 125, 150, 175, and 200 mm are plotted. In (b), the x-ray fluence
spectra at depths of 0, 50, 100, 150, 200, 250, 300, 350, and 400 mm are
plotted. Both graphs are for a 10 × 10 cm 6 MV beam.

In the present study, we investigate this topic through
video-rate optical dosimetry of dynamic IMRT and VMAT
plans for QA and verification for the first time.

3. MONTE CARLO SIMULATIONS

To investigate the correlation of Cherenkov light emission
and dose deposition, as well as its validity for IMRT and
VMAT treatment plans, Monte Carlo simulations were run
using the GEANT4 package through the GAMOS (GEANT4
architecture for medically oriented simulations) interface.38, 39

In the simulations, a 10 × 10 cm 6 MV field was used to ir-
radiate a 40 × 40 × 40 cm volume of water parameterized
into 1 mm cubic voxels. The deposited dose and number of
Cherenkov photons (between 450 and 750 nm, assuming a
spectrally constant refractive index of 1.33) produced within
each voxel was recorded using 108 primary particles. Al-
though in these simulations the visible wavelengths were sim-
ulated, due to the constant spectrum of Cherenkov radiation
(inversely proportional to the square of the emission wave-
length), widening or narrowing the waveband would simply
scale the number of recorded photons in each voxel up or

0 2 4 6 8
0

0.1

0.2

0.3

0.4

0.5

E [MeV]

Ψ
 [M

eV
−

1 ]

−200 −100 0 100 200
40

70

100

130

160

z [mm]

R
el

at
iv

e 
V

al
ue

 [%
]

Cherenkov Dose(a)

(b)

FIG. 2. In (a), the Monte Carlo simulation results for the PDD curves of the
dose and light emission for the AP-PA geometry, normalized at isocenter for
thicknesses of 50, 100, 150, 200, 250, 300, 350, and 400 mm are plotted. In
(b), the x-ray fluence spectra at depths of 0, 10, 20, 30, 40, and 50 are plotted
for the 100 mm thickness phantom. Both plots are for a 10 × 10 cm 6 MV
beam.

down, respectively. The phase space file used for the simu-
lation was generated for a Varian 2100C Linear Accelerator
(Linac) using the BEAMnrc package and a previously vali-
dated accelerator geometry.40

The resulting percent depth dose (PDD) and light emis-
sion curves are plotted in Fig. 1(a), normalized to a value
of 100% at depths of 25, 50, 75, 100, 125, 150, 175, and
200 mm, respectively. These normalization depths were cho-
sen for the secondary simulation experiment that was per-
formed using the superposition of the results of the single
beam to mimic the anterior-posterior-posterior-anterior (AP-
PA) parallel-opposed beam geometry through water volume
thicknesses of 50, 100, 150, 200, 250, 300, 350, and 400 mm
(i.e., the normalization depths are at the isocenter of these
thickness values). As can be seen, due to the beam harden-
ing and resulting x-ray fluence spectral differences, in general
the Cherenkov light emission underpredicts the dose prior to
the normalization depth, and overpredicts the dose beyond the
normalization depth (i.e., relative to x-ray fluence spectrum
at the normalization point, the fluence is softer prior result-
ing in an electron fluence spectrum weighted at lower ener-
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System

Linear
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FIG. 3. The experimental setup, consisting of the linear accelerator, cubic
water tank phantom, and externally placed camera system is shown. The
working distance of the camera to water phantom is 3 m.

gies with respect to � at the isocenter, leading to underpre-
diction, and harder post, leading to overprediction due to an
electron fluence spectrum weighted at higher energies). The
error trend prior to the normalization depth also appears to
increase for deeper depths of normalization, although the rel-
ative error with respect to the maximum value at the depth of
maximum dose is similar. The x-ray fluence spectra from the
Monte Carlo simulations at depths of 50, 100, 150, 200, 250,
300, 350, and 400 mm are plotted in Fig. 1(b).

