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(57) Abstract: A particle portal imaging (PPI) system and method are provided that can be used to provide a "beam’s eye view" of
a patient's anatomy as a charged particle beam is delivered to a target region of the patient's body during a charged particle treatment
(PT) session. The PPI system is capable of performing real-time image acquisition and in-situ dose monitoring using exit neutrons and/
or photons generated within the patient undergoing PT. The PPI system performs PT monitoring to monitor the particle beam being
used for PT.
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SYSTEMS AND METHODS FOR MONITORING A CHARGED PARTICLE
BEAM USED IN PARTICLE THERAPY

CROSS-REFERENCE TO RELATED APPLICATION
[0801] This application 1s a PCT international application claiming priority to, and
the benefit of the filing date of, U.S. provisional application entitled, “Systems, Devices,
and Methods for Imaging and Spectral Dosimetry using Exit Neutrons and Photons for
Patients Undergomg Particle Beam Therapy,” having ser. no. 62/669,116, filed on May 9,

2018, which s hereby incorporated by reference herein in its entirety.

TECHNICAL FIELD
[00801] The present mnvention 1s generally related to charged particle therapy (PT),
and more particularly, to methods and systems for monitoring a charged particle beam

used i PT to irradiate a target region in a patient’s body.

BACKGROUND

(00021 The fundamental goal in radiation therapy (RT) treatment planning, whether
it be X-ray radiation therapy {XRT) or charged PT, is to maximize the dose delivered to
the tumor while minimizing the dose delivered to the surrounding tissue. To fulfill this
objective, intensity modulated radiation therapy (IMRT) 15 often utilized, in which
complex beam sequences are delivered to the patient to generate sophisticated dose
distributions that precisely target the tumor volume. However, the steep dose gradients in
IMRT increase the risk of dose to surrounding organs from small shifts on the order of
millimeters in patient position. This enhances the need for accurate localization of the
target volume using image guidance systems or image guided radiation therapy (IGRT).

[0003] Charged PT methods such as proton therapy and heavy ion therapy (12C)
hold the promise of significantly reduced toxicity to normal tissue while focusing the
radiation on the tumor in a manner more precise than photon RT, even with advances
made with 3-D conformal RT and IMRT. Charged PT offers a dosimetric advantage in

mmproving the radiation dose to critical organs {e.g., heart, lung, and esophagus) as
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compared with IMRT using photons (high energy X-rays). With PT, however, real-time
image guidance, which provides information on the posttion of the tumor target within
the beam aperture, is hindered by the finite range of the charged particles, the very
physical property that allows its therapeutic advantage over megavoltage X-rays.

[G004] A need exists for a way to monitor the proton beam used in PT to ensure that

only mtended targets are trradiated.

SUMMARY

[08058] The present disclosure 15 directed to a particle portal imaging (PPI) system
and method. The PPI system comprises a charged particle beam source and an imaging
system. The charged particle beam source generates a charged particle beam that 1s
directed toward a target region of a body of a patient during a charged particle treatment
(PT) session such that a spread out bragg peak (SOBP) is produced inside of the patient’s
body. The SOBP mnside of the body produces one or more of exit neutrons, forward
momentum neutrons and photons. The imaging system comprises a radiation imager and
a processor. The radiation imager 1s positioned to receive at least a portion of the exit
neutrons, forward momentum neutrons and/or photons and to generate one or more
radiographic images from the exit neutrons, forward momentum neutrons and/or photons.
The processor 15 in communication with the radiation imager to receive the radiographic
mmage(s) and is configured to perform one or more image processing algorithms that
process the radiographic image(s) to obtain information about the PT session.
{00086} In accordance with one aspect, the radiation 1mager comprises a converter, a
mirror and an optical sensor. The converter recetves exit neutrons, forward momentum
neutrons and/or photons and converts them into light propagating o a first direction. The
mirror receives the light propagating in the first direction and directs at least a portion of
the received hght in a second durection that 1s at a non-zero~-degree angle to the first
direction. The optical sensor receives at least a portion of the light propagating in the
second direction. The optical sensor comprises an arrayv of sensor elements, and each

sensor element generates a respective electrical signal based on an amount of the light
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recetved thereby. Each radiographic image corresponds to a combination of the electrical
signals generated by the sensor elements at a given time instant.

{0007} In accordance with one aspect, the converter is a scintillator.

{0008} In accordance with one aspect, the mirror is a forty-five-degree mirror, and
the second direction 15 at a forty-five-degree angle to the first direction.

{0009} In accordance with one aspect, the optical sensor 1s a charge coupled device
(CCD) sensor.

{6010} In accordance with another aspect, the optical sensor is a complementary
metal oxide semiconductor (CMOS} sensor.

[0011] In accordance with one aspect, the radiation imager comprises a detector that
receives the exit neutrons, forward momentum neutrons and/or photons and converts
them into one or more radiographic images.

[6012] In accordance with one aspect, the charged beam source is a proton beam
source that generates a proton beam.

{00131 In accordance with one aspect, the radiation imager generates a series of
radiographic images, and each radiographic image of the series 15 captured at a different
mstant in time during the PT session. At least one of the image processing algorithms
performed by the processor analyzes the radiographic images of the series to identify at
least one particular feature that is present in each radiographic image of the series and to
determine whether a position of the particular feature has changed over the different
mstants of time.

{0014 In accordance with one aspect, at least one image processing algorithms
performed by the processor analyzes the radiographic image(s) to verity a geometry of the
charged particle beam at the target region during the PT session.

[0015] In accordance with one aspect, at least one image processing algorithm
performed by the processor analyzes the radiographic image(s) to determine a radiation
dose of the charged particle beam delivered to the target region during the PT session.
{0016} In accordance with one aspect, at least one image processing algorithm

performed by the processor analyzes the radiographic image(s) to determine a radiation
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dose of the charged particle beam delivered to areas adjacent to the target region during
the PT session,

0017} In accordance with one aspect, the radiation tmager is moved relative to the
patient during the PT session to change an angle of the radiation imager relative to the
charged particle beam, and a plurality of two-dimensional (2-D) radiographic images are
captured by the radiation imager at different respective angles of the radiation imager
relative to the charged particle beam. At least one image processing algornithm performed
by the processor is a reconstruction algorithm that generates one or more three-
dimensional (3-D) radiographic images from the 2-D radiographic images.

{00181 In accordance with one aspect, the charged particle beam is scanned through
layers of the body of the patient during the PT session such that at least one 2-D
radiographic image is generated by the radiation imager per scanned layer. An image
processing algorithm performed by the processor combines the 2-D radiographs for all of
the scanned layers and uses a proton beam energy associated with each scanned laver to
generate a three-dimensional {3-D) radiographic image of the target region.

(00191 In accordance with one aspect, one image processing algorithm performed by
the processor determines, based on the 3-D radiographic image, whether or not actual
delivery of the charged particle beam to the target region during the PT session met
constraints of a treatment plan for an intended delivery of the charged particle beam to the
target region.

100201 In accordance with one aspect, one image processing algorithm performed by
the processor determines, based on the 3-D radiographic image, whether a radiation dose
delivered by the charged particle beam to the target region during the PT session met
constraints of a treatment plan for an intended radiation dose to be delivered during the
PT session.

{00211 In accordance with one aspect, one image processing algorithm performed by
the processor modifies, based on the 3-D radiographic image, a treatment plan associated
with the patient.

[0022] The method for performing PP comprises:
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with a charged particle beam source of a PPI system, generating a charged particle
beam during a charged particle treatment (PT) session and directing the charged particle
beam toward a target region of a body of a patient such that a spread out bragg peak
{(SOBP) 1s produced mside of the patient’s body, the SOBP inside of the body producing
one or more of exit neutrons, forward momentum neutrons and photons;

with a radiation tmager of an timaging system of the PPI system, recetving at least
a portion of said one or more of exit neutrons, forward momentum neutrons and photons
and generating one or more radiographic images from said at least a portion of said one or
more of exit neutrons, forward momentum neutrons and photons; and

with a processor of the imaging system, receiving said one or more radiographic
images and performing one or more image processing algorithms that process said one or
more radiographic images to obtain information about the PT session.
{0023} In accordance with one aspect of the method, the radiation imager generates a
series of radiographic images, and each radiographic image of the series is captured at a
different instant in time during the PT session. At least one of the image processing
algorithms performed by the processor analyzes the radiographic images of the series to
identify at least one particular feature that i1s present in each radiographic image of the
series and to determine whether a position of the particular feature has changed over the
different instants of time.
{00241 In accordance with one aspect of the method, at least one mmage processing
algorithms performed by the processor analyzes the radiographic image(s) to verify a
geometry of the charged particle beam at the target region during the PT session.
[0025] In accordance with one aspect of the method, at least one image processing
algorithm performed by the processor analyzes the radiographic image(s) to determine a
radiation dose of the charged particle beam delivered to the target region during the PT
5€55100,
[0026] In accordance with one aspect of the method, at least one nmage processing
algorithm performed by the processor analyzes the radiographic image(s) to determine a
radiation dose of the charged particle beam delivered to areas adjacent to the target region

during the PT session.
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{0027}  Inaccordance with one aspect of the method, the radiation imager 1s moved
relative to the patient during the PT session to change an angle of the radiation imager
relative to the charged particle beam. A plurality of 2-D radiographic images are captured
by the radiation tmager at different respective angles of the radiation imager relative to
the charged particle beam. At least one image processing algorithm performed by the
processor s a reconstruction algorithm that generates one or more 3-D radiographic
tmages from the 2-D radiographic images.
{0028} In accordance with one aspect of the method, the charged particle beam 1is
scanned through layers of the body of the patient during the PT session such that at least
one 2-D radiographic image s generated by the radiation imager per scanned layer. One
image processing algorithm performed by the processor combines the 2-D radiographs for
all of the scanned layers and uses a proton beam energy associated with each scanned
layer to generate a 3-D radiographic image of the target region.
{0029} In accordance with one aspect of the method, one image processing algorithm
performed by the processor determines, based on the 3-D radiographic image, whether or
not actual delivery of the charged particle beam to the target region duning the PT session
met constraints of a treatment plan for an intended delivery of the charged particle beam
1o the target region.
[0030]  Inaccordance with one aspect of the method, one image processing algorithm
performed by the processor determines, based on the 3-D radiographic image, whether a
radiation dose delivered by the charged particle beam to the target region during the PT
session met constraints of a treatment plan for an ntended radiation dose to be delivered
during the PT session.
[0031] In accordance with one aspect of the method, one image processing algorithm
performed by the processor modifies, based on the 3-D» radiographic image, a treatment
plan associated with the patient.

(00321 These and other features and advantages of the inventive principles and

concepts will become apparent from the following description, drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0033] Many aspects of the invention can be better understood with reference to the
following drawings. The components in the drawings are not necessarily to scale,
emphasis instead being placed upon clearly iltustrating the principles of the present
invention. Moreover, in the drawings, like reference numerals designate corresponding
parts throughout the several views.

[0034] Fig 115 a schematic diagram of the PP system in accordance with a
representative embodiment.

[0835] Fig 215 a block diagram of an imaging system of the PPI system shown in
Fig. 1 in accordance with a representative embodiment.

[0838] Fig 3 shows a schematic diagram of the imaging system of the PP system in
accordance with a representative embodiment in which a tissue equivalent phantom 13
imaged.

[0837] Fig 4 shows a front plan view of the tissue equivalent phantorm shown in Fig,
3 comprising cylindrical dowels that extend through the tissue equivalent phantom shown
m Fig. 3 and simulate tissues of different organs of a patient.

f0038] Fig 5 shows the neutron image of the tissue equivalent phantom shown in
Fig. 3 captured by the radiation imager of the imaging system shown in Fig. 3.

[0838] Figs 6A and 6B are graphs of neutron spectral distributions that were
measured using a He-4 gas detector at different angular locations relative to a water
equivalent phantom that was irradiated using a beam of protons with an average energy of
176 MeV; Fig. 6A shows the pulse shape discrimination (PSD) result taken with the
He-4 gas detector at a PT facility; Fig. 6B shows the spectroscopic comparison of
proton therapy data with other know neutron sources such as D-D, D-T and C£-252.

(08401 Fig 715 a tlow diagram of the PPI method in accordance with a
representative embodiment.

[0841] Fig 8 1s a flow diagram representing the PPl method in accordance with one
representative embodiment in which the processor shown in Fig. 2 performs a particular
image processing algorithm to determine whether the position of the patient has changed

during the PT session.
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[00427 Fig 915 a flow diagram representing the PPI method in accordance with
another representative embodiment in which the processor shown in Fig. 2 performs a
particular image processing algorithm that verifies whether or not the geometry of the
charged particle beam at the target region during the PT session i3 in accordance with the
treatment plan.

[0043] Fig 1015 a flow diagram representing the PPl method in accordance with
another representative embodiment in which the processor shown in Fig. 2 performs a
particular image processing algorithm that analyzes one or more radiographic images to
determine the radiation dose of the charged particle beam delivered at the target region
during the PT session.

[0044] Fig 11 1s a flow diagram representing the PPl method in accordance with
another representative embodiment in which the processor shown in Fig. 2 performs a
particular image processing algorithm that analyzes one or more radiographic images to
determine the radiation dose of the charged particle beam delivered to areas adjacent to
the target region during the PT session.

[0045] TFig 1215 a flow diagram representing the PPl method in accordance with
another representative embodiment in which the processor shown in Fig. 2 performs a
particular image processing algorithm that reconstructs a 3-D radiographic image from a
plurality of 2-B radiographic images captured at different angular positions of the
radiation imager.

[0846] Fig 13 15 a flow diagram representing the PPl method in accordance with
another representative embodiment in which the processor shown in Fig. 2 performs a
particular image processing algorithm that generates a 2-D radiographic image for each
layer of the target region while the charged particle beam s scanned layer by layer.

[0047] Tig 1415 a flow diagram representing the PPl method in accordance with
another representative embodiment in which the processor shown in Fig. 2 performs a
particular image processing algorithm that determunes, based on the 3-D radiographic
image, whether a radiation dose delivered by the charged particle beam to the target
region during the PT session met constraints of a treatment plan for an intended radiation

dose to be delivered during the PT session.
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[00487 Fig 1515 a flow diagram representing the PPl method in accordance with
another representative embodiment in which the processor shown in Fig. 2 performs a
particular tmage processing algorithm that determmnes, based on the 3-D radiographic
image, whether a radiation dose delivered by the charged particle beam to areas adjacent

1o the target region during the PT session met constramts of a treatment plan.

DETALILED DESCRIPTION

[00498] The present disclosure 1s directed to a particle portal imaging (PPI) system
and method that can be used to provide a “beam’s eve view” of a patient’s anatomy as a
charged particle beam is delivered to a target region of the patient’s body. The PPI
system performs real-time image acquisition and in-situ dose monitoring using exit
neutrons and/or photons generated within the patient undergoing PT and/or along the
beam. The PPI system performs PT monitoring to monitor the particle beam being used
for PT.

(00507 When a particle beam of high-energy 1ons, such as electrons, photons,
protons, or heavy 1ons, 1s made incident on a target, a sufficient secondary neutron and/or
photon flux is generated. The PPI system may generate radiographic images of the
patient based on exit neutron and/or photon emissions generated within the Spread-Cut
Bragg Peak (SOBP) inside of the irradiated body. The radiographic images generated
using the secondary neutrons and/or photons passing through the patient’s body may be
utilized for a variety of reasons, mcluding to assess the dose to anatomical structures
adjacent to the target region.

[00511  The PPI system, which delivers charged particle (e.g., proton) beams using
passive scattering or active scanning (also known as pencil beam scanning or particle
beam scanning (PBS}), may be used to generate a single “summed” image from the
entire duration of the treatment beam, or streamed mmages during time intervals of the
treatment beam.  For passive scattering proton beams, 2-D radiographic images of the
patient’s anatomy using exit neutrons and/or photons are generated. In the case of 2-D
radiographic images, they may also be taken n different onentations to reconstruct 3-D

mmages. For PBS, each energy layer associated with the PBS beam delivery can be used to
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generate a 2-D image, and all the energy layers can then combined to generate a 3-D
image of the region of the patient where the protons deposit energy and produce neutrons
and xrays. These PPI base images can be color images or grayscale images similar to
other scanming technologies, such as X-ray, ultra sound, gamma, etc.

[0052] The PP system and method disclosed herein may also be used to determine
the length, height, width, and/or volume of the cancer and/or organs within the patient,
Additionally, the PPI system and method may be used to determine other aspects of the
patient undergoing PT. For example, the PPI system and method may be used to verify
the dose delivered to the tumor target and to identify and/or analyze additional features
tor clinical PT, as would be recognized by one of ordinary skill in the art having the
benefit of this disclosure.

f08583] The imaging system of the PPI system includes a neutron and/or photon
converter, such as a scintillator (for example, 6LiF-ZnS), or a detector (for example
NOVA Scientific neutron sensitive micro channel plate (MCP) glass doped with 10B or
(Gd) or any other technology that converts neutrons/photons mto signals. In embodiments
i which the neutron and/or photon converter such as a scintillator is used, the converter
converts the photons and/or neutrons into light and an optical sensor of the imaging
system, such as a charge coupled device (CCD) sensor or complementary metal oxide
semiconductor (CMOS) sensor converts the light into erther color or grayscale 1mages.
This 1s an indirect conversion of neutrons and/or photons into color or grayscale images.
In the case where a neutron and/or photon detector 15 used mn the imaging system, the
detector receives neutrons and/or photons and performs a direct conversion of the neutron
and/or photons into an image. The term “radiation rager,” as that term 1s used herein, 18
mtended to denote both types of devices, 1.e., devices that perform direct or indirect
conversion of neutrons and/or photons into color or grayscale images. A combmation of
a scintillator and a CCD sensor 15 an example of a radiation imager that performs indirect
conversion, whereas a neutron radiation detector, such as a He-4 gas detector, is an
example of a radiation imager that performs direct conversion.

[08584] The scintillator or detector may be used in conjunction with a CCD/CMOS

camera system using a mirror or optical fibers to direct the scintitiator output 1o a sensor
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outside the direct path of the exit radiation, or overlaid on a flat panel detector, whereby
the scintitlator 1s placed directly onto the photodiode matrix of the flat panel system, for
mmproved light collection efficiency to produce either color or grayscale images. The
radiation 1mager may be positioned at any distance from the target and at any angle
depending on the positioning of the patient. A shield can be placed between the
imaging system and the cyclotron or synchrotron to remove or minimuze the
photons so that neutron images of the patient’s anatomy are produced by the imaging
system,

fG058] The PT source 15 typically a cyclotron or synchrotron, which s a particle
accelerator commonly used as a source for the charged particle beam therapy. A
cyclotron or synchrotron produces higher energy particles such as protons or 12C. These
higher energy particles, during the interaction with matter, can produce secondary
particles such as bike neutrons, electrons, x-rays and gammas.

f0056] In accordance with a representative embodiment, the PPI system measures the
spatio-spectral distribution of secondary neutrons generated mn various locations
within the patient’s anatomy and in the beam collimators. By measuring the spatio-
spectral distribution, one can achieve two highly important tasks. First, the unscattered
neutrons would be what irradiate secondary organs significantly in the forward beam
direction past the cancer irradiation target. Secondly, the scattered neutrons now have a
new direction and energy indicating not only where but how much energy was deposited
i specitic organs. Using these two distinct neutron flux distributions, one can obtain
significant additional understanding of secondary neutron-induced cancer risk.

[0657] Additionally, since the neutrons generated will be highly dependent not only
on what the characteristics of a specific PT facility 1s, but also which type and where a
specific cancer is located, this will allow significant improvements to be made in patient-
by-patient impact and risk, and potentially be used as guidance for particle portal
imaging. A neutron radiation detector, such as a He-4 gas detector, for example, may be
used to measure the spatio-spectral distribution of the secondary neutrons. Knowledge of
the spectral distribution of the secondary neutrons can be used to optimize the detector

energy response. knowledge of the proton beam characteristics and the neutron and/or
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photon spectra generated can be used to optimize the radiation imager, including
composition and thickoess of the scintdlator. For example, using the neutron energy
specira, one can choose the neutron absorbing material for scintitlation and its optimal
thickness. This knowledge can be used to select materials for the scintillator that
maximize light generation and collection, and to select scintillator material and imager
geometry that maximizes selection of those exit neutron and xrays that produce best
mmage quality based on spatial resolution and image contrast.

[00588] This PPl system and method apply to both passive spreading, in which one or
more scatterers are used to produce a homogenous proton beam profile which 1s then
incident on a compensator to generate a charged particle beam (e.g., proton beam} with
the deswred dose distribution 10 a patient; and active scanming or active spreading, m
which magnetic fields are used to generate or "paint” the treatment volume, also known
as intensity modulated proton therapy (IMPT) ({the proton analogue to photon based
intensity modulated radiation therapy (IMRT)), voxel by voxel in each layer, and in
successive contiguous layers. The proton beam ts incident to these contiguous layers.

(005891 In the following detailed description, for purposes of explanation and not
himitation, exemplary, or representative, embodiments disclosing specific details are set
forth 1n order to provide a thorough understanding of inventive principles and concepts.
However, it will be apparent to one of ordinary skill in the art having the benefit of the
present disclosure that other embodiments according to the present teachings that are not
exphicitly described or shown herein are within the scope of the appended claims.
Moreover, descriptions of well-known apparatuses and methods may be omitted so as not
to obscure the description of the exemplary embodiments. Such methods and apparatuses
are clearly within the scope of the present teachings, as will be understood by those of
skill in the art. It should also be understood that the word “example,” as used herein, is
mtended to be non-exclusionary and non-limuting tn nature.

f00607 The terminology used herein 1s for purposes of describing particular
embodiments only and is not intended to be limiting. The defined terms are in addition to
the technical, scientific, or ordinary meanings of the defined terms as commonly

understood and accepted in the relevant context.
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f00617  The terms “a,” “an” and “the” include both singular and plural referents,
unless the context clearly dictates otherwise. Thus, for example, “a device” includes one
device and plural devices. The terms “substantial” or “substantially” mean to within
acceptable limits or degrees acceptable to those of skill in the art. For example, the term
I . . PR . . : >

substantially paraliel to” means that a structure or device may not be made perfectly
parallel to some other structure or device due to tolerances or imperfections in the process

>

by which the structures or devices are made. The term “approximately” means to within

an acceptable limit or amount to one of ordinary skill in the art. Relative terms, such as

2% 99 <o 2

“over,” “above,” “below,” “top,” “bottom,” “upper” and “lower” may be used to describe
the various elements’ relationships to one another, as illustrated in the accompanying
drawings. These relative terms are intended to encompass different orientations of the
device and/or elements in addition to the orientation depicted in the drawings. For
example, if the device were mverted with respect to the view n the drawings, an element
described as “above” another element, for example, would now be below that element.

[0082] Relative terms may be used to describe the various elements’ relationships to
one another, as illustrated in the accompanying drawings. These relative terms are
mtended to encompass different orientations of the device and/or elements in addition to
the orientation depicted in the drawings.

[0683] The term “memory” or “memory device,” as those terms are used herein, are
mtended to denote a non-transitory computer-readable storage medium that is capable of
storing computer instructions, or computer code, for execution by one or more processors.
References herein to “memory” or “memory device” should be mterpreted as one or more
memories of memory devices. The memory may, for example, be multiple memories
within the same computer systern. The memory may also be multiple memories
distributed amongst multiple computer systems or computing devices. More specific
examples (a nonexhaustive list) of the computer-readable storage mediurn would 1nclude
the following: an electrical connection {electronic) having one or more wires, a portable
computer diskette (magnetic), a random access memory (RAM) (electronic), a read-only
memory (ROM} (electronic), an erasable programmable read-only memory (EPROM or

Flash memory) (electronic), an optical fiber {optical}, and a portable compact disc read-
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only memory (CDROM]} (optical}. Note that the computer-readable medium could even
be paper or another suitable medium upon which the program is printed, as the program
can be electronically captured, via for instance optical scanning of the paper or other
medium, then compiled, mterpreted or otherwise processed in a suitable manner if
necessary, and then stored in a computer memory. In addition, the scope of the certain
embodiments of the present invention includes embodying the functionality of the
preferred embodiments of the present invention in logic embodied in hardware or
software-configured mediums.

(00647 A “processor” or “processing device,” as those terms are used heremn
encompass an electronic component that 1s able to execute a computer program or
executable computer instructions. References herein to a systermn comprising “a
processor” or “a processing device” should be interpreted as a system having one or more
Processors or processing cores. The processor may for instance be a3 multi-core processor.
A processor may also refer to a collection of processors within a single computer system
or distributed amongst multiple computer systems. The term “computer,” as that term 18
used herein, should be mterpreted as possibly referring to a single computer or computing
device or to a collection or network of computers or computing devices, each comprising
a processor or processors. Instructions of a computer program can be performed by a
single computer or processor or by multiple processors that may be within the same
computer or that may be distributed across multiple computers.

[0065] Fig 115 a schematic diagram of the PP system 100 in accordance with a
representative embodiment. During a PT treatment session, a charged particle beam (e.g.,
a proton heam, an electron beam, a photon beam, a heavy 1on beam, etc.) 102 from a
charged particle beam source 101, such as a cyclotron or synchrotron, for example,
produces a spread out bragg peak (SOBP) inside of a patient 104 who 1s lying on a table
103. The SOBP nside of the patient 104 produces forward momentum neutrons 105,
also referred to herein as exit neutrons 105. These exit neutrons 105 are then
absorbed/collected by a radiation mmager 106, For ease of discussion, 1t will be assumed
that the radiation mmager 106 is a scintillator, but direct conversion detectors of the type

described above may mstead be used.
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[00667 In accordance with this representative embodiment, the radiation imager 106
is mounted on an arm 107 that can be rotated around the patient 104 to produce neutron
images of the patient’s anatomy at different angles in line with the charged particle beam
102. The arm 107 may be C-shaped, although it can have other shapes. The arm 107 15
mechanically coupled to a stand 108, which will typically have wheels 109 to allow it to
be easily positioned and moved.

[0087] TFig 2 shows a block diagram of an imaging system 120 of the PPI system in
accordance with a representative embodiment. The imaging system 120 comprises the
radiation 1mager 106 shown in Fig. 1, a processor 125 and a memory device 126, The
radiation tmager 106 produces neutron images of the anatomy of the patient 104 (Fig. 1).
In accordance with this representative embodiment, the exit neutrons 105 are received on
the opposite side of the patient 104 from the source (not shown) by an indirect converter
111. As mentioned above, the radiation timager 106 may be a combination of an optical
sensor {e.g., a CCD sensor) and a neutron-to-light converter, such as a scintillator, for
example, that performs direct conversion of neutrons to images or it may be a detector,
such as, for example, a NOV A Scientific neutron sensitive MCP or a He-4 gas detector
that performs direct conversion of neutrons and/or photons into an image. For ease of
discussion, it will be assumed that the radiation tmager 106 comprises a neutron-to-light
converter {e.g., a scintillator) 111 and an optical sensor 114 that act together to convert
neutrons and/or photons into color or grayscale images. In accordance with a
representative embodiment, the size of the scintillator 15 200 mullimeters (nmun) X 200
mm, although the mventive principles and concepts are not limited to the scintitiator
having any particular dimensions or configuration.

[0888] The converter 111 converts the exit neutrons 105 and/or photons mto hight
117, which 1s reflected by a 45° tilted mirror 112 toward an optical sensor 114, The
reflected light is collected by the optical sensor 114, which may be, for example, a CCD
sensor, a CMOS sensor or any other suitable optical sensor. The optical sensor 114
comprises an array of sensor elements, or pixels, each of which generates a respective
electrical signal based on hight received by the respective sensor element. These electrical

signals together comprise an image of the anatomy of the patient 104 undergoing the
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treatment. The optical sensor 114 can be cooled with a cooling system {not shown}) to
reduce the number of 1solated hot pixels. To maximize the amount of light that 1s
received by the optical sensor 114, a lens 115 s typically disposed in between the optical
sensor 114 and the murror 112, This entire setup may be enclosed in a hight tight L-
shaped box 116.

[0669] Fig 3 shows a schematic diagram of the imaging system 130 of the PPI
system in accordance with a representative embodiment in which a tissue equivalent
phantom 131 1s imaged. Like the imaging system 120 shown in Fig. 2, the imaging
systern 130 comprises the radiation imager 106, the processor 125 and the memory device
126. The tissue equivalent phantom 131 is sandwiched between solid water phantoms
132 and 133. The sohd water phantoms 132, 133 are disposed in between the radiation
imager 106 and the charged particle beam snout 101a of the charged particle beam source
101 such that the forward scattered spallation neutrons will be incident on the converter
111 of the radiation rmager 106.

[0070] TFig 4 shows a front plan view of the tissue equivalent phantorn 131, which
comprises cylindrical dowels 142 that extend through the tissue equivalent phantom 131
and simulate tissues of different organs of a patient. Hydrogen rich matter such as water
will moderate or slow down the neutrons passing through it.  Thus, the gray scale
mntensity of the neutron image will vary with the hydrogen content in each of the dowels
142 of the phantom 131

(008711 Fig 5 shows the neutron image 150 of the tissue equivalent phantom 131
captured by the radiation imager 106 of the imaging system 130 shown in Fig. 3. The
radiation imager 106 acquired this neutron image of the phantom based on the charged
particle beam source 101 producing a 10 centimeter {cm) X 10 cm beam of protons with
average energy of 176 MeV. Although the image is a bit grainy, it does provide useful
mformation that can be used to improve treatment. The neutron moderation effect that
determined the gray scale intensity of the neutron image 150 maps to a time-series of 2-D
radiographs. This mapping, in turn, relates to the neutron energy deposition in each
region of tissue that the neutrons travelled through, and thus to the neutron dose.

Discovery of neutron dose hotspots can be utilized as a guidance in subsequent treatments
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of which tissue regions to avoid or minimize neutron dose exposure in order to minimize
secondary cancer risk.

[0872] With reference again to Figs. 2 and 3, the processor 125 and memory device
126 of the imaging systems 120 and 130 are used to perform one or more image
processing algorithms that process the mages captured by the radiation imager 106 to
obtain certain useful information, such as, for example, dose delivered to the target region
and/or dose delivered to areas adjacent to the target region. The processor 123 may also
perform one or more algorithms that control the timing of image capture by the radiation
mmager 106 as well as motion of the arm 107 (Fig. 1} i cases where the arm 13 non-
stationary. The processor 125 may also control scanning of the charged particle beam
produced by the source 101 10 cases in which the charged particle beam 1s scanned.

[0873] For example, because neutron images, which are also referred to herein as
radiographic images, are generated using the exit neutrons and/or photons passing
through the body of the patient 104, the resulting images may be processed and analyzed
by the processor 125 to assess the dose to anatomical structures adjacent to the target
region. The radiographic images provide a beam’s eye view of regions that the proton
beam 1s incident on, and therefore provide geometrical verification of the proton beam.
From this information, known calculations can be used to determine the radiation dose to
which the target region and adjacent regions are being exposed. Furthermore,
consecutively captured 2-I3 radiographic images can be analyzed to determine changes in
the images over time. Such changes may be caused by patient movement or changes o
system parameters, which should not occur but sometimes does. Based on these
determinations, the PT session can be modified, corrected or repeated to improve
treatment. Additionally, the radiographic images of the patient may be captured in
different orientations to reconstruct a three-dimensional (3-D) image by, for example,
mmparting motion to the arm 127 in a predetermined manner while controlling the timing
of image capture by the radiation imager 106 in a predetermined manner. Known
reconstruction algorithms can be used or adapted to reconstruct the 3-I} images, as will be

understood by those of skill in the art in view of the description provided herein.
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[00747 2-D radiographs can be summed based on the radiation delivered over the
entire duration of the proton beam delivery or they can be individual consecutive serial
radiographs, each based on delivery of a portion of the proton beam dose. As mndicated
above, these consecutive serial radiographs can be used to monitor changes in regions of
the body through which the proton beam passes. The consecutive serial radiographs can
be acquired automatically by programming the optical sensor 114 to capture the images in
sequence or by programming the processor 125 to control image capture by the optical
sensor 114. In either case, it 1s unnecessary to pause the beam delivery. Hence a series of
2-D radiographs, differing in time of collection, can be acquired duning the beam
delivery.

[0075] When the imaging systerm 120 1s used in conjunction with a scanming proton
beam, 1t will yield a 2-D radiograph for each axial layer the monoergetic proton beam
stops within and deposiis most of its energy. Fach laver 15 associated with a different
proton energy, and a treatment beam consists of a range of proton energies that are
custonmuized for each patient treatment based on the specific dose distribution required.

By combining the 2-D radiographs for each layer, and knowing the proton beam energy
used to generate each layer, one can generate a 3-D image of the region of the patient
volume 1rradiated by the proton beam. This volume includes some or all of the SCBP
region of the proton beam. This 3-D image can be used to verify the intended delivery of
the radiation by comparing this imaging with the treatment planning imaging and
radiation dose distribution. In both cases, besides verifving that the proton beam i3
delivered within the intended patient volume, the imaging can also be carried out on
phantoms separately from treatment. In the latter case, adjustments may be made to the
treatment plan based on the radiographs that were captured for the phantom.

[00786] Furthermore, the radiographs captured by the 1maging system 120 can be used
1o obtain a measure of the spatio-spectral distributions of the forward momentum
neutrons, which may be used to optimize the dynamic energy of the optical sensor 114
and to provide additional dose information on secondary neutron-induced cancer risk

through neutron imaging using the imaging system 120, which directly related to neutrons
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generated, their origin and energy distribution, which are all the parameters determining
specific neutron dose impact of various patient organs during treatment,

(00771  Also, since the neutrons generated will be highly dependent not only on what
the characteristics of a specific PT facility are, but also on which type of cancer is being
treated and where 1t 18 located, the images will alfow for significant improvements n
patient-by-patient impact and risk. PPl can be used to verify geometric accuracy of the
proton beam delivery. This imaging combined with measurements of the neutron
spectrum can be used to estimate neutron dose within the patient. The continuous imaging
will allow for rapid wdentification of patient treatment rregularities which would be
obtained by the imaging system 120, or posi-treatment analysis and corrective action
gutdance of subsequent treatment for the same patient/tumor.

[0078] Figs 6A and 6B are graphs of the neutron speciral distributions that were
measured using a He-4 gas detector at different angular locations relative to a water
equivalent phantom that was rradiated using a beam of protons with an average energy of
176 MeV. The results of the measurements indicate the suitability of these detectors for
neutron dose verification. Fig. 6A shows the neutron differentiation ability (Pulse Shape
discrinination (PSD)) of the proposed system utilizing He-4 noble gas neutron detectors
at a PT facility. The radiation environment at a proton irradiation facility 18 high in dose
and of mixed radiation character. The PSD 1s performed on a pulse-by-pulse basis either

in real-time or as post-processing, utilizing pulse integral ratic comparison of prompt and

delaved scintillation pulse components induced by neutrons and gamma-rays,
respectively. The ability to separate the neutron pulses as shown here over a wide range
of energies is essential to proper neutron dose risk evaluation.

[0878] Fig 6B shows the spectroscopic comparison of proton therapy institute (PTT)
data {plot 161} with data from other known neutron sources, such as deuterium-deuterium
fusion-based neutron generator creating 2.45meV neutrons (DD, plot 162}, and
Californium-252 spontaneous fission source generating neutrons of a wide spectra with
average energy 2 MeV (Cf-252, plot 163). The He-4 detector data demonstrates the wide
range of detectable neutron energies. When taking into account the energy-dependent

neutron dose quality-factors, a direct neutron spectral-dependent detector response of

19



WO 2019/217752 PCT/US2019/031623

neutron spectra 1s essential for correct patient-organ neutron-dose estimation. The neutron
flux 1s measured after transport through the patient body, for a scantung particle beam the
sequence in time of patient-transmitted neutron spectra obtained in time enable dose
calculation of forward affected organs and tissue. For a shaped beam, the same dose
calculation would need to utilize the patient-specific phantom that was used to also
generate the beam-profile and treatment plan, to obtain the correct dose to the target
region and areas adjacent to the target region.

(00807 Fig 7 1s a tlow diagram of the PPI method in accordance with a
representative embodiment. A charged particle beam source generates a charged particle
beam that is directed toward a target region of a body of a patient during a PT session
such that an SOBP is produced inside of the patient’s body that produces one or more of
exit neutrons, forward momentum neutrons and photons, as indicated by block 171, With
a radiation imager of an imaging system of the PPI system, at least a portion of the exit
neutrons, forward momentum neutrons and/or photons are recetved and one or more
radiographic images are generated from the exit neutrons, forward momentum neutrons
and/or photons, as indicated by block 172. With a processor of the imaging system, one
or more radiographic images are received and one or more image processing algorithms
are performed that process the one or more radiographic images to obtain mformation
about the PT session, as indicated by block 173

[0881] Fig 815 a flow diagram representing the PPI method m accordance with one
representative embodiment in which the processor 125 performs a particular image
processing algorithm to determine whether the position of the patient has changed during
the PT session. In accordance with this representative embodiment, the radiation imager
generates a series of radiographic images, where each radiographic image of the series is
captured at a different mnstant in time during the PT session, as indicated by block 181
The 1mage processing algorithm performed by the processor 125 analyzes the
radiographic images of the series to identify at least one particular feature that is present
i each radiographic image of the series, as indicated by block 132, Known feature
recognition algorithms may be used for this purpose. Once the particular feature has been

identified, the position of the feature within each radiographic image can be used 1o
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determine whether the position of the feature has changed over the different instants in
time, as ndicated by block 183, 1f a deternination is made that the position of the
particular feature has changed over time, then this i1s an indication that the patient’s
position has likely changed, which may be an indication that the PT session should be
repeated or that some change should be made to the treatment plan.

[0682] Fig 91s a flow diagram representing the PPI method in accordance with
another representative embodiment in which the processor 125 performs a particular
image processing algorithm that verifies whether or not the geometry of the charged
particle beam at the target region during the PT session 1s 1 accordance with the
treatment plan. As indicated above, one image processing algorithm that can be
performed by the processor analyzes one or more radiographic tmages to verify that the
geometry of the charged particle beam at the target region during the PT session is in
accordance with the treatment plan. In Fig. 9, blocks 191 and 192 are identical to blocks
171 and 172, respectively, shown in Fig. 7. At block 193, the processor analyzes one or
more radiographic images to verify that the geometry of the charged particle beam at the
target region during the PT session 1s in accordance with the treatment plan. In
accordance with this embodiment, the radiographic images can be 2-D or 3-D
radiographic tmages.

[0083] TFig 1015 a flow diagram representing the PPl method in accordance with
another representative embodiment in which the processor 125 performs a particular
image processing algorithm that analyzes one or more radiographic images to determine
the radiation dose of the charged particle beam delivered at the target region during the
PT session. As indicated above, one image processing algorithm that can be performed
by the processor 125 analyzes one or more radiographic images to determine the radiation
dose of the charged particle beam delivered at the target region during the PT session.
This can be compared with the treatment plan to determine whether the dose delivered to
the target region was is in accordance with the treatment plan. In Fig. 10, blocks 201 and
202 are identical to blocks 171 and 172, respectively, shown in Fig. 7. Block 203

represents the step of the processor analyzing one or more radiographic images to
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determine the radiation dose of the charged particle beam delivered at the target region
during the PT session.

[0884] Fig 1115 a flow diagram representing the PP method in accordance with
another representative embodiment in which the processor 125 performs a particular
mmage processing algorithm that analyzes one or more radiographic images to determine
the radiation dose of the charged particle beam delivered to areas adjacent to the target
region during the PT session. As indicated above, at least one image processing
algorithm performed by the processor can analyze one or more radiographic tmages to
determine the radiation dose of the charged particle beam delivered to areas adjacent to
the target region during the PT session. This can be compared with the treatment plan to
determine whether to dose delivered to adjacent areas 1s 1 accordance with the treatment
plan InFig 11, blocks 211 and 212 are identical to blocks 171 and 172, respectively,
shown in Fig. 7. Block 213 represents the step of the processor 125 analyzing one or
more radiographic images to determine the radiation dose of the charged particle beam
delivered to areas adjacent to the target region during the PT session.

[08858] Fig 12 s a flow diagram representing the PPl method in accordance with
another representative ermnbodiment in which the processor 125 performs a particular
image processing algorithm that reconstructs a 3-I2 radiographic image from a plurality of
2-D radiographic images captured at different angular positions of the radiation imager
106. A charged particle beam source generates a charged particle beam that 1s directed
toward a target region of a body of a patient during a PT session such that an SOBP i3
produced inside of the patient’s body that produces one or more of exit neutrons, forward
momentum neutrons and photons, as indicated by block 221. With a radiation imager of
an imaging system of the PPI system, at least a portion of the exit neutrons, forward
momentum neutrons and/or photons are recetved and at least one 2-D radiographic image
1s generated from the exit neutrons, forward momentum neutrons and/or photons, as
indicated by block 222, Block 223 represents the step of determining whether a 2-D
radiographic image has been captured by the radiation imager at each angular position. If
not, the angular position of the radiation imager 1s changed, as indicated by block 224,

and the process returns to block 222 where the next 2-D radiographic image is generated

22



WO 2019/217752 PCT/US2019/031623

at the new angular position. Once an image has been captured at each angular position, as
determined at block 223, the process proceeds to block 225 at which the processor 125
performs a reconstruction algorithm that reconstructs a 3-D radiographic image from the
plurality of 2-D radiographic images.

[0088] Fig 13 1s a flow diagram representing the PPl method in accordance with
another representative embodiment in which the processor 125 performs a particular
tmage processing algonithm that generates a 2-D radiographic image tor each laver of the
target region while the charged particle beam is scanned layer by layer and then combines
the 2-D radiographs for all of the scanned layers based on the charged beam energy
assoctated with each scanned layer to generate a 3-D radiographic image of the target
region. At block 231, the scanning charged particle beam source generates a charged
particle beam that is directed toward a target region of a body of a patient during a PT
session such that an SOBP 15 produced 1nside of the patient’s body that produces one or
more of exit neutrons, forward momentum neutrons and photons, as indicated by block
231, With the radiation imager, for each scanned laver, at least a portion of the exit
neutrons, forward momentum neutrons and/or photons are received and at least one 2-D
radiographic image 15 generated from the exit neutrons, forward momentum neutrons
and/or photons, as indicated by block 232, Block 233 represents the step of determining
whether a 2-D radiographic image has been captured by the radiation imager for each
scanned layer. If not, the charged particle beam position is changed, as indicated by block
234, and the process returns to block 231, Once a 2-D radiographic image has been
generated for each laver of the target region, as determined at block 233, the process
proceeds to block 235 at which the processor 125 performs a reconstruction algorithm
that reconstructs a 3-D radiographic image by combining the plurality of 2-D radiographic
images based on the beam energy associated with each respective scanned layer.

(00877 Fig 14 1s a flow diagram representing the PPl method in accordance with
another representative embodiment in which the processor 125 performs a particular
tmage processing algorithm that determines, based on the 3-D radiographic image,
whether a radiation dose delivered by the charged particle beam to the target region

during the PT session met constraints of a treatment plan for an intended radiation dose to
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be delivered during the PT session. The process shown in Fig. 14 can begin from blocks
225 or 235 shown in Figs. 12 and 13, respectively. Block 241 shown in Fig. 14
represents the step of the processor 125 performing a particular image processing
algorithm that determines, based on the 3-D radiographic image, whether the radiation
dose delivered by the charged particle beam to the target region during the PT session met
constraints of a treatment plan for an intended radiation dose to be delivered during the
PT session.

[0088] Fig 15 is a flow diagram representing the PPl method 1n accordance with
another representative embodiment in which the processor 125 performs a particular
image processing algorithm that determines, based on the 3-D radiographic image,
whether a radiation dose delivered by the charged particle beam to areas adjacent to the
target region during the PT session met constraints of a treatment plan. The process
shown in Fig. 15 can begin from blocks 225 or 235 shown i Figs. 12 and 13,
respectively. Block 251 shown in Fig. 15 represents the step of the processor 125
performing a particular image processing algorithm that determines, based on the 3-D
radiographic image, whether the radiation dose delivered by the charged particle beam to
adjacent areas to the target region during the PT session met constraints of a treatment
plan.

[0089] Inaccordance with a representative embodiment the processor 125 performs a
particular image processing algorithm that determunes, based on the outcome of one or
more of the processes depicted in Figs. 7 — 15, whether constraints of a treatment plan are
being met during the PT session (if performed in real-time) or whether the constraints
were met if the determination is made offline, 1.¢., after the PT session has been
performed.

(00907 It should be noted that the algorithms that are performed by the processor
125, such as the image processing algorithms described above, for example, are typically
performed in software or firmware that 1s executed by the processor 125, Such software
and/or firmware may be stored in a non-transitory computer-readable medium, such as
memory device 126. Some embodiments can be implemented in hardware or in a

combination of hardware and software and/or firmware. If implemented in hardware, as
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in an alternative embodiment, the processor 125 can be implemented with any or a
combination of the following technologies, which are all well known in the art: a discrete
logic circuit{s} having logic gates for implementing logic functions upon data signals, an
apphication specific integrated circuit (ASIC) having appropriate combinational logic
gates, a programmable gate array(s) (PGA), a field programmable gate array {(FPGA), eic.

[0681] 1t should be emphasized that the above-described embodiments are merely
possible examples of implementations for the purposes of providing a clear understanding
of the inventive principles and concepts. Many variations and modifications may be
made to the above-described embodiments without departing from the scope of the
mventive principles and concepts. All such modifications and variations are mtended to
be included herein within the scope of this disclosure and the present invention and

protected by the following claims.
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CLAIMS
What is claimed 1s:
1. A particle portal imaging (PPI) system comprising:

a charged particle beam source that generates a charged particle beam that 13
directed toward a target region of a body of a patient during a charged particle treatment
{(PT) session such that a spread out bragg peak (SOBP) 1s produced inside of the patient’s
body, the SOBP inside of the body producing one or more of exit neutrons, forward
momentum neutrons and photons; and

an imaging system comprising;

a radiation wwager positioned to recerve at least a portion of said one or
more of exit neutrons, forward momentum neutrons and photons and to generate
one or more radiographic nmages from said at least a portion of said one or more
of exit neutrons, forward momentom neutrons and photons; and

a processor 1in communication with the radiation imager to receive said
one or more radiographic images, the processor being configured to perform one
or more image processing algorithms that process said one or more radiographic

fmages to obtain information about the PT session.

2. The PPl system of claim 1, wherein the radiation imager comprises:

a converter that recetves said at least a portion of said one or more of exit
neutrons, forward momentum neutrons and photons and converts said at least a portion of
satd one or more of exit neutrons, forward momentum neutrons and photons into hight
propagating in a first direction;

a murror that receives the light propagating in the first direction and directs at least
a portion of the received hight into light propagating in a second direction that 1s at a non-
zero-degree angle to the first direction; and

an optical sensor that receives at least a portion of the light propagating in the
second direction, the optical sensor comprising an array of sensor elements, each sensor

element generating a respective electrical signal based on an amount of the hight received
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thereby, each radiographic image corresponding to a combination of the electrical signals

generated by the sensor elements at a given time instant.

3. The PPl system of claim 2, wherein the converter 1s a scintillator.

4. The PPI system of claim 2, wherein the mirror 1s a forty-five-degree mirror, and

wherein the second direction is at a forty-five-degree angle to the first direction.

5. The PPl system of claim 2, wherein the optical sensor 1s a charge coupled device

(CCD) sensor.

6. The PPl system of claim 2, wherein the optical sensor 1s a complementary metal oxide

semiconductor ({{MOS) sensor.

7. The PPl system of claim 1, wherein the radiation imager comprises:

a detector that receives said at least a portion of said one or more of exit neutrons,
forward momentum neutrons and photons and converts said at {east a portion of said one
or more of exit neutrons, forward momentum neutrons and photons nto said one or more

radiographic tmages.

8. The PPl system of ¢laim 1, wherein the charged beam source 18 a proton beam source

that generates a proton beam.

9. The PPl system of claim 1, wherein the radiation imager generates a series of
radiographic images, each radiographic image of the series bing captured at a different
imstant in time during the PT session, and wherein at least one of the image processing
algorithms performed by the processor analyzes the radiographic images of the series to
identify at least one particular feature that is present in each radiographic image of the
series and to determine whether a position of the particular feature has changed over the

different instants of time.
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10. The PPI system of claim 1, wherein at least one image processing algorithms
performed by the processor analyzes said one or more radiographic images to venify a

geometry of the charged particle beam at the target region during the PT session.

11, The PPI system of claim 1, wherein at least one image processing algorithm
performed by the processor analyzes said one or more radiographic images to determine a
radiation dose of the charged particle beam delivered to the target region during the PT

session.

12. The PPI system of claim 1, wherein at least one image processing algorithm
performed by the processor analyzes said one or more radiographic images to deternmune a
radiation dose of the charged particle beam delivered to areas adjacent to the target region

during the PT session.

13. The PPI system of claim I, wherein the radiation imager 1s moved relative to the
patient during the PT session to change an angle of the radiation imager relative to the
charged particle beam, and wherein a plurality of two-dimensional (2-D) radiographic
images are captured by the radiation imager at different respective angles of the radiation
mmager relative to the charged particle beam, and wherein at least one image processing
algorithm performed by the processor is a reconstruction algorithm that generates one or

more three-dimensional (3-D) radiographic images from the 2-D radiographic images.

14. The PPI system of claim |, wherein the charged particle beam 1s scanned through
layers of the body of the patient during the PT session such that at least one two-
dimensional {2-D} radiographic image is generated by the radiation imager per scanned
layer, and wherein one image processing algorithm performed by the processor combines
the 2-D radiographs for all of the scanned layers and uses a proton beam energy
associated with each scanned layer to generate a three-dimensional (3-D) radiographic

image of the target region.
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15. The PPI system of claim 14, wherein one image processing algorithim performed by
the processor determines, based on the 3-D radiographic image, whether or not actual
delivery of the charged particle beam to the target region during the PT session met
constraints of a treatment plan for an intended delivery of the charged particle beam to the

target region.

16. The PPI system of claim 15, wherein one image processing algorithm performed by
the processor determines, based on the 3-D radiographic image, whether a radiation dose
delivered by the charged particle beam to the target region during the PT session met
constraints of a treatment plan for an intended radiation dose to be delivered during the

PT session.

17. The PPI system of claim 16, wherein one image processing algorithim performed by
the processor modifies, based on the 3-D radiographic image, a treatment plan associated

with the patient.

18 A method for performing particle portal imaging (PP} comprising

with a charged particle beam source of a PPI system, generating a charged particle
beam during a charged particle treatment (PT) session and directing the charged particle
beam toward a target region of a body of a patient such that a spread out bragg peak
{(SOBP) 15 produced mside of the patient’s body, the SOBP mnside of the body producing
one or more of exit negutrons, forward momentum neutrons and photons;

with a radiation imager of an imaging system of the PPI system, receiving at least
a portion of said one or more of exit neutrons, forward momentum neutrons and photons
and generating one or more radiographic images from said at least a portion of said one or
more of exit neutrons, forward momentum neutrons and photons; and

with a processor of the imaging system, receiving said one or more radiographic
mmages and performing one or more mage processing algorithms that process said one or

more radiographic images to obtain information about the PT session.
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19. The method of claim 18, wherein the radiation imager comprises:

a converter that receives said at least a portion of said one or more of exit
neutrons, forward momentum neutrons and photons and converts said at least a portion of
satd one or more of exit neutrons, forward momentum neutrons and photons nto hight
propagating in a first direction;

a mirror that receives the light propagating in the first direction and directs at least
a portion of the received hight into light propagating n a second direction that is at a non-
zero-degree angle to the first direction; and

an optical sensor that receives at least a portion of the light propagating in the
second direction, the optical sensor comprising an array of sensor elements, each sensor
element generating a respective electrical signal based on an amount of the light received
thereby, each radiographic image corresponding to a combination of the electrical signals

generated by the sensor elements at a given time instant.

2C. The method of claim 17, wherein the converter 15 a scintillator.

21, The method of claim 19, wherein the mirror 1s a forty-five~degree muror, and

wherein the second direction is at a forty-five-degree angle to the first direction.

22, The method of claim 19, wherein the optical sensor is a charge coupled device

(CCD) sensor.

23. The method of claim 19, wheremn the optical sensor 18 a complementary metal oxide

semiconductor {CMOS) sensor.
24. The method of claim 18, wherein the radiation tmager comprises:

a detector that recetves said at least a portion of said one or more of exit neutrons,

forward momentum neutrons and photons and converts said at feast a portion of said one
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or more of exit neutrons, forward momentum neutrons and photons into said one or more

radiographic images.

25. The method of claim 18, wherein the charged bears source 1s a proton beam source

that generates a proton beam.

26. The method of claim 18, wherein the radiation imager generates a series of
radiographic images, each radiographic image of the series being captured at a different
instant in time during the PT session, and wherein at least one of the image processing
algorithms performed by the processor analyzes the radiographic images of the series to
identify at least one particular feature that s present in each radiographic image of the
series and to determine whether a position of the particular feature has changed over the

different instants of time.

27. The method of claim 18, wherein at least one image processing algorithms performed
by the processor analvzes said one or more radiographic images to verify a geometry of

the charged particle beam at the target region during the PT session,

28. The method of claim 18, wherein at least one image processing algorithm performed
by the processor analyzes said one or more radiographic timages to determine a radiation

dose of the charged particle beam delivered to the target region during the PT session.

29. The method of claim 18, wherein at least one image processing algorithm performed
by the processor analyzes said one or more radiographic images to determine a radiation
dose of the charged particle beam delivered to areas adjacent to the target region during

the PT session.
30. The method of claim 18, wherein the radiation imager 15 moved relative to the patient

during the PT session to change an angle of the radiation imager relative to the charged

particle beam, and wherein a plurality of two-dimensional {2-D) radiographic images are
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captured by the radiation imager at different respective angles of the radiation imager
relative to the charged particle beam, and wherein at least one image processing algorithm
performed by the processor 18 a reconstruction algorithm that generates one or more three-

dimensional (3-D) radiographic images from the 2-D radiographic images.

31 The method of claim 18, wherein the charged particle beam 15 scanned through layers
of the body of the patient during the PT session such that at least one two-dimensional {2-
D) radiographic image is generated by the radiation 1ruager per scanned layer, and
wherein one image processing algorithm performed by the processor combines the 2-D
radiographs for all of the scanned layers and uses a proton beam energy associated with
each scanned layer to generate a three-dimenstional (3-D) radiographic image of the target

region.

32 The method of claim 31, wherein one image processing algorithm performed by the
processor determines, based on the 3-D radiographic image, whether or not actual
delivery of the charged particle beam to the target region during the PT session met
constraints of a treatment plan for an intended delivery of the charged particle beam to the

target region.

33. The method of claim 32, wherein one image processing algorithm performed by the
processor determines, based on the 3-I radiographic image, whether a radiation dose
delivered by the charged particle beam to the target region during the PT session met
constraints of a treatment plan for an intended radiation dose to be delivered during the

PT session.
34 The method of claim 33, wherein one image processing algorithm performed by the

processor modifies, based on the 3-D radiographic image, a treatment plan associated

with the patient.
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WITH A CHARGED PARTICLE BEAM SOURCE, GENERATING A
CHARGED PARTICLE BEAM DURING A PT TREATMENT 171
SESSION AND DIRECTING THE CHARGED PARTICLE BEAM TO
A TARGET REGION OF THE PATIENT'S BODY SUCH THAT A
SPREAD OUT BRAGG PEAK IS PRODUCED INSIDE OF THE
PATIENT'S BODY

I

WITH A RADIATION IMAGER OF AN IMAGING SYSTEM OF
THE PPI SYSTEM, RECEVING AT LEAST A PORTION OF EXIT
NEUTRONS, FORWARD MOMENTUM NEUTRONS AND
PHOTONS PRODUCED BY THE SOBP INSIDE OF THE
PATIENT'S BODY AND GENERATING ONE OR MORE
RADIOGRAPHIC IMAGES

172

WITH A PROCESSOR OF THE IMAGING SYSTEM, RECEIVING
THE RADIOGRAPHIC IMAGE({5) AND PERFORMING ONE OR
MORE IMAGE PROCESSING ALGORITHMS THAT PROCESS
THE RADIOGRAPHIC IMAGE{S) TC OBTAIN INFORMATION
ABOUT THE PT SESSION

173
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WO 2019/217752 PCT/US2019/031623
8/14

WITH THE RADIATION IMAGER OF THE IMAGING SYSTEM,
RECEVING AT LEAST A PORTION OF EXIT NEUTRONS, ~181
FORWARD MOMENTUM NEUTRONS AND/OR PHOTONS
PRODUCED BY THE SCBP INSIDE OF THE PATIENT'S BODY
AND GENERATING A SERIES OF RADIOGRAPHIC IMAGES AT
RESPECTIVE INSTANTS IN TIME

I

WITH THE PROCESSOR OF THE IMAGING SYSTEM, RECEIVING §-182
THE SERIES OF RADIOGRAPHIC IMAGES AND PROCESSING
THE RADIOGRAPHIC IMAGESS TO IDENTIFY AT LEAST ONE

PARTICULAR FEATURE THAT IS PRESENT IN EACH
RADIOGRAPHIC IMAGES OF THE SERIES

WITH THE PROCESSOR OF THE IMAGING SYSTEM,
DETERMINE WHETHER THE POSITION OF THE PARTICULAR
FEATURE HAS CHANGED OVER THE DIFFERENT INSTANTS IN
TIMIE BASED ON THE POSITION OF THE PARTICULAR
FEATURE IN THE RADIOGRAPHIC IMAGES

183
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WITH A CHARGED PARTICLE BEAM SOURCE, GENERATING A
CHARGED PARTICLE BEAM DURING A PT TREATMENT 191
SESSION AND DIRECTING THE CHARGED PARTICLE BEAM TO
A TARGET REGION OF THE PATIENT'S BODY SUCH THAT A
SPREAD OUT BRAGG PEAK IS PRODUCED INSIDE OF THE
PATIENT'S BODY

A 4
WITH A RADIATION IMAGER OF AN IMAGING SYSTEM OF
THE PPI SYSTEM, RECEVING AT LEAST A PORTION OF EXIT
NEUTRONS, FORWARD MOMENTURM NEUTRONS AND
PHOTONS PRODUCED BY THE SOBP INSIDE OF THE
PATIENT'S BODY AND GENERATING ONE OR MORE
RADIOGRAPHIC IMAGES

192

WITH THE PROCESSOR OF THE IMAGING SYSTEM, RECEIVING
THE RADIOGRAPHIC IMAGE(S) AND, BASED ON THE 193
RECEIVED RADIOGRAPHIC IMAGE(S), DETERMINING

WHETHER THE GEOMETRY OF THE CHARGED PARTICLE

BEAM AT THE TARGET REGION IS IN ACCORDANCE WITH THE

TREATMENT PLAN FOR THE PT SESSION

FIG. S
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WITH A CHARGED PARTICLE BEAM SOURCE, GENERATING A
CHARGED PARTICLE BEAM DURING A PT TREATMENT 201
SESSION AND DIRECTING THE CHARGED PARTICLE BEAM TO
A TARGET REGION OF THE PATIENT'S BODY SUCH THAT A
SPREAD OUT BRAGG PEAK IS PRODUCED INSIDE OF THE
PATIENT'S BODY

i

WITH A RADIATION IMAGER OF AN IMAGING SYSTEM OF
THE PPI SYSTEM, RECEVING AT LEAST A PORTION OF EXIT
NEUTRONS, FORWARD MOMENTURM NEUTRONS AND
PHOTONS PRODUCED BY THE SOBP INSIDE OF THE
PATIENT'S BODY AND GENERATING ONE OR MORE
RADIOGRAPHIC IMAGES

202

X

WITH THE PROCESSOR OF THE IMAGING SYSTEM, RECEIVING 203
THE RADICGRAPHIC IMAGE(S) AND, BASED ON THE
RECEIWVED RADIOGRAPHIC IMAGE(S}), DETERMINING THE
RADIATION DOSE AT THE TARGET REGION

FIG. 10
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WITH A CHARGED PARTICLE BEAM SOURCE, GENERATING A
CHARGED PARTICLE BEAM DURING A PT TREATMENT 211
SESSION AND DIRECTING THE CHARGED PARTICLE BEAM TO
A TARGET REGION OF THE PATIENT S BODY SUCH THAT A
SPREAD QUT BRAGG PEAKIS PRODUCED INSIDE OF THE
PATIENT'S BODY

I

WITH A RADIATION IMAGER OF AN IMAGING SYSTEM OF
THE PPISYSTEM, RECEVING AT LEAST A PORTION OF EXIT
NEUTRONS, FORWARD MOMENTUM NEUTRONS AND
PHOTONS PRODUCED BY THE SOBP INSIDE OF THE
PATIENT'S BODY AND GENERATING ONE OR MORE
RADIOGRAPHIC IMAGES

212

WITH THE PROCESSOR OF THE IMAGING SYSTEM, RECEIVING
THE RADIOGRAPHIC IMAGE(S) AND, BASED ON THE 213
RECEWVED RADIOGRAPHIC IMAGE(S), DETERMINING THE
RADIATION DOSE DELIVERED TO AREAS THAT ARE ADJIACENT
TO THE TARGET REGION

FIG. 11
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WITH A CHARGED PARTICLE BEAM SOURCE, GENERATING A
CHARGED PARTICLE BEAM DURING A PT TREATMENT 731
SESSION AND DIRECTING THE CHARGED PARTICLE BEAM TO
A TARGET REGION OF THE PATIENT’S BODY SUCH THAT A
SPREAD OUT BRAGG PEAK IS PRODUCED INSIDE OF THE
PATIENT'S BODY

y

WITH A RADIATION IMAGER OF AN IMAGING SYSTEM OF
THE PPISYSTEM, RECEIVING AT LEAST A PORTION OF EXIT
NEUTRONS, FORWARD MOMENTURM NEUTRONS AND
PHOTONS PRODUCED BY THE SOBP INSIDE OF THE
PATIENT'S BODY AND GENERATE A 2-D RADIOGRAPHIC

IMAGE

222

- 223
HAS AN IMAGE BEEN ™

< CAPTURED AT EACH B
e, ANGULAR POSITION oo

224

CHANGE ANGULAR POSITION OF RADIATION IMAGER

|

WITH THE PROCESSOR OF THE IMAGING SYSTEM, RECEIVING § ~395
THE 2-B RADIOGRAPHIC IMAGES AND PERFORMING A
RECONSTRUCTION ALGORITHM THAT RECONSTRUCTS A 3-D
RADIOGRAPHIC IMAGE FROM THE 2-D RADIOGRAPHIC
IMAGES

FIiG. 12
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v

WITH A SCANNING CHARGED PARTICLE BEAM SOURCE,
GENERATING A CHARGED PARTICLE BEAM DURING APT ~231
TREATMENT SESSION AND DIRECTING THE CHARGED
PARTICLE BEAM TO A TARGET REGION OF THE PATIENT'S
BODY SUCH THAT A SPREAD QUT BRAGG PEAKIS PRODUCED
INSIDE OF THE PATIENT’S BODY

i

WITH A RADIATION IMAGER OF AN IMAGING 5YSTEM OF
THE PPISYSTEM, FOR EACH SCANNED LAYER, RECEIVING AT
LEAST A PORTION OF EXIT NEUTRONS, FORWARD
MOMENTUM NEUTRONS AND PHOTONS PRODUCED BY THE
SOBP INSIDE OF THE PATIENT'S BODY AND GENERATING
A 2-D RADIOGRAPHIC IMAGE

232

~233

“HAS AN IMAGE BEEN
CAPTURED FOR EACH

”“*mmmm SCANNED LAYER Jