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ARTICLE INFO ABSTRACT

Microbeam radiation therapy (MRT) uses synchrotron arrays of X-ray microbeams to take advantage of the
spatial fractionation effect for normal tissue sparing. In this study, radiochromic film dosimetry was performed
for a treatment where MRT is introduced as a dose boost in a hypofractionated stereotactic radiotherapy (SRT)
scheme. The isocenter dose was measured using an ionization chamber and two dimensional dose distributions
were determined using radiochromic films. To compare the measured dose distribution to the MRT treatment
plan, peak and valley were displayed in separate dosemaps. The measured and computed isocenter doses were
compared and a two-dimensional 2%/2 mm normalized y-index analysis with a 90% passing rate criterion was
computed. For SRT, a difference of 2.6% was observed in the dose at the isocenter from the treatment plan and
film measurement, with a passing rate of 96% for the y-index analysis. For MRT, peak and valley doses dif-
ferences of 25.6% and 8.2% were observed, respectively but passing rates of 96% and 90% respectively were
obtained from the normalized y-index maps. The differences in isocenter doses measured in MRT should be
further investigated. We present the methodology of patient specific quality assurance (QA) for studying MRT
dose distributions and discuss ideas to improve absolute dosimetry. This patient specific QA will be used for large
animal trials quality assurance where MRT will be administered as a dose boost in conventional SRT. The
observed remaining discrepancies should be studied against approximations in the TPS phantom materials,
beams characteristics or film read-out procedures.
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1. Introduction

In the treatment of cancer, radiation therapy is indicated in 50% of
cases worldwide [1]. Glioblastoma is one of the most aggressive cancers
with a median survival of 12-15 months after the onset of the disease
and there is currently no treatment that can achieve a definitive cure. In
order to increase the tumoral control and to reduce adverse effects,
research has been focused on innovative radiation treatment mod-
alities.

In stereotactic radiosurgery (SRS), small lesions are irradiated in a
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single fraction using a high intensity X-ray beam. The lesion is irra-
diated from multiple angles with a high dose gradient between the le-
sion and the surrounding healthy tissue and the dose is delivered as a
single fraction. Stereotactic radiotherapy (SRT) uses an hypo-
fractionated treatment scheme. SRS and SRT are routinely prescribed in
the treatment of isolated small tumors in the brain to avoid tissue da-
mage [2].

Microbeam radiation therapy (MRT) is an innovative treatment
procedure which is currently in the preclinical trial phase. Arrays of
microbeams having widths up to 100 um and center-to-center spacing
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of 100-400 um [3,4] are produced using a synchrotron X-ray source
which produces a high intensity, polarized coherent beam with a
spectrum of around 100 kev mean energy. The MRT dose profile is
characterized by spatially alternating patterns of high dose regions
(peak) separated by low dose regions (valley). The soft X-ray spectrum
is required in MRT to maintain spatial fractionation due to shorter
secondary electron ranges compared to MeV X-rays [5,6].

Preclinical trials have indicated that various normal tissues are
highly tolerant to the MRT dose pattern, allowing irradiation of tumors
with high peak doses without causing normal tissue damage [7-15].
The valley dose is presumably the limiting factor for normal tissue
toxicity [10,16,3], therefore it is important to maintain a high peak-to-
valley dose ratio (PVDR). As in SRS, at the present time, MRT treat-
ments are delivered as a single dose fraction with multiple beams at
different angles to deliver a high, conformal dose to the tumor and
spare normal tissue. In preclinical trials we investigate whether MRT
can also be delivered as a dose-boost in an SRT treatment.

With the goal of advancing MRT to the clinical trial phase, a full
suite of medical physics tools has been developed. Although powerful
treatment planning systems are readily available for clinical radio-
therapy, they are not applicable to MRT due to the keV X-ray spectrum,
beam geometry and spatial resolution required. Monte Carlo methods
are used to calculate MRT dose distributions in agreement with ex-
perimental measurements [17-19], but are still too slow to be used in
routine treatment planning. A hybrid dose calculation algorithm,
combining the accuracy of Monte Carlo methods with the speed of
analytical methods has recently been developed [20]. In this approach,
Monte Carlo dose calculations are used to calculate photon transport,
whilst analytical calculations [21] are used to calculate electron energy
deposition on a micrometric scale. The accuracy of the calculations
were shown to be very similar to Monte Carlo methods, with much
shorter computation times. Although the hybrid dose calculation has
been validated against pure Monte Carlo and pure analytical methods,
full experimental validation is yet to be performed.

Absolute dosimetry protocols based on small-field ionization
chambers have been adapted from international clinical codes of
practice [22,23] for synchrotron radiation fields [24-26]. Relative do-
simetry measurements using radiochromic films [27,28,19,29], dia-
mond detector [30], silicon strip detectors [31] or polymer dosimeters
[32-34] have demonstrated the ability to obtain high resolution dose
profiles. Radiochromic films and polymer dosimeters offer advantages
due to their capability to measure dose distributions in two and three
dimensions respectively.

In any radiotherapy modality, patient specific quality assurance
(QA) protocols are required to assess the difference between the dose
calculated by the treatment planning system and the actual dose dis-
tributions [35]. Because of the high dose deposited by each microbeam,
an error in the dose distribution or the positioning may cause sig-
nificant harm to the patient. Gamma-index (y-index) is the most
common metric used today for dose distribution evaluation by quan-
titatively comparing two dose maps in 2D or 3D [36]. It combines dose
difference evaluation with the distance to agreement and allows com-
parison of dose maps in situations where a high dose gradient exists
[37], as is the case for keV synchrotron x-rays. y-index uses a pass-fail
criterion corresponding to the dose difference and distance to agree-
ment, usually 3%/ 3 mm, between corresponding pixels or voxels of the
dose distributions. The y-index allows us to produce a comparison map
that highlights areas of discrepancies.

The aim of this study was to adapt the y-index analysis to MRT to
provide a patient specific QA. A film dosimetry study for MRT as a dose
boost in an SRT treatment protocol was performed using a commer-
cially available stereotactic QA phantom. In that case, the boost should
be understood as the replacement of one of the SRT fraction by one
MRT fraction which will bring more dose to the target in the form of
peak doses. The outcomes of the study will be used in the planning of
upcoming large animal trials in MRT at the ESRF. The large animal trial
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will investigate long term normal tissue toxicity prior to MRT clinical
trials.

2. Material and methods
2.1. Stereotactic QA phantom and dosimetry

The study was performed using the Lucy 3D stereotactic quality
assurance phantom (Standard Imaging Inc., Middleton, WI, USA). Lucy
is a spherical phantom constructed of polymethyl methacrylate
(PMMA) with a diameter of 140 mm. The Lucy phantom was chosen for
this study as it can be considered a simple approximation of a human or
large animal head. Various inserts dedicated to different types of do-
simeters or tests are available from the manufacturer and can be re-
producibly positioned within the phantom. The sphere can be fixed to a
positioning and rotational alignment base in any orientation. This al-
lows investigation of the dose distributions in the coronal, sagittal and
transverse planes, as required.

Absolute dosimetry was performed using a PinPoint PTW 31014
ionization chamber (PTW, Freiburg, Germany). The PinPoint chamber
is a small cylindrical ionization chamber with a vented sensitive volume
of 0.015 cm®. Ideal for dose measurements in small fields, it is com-
monly used for dosimetry in stereotactic radiotherapy. The PinPoint
chamber has been calibrated for absorbed dose to water in ®°Co and
TH200 beam qualities. The TH200 beam quality, with average energy
of 109 keV and a first half-value layer (HVL) of 1.75 mm of copper, best
matches the MRT beam spectrum, having 105 keV average energy and a
first HVL of 1.67 mm of copper. The detector was biased at 400 V and
read out using a PTW Unidos Webline electrometer. Correction factors
for ion recombination [31] as well as temperature and pressure [22]
were determined and applied to the measurements. A dedicated Lucy
insert for the PinPoint chamber ensured that the sensitive volume of the
chamber was positioned at the center of the sphere.

Two-dimensional dose maps were measured using Gafchromic
(Ashland, Covington, KY, USA) films. Two types of film were used to
maximise the dynamic dose range: Gafchromic EBT3 film with a sen-
sitive range of 0.1-20 Gy, and Gafchromic HD-V2 film with a sensitive
range of 10-1000 Gy. The treatment verification cassette was used to
position a 76.2x 76.2mm? piece of film at the center of the Lucy
phantom in the desired plane. The cassette has five metallic markers
which make visible impressions on the film: one in each of the four
corners for reconstructing the center of the phantom on the film, and
the fifth showing the orientation of the film during the irradiation. The
films were always irradiated and scanned in the same orientation.

2.2. Dose prescription and treatment planning

The treatment protocol for metastatic brain tumors used at the
Grenoble-Alpes University Hospital (CHUGA) is a fractionated stereo-
tactic radiotherapy [38-41] consisting of three fractions of 11 Gy each
with 2 days between fractions. The treatment plan for the end-to-end
study on Lucy was made according to the CHUGA protocol, with the last
of the three dose fractions replaced by MRT. For SRT, 100% of the dose
was prescribed at the isocenter of the target, with the 70% isodose
encompassing a 3 mm margin around the clinical target volume (CTV)
to build the planning target volume (PTV). Thus the dose constraints on
the PTV were: 100% of the PTV must receive at least 70% of the pre-
scribed dose, with a maximum dose of 107%. For MRT, to mimic the
same constraint at the edge of the PTV and considering the valley doses
as the tolerance dose for healthy tissues (the peak dose being the
therapeutic part), the only dose constraint was 100% of the PTV must
receive at least 70% of 11 Gy (7.7 Gy) as valley dose. In other words, the
minimum cumulated valley dose (MCVD) can be greater than 70% of
the prescribed dose of 11 Gy but should be limited to 70% at the edge of
the PTV as for SRT.

The phantom was positioned using a patient-specific thermoplastic
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Fig. 1. Each SRT treatment fraction consists of three arcs of irradiation with a 45° angle between each arc to irradiate the PTV, a sphere of 18 mm (left panel). For the
MRT boost the arcs are replaced by two perpendicular array of microbeams of the shape of the target (right panel).

mask and stereotactic frame (Brainlab, Munich, Germany) and imaged
with a 16-slice computed tomography (CT) scanner (LightSpeed RT, GE
Healthcare Technologies, Waukesha, WI, USA). A volumetric CT scan
(120 kVp, 375 mAs) was performed in helicoidal mode
(pitch = 0.562 mm) using 202 slices with a 512 x 512 pixel matrix size,
resulting in a 50 cm diameter field of view and 1.25 mm slice thickness
(voxel size = 0.98 x 0.98 x 1.25 mm?). Two types of metallic markers
were placed on the thermoplastic mask to aid in image guided posi-
tioning prior to treatment: four 10 mm diameter infrared compatible
markers (Brainlab) for SRT and four 2 mm titanium markers for MRT.

