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(57) ABSTRACT

According to one aspect, a planar and volumetric dosimeter
for use with a radiotherapy machine having a radiation
source. The dosimeter includes a scintillating assembly
including a plurality of scintillating optical fibers and config-
ured to generate a light output in response to incident dose
distribution thereon from the radiation source, and a photo-
detector operable to convert optical energy emitted by the
scintillating assembly to electrical signals for determining
actual two-dimensional (2D) or three-dimensional (3D) dose
distribution incident on the scintillating assembly using a
tomographic reconstruction algorithm.
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PLANAR AND YVOLUMETRIC DOSIMETER
WITH SCINTILLATING MATERIAL FOR
RADIOTHERAPY TREATMENT USING
TOMOGRAPHIC RECONSTRUCTION

RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application Ser. No. 61/470,817 filed Apr. 1,
2012 and entitled PLANAR AND VOLUMETRIC DOSIM-
ETER WITH SCINTILLATING MATERIAL FOR RADIO-
THERAPY TREATMENT USING TOMOGRAPHIC
RECONSTRUCTION, the entire contents of which are
hereby incorporated by reference herein for all purposes.

TECHNICAL FIELD

[0002] Theembodiments described herein relate to the field
of x-ray and particle radiation dosimetry, and in particular to
two-dimensional (planar) and three-dimensional (volumet-
ric) dosimetry using tomographic reconstruction algorithms.

INTRODUCTION

[0003] Radiation therapy, or “radiotherapy”, is the medical
use of ionizing radiation, for example to control malignant
cells in cancer treatments. Most frequently, radiation therapy
makes use of x-ray or particle beams originating from outside
a patient’s body (i.e. external radiotherapy).

[0004] Because of their inherent complexity, some more
advanced modes of external beam radiation treatment, such
as Intensity Modulated Radiation Therapy (IMRT), helical
tomotherapy, radiosurgery and Intensity Modulated Arc
Therapy (IMAT), are verified experimentally before the treat-
ment is administered. In particular, the dose distribution may
at least be measured in a plurality of positions in space, such
as in a two-dimensional plane.

[0005] Most often, such dosimetry measurements are per-
formed by an array of periodic detectors. Such detectors can
be stacked in a 2D assembly and are usually composed of
ionization chambers, semi-conductor diodes (e.g. the Sun
Nuclear Mapcheck™), scintillation detectors, or thermolu-
minescent dosimeters (TLD).

[0006] Ionization chamber assemblies are usually limited
in spatial resolution because of their significant detector size
(usually many millimeters squared). Moreover, the materials
used in the fabrication of ionization chambers and diodes
(such as silicon and air) are normally not water-equivalent
(neither by chemical composition or physical density), and as
such their presence in the radiation field tends to perturb the
radiation fluence and the resulting dose measurement.
[0007] Scintillation detector assemblies on the other hand
are usually limited in the number of detectors that can be
conveniently stacked in a single array, thus reducing the area
of detection or the resolution of the array.

[0008] Finally, each TLD normally needs to be read indi-
vidually after irradiation, which limits the use of a large
number of TLDs in a 2D array.

[0009] 1In other cases, direct two-dimensional dose mea-
surement can be conducted by using high resolution radio-
graphic or radiochromic films. However such techniques are
subject to several drawbacks. For example, the need to
develop radiographic films before they are readable limits
their speed and makes their use for online dosimetry generally
impractical. Moreover, the development process can affect
the film response. Radiographic films are also prone to over-
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responding to low-energy photons, are not water-equivalent,
and their precision is often limited to £5%.

[0010] Radiochromic films on the other hand may be closer
to water-equivalence in the energy range used in external
beam radiotherapy and do not require developing. However,
radiochromic films are temperature dependant and sensitive
to ultraviolet light, and achieving better than 5% reproduc-
ibility in a routine fashion with radiochromic film tends to be
difficult.

[0011] Direct two-dimensional dose measurement can also
be conducted by a scintillator plate as described for example
in U.S. Patent Application Publication Nos. 2004/0178361
(to Fontbonne) and 2009/0218495 (to Leroux et al). However,
such methods require extensive correction of the system read-
ings in order to correct for inhomogeneous light dispersion
and Cerenkov radiation. Accordingly, the precision of such
assemblies tends to be limited, and errors of £10% on the dose
reading are typical.

[0012] The above-mentioned detectors allow, at most, mea-
surements in two-dimensional planes. Accordingly, 3D
dosimetry with these detectors usually involves summing
many 1D or 2D measurements of the dose distribution.
[0013] Currently, known detectors that can be used for
three-dimensional measurements are dosimetric gels. Dosi-
metric gels are either based on the behavior of ferrous ions or
on the polymerization of a monomer. They can be produced
using a large variety of chemical formulas and each has its
own set of advantages and disadvantages. However, most gels
are made using a delicate fabrication process and require
time-consuming development processes that makes them
unsuitable for online measurements.

DRAWINGS

[0014] The embodiments herein will now be described, by
way of example only, with reference to the following draw-
ings, in which:

[0015] FIGS. 1a and 15 are two schematic side views of a
planar and volumetric dosimeter according to some embodi-
ments;

[0016] FIG. 2 is a schematic top view representation of a
scintillating optical fiber imaging plane as shown in FIGS. 1
and 15

[0017] FIG. 3 is a schematic top view of the planar and
volumetric dosimeter of FIG. 1a or 15, viewed from the
perspective of the radiation source;

[0018] FIGS. 4a and 4b are two schematic side views of a
planar and volumetric dosimeter according to some other
embodiments;

[0019] FIG. 5 is a schematic end view of the planar and
volumetric dosimeter of FIGS. 4a and 45, viewed from the
perspective of the photo-detector;

[0020] FIG. 6 is a perspective view of the planar and volu-
metric dosimeter of FIG. 4a;

[0021] FIGS. 7a and 7b are two schematic views of a cir-
cular scintillating optical fiber imaging plane present in FIG.
5; and

[0022] FIG. 8 is schematic top view of a dose deposition
pattern and a scintillating fiber according to some embodi-
ments.

