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ORIGINAL ARTICLE

Dosimetric verification of complex radiotherapy with a 3D optically
based dosimetry system: Dose painting and target tracking

PETER S. SKYT'?, JORGEN B. B. PETERSEN!, ESBEN S. YATES!, PER R. POULSEN?,
THOMAS L. RAVKILDE?, PETER BALLING? & LUDVIG P. MUREN!

I Department of Medical Physics, Aarhus University/Aarhus University Hospital, Aarhus, Denmark, >Department of
Physics and Astronomy, Aarhus University, Aarhus, Denmark and 3Department of Oncology, Aarhus University
Hospital, Aarhus, Denmark

Abstract

Background. The increasing complexity of radiotherapy (RT) has motivated research into three-dimensional (3D) dosim-
etry. In this study we investigate the use of 3D dosimetry with polymerizing gels and optical computed tomography (opti-
cal CT) as a verification tool for complex RT: dose painting and target tracking. Materials and Methods. For the dose
painting studies, two dosimeters were irradiated with a seven-field intensity modulated radiotherapy (IMRT) plan with and
without dose prescription based on a hypoxia image dataset of a head and neck patient. In the tracking experiments, two
dosimeters were irradiated with a volumetric modulated arc therapy (VMAT) plan with and without clinically measured
prostate motion and a third with both motion and target tracking. To assess the performance, 3D gamma analyses were
performed between measured and calculated stationary dose distributions. Results. Gamma pass-rates of 95.3% and
97.3% were achieved for the standard and dose-painted IMRT plans. Gamma pass-rates of 91.4% and 54.4% were obtained
for the stationary and moving dosimeter, respectively, while tracking increased the pass-rate for the moving dosimeter
to 90.4%. Conclusions. This study has shown that the 3D dosimetry system can reproduce and thus verify complex dose

distributions, also when influenced by motion.

The current clinical practice in radiotherapy (RT)
is to deliver a uniform dose to a predefined static
planning target volume that is believed to accom-
modate the tumor with a high probability given
also its anticipated motion. To increase tumor local
control rates while sparing healthy tissue, new
radiotherapy methods are constantly being devel-
oped. One such example is the introduction of dose
painting, where the uniform dose approach is
replaced by a highly individualized and heteroge-
neous dose distribution that is designed to give
additional dose to target subvolumes with high
radio-resistance due to, e.g. hypoxia as quantified
by functional imaging [1-8]. However, such com-
plex treatment methods can be compromised by
tumor motion which has led to the development of
real-time target tracking, where the static target
approach is replaced by continuous re-alignment of
the treatment field to follow the tumor motion

[9-17]. These emerging approaches put substan-
tially higher demands on the dosimetric approaches
than current treatment delivery methods due to
their complexity in planning and delivery. This has
motivated research into dosimetry methods that
can measure dose distributions in three dimensions
(3D) with high resolution [18-20]. The use of 3D
dosimetry as a dose verification tool has previously
been investigated for gating, both with optical com-
puted tomography (optical CT) in combination
with radiochromic dosimeters as well as with mag-
netic resonance imaging (MRI) and polymerizing
dosimeters [21,22]. In addition, target tracking of
a respiratory-like motion has been measured with
MRI and polymerizing dosimeters [23]. Measure-
ments of complex radiotherapy delivery with opti-
cal CT on polymerizing dosimeters have previously
been suggested [24,25] and performed with inten-
sity modulated radiotherapy (IMRT) [26].
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In this study we investigated the possibility of
using 3D dosimetry with optical CT and polymer-
izing gel dosimeters as a verification tool for IMRT
with the increased dosimetric complexity resulting
from a dose painting prescription, as well as for
volumetric-modulated arc therapy (VMAT) delivery
with and without tracking of patient-measured target
motion.

Material and methods
The dosimeters

A normoxic polyacrylamide gel, nPAG, and the com-
mercially available BANG3-pro2 gel dosimeter
(MGS Research Inc., CT, USA) were both used in
this study. The BANG dosimeters were received in
kits which were mixed according to instructions from
the supplier.

The recipe of the nPAG dosimeter was based on
that by Ceberg et al. [21]. The dosimeter consisted
of 5% (w/w) gelatin (porcine skin, type A, 300 bloom,
electrophoresis grade, Sigma-Aldrich), 3% (w/w)
acrylamide (=99%, electrophoresis grade, Sigma-
Aldrich), 3% (w/w) N,N’-methylenebisacrylamide
(=99.5%, electrophoresis grade, Sigma-Aldrich)
and 10 mM tetrakis(hydroxymethyl)phosponium
chloride, THP (~80% in H,O, technical grade,
Sigma-Aldrich). Both types of dosimeters were after
manufacturing poured into cylindrical containers of
approximately 15 cm height and 15 cm diameter.

Dose painting experiments

Two BANG dosimeters were irradiated with a
seven-field IMRT plan; the first dosimeter with a
uniform dose in the target volume and the second
dosimeter with a similar plan, but modified to include
target dose painting by contours based on positron
emission tomography (PET) imaging with the
I8F_fluoroazomycin arabinoside (FAZA) tracer [27].
The measured dose distributions were subsequently
compared to calculated dose distributions obtained
from a treatment planning system (Eclipse, Varian,
CA, USA).

Mortion and target tracking experiments

Three nPAG dosimeters were irradiated with a
VMAT prostate plan while placed on a three-axis
motion stage. During irradiation, the first dosimeter
was left stationary as a reference while the second
dosimeter was subjected to motion, and the third
dosimeter was subjected to both motion and dynamic
multileaf collimator (DMLC) tracking [12,17].
Movement was based on a patient-measured prostate

trajectory [12], with a continuous drift in the cranial
and anterior directions to a maximum displacement
between 6 and 7 mm in both axes. Target tracking
was performed with an electromagnetic transponder
system (RayPilot, MicroPos AB, Sweden), where a
transponder was placed on the motion stage next to
the dosimeter [9,15].The position of the transponder
was then detected in 3D at 30 Hz in real time by
antennas placed on a board below the motion-stage
support. To investigate the dosimetric effect of move-
ment and tracking with the 3D dosimetry system, the
measured dose distributions of the three gels were
subsequently compared to a stationary dose distribu-
tion calculated in a treatment planning system
(Eclipse 10, Varian, CA, USA).

Dose read-out and data analysis

Optical dose read-out of the dosimeters was
performed with the commercially available optical
CT scanner, OCTOPUS IQ (MGS Research Inc.,
CT, USA) [28]. Scanning was performed with 300
projections distributed over a 360° dosimeter rota-
tion for the dose painting experiments, while a 180°
rotation was used for the dosimeters used in the
tracking studies. To obtain the optical response
caused by irradiation, the dosimeters were scanned
before and after irradiation, and the change in optical
density caused by irradiation was calculated. The 3D
distribution of the change in optical density was then
reconstructed using an inverse Radon transforma-
tion [the iradon algorithm in MATLAB (Mathworks,
MA, USA)] with a resolution of 1 X 1X 1 mm?>. After
reconstruction, the optical data were spatially
matched with the calculated dose distribution by
matching the surface of the dosimeter container
from a pre-irradiation x-ray CT scan with the optical
measurements.

Calibration of the measured dose distribution
was performed by dividing the measured distribution
and the calculated distribution into subvolumes of
10X 10X 10 mm?>. Within each subvolume, a dose
histogram of the calculated distribution and an opti-
cal response histogram of the measured distribution
were both fitted to Gaussian functions. The center
positions of the Gaussian fits for all subvolumes of
the calculated dose distribution were then plotted
versus the corresponding center positions of the
measured dose distribution to create a correlation
plot. As discussed in more detail in Supplementary
Appendix 1, to be found online at http://informa-
healthcare.com/doi/abs/10.3109/0284186X.2013.
813965, such plots provide a first test of the correla-
tion between calculation and measurements and
can furthermore be used to obtain a calibration func-
tion. Some subvolumes did not produce bell-shaped



histograms, which resulted in very poor Gaussian
fits. All fits with an R-squared value below 0.7 were
therefore removed from the analysis together with fits
where the uncertainty of the center position exceeded
the maximum dose of the dosimeters. The remaining
data points were fitted to a linear expression to obtain
a calibration function, as detailed in Supplementary
Appendix 1, to be found online at http://informa-
healthcare.com/doi/abs/10.3109/0284186X.2013.
813965.

After the calibration, a straightforward voxel-
to-voxel analysis was performed by calculating the
percentage difference between the measured and the
calculated dose distributions for each 1 X 1X 1 mm?>
voxel. The spatial matching of the dose distributions
was then fine tuned (on the few-millimeter level) by
minimizing the standard deviation of the analysis
when spatially shifting a dose distribution in order to
compensate for possible setup errors and obtain a
direct dosimetric comparison of the measured and
calculated dose distributions. Changes in the stan-
dard deviation were observed with spatial shifts as
low as 1 mm, i.e. the resolution limit of this study
(data not shown). This optimization procedure could
only be applied to similar distributions, i.e. it was not
applied for the tracked dosimeter and the dosimeter
with motion since they were not expected to fully
match the calculated distribution. Therefore, the
shift determined for the stationary distribution given
the VMAT treatment was also applied for the dosim-
eter with motion and the tracked dosimeter.

To include both dosimetric and spatial accuracy,
a gamma analysis was performed [29]. Having
adjusted the dose distribution for spatial mismatch,
the gamma analysis accounted for local spatial dif-
ferences and minimized the effect of noise. Com-
parison between the measured dose (reference
distribution) and the calculated dose (evaluated
distribution) were performed by calculating a
3%-global/3 mm 3D gamma map and a correspond-
ing gamma pass-rate, i.e. the amount of gamma val-
ues below 1.The full dosimetric volume was included
in the analysis without any filters applied; however,
a 5% low-dose cutoff was used when calculating the
gamma pass-rate.

Results

The calibrations showed that the dose response was
linear for all dosimeters, with linear calibration fits
resulting in R-squared values above 0.96. The effect
of motion was clearly observed in the correlation plot
of the dosimeter induced with motion without track-
ing, by a larger scattering of points. In addition, arti-
facts caused by oxygen inhibiting the dose response
could be identified in the stationary and tracked
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measurements. Further details of the calibrations are
described in depth in Supplementary Appendix 1, to
be found online at http://informahealthcare.com/doi/
abs/10.3109/0284186X.2013.813965.

In the dose painting experiment, both the uniform
and the dose painted distributions were reproduced
well (Figure 1) with gamma pass-rates of 95.3% for
the uniform dose approach and 97.3% for the dose
painting approach. The mean difference of the voxel-
to-voxel comparison was 0.6% and 0.2% with stan-
dard deviations of 2.0% and 1.7%, respectively.

The stationary dosimeter and the tracked dosim-
eter of the VMAT plan both contained regions of failed
gamma values in the upper part of the dosimeter along
the dosimeter walls. These artifacts are attributed to
oxygen inhibiting the optical response, and the upper
50 mm were therefore removed from the gamma pass-
rate calculations for all three dosimeters. The stationary
dosimeter and the tracked dosimeter then resulted in
similar pass-rate of 91.4% and 90.4%, respectively,
when compared to the calculated stationary dose dis-
tribution (Figure 2). The mean percentage differences
obtained from the voxel-to-voxel analysis were 0.2%
and 0.9% with standard deviations of 3.4% and 2.8%,
respectively. The dosimeter with motion but without
tracking performed very poor when comparing with
the stationary calculated dose distribution. The gamma
pass-rate was 54.4% and the mean difference was 3.6%
with a standard deviation of 8.1%.

Discussion

Performance of 3D dosimetry has previously been
studied, most extensively with the use of MRI for
dose read-out [21,23,30]. Optical CT has been
shown to perform close to that of MRI as a dose
read-out method [28], and due to the limited access
to MRI for dosimetry [18], optical CT may therefore
be preferable. In this study, dosimetric measure-
ments of dose painting and target tracking were
therefore performed to investigate the possibility of
using 3D dosimetry with optical CT and polymer-
izing dosimeters as a verification tool for the complex
RT delivery methods, dose painted IMRT andVMAT
with target tracking. The measurements were in gen-
eral in good agreement when compared to calculated
dose distributions, with all but one resulting in
gamma pass-rate above 90% and with the best result
giving a pass-rate of over 97%. The latter was for the
most complex dose distribution given in this study,
the dose painted IMRT plan. The uniform dose
approach of the treatment resulted in a 2% lower
pass-rate and slightly higher mean difference and
standard deviation, which is probably related to arti-
facts. Overall, the high pass-rates show that the cur-
rent 3D dosimetry system can easily resolve complex
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Uniform dose approach
Calculated distribution

Measured distribution

Gamma map

Coronal plane Transverse plane

Sagittal plane

Dose [Gy ] Dose [Gy] Gamma value

Dose painted approach

Measured distribution Calculated distribution Gamma map

Dose [Gy] Dose [Gy] Gamma value

Figure 1. Measurements of the uniform dose approach and the dose painting approach of the seven-field IMRT dose distribution together
with the calculated dose distribution and gamma analysis between the measured and calculated distributions, viewed in the transverse
plane, the coronal plane and the saggital plane. The dose distributions are shown with 10-90% isodose curves with 10% intervals.

dose distributions in modern radiotherapy including
the increased complexity and dose gradients of
upcoming methods such as dose painting. However,
while the dosimetry system performed well here,
there is an upper limit to how high dose gradients
the scanning system can reproduce. This is due to
irradiation-induced refractive index changes in the

Stationary dosimeter
Calculated distribution  Measured distribution

Gamma map

Coronal plane Transverse plane

Sagittal plane

1

Dose [Gy] Gamma value

Dose [Gy]

Tracked dosimeter
Measured distribution

Dose [Gy]

polymerizing gel dosimeter, as discussed in detail in
Supplementary Appendix 1, to be found online at
http://informahealthcare.com/doi/abs/10.3109/0284
186X.2013.813965.

As expected, the dosimeter with induced motion
resulted in a low gamma pass-rate of 54.3%. The
maximum shift from the original position was about

Moved dosimeter

Gamma map Measured distribution Gamma map

Gamma value

Gamma value

Dose [Gy]

Figure 2. Calculated stationary dose distribution followed by measurements and calculated gamma map of the stationary dosimeter, the tracked
dosimeter and the dosimeter with motion induced. The dose distributions are shown with 30%, 50%, 70% and 90% isodose curves.



6 mm in both the cranial and the anterior directions,
which corresponds well with the skewed regions of
failed gamma points in the gamma analysis as seen
in the right column of Figure 2. The low pass-rate
shows that the smearing of the dose distribution due
to small spatial shifts is easily observed with the
current dosimetry system.

The stationary dosimeter and the tracked dosim-
eter of the VMAT plan scored equally well in the
gamma analyses when compared to the calculated
stationary distribution. This indicates the benefit of
tracking when comparing with the dosimeter induced
with motion but without tracking. However, the
pass-rates were lower than that of the seven-field
IMRT measurements. This, and the difference
between the stationary dosimeter and tracked dosim-
eter, probably originates from a larger amount of
artifacts present. The most pronounced are ring
artifacts which are clearly observed as rings in the
transversal plane and as vertical lines in the coronal
and sagittal plane of the gamma maps for both the
stationary and the tracked dosimeter (Figure 2),
but most pronounced for the latter. The artifacts pre-
sumably originate from setup errors during pre- and
post-irradiation optical scanning and show the sen-
sitivity of optical CT since setup errors are expected
to be below a few millimeters.

The mean difference of the voxel-to-voxel com-
parison reveals the performance of the calibration
procedure when assuming that the compared dose
distributions are identical. The mean difference was
below 0.9% when excluding the dosimeter induced
with motion, indicating that the dosimetric calibra-
tion procedure proposed in this study performed
well in the dose range included in the analysis. In
addition, the calibration procedure proved itself a
sensitive test of artifacts or mismatch between dose
distributions, and with the proposed method, the
calibration is performed within the dosimeter itself.
The standard deviation was 3.4% or below which
indicates the dosimetric precision of the measure-
ments since the measured and calculated dose
distributions were spatially overlapped.

Measurements with the same target motion but
with a different tracking system and with the use of
2D ion chamber array dosimetry have been investi-
gated previously [12,17]. Close to zero gamma fail-
rates with tracking and very high fail-rates with
motion but without tracking were observed in these
studies. This is consistent with the measurements
presented here if the gamma analysis of the tracked
dosimeter and the dosimeter induced with motion
are compared to the gamma analysis of the station-
ary dosimeter. This indicates that the quality of the
3D dosimetry system is at least comparable to ion-
chamber-array measurements, with the added value
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of measurements in a full 3D volume with higher
resolution. Similar conclusions have previously
been obtained in a 2D comparison between gel
dosimetry with an ion-chamber array during track-
ing with a respiratory-like target motion [23]. In
addition, the semi-3D dosimeter, Delta® was com-
pared to gel dosimetry in that study resulting in
similar pass-rates at 3%/3 mm analysis; however,
differences were observed when lowering the
gamma pass criteria.

Conclusions

This study has shown that the OCTOPUS IQ opti-
cal CT system together with either nPAG or BANG
gel dosimeters can with high resolution reproduce
dose distributions, both with high gradients and
with high complexity. Small changes in the deliv-
ered dose distribution due to movements were also
clearly resolved. This indicates that the current 3D
dosimetry system with polymerizing gel dosimeters
and optical CT is a powerful tool for dosimetric
verification of upcoming complex RT delivery
methods.
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