For SRT, the treatment planning was performed using the pencil
beam algorithm based Brainlab (Munich, Germany) iPlan RT 4.1.2
treatment planning system. First, a virtual target was created at the
center of Lucy. A 12 mm diameter sphere was drawn at the center of the
sphere within iPlan and defined as the gross tumor volume (GTV), with
3 mm margins to result in an 18 mm diameter spherical PTV. Three arcs
subtending 90° each were positioned with the isocenter at the center of
the PTV. The central arc was in the sagittal plane and the other arcs 45°
on either side of the central arc as shown in Fig. 1. The treatment plan
was calculated to deliver the prescribed dose of 11 Gy in each of the two
fractions, for a total prescribed SRT dose of 22 Gy.

The treatment plan for MRT was calculated using the hybrid dose
calculation algorithm [20]. First, the CT dataset and DICOM structures
(GTV and PTV) were imported into the treatment planning system.
Instead of arcs, two perpendicular static 20 mm diameter circular hor-
izontal fields were positioned with the isocenter at the center of the PTV
as shown in Fig. 1. This setup was chosen to allow a controlled irra-
diation geometry. The treatment plan was prescribed to deliver one
dose fraction with a MCVD of 7.7 Gy (70% of 11 Gy) in the PTV. Be-
cause the voxels in the CT dataset are much larger than the peak and
valley dose distribution, the MRT treatment planning system is unable
to visualise the spatial distribution of the dose. More over, in order to
decrease the calculation time the dose calculation grid consists of
macrovoxels of 2x 2x 2 voxels. The output of the treatment planning
system consists of two 3D dose distributions for each beam; one cor-
responding to the maximum dose in the microbeams and the other the
minimum dose between two microbeams. In order to display the two
dose maps to the CT resolution, the dose maps are rebinned with bi-
linear interpolation by a factor of 2 to have a 512x 512 x 202 voxel
(voxel size = 0.98 X 0.98 x 1.25 mm°®) It is important to note that these
maps do not provide any spatial information on the peak and valley
distribution within a given voxel.

2.3. Stereotactic radiotherapy treatment delivery

The SRT treatment was delivered by a Varian (Palo Alto, USA)
Clinac 2100 linear accelerator. The Clinac 2100 delivers the stereotactic
treatment as a set of non-coplanar 6 MV dynamic volumetric modulated
arcs formed by a multileaf collimator (MLC) of 120 leaves. The source-
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axis distance was 100 cm. The phantom was positioned on the treat-
ment couch using the Brainlab non-invasive stereotactic frame and
thermoplastic immobilization mask. Positioning of the phantom was
performed using the Brainlab ExacTrac system. This system uses the
infrared reflective markers to find a first order approximation of the
position by registering the infrared markers to the markers in the CT
image. Imaging was then performed using a pair of orthogonal kV X-ray
tubes. The images were registered with the CT image within the soft-
ware, a procedure usually performed using the bony anatomy of a pa-
tient, for accurate positioning. The two dose fractions were then de-
livered according to the treatment plan. During the first fraction, the
PinPoint ionization chamber was positioned to measure the dose at the
isocenter, and during the second fractions Gafchromic EBT3 film was
placed in the transverse plane with the film verification cassette inside
the Lucy phantom. All three arcs were delivered to a single piece of
film.

2.4. Microbeam radiation therapy treatment delivery

MRT treatment was delivered at the ID17 beamline of the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France. Electrons in
the storage ring have an energy of 6 GeV, with a maximum current of
200 mA. The X-ray source of ID17 is a wiggler insertion device, which
emits synchrotron x-rays with a very high dose rate (~ 8000 Gy. s™1).
The synchrotron X-ray beam has an average energy of 105keV [42]. A
six degrees of freedom goniometer [43] was used for positioning and to
perform the irradiation. The Lucy phantom was fixed to the goniometer
using the same Brainlab stereotactic frame and thermoplastic mask as
used for the SRT treatment.

The phantom was accurately positioned in the beam using the image
guidance protocol developed by Donzelli et al. [44]. Using this pro-
tocol, the phantom was first imaged using simple projection images and
with the help of a graphical user interface, the titanium markers were
manually selected in the images. The software co-registers the positions
with those in the CT image and gives as an output the frame translations
required to position the phantom. An image of the phantom high-
lighting the metallic markers is shown in Fig. 2.

Microbeams were produced using a multislit collimator, which is
composed of a series of blades of tungsten carbide which delineate the
microbeams [45]. The microbeams were 50 pum wide with a center-to-
center spacing of 400 um. The field was shaped using a cerrobend
collimator with a 20 mm diameter circular aperture and a vertical slit of
0.52mm. In order to cover the PTV, the goniometer was scanned ver-
tically through the microbeam array with a constant speed that was
calculated for delivering the required dose, as described by Prezado
et al. [25]. The goniometer was rotated around its isocenter for deli-
vering each of the two perpendicular field as seen on Fig. 1. For a
specific detail of the resulting microbeam pattern see figure 8 in [46].
Each field was delivered on a new piece of film in order to extract peak
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Fig. 2. Image taken during the image guidance procedure for MRT. The
phantom is scanned by the synchrotron beam to retrieve the position of the four
metallic beads on the phantom surface. Two X-ray images of the phantom are
taken to retrieve the 3D coordinates of the beads and the image is then regis-
tered so that the center of the field represents the center of the phantom. The
beads are highlighted by the red circles. The PinPoint ionization chamber can
be seen at the center of the phantomand and serves as centering reference
object.

and valley doses.
2.5. Film calibration and dose measurement

For each type of film, a calibration curve was obtained to convert
optical density to absorbed dose. For EBT3, the calibration was per-
formed using the Clinac 2100 after the delivery of the SRT treatment to
the phantom. For HD-V2, the calibration was performed at ID17.

In both cases, the dose rate was measured using the PinPoint ioni-
zation chamber in a 30 30 x 15 cm® solid water phantom. The cali-
bration conditions for SRT were 95cm Source-Skin Distance, 5cm
depth in a 10x 10 cm? field and for MRT, at 2 cm depth in a 2 x 2 cm?
field. Using the Clinac 2100, the dose per moniter unit (Gy/MU) and
dose rate (Gy/min) were registered. At ID17, the dose rate was mea-
sured as a function of storage ring current, Gy/s/mA. The films were
then exposed to known doses; 0.5-33 Gy for EBT3 and 10-200 Gy for
HD-V2. A non-irradiated film was also kept for each film type.

EBT3 (SRT) films were scanned using a Perfection V750 Pro scanner
(Epson, Suwa, Japan) with a 2400 dpi nominal resolution (10.8 um
pixels) using 3 colour channels with a bit depth of 48 bits each in
transmission mode. Films from 0 to 33 Gy were used to produce a ca-
libration curve. For each film, the optical density was obtained with the
formula:

I
OD = -1 —
Og(lo) €))

where I is the intensity in the irradiated film and I, the intensity in the
non irradiated film. An average optical density was obtained in an area
equivalent to the product of length and width of the detector sensitive
volume, at the center of the film. The calibration curve was used to
obtain the equivalence between the dose and the optical density of the
film. The equation of the fitting curve is:

c—ax 10°°

Dose = ———
b x 109° — 1

(2)
With a, b, ¢ being constants determined using the least square method
and OD the optical density. Only the red channel was used in the ca-
libration and dose determination. A Matlab (Natick, MA, USA) macro
using the image processing toolbox was written to perform the cali-
bration, curve fitting and dose conversion. The goodness of fit for the
calibration was measured with the reduced chi squared method.
HD-V2 (MRT) films were read out using a Zeiss (Oberkochen,
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Germany) AxioVision microscope using the protocol developed by
Bartzsch et al. [19]. The microscope was connected to a 12 bits black
and white CCD camera of 1040 x 1388 pixels (AxioCam MRm Rev. 3
FireWire, Zeiss). The field of view was illuminated by a light emitting
diode (LED) with an operating voltage of 7 V. The exposure time, 42 ms,
was chosen in order to use the entire gray scale (0-4095). A magnifi-
cation of X5 was used and a red filter (RG 665 Schott filter) was inserted
because Gafchromic films have the highest readout sensitivity in the red
light [19]. Given the small field of view of the microscope, the film was
stepped through the field of view on an automated horizontal stage. All
individual images were tiled together to create a larger image with
pixels of 1.3 um size which is the nominal resolution of the optics and
camera used.

Each tile in the images was corrected for the inhomogeneity of the
light field and CCD camera with the equation:

Imw_b
w—b

Leorr Xw—b 3)
where w and b are light and dark field images respectively. One hun-
dred images of each were taken and averaged to minimise variations
due to noise. After correction, the images were converted to dose using
Egs. (1) and (2).

For SRT all three arcs were measured on one film. For MRT, the
0°irradiation was repeated three times to ensure that the film was al-
ways perpendicular to the field for accurately separating the peak and

valley doses.
2.6. Microbeam peak and valley dose distributions

In order to compare the measured MRT dose maps with the treat-
ment planning system dose maps, separated peak and valley dose maps
must first be extracted from the film dose maps (see Section 2.2). The
method used to do this is illustrated in Fig. 3. First, the image of the
microbeam field was rotated using Matlab to correct for the vertical
misalignment of the microbeams in the microscope reading. To locate
the peaks and valleys, pixels were averaged vertically to produce a line
profile as shown in the top left of Fig. 3. The full-width at half-max-
imum (FWHM) of each peak was used to define the edges of the peaks.
From the microbeam edges, the center of each microbeam, represented
by red vertical lines, were found. These positions were in turn used to
find the center of each valley, represented by purple vertical lines. Two
arrays, with units or pixels of 400 x 400 um? were created, which is
illustrated in the bottom left of Fig. 3. For the first array (in red), pixels
were centered on the locations of the peaks, and for the second (in
purple), pixels were located in the wvalleys. The pixel size,
400 x 400 um? was chosen to ensure that one peak is present in each
pixel. This is the highest resolution achievable for the peak and valley
dose maps.

To fill each pixel of the new dose maps, dose values were averaged
in an area of 20 um horizontally, centered on the peak or valley, and
400 pm vertically to reduce the statistical noise. A 20 um wide region of
interest was chosen in order to avoid including the lower doses at the
edges of the microbeams in the average. The peak and valley average
dose maps retrieval process are represented on Fig. 3.

The 400 x 400 um? resolution peak and valley dose maps are then
further averaged to match the CT data resolution on which the TPS dose
calculation are reported. The handling of average peak and valley dose
maps is a first step in MRT planning that allows a representation of
doses in the same reference frame than conventional RT and rapid
comparison for a simple treatment plan.

2.7. Dose comparison and y-index test
Two criteria were evaluated to compare the treatment planning

system and the measured dose, the isocenter dose and the normalized
y-index.
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Fig. 3. Method for creating peak and valley dose maps. A horizontal line profile was created by averaging doses vertically (top left). The edges of the peaks are
defined by the FWHM of each peak. The peak dose is then defined as the 20 um region around the center of the microbeam (light red), and the valley is defined as the
20 um region around the center of the gap between two microbeam (light purple). These regions of interests are transferred to the film (bottom left). Peak and valley
pixel limits are represented as dashed lines in red and purple respectively. The average dose in peak region of interest of the peak is then retrieved (top right) as well
as the valley (bottom right). The valley map pixels are shifted compared to those of the peak map.

The two tests aim at checking two different parameters. The y-index
tests (absolute or relative y-index) are used to compare calculated and
measured normalized dose distributions. We can detect errors in cal-
culations (including the ability to take heterogeneities into account),
positioning, and irradiation geometry.

Both methods result from a slightly different philosophy: absolute
y-index tests aim at comparing the normalized doses in terms of abso-
lute difference and distance to agreement. The relative y-index tests aim
at comparing normalized doses relative differences and distance to
agreement. In our case we have chosen the absolute y-index approach,
which is more relevant for out of field dose comparisons (and in our
case all the valleys as well). Common clinical practice in relative
y-index analysis approach is to define an isodose outside of which the
analysis is not performed, typically the 50% or the 20%. We found it
more appropriate to use absolute y-index approach to avoid defining
such limiting isodoses in the complex MRT irradiation protocols.

The isocenter peak and valley absolute doses comparisons allow us
to assess whereas the TPS absolute doses (as calibrated against re-
ference conditions), are matching the experimental absolute doses, as
obtained from calibrated dosimeters. Briefly, for the hybrid TPS, the
absolute dosimetry is performed by a simulation of reference conditions
(2% 2 cm? field, 2cm depth), from which a dose calibration factor (in
Gy per primary particle) is obtained and used to convert the dose maps.
For the measurements, a set of calibration films is obtained with known
doses delivered by the reference field at the reference depth in a solid
water phantom. The references conditions are obtained against the ir-
radiation speed and the beam current using a pinpoint ion chamber in
reference conditions as detailed by Fournier et al. [31].

The treatment isocenter on the film was determined from the in-
dentations on the film made by the film verification cassette by finding

the equation of the straight lines that pass through diagonally opposite
indentations and finding the point of intersection of those lines. The
isocenter dose was defined as the average dose in a 3x 3mm? area
centered on the isocenter. The uncertainty of the dose measured at the
isocenter on the films is defined as one standard deviation of the
average dose measured in a region of interest of 3 x 3 mm? around the
isocenter. The dimensions were chosen to approximate the dimensions
of the PinPoint chamber sensitive volume. For the SRT modality, a
PinPoint ionization chamber measurement was made at the isocenter.
The uncertainty of the PinPoint measurement is 1.6%. Since the
PinPoint has a sensitive volume that is larger than the microbeams, no
measurement can be accurately done in MRT modality.

The measured and treatment plan dose maps were each normalized
to their corresponding isocenter dose for the y-index analysis. For the
gamma-index analysis, the dose maps need to be of similar resolution.
The film peak and valley dose maps were rebinned to fit the CT re-
solution and hence the TPS resolution as close as possible (pixel size
0.8 x 1.2mm?).

The y-index is a pass-fail comparison tool which compares the dose
difference and the distance to agreement of two dose maps as described
by Low et al. [37]. Criteria of 2% dose difference and 2 mm distance to
agreement was set to have a more strict evaluation on the distance to
agreement. The valley dose maps were compared with a 5%/2 mm
y-index to account for the higher uncertainty when measuring the
valley doses on the lower end of the HD-V2 films sensitivity range. Two
dimensional absolute y-index maps were produced to be able to vi-
sualize any areas of discrepancies between the measured and treatment
plan normalized dose maps. A passing rate, the percentage of pixels in
the y-index map where y < 1, was found for each comparison. For va-
lidating the treatment plan, a criterion of 90% passing rate was set [47].
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Fig. 4. Calibration curves for EBT3 (left) and HD-V2 (right). In both cases the 2, was <1. The error bars show the standard error of the correlation.

The y-index algorithm was implemented within Python, taking as
input the calibrated two-dimensional dose maps and giving as an output
a two-dimensional normalized absolute y-index map and the passing
rate.

3. Results
3.1. Film calibration and ROI definition

The calibration curves for EBT3 and HD-V2 films are shown in
Fig. 4. The reduced chi squared (sze ,) are 0.05 for EBT3 and 0.12 for
HD-V2. The error bars show the standard error of the correlation.

The average peak dose value has been measured as a function of the
ROI width, in one peak at the center of the field. This value remains
stable (difference <2%) for ROIs between 10 to 38 um width.

3.2. Dose comparison and y-index

Based on the method described in Fig. 3, the film in MRT was read
and separated into peak and valley dose in the entire radiation field as
shown in Fig. 5.

Fig. 6 shows the treatment plan dose map, measured dose map and
corresponding normalized y-index map for each treatment modality. In
the y-index maps, the colour blue corresponds to y < 1 and red corre-
sponds to y > 1. By qualitative analysis, the SRT and MRT peak y-index
maps demonstrated good agreement within the treatment field.

The average dose in a 3 x 3 mm? square at the center of the phantom
was used as the isocenter dose in each film. The measured isocenter
doses were compared to the dose calculated by the TPS in the same
area. These results are summarized in Table 1 with corresponding y
passing rates for the 2%/2 mm dose difference and distance to agree-
ment criteria.

3.2.1. SRT validation

For SRT the isocenter dose was also measured with the PinPoint
ionization chamber. An isocenter dose of 10.82+0.18 Gy, corrected for
temperature and pressure, was measured. This dose is 1% lower than
the isocenter dose in the treatment plan. The isocenter dose from the
EBT3 film is 10.62 Gy+0.22 Gy and is 2.56% lower than the TPS dose of
10.93 Gy. The y passing rate is 96%, which is higher than the accep-
tance criterion of 90%.

3.2.2. MRT validation

Fig. 5 illustrates the steps in the procedure for converting the MRT
dose distribution to peak and valley dose maps: the raw image from the
microscope, the MRT dose distribution and finally the segmented peak
and valley dose maps.

The MRT peak dose measured at the isocenter was 154.3+3.70 Gy
which is lower than the expected dose of 210.4 Gy (Table 1). A 25.6%
difference is thus observed between the isocenter dose calculated by the
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treatment planning system and measured on the film. Despite this ab-
solute dose difference, the y passing rate on the dose maps normalized
at the isocenter is 96%, meaning that the normalized dose maps are in
agreement.

The measured valley dose was 9.06+0.93 Gy, compared to the ex-
pected dose of 9.87 Gy, resulting in a 8.21% relative dose difference
with the dose provided by the TPS. One can note that the treatment
plan dose is still within one standard deviation of the average measured
dose. The y passing rate is 85% at 2% 2 mm however it passes at 90%
with a dose difference of 5% 2 mm, meeting the acceptance criterion.
The normalized dose maps are in agreement.

4. Discussion

From this end-to-end dosimetry study, a protocol for patient specific
QA in MRT has been developed. The normalized y-index, a metric
commonly used for treatment plan verification in radiotherapy, was
chosen for verification of the recently developed MRT treatment plan-
ning system based on a hybrid dose calculation algorithm [20]. The
MRT treatment was delivered to the Lucy stereotactic QA phantom as a
dose boost within a clinical SRT treatment. The treatment consisted of
two SRT fractions with a prescribed dose of 11 Gy each, followed by one
MRT fraction. The dose constraints for SRT were that 100% of PTV must
receive 70% of the dose with a maximum dose of 107%, and for MRT a
MCVD of 70% in the PTV. A commonly used SRT normalized y-index
criteria of 2% dose difference and 2 mm distance to agreement was
applied.

The prescription is performed so that the target is fully covered by
the 70% isodose. The reason of this choice is derived by a good com-
promise between tumour control and healthy tissue sparing effect as
shown by Ohtakara et al. [47] for micro-multileaf collimator-based
stereotactic radiotherapy when the target dose homogeneity is not
given the highest priority (which is intrinsic for MRT crossfired treat-
ments).

The y-index analysis was first used to compare measured and
treatment plan normalized dose maps from an SRT treatment following
a clinical protocol for treatment of patients with metastatic brain tu-
mors. A y passing rate above 90% was found, indicating that the two
dose maps are in agreement. This result was expected and gives con-
fidence that the y-index algorithm has been correctly implemented in
the analysis software. Using a PinPoint ionization chamber and EBT3
film, the isocenter dose was measured to be 10.82 and 10.62 Gy re-
spectively, compared to 10.93 Gy calculated by the iPlan treatment
planning system. The small discrepancies observed in the normalized
y-index map and between the measured isocenter doses and the treat-
ment plan isocenter dose could be explained by positioning uncertainty.
The Brainlab software used for the image-guided positioning relies on
anatomical structures to register the treatment room kV images and the
CT derived Digitally Reconstructed Radiography (DRR). Apart from two
nylon screws that hold the phantom together, the Lucy phantom is a
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Fig. 5. After read out, the raw film image (top left) was converted to dose (top right). The dose distribution was then segmented to extract peak and valley dose in two
separate maps (bottom left and right). Here the dose maps are shown in the highest resolution possible, corresponding to one microbeam per pixel (400 x 400 mm?).

homogenous sphere of PMMA. The lack of anatomical structures in the
Lucy phantom makes the image registration difficult. The tilt is espe-
cially difficult to be handled. The image registration thus relied pri-
marily on the reflective metallic markers on the outside of the ther-
moplastic mask, assuming that the position of the isocenter relative to
the markers was exactly the same on the imaging and treatment days.
This assumption may be incorrect due to the freedom of orientation of
the Lucy phantom within the thermoplastic mask. The visible asym-
metry on the measured dose map is an indicator that the film is tilted
with respect to the mask.

For MRT treatment plan verification, the TPS only gave an average
dose value for an entire CT pixel and thus the submillimetric profile of
the microbeams is not easily retrieved. A method of extracting separate
peak and valley dose maps from a measured microbeam dose dis-
tribution had to be developed. As a first step for the treatment plan
comparison, a segmentation approach was taken, where the mi-
crobeams are located and used to select a peak or valley region of in-
terest in the center of the peak or valley. The average dose in the region
of interest is assigned to a 400 um X 400 pm pixel in the corresponding
dose map. The pixels size corresponds to the gap between microbeams
which is the maximum resolution achievable. Using this method,
measured 2D peak and valley maps could be compared with the cor-
responding treatment plan maps using the normalized y-index in the
same way as for the SRT dose maps. The isocenter dose from the
measured peak dose was 154.3+3.70 Gy, compared to 210.4 Gy calcu-
lated by the treatment planning system, a 25.6% difference. Conversely,
the treatment plan isocenter dose, 9.87 Gy, was within the error range
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of the measured isocenter valley dose, 9.06+0.93 Gy. Despite that, there
is still a 8.21% difference between the measured and calculated dose
maps and an improvement of the film uncertainty should be acquired
for further studies. Since the valley dose measured is at the lower end of
the calibration curve (Fig. 4), the HD-V2 films seem to be a less effective
choice than EBT-3 for measuring the valley dose, and the error on the
films can be improved by using EBT-3 films. The microscope reading
was shown to be a reading modality as effective as using a micro-
densitometer as presented by Pellicioli et al. [48]. Despite the absolute
difference in the measured and calculated isocenter peak doses, no
major displacement was found. y passing rate for the peak dose nor-
malized y-index map were above the acceptance criterion of 90%. This
indicates that the normalized dose maps was in good agreement. In the
valley, there are a few remaining small size discrepancies, probably due
to the heterogeneities present on the film. We irradiated another film
with the same modality and the 5%/2 mm y-index passes the 90% ac-
ceptance criterion, with some discrepancies at the top of the film (data
not shown), suggesting that heterogeneities in the HD-V2 film active
layers makes the reading of doses at the lower end of the sensitivity
range somewhat difficult. Any minor alteration in the film can create a
deformation of the measured valley doses. The use of EBT-3 films to
separately study the valley doses might also improve the y-index pas-
sing rate for the valley dose maps comparisons.

Several hypotheses could explain the observed differences in the
measured and calculated isocenter MRT peak doses. Firstly, the peak
dose map produced by the treatment planning system is a map of
maximum peak doses. However, due to the statistical noise of HD-V2
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Fig. 6. From left to right. The dose distribution of the TPS, the films and the normalized y-index are represented for each modality. From top to bottom, the SRT, MRT
peak and MRT valley evaluation are represented. In each map, x and y axis represent the distance to the isocenter in mm. For the dose maps, the colors represent the
dose relative to the dose at the isocenter according to the scale on the right of each map. Reference isocenter dose values are presented in the Table 1. The y maps
show the area where the normalized y-index was less or equal than 1 and validated the agreement criteria of 2%/2 mm for SRT and the peak dose of MRT and 5%/
2mm for the MRT valley dose. Areas in red had a y-index greater than 1 and were not in the agreement criteria. Isodose representing 20, 50, 70 and 95% of the

isocenter dose are shown.

Table 1

Isocenter dose and y passing rates in the different conformations. For each of
the 3 treatment dose distribution, SRT, MRT peak and MRT valley the average
dose at the center of the phantom, plus standard deviation was retrieved from
the film and compared to the TPS value. The y passing rate counts the pro-
portion of pixel in agreement between the film and the TPS.

Dose map TPS dose Film dose Difference (%) y-index passing
(Gy) (Gy) rate
SRT 10.93 10.6 + 0.22 —2.56% 96%
Peak 210.4 154.3 + 3.7 —25.6% 96%
Valley 9.87 9.06 + 0.93 —8.21% 90%

film, averaging the doses in the peak is necessary. A region 20 pm wide
and 400 um high, centered on the peak center, was chosen for aver-
aging the dose. This region is smaller than half of the peak width to
avoid averaging in the penumbra of the microbeams. This method as-
sumes that the maximum dose is at the center of the microbeam and
that the dose is constant across the central 20pum. This has been
checked using radiochromic film data as detailed in section 3.1. Ob-
servations in a single microbeam profiles presented by Livingstone et al.
[30] also exhibit a flat profile across the 20 um. However, those profiles
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were acquired with a detector of better spatial resolution than HD-V2 or
EBT3 film but with a density significantly larger that could smooth the
profile by modifying the secondary electron range in one direction. If
the dose is not constant across the central 20 um, but decreases from the
center, the average dose may be lower than the dose predicted by the
treatment planning system. Additionally, for the Monte Carlo part of
the treatment planning, the Hounsfield Units from the CT dataset must
be converted to material parameters. This conversion has been per-
formed using an interpolation algorithm described by Schneider et al.
[49] assuming that the material composition of Lucy is similar to that of
soft tissue. From the NIST database of X-ray Mass Attenuation Coeffi-
cients [50], the ratio of the mass energy absorption coefficients for
105 keV x-rays in PMMA and soft tissue is 0.93, which would lead to a
discrepancy in the calculated dose. Since the dose was prescribed in the
valley, the peak dose calculation will be heavily influenced on errors in
the PVDR calculation. A CT scan of a calibration phantom, including
PMMA material, should be performed to ensure that the calibration
between electron density and Hounsfield units is accurate for the ma-
terial of interest. Also, it can be noted that PMMA is not ideal in TH200
beam quality fields [51]. Implementation of beam polarization is
planned for a future version of the treatment planning system. HD-V2
film was used to measure both the peak and valley doses. This film is
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Fig. 7. Contention and treatment planning for SRT and MRT for the same protocol described in this study applied on a pig carcass.

sensitive in the dose range 10-1000 Gy. A dose of 9.06 Gy was mea-
sured at the isocenter of the valley dose map. This dose is on the edge of
the sensitivity of the film and yet lower doses are expected towards the
edges and outside the field. It is not clear how the film behaves outside
the sensitive range. The measured and calculated dose maps are in good
agreement indicating that the method developed for separating the
peak and valley dose maps for performing a y-index analysis is appro-
priate.

The treatment planning system needs to make some approximations
to keep the computation time to a minimum. However, apart from
polarization, the hybrid algorithm and Monte Carlo deliver identical
results. There are nonetheless other possible sources of error: the go-
niometer motion might cause an oscillation and cause a lower peak
dose, a conversion problem for the material of the phantom, or a mis-
take in the algorithm calibration and it needs to be calibrated by do-
simetry.

Before suggesting modifications to the treatment planning system,
some improvements can be made with the measurements to improve
the peak and valley dose maps accuracy. In this study, the HD-V2 film
was found to lack precision for measuring the valley dose for the given
treatment protocol. From the results of this study it is recommended
that for treatment verification using a stereotactic QA phantom, each
beam of the MRT fraction be delivered twice, once using EBT3 film to
extract the valley dose and once using HD-V2 film to extract the peak
dose. From the calibration curves of EBT3 and HD-V2 films, it is ob-
served that for low doses, the dose response of EBT3 film is relatively
flat compared to that of HD-V2 film. This means that EBT3 film will be
less sensitive to variations in optical density that could arise from sta-
tistical noise or microscope focussing variations across the image.

We will definitely gain in precision when measuring the valley doses
on EBTS3 films. Indeed, the valley doses are at the limit or below the
limit of use of HD-V2 films, whereas typical valley doses are within the
EBT3 sensitive range. This allows us to perform the verification with
exactly the same irradiation protocol than the one used for the treat-
ment. Moreover EBT3 films are known to exhibit a very low energy
dependence. These films being already routinely used in clinical si-
tuation for SRT QA assurance, it would probably be a significant added
value to measure the doses in clinical MRT boost scenario.

In a preliminary experiment aiming at testing the implementation of
conformal beams in the hybrid algorithm, two irregularly shaped beams
were drawn by hand (a 350 mm? field which is quite homogeneous in
shape and a 450 mm? field, closer to a diamond shape with curved
edges, 3.5cm wide and 1.5cm maximal height). The difference be-
tween the calculated and measured broadbeam doses was in agreement
within a 2% relative difference (0.8 and —1.4 %, respectively, 400 Gy
prescribed at 2cm depth in a water phantom). However when irra-
diating the same fields in MRT conditions, we start to see differences in
peak doses (-12 and —15 %, respectively). We unfortunately cannot
derive the valley doses properly from this experiment as only HD-V2
films were used. In the present study, the phantom is more complex as it
is a sphere made of PMMA. Considering the material, a simple correc-
tion of the radiological depth of PMMA when compared to water would
reduce the dose difference from —25% in the peaks to —10%, which is
closer to the previously observed differences. However, an in depth
study should be performed to isolate the potential source of errors, and
work on them individually. Another source of discrepancies could be
scattering at surface impurities or depositions at the collimator. This is
not modeled in Hybrid algorithm, but can lead to substantial differences
especially in the valley dose.

In the near future, the MRT dose boost treatment protocol will be
used for large animal trials. In parallel with the phantom measure-
ments, an experimental run was performed using the same protocol on
a pig carcass to assess the viability of the protocol on an animal. A
spherical target was drawn in the brain of the pig using the iPlan
treatment planning system as for the phantom and the pig received the
same treatment as the phantom. Fig. 7 shows a picture of the pig in the
stereotactic frame and thermoplastic mask, the SRT beams and MRT
beams. Although no dosimetric measurements could be performed, the
experimental run revealed that the thermoplastic mask as shown in
Fig. 7 did not adequately immobilize the head and it is difficult to
ensure positioning reproducibility. The method of making the ther-
moplastic mask will be revised and improved for the upcoming large
animal trials by ensuring that back of the head and shoulder are also
kept in the mask.
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5. Conclusion

A tool for patient specific QA has been developed based on film
dosimetry and the gamma index method adapted to the MRT hybrid
dose calculation algorithm, which provided a peak and a valley dose
map at the dosimetry CT spatial resolution. The most significant result
is that the gamma index has a passing rate above 90% at 2%,/ 2 mm for
the peak and valley dose distributions. In terms of absolute dosimetry,
the calculated peak doses and calculated valley doses at the isocenter
still exhibit a certain discrepancy with the calculated doses with a 25%
and 8% relative difference for the peaks and valleys, respectively. We
are actively working on both the simulation, measurements and data
analysis to further reduce these differences. However, the physicians
associated to the project have decided that, because we are at the best
of what we can achieve in terms of dosimetry, these discrepancies were
acceptable and that we should transfer the technique on large animals,
whilst staying on the prescription safe side. Live pigs will thus be ir-
radiated in the near future, with conformal fields, and a deep seated
target will be chosen to study the healthy tissue tolerance of MRT. The
method developed and exposed in this paper will be at the core of the
treatment plan verification in the pigs.

The whole chain of building conformal masks, preforming the do-
simetry CT, planning and simulating the treatments at the hospital and
at the ESRF through a end to end run on a pig carcass for which the plan
is also presented in this paper. We are thus ready to move to the next
steps in MRT toward clinical trials, which will be performed in large
animals.
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