DESCRIPTION OF VARIOUS EMBODIMENTS

[0023] Ttwill be appreciated that numerous specific details
are set forth in order to provide a thorough understanding of
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the exemplary embodiments described herein. However, it
will be understood by those of ordinary skill in the art that the
embodiments described herein may be practiced without
these specific details. In particular, in some instances, well-
known methods, procedures and components have not been
described in detail so as not to obscure the embodiments
described herein.

[0024] Furthernore, this description is not to be considered
as limiting the scope of the embodiments described herein in
any way. but rather as merely describing the implementation
of various embodiments as described herein. In addition,
while certain features have been illustrated and described
herein, many modifications, substitutions, changes, and
equivalents will now occur to those of ordinary skill in the art.
It is therefore to be understood that the appended claims are
intended to cover such modifications and changes.

[0025] According to one aspect, there is provided a planar
and volumetric dosimeter for use with a radiotherapy
machine having a radiation source, the planar and volumetric
dosimeter comprising a scintillating assembly adapted to
generate a light output in response to an incident radiation
distribution, and a photo-detector adapted to convert the
transmitted optical energy to electrical signals for calculating
a two-dimensional (2D) or three-dimensional (3D) incident
dose distribution on the scintillating assembly by using tomo-
graphic reconstruction algorithms.

[0026] The scintillating assembly may include a plurality
of scintillating optical fibers, usually in a sizeable length (e.g.
atleast afew centimeters long), each scintillating optical fiber
acting as a weighted dose line integrator. These scintillating
optical fibers may be embedded in a phantom medium. The
phantom medium may be made of a material with properties
relative to radiation that are similar to the material used in the
scintillating optical fibers.

[0027] Insomeembodiments, a plurality of collection opti-
cal fibers may be coupled to one or both of the opposing ends
of the scintillating optical fibers. In such cases one or more
photo-detectors may be coupled to the collection optical
fibers and be operable to convert optical energy transmitted
by the collection optical fibers into electrical signals.

[0028] In some embodiments, the scintillation optical
fibers of the scintillating assembly may be disposed in one or
more imaging planes. These imaging planes may be disposed
and oriented following different geometries in the dosimeter
volume (e.g. in a series of parallel disks or in a series of
concentric cylinders or “rings”). The light intensities col-
lected in one imaging plane may be configured to represent
weighted dose line integrals of the incident 2D dose distribu-
tion on that imaging plane. By using tomographic reconstruc-
tion algorithms on these weighted dose line integrals, the
incident 2D dose distribution on the imaging plane may be
calculated.

[0029] Insomeembodiments,the 3D dosedistribution inci-
dent on at least a part of the planar and volumetric dosimeter
may be determined by the summation or interpolation (or
both) of a plurality of 2D dose distributions obtained by one
or more imaging plane(s).

[0030] In some embodiments, the scintillating optical
fibers may be conditioned with UV light in order to increase
their optical attenuation.

[0031] Insomeembodiments, both the scintillating assem-
bly and the photo-detector may be rotatable about a given axis
of rotation. This axis of rotation may be parallel to the radia-
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tion beam axis, perpendicular (orthogonal) to the radiation
beam axis, or in some embodiments generally oriented in any
spatial direction.

[0032] The scintillating assembly may be made of a water-
equivalent material with properties relative to radiation that
are equivalent to water.

[0033] In some embodiments, the scintillating assembly
may be located on a treatment table at or near a height of
treatment delivery.

[0034] Insome examples, the light collected by each end of
each scintillating optical fiber may be determined by a sum-
mation of the contribution of each element of the dose pattern
volume according to the following equations:

lix= Cj'tz D Fjixilu)- Blj'i(”‘”"

w =[x, i, %)

where [ represents the light collected by a single end (+ or
-)of the i 17 scintillating optical fiber, D, represents the dose
deposited in the 1th volume element, F,, represents the per-
centage of the i” volume element cov ered by the i scintil-
lating optical fiber, k; represents the scintillation efficiency of
the i scintillating optical fiber (i.e. the number of scintilla-
tion photons emitted per unit of deposited dose), M, accounts
for the differential light attenuation along the j** scintillating
optical fiber, C, . represent the light losses due to the optical
coupling of the J” " scintillating optical fiber to the photo-
detector, x,, y, and z, represent the spatial coordinate of the i**
volume element, u, represents the position on the scintillating
optical fiber with respect to the reference point on the fiber
and f represents the function relating v, to the coordinates x,,
y, and z,. The preceding equation can also be written in the
following vectorial form:

L.74;.D

where I3 represents the dose distribution in vectorial form and
A, . represents the row of the projection matrix associated
W1th the + or - side of the j* scintillating optical fiber.
[0035] According to another aspect there is provided a
method for determining the weighted dose line integral along
a single scintillating optical fiber from the light collected by a
single end of the scintillating optical fiber according to the
following equations:

Sl —
pv'=Bjt'D= Bj,t'Dnorm
: INomx,Jt

3.7,3:7 D;- F,- i 0
= Ciak;(0) £4=" Z

[0036] where p, represents the weighted dose line integral
for the j” scmtﬂlatlng optical fiber, I, represents the light
collected by asingleend (+ or -) of the i scintillating optical
fiber when irradiated by a given dose distribution, y,,, ;.

represents the light collected by the same end (+ or -) of the
j™ scintillating optical fiber when irradiated by a known nor-

malization dose distribution, Bno,m represents the known
normalization dose distribution in vectorial form, D repre-
sents the measured dose distribution in vectorial form, B, ,
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represents the row of the modified projection matrix associ-
ated with the + or - side of the j* scintillating optical fiber, F,
represents the percentage of the i” volume element covered
by the j* scintillating optical fiber, k; represents the scintilla-
tion efficiency of the j* scintillating optical fiber (i.e. the
number of scintillation photons emitted per unit of deposited
dose), A, accounts for the differential light attenuation along
the j* scintillating optical fiber, u, represents the position on
the scintillating optical fiber with respect to the reference
point on the fiber and D, represents the dose deposited in the
i volume element of the measured dose distribution. Accord-
ing to another aspect there is provided a method for determin-
ing the weighted dose line integral along a single scintillating
optical fiber from the light collected by the two opposed ends
of the scintillating optical fiber according to the following
equation:

Tl .,
gy 4

7 B, Dyorm
Norm,j+ * INorm,j,

[0037] where p; represents the weighted dose line integral
for the j* scintillating optical fiber, 1, . represents the light
collected by the + or - end of the i scintillating optical fiber
when irradiated by a given dose distribution, I, - repre-
sents the light collected by the + or — end of the j* scintillating
optical fiber when irradiated by a known normalization dose

distribution, B

vectorial form, D represents the measured dose distribution
in vectorial form, B, represents the row of the modified pro-
jection matrix associated with the i scintillating optical fiber,
I, , represents the percentage of the i volume element cov-
ered by the j” scintillating optical fiber, k; represents the
scintillation efficiency of the i scintillating optical fiber (i.e.
the number of scintillation photons emitted per unit of depos-
ited dose), A, accounts for the differential light attenuation
along the j* scintillating optical fiber, u, represents the posi-
tion on the scintillating optical fiber with respect to the refer-
ence point on the fiber and D, represents the dose deposited in
the i” volume element of the measured dose distribution.
[0038] According to another aspect there is provided a
method for determining the incident 2D dose distribution
incident on an imaging plane composed of a plurality of
scintillating fibers for use on a radiotherapy machine having
a radiation source, the method comprising using iterative
reconstruction techniques on the measured weighted dose
line integrals (such as an algebraic reconstruction algorithm
or an expectation-maximization algorithm) in conjunction
with a total variation (TV) minimization of the resultant dose
pattern, the total variation (TV) of the 2D dose distribution
being defined as:

represents the known dose distribution in

norm

TV = 3 (D, =Dy +(D, - iy

[0039] where D, represents the dose measured in the i
volume element and m is the number of such volume ele-
ments in each row of the 2D dose distribution.
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[0040] According to another aspect there is provided a
method for determining the incident 2D dose distribution on
an imaging plane composed of a plurality of scintillating
fibers for use on a radiotherapy machine having a radiation
source, the method comprising using linear programming
algorithms to determine the 2D dose distribution under the
constraints that the measured weighted dose line integrals
should be respected and that the reconstructed dose distribu-
tion should be physically possible and noiseless.

[0041] According to some embodiments, a planar and volu-
metric dosimeter as described herein includes a scintillating
assembly and a photo-detector configured to determine the
2Dor3D dose distribution incident on the scintillating assem-
bly. Generally, the scintillating assembly is situated under the
primary beam of a medical linear accelerator (also known as
a “linac”) operable to generate x-rays or particle beams.
[0042] In some embodiments, the scintillating assembly
includes a plurality of scintillating optical fibers assembled in
a phantom volume (i.e. a non-scintillating material).

[0043] In some embodiments, the scintillating optical
fibers may have a length of a few centimeters or more.
[0044] In some embodiments, the scintillating optical
fibers are conditioned using UV light in order to increase their
optical attenuation.

[0045] Insomeembodiments, the phantom volume is made
of plastic or other material that is equivalent to the composi-
tion of the scintillating optical fibers.

[0046] 1Insome embodiments, the phantom volume is made
of a material with at least some properties relative to radiation
that are equivalent to water (e.g. a water-equivalent phantom
material).

[0047] In some embodiments, the scintillating optical
fibers of the scintillating assembly are grouped in imaging
planes in which a plurality of scintillating optical fibers are
aligned parallel to each other in a single planar region within
the dosimeter volume. The light intensities collected by all
scintillating optical fibers in a given imaging plane are con-
figured to represent weighted dose line integrals of the 2D
dose distribution generated in that imaging plane.

[0048] In some embodiments, the imaging plane(s) may
rotate around an axis of rotation that is perpendicular or
normal to the plane(s), obtaining a plurality of weighted dose
line integrals of the 2D dose distribution generated in the
imaging plane at different angles between the scintillating
optical fibers and the dose distribution. Accordingly, by using
tomographic reconstruction algorithms on the acquired
weighted dose line integrals of the 2D dose distribution, the
2D dose distribution incident on the imaging plane can be
determined.

[0049] Furthermore, by summing a plurality of such imag-
ing planes, or by translating one or more imaging planes in the
dosimeter area, one can obtain a plurality of 2D dose distri-
butions incident on the imaging plane simultaneously. By
summing and/or interpolating these 2D dose distributions,
one can calculate the 3D dose distribution incident on at least
a part of the dosimeter volume.

[0050] In some embodiments, the scintillating optical
fibers may be grouped in circular imaging planes or “rings”,
in which a plurality of scintillating optical fibers are grouped
in a single cylindrical region or ring in the scintillating assem-
bly. Each scintillating optical fiber may be oriented in the
circular imaging plane following a distinct angle in the cir-
cular imaging plane. For example, the angle of a particular
scintillating optical fiber in the circular imaging plane may be
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distinct from the angles of the other scintillating optical fibers
in the same circular imaging plane.

[0051] In some embodiments, the circular imaging planes
may be adapted to rotate around their central axis of symme-
try. The sum of the weighted dose line integrals of a single
scintillating optical fiber after a complete rotation (i.e. 360
degrees) or at least a portion of a complete rotation (i.e. 180
degrees) of the circular imaging plane around its central axis
of symmetry may represent a line (1D) projection of the 2D
dose distribution generated in the circular imaging plane at an
angle defined by the orientation of the scintillating optical
fiber in the circular imaging plane. By using tomographic
reconstruction algorithms on the acquired weighted dose line
integrals of the 2D dose distribution, the 2D dose distribution
incident on the circular imaging plane can be determined.
Furthermore, by summing a plurality of such circular imaging
planes, one can obtain a plurality of 2D dose distributions
incident on the imaging plane simultaneously. By summing
and interpolating these 2D dose distributions, one can calcu-
late the 3D dose distribution incident on at least a part of the
dosimeter volume.

[0052] Also generally described herein is a theoretical
model for predicting the optical energy produced by scintil-
lating optical fibers and collected at each end thereof as a
function of the measured dose distribution.

[0053] Also generally described herein are methods of
determining the weighted dose line integral along scintillat-
ing optical fibers as a function of the optical energy produced
by scintillating optical fibers and collected at each end
thereof.

[0054] Also generally described herein are methods of
determining the incident 2D dose distribution on an imaging
plane of the planar and volumetric dosimeter. A first determi-
nation method uses algebraic reconstruction techniques on
the calculated weighted dose line integrals and a total varia-
tion (TV) minimization of the resultant dose pattern. A sec-
ond determination method uses linear programming optini-
zation of the calculated weighted dose line integrals in
parallel with physical assumptions on the 2D dose distribu-
tion geometry.

[0055] Turning now to FIG. 1a, illustrated therein is a sche-
matic side view of a planar and volumetric dosimeter 10
according to one embodiment. As shown, the planar and
volumetric dosimeter 10 includes a scintillating assembly
with at least one imaging plane (indicated generally as 19), a
plurality of collection optical fibers (indicated generally as
20), a volume of phantom material 21 (e.g. which may be
cylindrical as in this exemplary embodiment) and one or more
photo-detectors 12 (e.g. a CCD camera or any other suitable
photo-detector).

[0056] The phantom material 21 and the imaging plane 19
are positioned under the radiation source (indicated schemati-
cally as 14) so that the axis of rotation 15 of the planar and
volumetric dosimeter 10 is generally aligned with or parallel
to the radiation beam axis 22.

[0057] In some embodiments, at least one of the imaging
plane 19, the collection optical fibers 20 and the photo-detec-
tor 12 can undergo a vertical translation 18 (e.g. generally
along a direction aligned with the radiation beam axis 22)
while the phantom material 21 remains static (i.e. is held in
place).

[0058] FIG. 15 shows the planar and volumetric dosimeter
10 of FIG. 1a, in which three imaging planes 19 are used. In
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other embodiments, two imaging planes 19 or more than three
imaging planes 19 may be used.

[0059] FIG. 2illustrates a schematic top view of an imaging
plane 19 from FIGS. 14 and 15. As shown, the imaging plane
19 includes a plurality of scintillating fibers 23 embedded in
the phantom slab 21. Collection optical fibers 20 (e.g. clear or
non-scintillating fibers) are coupled to one or more ends of the
scintillating fibers 23 so that the light fluxes 24+ and 24-
emitted from the ends of the scintillating fibers 23 can be
collected by the photo-detector 12 and converted into electri-
cal signals therein.

[0060] In some embodiments, the light fluxes 24+ and 24—
emitted by the scintillating fibers 23 in the imaging plane 19
and converted to electrical signals by the photo-detector 12
are configured to represent weighted dose line integrals of the
2D dose distribution incident on the imaging plane 19.
[0061] FIG. 3 shows another top view of the planar and
volumetric dosimeter 10 of FIG. 1a or 15, as viewed from the
radiation source 14. As shown, the photo-detector 12, the
phantom material 21, the imaging plane 19, and the collection
optical fibers 20 may all be adapted to rotate together about a
central axis of rotation 15. By performing such a rotation, the
photo-detector 12 follows a circular trajectory 16 or orbit
about the central axis of rotation 15.

[0062] When moving along this circular trajectory 16, each
imaging plane 19 is able to take a plurality of weighted dose
line integrals of the 2D dose distribution incident on the
imaging plane 19 at different orientations between the scin-
tillating fibers 23 and the deposited dose distribution. By
using tomographic reconstruction algorithms on this plurality
of weighted dose line integrals, the 2D dose distribution inci-
dent on the imaging plane 19 can be determined.

[0063] Furthermore, by applying a vertical translation 18 to
each of the imaging planes 19 in addition to the rotation of the
planar and volumetric dosimeter 10 around the axis of rota-
tion 15, a plurality of 2D dose distributions at different depths
in the phantom material 21 can be acquired simultaneously.
By summing or interpolating (or both) between the obtained
2D dose distributions at different depths in the phantom mate-
rial 21, the 3D dose distribution incident on at least a part of
the planar and volumetric dosimeter 10 can be determined.
[0064] Turning now to FIG. 4a, illustrated therein is
another embodiment of the planar and volumetric dosimeter
110. The planar and volumetric dosimeter 110 may be gen-
erally similar to the dosimeter 10 as described above, and
where appropriate like elements have been given similar
numbers incremented by 100.

[0065] As shown, the planar and volumetric dosimeter 110
includes a scintillating assembly composed of a plurality of
circular imaging planes 125 (as shown on FIG. 5), a volume
of phantom material 121 (cylindrical in this exemplary
embodiment) and a photo-detector 112 capable of taking 2D
images. The field of view 113 of the photo-detector 112 is
generally large enough so that the entire face 1285 of the
phantom material 121 may be imaged or captured at the same
time. The volume of phantom material 121 and the circular
imaging planes 125 are positioned under a radiation source
(indicated schematically as 114) so that the axis of rotation
115 of the planar and volumetric dosimeter 110 is perpen-
dicular or orthogonal to the radiation beam axis 122. More-
over, the circular imaging planes 125, the phantom material
121 and the photo-detector 112 are all adapted to rotate
together about a central axis of rotation 115 that is perpen-
dicular or orthogonal to the radiation beam axis 122.
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[0066] FIG. 45 shows the planar and volumetric dosimeter
110 of FIG. 4a, in which two photo-detectors 112g and 1125
capable of taking 2D images are provided. Generally, the two
fields of view 113a and 1135 of both photo-detectors 112a
and 11254 are large enough so that both ends or faces 1284 and
1285 of the phantom material 121 may be imaged at the same
time, with the first face 128« being imaged by the first photo-
detector 112 and the second face 1285 being imaged by the
second photo-detector 1125. Generally, the imaging planes
125, the phantom material 121 and the photo-detectors 112a
and 1125 may be rotated together following a central axis of
rotation 115 that is orthogonal to the radiation beam axis 122.
[0067] FIG. 5 shows the planar and volumetric dosimeter
110 of FIGS. 4a and 4b, as viewed from one of the photo-
detectors 112 (e.g. one of the two photo-detectors 112a and
112b). As shown, a plurality of circular imaging planes 125 or
rings are provided, which are generally concentric to the
central axis of rotation 115. Each imaging plane 125 gener-
ally includes a plurality of scintillating optical fibers 123 as
illustrated on FIGS. 7a and 7 for example.

[0068] Each scintillating optical fiber 123 may have one
end exposed to the photo-detector 112, or both ends exposed
to the photo-detectors 112 and 1125. The circular imaging
planes 125, the phantom material 121 and the photo-detector
(s) 112 can all rotate together about a central axis of rotation
115. For clarity, a perspective view of the planar and volu-
metric dosimeter 10 is shown in FIG. 6.

[0069] FIG. 7a illustrates a planar representation of a cir-
cular imaging plane 125 shown in FIG. 5. It will be under-
stood that the right and left extremities 1254, 1256 of FIG. 7a
are in fact coincident, and that the circular plane 125 is of a
cylindrical form.

[0070] As shown, the circular imaging plane 125 includes
the plurality of scintillating optical fibers 123, with each
scintillating fiber 123 inclined at a different angle 127 with
respect to the faces 128a and 1285 of the phantom material
121. Thus, after a complete rotation (e.g. 360 degrees) of the
planar and volumetric dosimeter 110 around its central axis of
rotation 115, the sum of all the light fluxes emitted by a single
scintillating optical fiber 123 and converted to a weighted
dose line integral by the photo-detector(s) 112 represents a
line (1D) projection of the 2D dose distribution incident on
the circular imaging plane 125 in which the scintillating opti-
cal fiber belongs.

[0071] With a plurality of line (1D) projections obtained
from the plurality of scintillating optical fibers 123 and using
tomographic reconstruction algorithms, the 2D dose distribu-
tion incident on each circular imaging plane 125 may be
determined. Furthermore, by using a plurality of circular
imaging planes 125, a plurality of 2D dose distributions at
different radius from the central axis of rotation 115 can be
acquired simultaneously. By summing or interpolating (ot
both) between the obtained 2D dose distributions at different
radii in the phantom material 121, the 3D dose distribution
incident on at least a part of the planar and volumetric dosim-
eter 110 can be determined.

[0072] Turning now to FIG. 75, in some embodiments each
of the scintillating fibers 123 need not have a different or
unique angle with respect to the faces 128a and 1285 of the
phantom material 121. For example, as shown in this particu-
lar embodiment, at least two scintillating optical fibers 123
may share the same unique angle 1274, and could for example
be separated by half of the circumference of the circular
imaging plane 125.
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[0073] By using such a layout of scintillating optical fibers
123 in the circular imaging plane 125, only half a rotation
(e.g. 180 degrees) of the dosimeter 110 around its central axis
of rotation 115 may be required to obtain 1D projections (e.g.
line projections) of the 2D dose distribution incident on the
circular imaging plane 125, for a total of one 1D projection
per pair of scintillating optical fibers sharing the same unique
angle 127a.

[0074] Also described herein is a model that predicts the
optical energy produced by scintillating optical fibers (e.g.
scintillating optical fibers 123) when irradiated by a given
dose distribution 129. From this model and following the
deposition of a dose distribution 129, as shown in FIG. 8, the
light emitted by each end (+/-) of the " scintillating optical
fiber 123 (i.e. I, and I, ) is determined by the summation of
the contribution of each volume element 130:

lj,t = cj’tZ D;- FJ,; -Kj(u[,)'elj'i(u‘.:‘ 03]
i

w =[x, yi, 2i) 2)

where D, represents the dose deposited in the i” volume
element 130, F,, represents the percentage of the i volume
element 130 covered by the i* scintillating optical fiber 123,
k; represents the scintillation efficiency of the i™ scintillating
optical fiber 123 (i.e. the number of scintillation photons
emitted per unit of deposited dose), A; accounts for the differ-
ential light attenuation along the scintillating optical fiber
123, C,  represent the light losses due to the optical coupling
of the " scintillating optical fiber 123 to the photo-detector,
X,, y; and z, represent the spatial coordinate of the i* volume
element 130, u, represents the position on the scintillating
optical fiber 123 with respect to a reference point on the fiber
132 (e.g. the position on the scintillating optical fiber 123
closest to the axis of rotation 131) and f represents the func-
tion relating u, to the coordinates x,, y,and z,. In some embodi-
ments, this reference point on the fiber 132 can be defined as
the center of'the scintillating optical fiber 123. Equation 1 can

also be written in the following vectorial form:
I.=4,.D (1a)

[0075] where D represents the dose distribution 129 in vec-
torial form and A, represents the row of the projection
matrix associated with the + or - side of the j* scintillating
optical fiber 123. It will be understood that the representation
in FIG. 8 is limited to two spatial dimensions for clarity only
and that the preceding analysis can easily be extended in the
three spatial dimensions.

[0076] One method for calibrating a planar and volumetric
dosimeter is described in U.S. Provisional Patent Application
No. 61/375,125 filed on Aug. 19, 2010 (now U.S. Non-Pro-
visional application Ser. No. 13/207,624) entitled FLUENCE
MONITORING DEVICES WITH SCINTILLATING
FIBERS FOR X-RAY RADIOTHERAPY TREATMENT
AND METHODS FOR CALIBRATION AND VALIDA-
TION OF SAME, the entire contents of which are hereby
incorporated herein by reference for all purposes.

[0077] Also described herein is a method for determining
the weighted dose line integral along a single scintillating
optical fiber from the light collected by a single end of the
scintillating optical fiber according to the following equation:
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- Iis - 3
pj = Bj,i D= = BJ + 'Dnomx ( )
INorm, j,+
D . (3a)
Biu-D= _ AeD ZDi - Klg) o= i 0)
Cjxkj(0)- €30 «(0)

[0078] Where p; represents the weighted dose line integral
for the j" scmtlllatlng optical fiber, I, represents the light
collected by a single end (+ or -) of the J‘h scintillating optical
fiber when irradiated by a given dose distribution, Iy, ;.

represents the light collected by the same end (+ or —) of the

™ scintillating optical fiber when irradiated by a known nor-

malization dose distribution, D represents the known

norm

dose distribution in vectorial form, D represents the mea-
sured dose distribution in vectorial form, B, , represents the
row of the modified projection matrix associated with the + or
- side of the i scintillating optical fiber, represents the per-
centage of the i” volume element covered by the i scintil-
lating optical fiber, k; represents the scintillation efficiency of
the i scintillating optical fiber (i.e. the number of scintilla-
tion photons emitted per unit of deposited dose), A, accounts
for the differential light attenuation along the j* scintillating
optical fiber, u, represents the position on the scintillating
optical fiber with respect to the reference point on the fiber
and D, represents the dose deposited in the i” volume element
of the measured dose distribution. It will be understood that
the projection calculated using equation (3) and (3a) will
normally be dependant on the light attenuation in the scintil-
lating optical fiber, so that p, will be different if calculated
from the + or the - side of the scintillating optical fiber.
[0079] Also described herein is a method for determining
the weighted dose line integral along a single scintillating
optical fiber from the light collected by the two opposed ends
of the scintillating optical fiber according to the following
equation:

4

= lw;) 4
Bj-D':VZD;-FJ'J-(— (a)
i

[0080] where p, represents the Welghted dose line integral
for the i scintillating optical ﬁbe . represents the light
collected by the + or - end of the i scmtillating optical fiber
when irradiated by a given dose distribution, INom .= Tepre-
sents the light collected by the + or — end of the j** scintillating
optical fiber when irradiated by a known normalization dose

distribution, B3, represents the known dose distribution in

vectorial form, D represents the measured dose distribution
in vectorial form, B;, represents the row of the modiﬁed
projection matrix assocrated with the + or - side of the j*
scmtlllatmg optical fiber, represents the percentage of the
" yolume element covered by the j* scintillating optical
ﬁber, k, represents the scintillation efficiency of the j* scin-
tillating optical fiber (i.e. the number of scintillation photons
emitted per unit of deposited dose), A accounts for the differ-
ential light attenuation along the ™ scintillating optical fiber,
u, represents the position on the scintillating optical fiber with
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respect to the reference point on the fiber and D, , ., repre-
sents the dose deposited in the i” volume element of the
known normalization dose distribution (in vectorial form). It
will be understood that equation (4) and (4a) represent an
approximation that is normally valid only when the A, term in
equation (1), accounting for differential light attenuation
along the scintillating optical fiber, is linear in u, and that
under this approximation the projection calculated using
equation (4) will be approximately independent of the light
attenuation in the scintillating optical fiber.

[0081] Also provided herein are two exemplary methods of
determination of the incident dose distribution on an array of
scintillating optical fibers (e.g. the imaging planes 19, or 125)
rotating around a pre-determined axis of rotation (e.g. central
axis of rotations 15, 115 or 131). A first determination method
uses iterative reconstruction techniques on the measured
weighted dose line integrals in conjunction with a total varia-
tion (TV) minimization of the resultant dose pattern, with the
total variation (TV) of the 2D dose distribution being defined
as:

TV = Z\/tD D)2+ (D =Dy ®)

[0082] where D, represents the dose measured in the i
volume element 130 as shown in FIG. 8 and m is the number
of such volume elements in each row of the 2D dose distri-
bution.

[0083] The iterative reconstruction technique used in this
first method of determination can be an algebraic reconstruc-
tion technique (ART). For example, suppose the incident dose

distribution B (in vectorial form) can be described using:
p~B:D (6)

[0084] where B, represents the row of the modified prOJec-
fion matrix associated with p;; which represents the i

weighted dose line integral of the incident dose distribution
measured as described herein. Using this technique the n™

iteration of the reconstructed dose distribution (B®) can be

obtained from the previous iteration (D%~ 1) by the following
formula:

S 1)

. 7
B =55, ) l)) @)

||B T ECREE

[0085] where B, is the control parameter of the n™ iteration,
B is the j row of the projection matrix associated with D, the

7" weighted dose line integral measured as described herein.
[0086] The iterative reconstruction technique used in this
first method of determination can also be an expectation-
maximization technique (EM). For example, the n iteration

of the reconstructed dose distribution (ﬁ(")) can be obtained

from the previous iteration (3% ~1) by the following formula:

. N o ®)
D =D | ) by
2 b\
=1

= B;-
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[0087] where D, represents the dose measured in the i”
volume element 130 in the n” iteration of the reconstructed
dose distribution, b, ; is the element of the matrix B associated
with the i volume element and the i weighted dose line
integral measured as described herein, B, is the i* row of the
projection matrix associated with p , the j % weighted dose line
integral measured as described herein.

[0088] The total variation (TV) minimization technique
using this first method of determination can be a steepest-
descent method. For example, the total variation of the recon-

structed dose distribution (3‘:”)) can be diminished by the
following equation:

[0089] where D,”? represents the dose measured in the i
volume element 130 in the n” iteration of the reconstructed
dose pattern after TV minimization, a, is the control param-
eter of the n” iteration of the TV minimization and TV is
calculated using Equation 3.

[0090] The two control parameters o, or f3,, (or both) can be
adjusted so that the dose distribution modification caused by
the iterative reconstruction technique is of the same magni-
tude as the dose pattern modification caused by the TV mini-
mization. It will be understood that, by performing a plurality
of iterations in the first determination method described
above, the reconstructed dose pattern will tend to more
closely approach the actual delivered dose pattern, under the
assumption that the incident dose pattern has a low total
variation.

[0091] A second determination method uses linear pro-
gramming algorithms to determine the dose in each volume
element 130 by linear optimization. For example and using
the representations of Equations 6 and 6a, the optimization
problem used in this determination method may include the
following:

Minimize (10
B;-D=(1+rp, VY p,
B;-D=(1-rp; v p;
Bj'D—RjSpj ij
Z R; subject to -,

. Bj-D+Rj=p; vpj

K
Physical dose distribution constraints
D; =0
Rj =0

[0092] whereR;is the j* element of the residual vector that

represents the difference between the projection Bjﬁ calcu-
lated from the reconstructed incident dose distribution and
the measured weighted dose line integral p,, and r generally
represents the maximum allowed difference between the pro-

jection BJ:D) calculated from the reconstructed incident dose
pattern and the measured weighted dose line integral p,.

[0093] The physical dose distribution constraints generally
ensure that the reconstructed dose pattern is physically
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acceptable. Such constraints can ensure that the dose distri-
bution is smooth (i.e. not noisy) and/or that the dose gradient
between two adjacent volume elements is inferior to a certain
threshold. In some cases, such constraints can be represented
mathematically for example by:

N 1
N+ hpa)- Dy = ) iz =1
k=1

N 12
N = hpar)-Di = ) Dy <1
k=1

[0094] where the indices k applies to the N neighboring
volume elements of the i* volume element D,, and h,,_and 1
are constants regulating the physical dose distribution con-
straints. Such constants h,,,. and M can be adjusted based on
a previous reconstruction of the dose pattern or a theoretical
dose pattern, in order for the constraints to be more permis-
sive in regions of high dose gradient and more severe in
regions of dose plateau.

[0095] While certain features have been illustrated and
described herein, many modifications, substitutions,
changes, and equivalents will now occur to those of ordinary
skill in the art. It is, therefore, to be understood that the
appended claims are intended to cover all such modifications
and changes.

1. A dosimeter for use on a radiotherapy machine having a
radiation source, the dosimeter comprising:

a scintillation assembly configured to generate a light out-
put in response to incident radiation distribution thereon
from the radiation source; and

at least one photo-detector operable to convert optical
energy transmitted by the scintillation assembly to elec-
trical signals for determining at least one of actual two-
dimensional (2D) or actual three-dimensional (3D) dose
distribution using tomographic reconstruction algo-
rithms.

2. The dosimeter of claim 1, wherein the scintillation
assembly is composed of a plurality of scintillating optical
fibers.

3. The dosimeter of claim 2, wherein the scintillating opti-
cal fibers have a length of a few centimeters or more.

4. The dosimeter of claim 2, wherein the scintillating opti-
cal fibers are embedded in a phantom medium.

5. The dosimeter of claim 4, wherein the phantom medium
is made of a material with properties relative to radiation that

are similar to the material used for the scintillating optical
fibers.