The results for the AP-PA irradiation of the thicknesses
mentioned previously are plotted in Fig. 2(a). For thick-
nesses less than roughly 300 mm, the agreement between
the Cherenkov light emission and dose at all depths is within
2%–3%, and within 1% for the majority of the thinner thick-
nesses. The increased agreement relative to the single beam
can be explained by examining the x-ray fluence spectrum.
As postulated in Sec. 2, the parallel-opposed beam geometry
and resulting fluence spectrum superposition effectively aver-
ages out much of the beam hardening effect. The x-ray flu-

PTVPTV

OAROAR

FIG. 4. The geometry of the TG-119 C-Shape phantom is shown. The geom-
etry consists of a cylindrical OAR with a radius of 1.5 cm, and an outer PTV
with an inner and outer radius of 1.5 and 3.7 cm, respectively. The length of
the OAR is 10.0 cm, and the length of the PTV is 8.0 cm.

ence spectra at depths of 0, 10, 20, 30, 40, and 50 mm for the
100 mm thickness irradiation scenario are plotted in Fig. 2(b).
As can be seen, at all of the depths the relative spectrum is
substantially similar, leading to a direct correlation between
the Cherenkov light emission and dose deposition curves.
However, for thicknesses greater than 300 mm (i.e., the 350
and 400 mm plots), the error in the hot spot regions is larger
(7–8%) and the averaging out of the beam-hardening phe-
nomenon is less applicable, although the relative error with
respect to the range of dose values from zero to the hotspot
remains similar.

4. MATERIALS AND METHODS

4.A. Experimental setup

The experimental setup is shown in Fig. 3 and con-
sists of a gated intensified-charged-coupled device (ICCD)

TABLE I. Details of the delivered IMRT and VMAT treatment plans.

IMRT
95% of PTV to receive at least 1000 cGy, 10% of PTV to receive no more than 1100 cGy, 5% of OAR to receive no more than 200 cGy

Beam Gantry angle Collimator angle Field X Field Y SSD Dose
[#] [deg] [deg] [cm] [cm] [cm] [MU]

1 160.0 0 9.8 9.3 84.4 396
2 120.0 0 8.6 9.6 85.3 407
3 80.0 0 7.8 9.6 87.0 307
4 40.0 0 9.3 9.0 80.3 389
5 0 0 10.0 9.0 80.8 392
6 320.0 0 9.3 9.0 80.1 400
7 280.0 0 7.8 9.6 86.9 300
8 240.0 0 8.6 9.6 85.2 404
9 200.0 0 9.8 9.6 84.4 395

VMAT
95% of PTV to receive at least 400 cGy, 10% of PTV to receive no more than 440 cGy, 5% of OAR to receive no more than 1000 80 cGy

Arc Gantry rotation Collimator angle Field X Field Y SSD Dose
[#] [deg] [deg] [cm] [cm] [cm] [MU]
1 359.9 CCW 0 8.6 10.7 85.5 1087
2 359.9 CW 45.0 11.2 11.1 85.5 1082
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FIG. 5. In (a), a representative experimental raw image for the VMAT treat-
ment plan is shown. The resulting frame after the pixel-by-pixel temporal
median filtering of 23 frames is shown in (b). In (c) the resulting summed
composite image for the VMAT treatment plan is shown.

(PIMAX3, Princeton Instruments, Acton, MA) positioned to
image the induced Cherenkov light in a water-phantom dur-
ing irradiation. The camera, which was equipped with a fixed
focal length high aperture lens was placed 3 m from the
isocenter of a Varian TrueBeam Linear Accelerator (Linac)
(Varian Medical Systems, Palo Alto, CA). To increase the
signal-to-background (SBR), the camera was synced with
the Linac pulses by a trigger signal to acquire only when
the beam was on. In this configuration, images (512 × 512
resolution) were acquired at 23.5 frames per second, and
each image consisted of one accumulation (3 μs in dura-
tion), i.e., single pulse imaging. Stray radiation striking the
intensifier and CCD sensor causes significant image noise;
however, this was addressed by applying a moving tempo-
ral noise median filter such that each filtered image repre-
sented the pixel-by-pixel median of a stack of 23 total im-
ages (11 frames before and after the image of interest, cor-
responding to just under 1 s of acquisition). The filtering
was also used to improve the signal-to-noise-ratio (SNR) of
the captured images due the Poisson photon counting statis-
tics associated with imaging the weak Cherenkov radiation
from a single radiation pulse. The high frame rate was chosen
over a lower frame rate with an increased number of pulses
accumulated into an individual frame to provide the high-
est possible temporal data resolution, as well as the highest
temporal density of frames for effective removal of the stray
radiation noise.41