6. The dosimeter of claim 2, wherein the scintillating opti-
cal fibers are made of a water-equivalent material.

7. The dosimeter of claim 2, wherein a plurality of collec-
tion optical fibers are coupled to at least one of the two
opposing ends of the scintillating optical fibers and are
adapted to transmit light output coming from one or both ends
of each scintillating optical fiber to the at least one photo-
detector.

8. The dosimeter of claim 2, wherein the scintillating opti-
cal fibers are disposed in at least one imaging plane.

9. The dosimeter of claim 8, wherein the at least one imag-
ing plane is formed into at least one disk of a known radius.
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10. The dosimeter of claim 8, wherein the at least one
imaging plane 1s formed on the external surface of cylinders
of known lengths and radii.

11. The dosimeter of claim 2, wherein the scintillating
optical fibers are conditioned using UV light in order to
increase their optical attenuation.

12. The dosimeter of claim 1, wherein the photo-detector
and the scintillating assembly are adapted to rotate about an
axis of rotation parallel to the radiation beam axis.

13. The dosimeter of claim 1, wherein the photo-detector
and the scintillating assembly are adapted to rotate about an
axis of rotation orthogonal to the radiation beam axis.

14. The dosimeter of claim 1, wherein the photo-detector
and the scintillating assembly are adapted to rotate about an
axis of rotation arbitrarily oriented with reference to the radia-
tion beam axis.

15. The dosimeter of claim 1, wherein the scintillating
assembly is made of water-equivalent material.

16. The dosimeter of claim 1, wherein the scintillating
assembly is located on a treatment table at or near a height of
treatment delivery.

17. The dosimeter of claim 2, wherein the light collected by
each end of each scintillating optical fiber is determined by a
summation of a contribution of each element of the dose
pattern volume according to the following equation:

iz = Cj,rz Dy Fjy ki) &=

wi = f(xi, ¥i, 2)

where Ij,+ represents the light collected by a single end (+
or -) of the jth scintillating optical fiber, Di represents
the dose deposited in the ith volume element, Fj,i repre-
sents the percentage of the ith volume element covered
by the jth scintillating optical fiber, kj represents the
scintillation efficiency of the jth scintillating optical
fiber, Aj accounts for the differential light attenuation
along the jth scintillating optical fiber, C+ represent the
light losses due to the optical coupling of the jth scintil-
lating optical fiber to the photo-detector, xi, vi and zi
represent the spatial coordinate of the ith volume ele-
ment, ui represents the position on the scintillating opti-
cal fiber with respect to a reference point on the fiber and
frepresents the function relating i to the coordinates xi,
yi and zi.
18. The dosimeter of claim 17, wherein the light collected
by each end of each scintillating optical fiber is also repre-
sented by the following equation:

L.~4,.D
where represents the dose distribution in vectorial form and
Aj,* represents the row of the projection matrix associated
with the + or - side of the jth scintillating optical fiber.
19. The dosimeter of claim 2, wherein the weighted dose
line integral along a single scintillating optical fiber is deter-

mined from the light collected by a single end of the scintil-
lating optical fiber according to the following equation:

Lix I~

pj=Bjs+ D=

7 B jx " Ynom
Norm, j,=
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-continued

Bj--D= ’41317'[)1_0 - Z Di-Fj; _K(Mi\) o)A 410)
Cs k;(0)- 4= & «(0)

where pj represents the weighted dose line integral for the
Jth scintillating optical fiber, [j,+ represents the light
collected by a single end (+ or -) of the jth scintillating
optical fiber when irradiated by a given dose distribu-
tion, [INorm,j,+ represents the light collected by the same
end (+ or -) of the jth scintillating optical fiber when
irradiated by a known normalization dose distribution,
represents the known normalization dose distribution in
vectorial form, represents the measured dose distribu-
tion in vectorial form, Bj,+ represents the row of the
modified projection matrix associated with the + or -
side of the jth scintillating optical fiber, Fj,i represents
the percentage of the ith volume element covered by the
Jth scintillating optical fiber, kj represents the scintilla-
tion efficiency of the jthscintillating optical fiber (i.e. the
number of scintillation photons emitted per unit of
deposited dose), Aj accounts for the differential light
attenuation along the jth scintillating optical fiber, ui
represents the position on the scintillating optical fiber
with respect to the reference point on the fiber and rep-
resents the dose deposited in the ith volume element of
the measured dose distribution.

20. The dosimeter of claim 2, wherein the weighted dose
line integral along a single scintillating optical fiber is deter-
mined from the light collected by the two opposed ends of the
scintillating optical fiber according to the following equation:

I:

Jx

- =
———————— B+ Dporm
INorm,j+ * INorm,j,~

— Kj(l/l;)
B;-D ;ZD;-FL‘--W

where pj represents the weighted dose line integral for the
Jth scintillating optical fiber, Ij,+ represents the light
collected by the + or — end of the scintillating optical
fiber when irradiated by a given dose distribution,
INorm,j, * represents the light collected by the + or — end
of the jth scintillating optical fiber when irradiated by a
known normalization dose distribution, represents the
known dose distribution in vectorial form, represents the
measured dose distribution in vectorial form, Bj repre-
sents the row of the modified projection matrix associ-
ated with the jth scintillating optical fiber, Fj,i represents
the percentage of the ith volume element covered by the
jth scintillating optical fiber, kj represents the scintilla-
tion efficiency of the jthscintillating optical fiber (i.e. the
number of scintillation photons emitted per unit of
deposited dose), A accounts for the differential light
attenuation along the jth scintillating optical fiber, ui
represents the position on the scintillating optical fiber
with respect to the reference point on the fiber and rep-
resents the measured dose distribution.

21.-31. (canceled)
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