The AAPM Task Group 119 (TG-119) C-Shape plan
for IMRT and VMAT were used to assess the accuracy of
Cherenkov imaging dose estimates. This plan maximizes the
dose in a half-ring planning target volume (PTV) about a cen-
tral volume organ at risk (OAR), in which the dose is mini-
mized. IMRT and VMAT treatment plans were designed us-
ing the Varian Eclipse TPS (Varian Medical Systems, Palo
Alto, CA) on a virtual phantom. The geometry is shown in
Fig. 4, where the PTV has an inner and outer radius of 1.5 and
3.7 cm, respectively, with a length of 8.0 cm and the OAR has
a radius of 1.0 cm and length of 10.0 cm. More specifics on
the virtual phantom geometry can be found in the report.42

The resulting optimized treatment plans were then planned
on an x-ray CT scan of a 25.4 × 25.4 × 40.6 cm rectangular
aquarium filled with water to a height of 34 cm doped with
1.0 g/L of quinine sulfate, which was used as the QA phantom
for all experiments. The quinine sulfate serves as a means for
converting the anisotropic Cherenkov radiation to isotropic
fluorescence (at 400–500 nm in which the self-absorption
due to water is minimal) which allows for undistorted imag-
ing of the induced light distribution.27 The isocenter of both
treatment plans was centered laterally in the tank and located
14.5 cm above the bottom surface of the tank. The specifics
of each plan and the dose optimization goals are shown in
Table I.

4.B. Accuracy analysis

To quantify the accuracy of the proposed technique, the
experimentally captured images of the Cherenkov light dis-
tribution were compared to the predicted dose from the TPS.
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To accomplish this, the resulting filtered image stack was first
summed to obtain the integrated light distribution for the en-
tire dynamic treatment plan. The resulting image represents
a 2D projection of the 3D light volume induced within the
water phantom and contains geometric distortion due to the
parallax associated with regular imaging lenses (i.e., as op-
posed to telecentric lenses which provide a constant magni-
fication with imaging distance). To account for this, the 3D
dose matrix obtained from the TPS was summed in the fol-
lowing manner. Under the assumption that the experimentally
captured images were focused at the focal plane encompass-
ing the treatment isocenter, the 2D planes of the dose ma-
trix closer to the camera were appropriately magnified, and
the 2D planes farther from the camera appropriately demag-
nified based upon the known experimental setup (e.g., tank
dimensions, camera working distance, and refraction at the
air tank interface). The resulting experimental 2D projection
of the light distribution and nonlinearly summed 2D dose pro-
jection from the TPS were normalized to 100% at their max-
imum values at isocenter, and compared using the gamma-
index analysis feature in the 3D SlicerRT program with a
3%/3 mm dose difference and distance-to-agreement (DTA)
criterion.43, 44

5. RESULTS AND DISCUSSION

Representative experimental images for both a single
frame (i.e., single Linac pulse), the corresponding median fil-
tered frame, and summed composite image for the VMAT
treatment plan is shown in Fig. 4. In the raw image shown
in Fig. 5(a) of a single pulse (3 μs in duration), both the stray
radiation noise and Poisson photon counting statistical noise
are apparent. The counts due to the induced Cherenkov radi-
ation are sparse and appear as blooms due to single photons
striking the intensifier of the ICCD. However, the temporal
median filter of the stack of 23 images effectively removes
the stray radiation noise and elucidates the radiation beam, as
is shown in Fig. 5(b). The resulting summed composite image
for the VMAT treatment plan is shown in Fig. 5(c).

To demonstrate the temporal abilities of the method, a
region of interest (ROI) was drawn about the PTV and
OAR in the experimentally acquired projection images. The
cumulative intensity within each ROI was then calculated
as a function of time, the results of which are shown in
Figs. 6(a) and 6(b). The former plot clearly shows that as a
function of time, the intensity (or dose) is preferentially de-
posited in the PTV rather than the OAR. It is interesting to
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FIG. 6. In (a), the temporal time profile for the PTV and OAR ROIs of the VMAT treatment plan are shown. The divider indicates the transition between arcs
1 and 2. In (b), the cumulative accumulation of intensity within both ROIs is plotted. Commensurate plots for the IMRT treatment plan are shown in (c) and (d),
with the dividers indicating the transitions between fields 1 and 9.
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note that directly following the conclusion of the first arc, the
second arc begins with a spike in counts suggesting that at this
point in the VMAT treatment a large portion of the dose is be-
ing deposited. In addition, the temporal profile of the OAR
shows four distinct periodic spikes in counts, which corre-
spond roughly to beam angles of 0◦, 90◦, 180◦, 270◦, and
360◦. At these angles the OAR receives a nominal amount
of dose relative to the other angles due to the inability of the
beam to treat the PTV while completely sparing the OAR. Fi-
nally, despite the axial symmetry of the geometry, the profiles
of the two arcs with respect to the PTV are not symmetric due
to different collimator rotations.

Similar plots for the IMRT plan are shown in Figs. 6(c)
and 6(d). The dividers in the temporal plot clearly indicate
the nine different fields of the plan. In the IMRT plan, for each
field the MLC shapes the beam in a sliding window approach
in which the beam passes over the aperture, which directly ir-
radiates the OAR. This can be seen in the single spike in the
time profile for each field of the OAR. The PTV temporal pro-
file also reveals that the intensity or dose deposited by beams
2 and 3 (and 7 and 8 due to symmetry), is larger than that of
beams 4, 5, and 6 due to the difference in attenuation through

the water tank prior to reaching the isocenter. Finally, due to
identical collimator settings for all nine fields, the temporal
profiles of both the PTV and OAR appear symmetric.

The resulting summed dose distribution, projection image
of the experimentally captured 3D Cherenkov light volume,
and gamma-index map for the nine-field IMRT treatment
plan are shown in Figs. 7(a)–7(c). The commensurate images
for the VMAT treatment plan are shown in Figs. 7(d)–7(f).
Visual inspection of the dose distributions predicted by the
TPS and the experimentally captured images shows excellent
agreement, which is confirmed by the quantitative gamma-
index analysis. In the case of the nine-field IMRT treatment
plan, 95.9% of the pixels exhibit a passing criteria, whereas
for the VMAT treatment plan 96.2% of the pixels pass the
3%/3 mm dose difference and DTA criterion. This is in good
agreement with the 95% pass rate typically used for clinical
IMRT and VMAT treatment plans.

The observed discrepancies between the light distribution
and TPS could be due to misalignment of the two images
in the rigid transformation, as well as to the fundamental
differences between the deposited dose and Cherenkov light
volumes, stemming from the assumption that �r remains
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FIG. 7. In (a) and (b), the 2D projections of the experimentally imaged 3D Cherenkov light volume and nonlinearly summed 3D dose matrix from the TPS are
shown for the VMAT treatment plan. The resulting gamma-index map is shown in (c) for a 3% /3 mm dose difference and DTA criterion. In (d)–(f), the same
images for the nine-field IMRT treatment plan are shown.
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constant in Eqs. (1) and (2) for all regions of the water tank.
This would be most apparent at the beam edges, which is con-
firmed by the gamma-index map for the IMRT treatment plan.
In addition, Monte Carlo simulations indicate that the valid-
ity of the Cherenkov approximation for a 6 MV field breaks
down at larger thicknesses (i.e., beyond 300 mm), limiting the
accuracy and applicability of this technique to irradiation of
larger clinical volumes. An investigation into additional beam
energies, as well as the potential calibration for the sources of
error enumerated above will be investigated in future studies.

6. CONCLUSION

We have shown for the first time that a novel optical tech-
nique can accurately estimate delivered dose of IMRT and
VMAT in real time in water phantoms. This capability is en-
abled by imaging the induced Cherenkov radiation in a water
tank using an ICCD synchronized to a Linac. This technique
is simple and robust and is able to collect video-rate tempo-
ral dosimetric images at 23.5 frames per second. Comparison
of the temporally summed experimental images to the pre-
dicted dose yielded results which were in good agreement
with the expected 95% gamma index pass criterion of dy-
namic radiotherapy plans based upon a 3%/3 mm dose differ-
ence and DTA criterion. While additional studies are required
for further validation, to our knowledge, this study represents
the first to show real-time dosimetry of IMRT and VMAT in
water phantoms. Although currently limited to indirect, time-
resolved 2D projection imaging of 3D dose (similar to por-
tal imaging), the use of multiple cameras and optical tomog-
raphy, or a single plenoptic camera could yield 4D data at
a higher spatial resolution with respect to current ionization
chamber array techniques (e.g., 3D ArcCHECK). This capa-
bility could have a significant impact on quality assessment
for the treatment modalities.
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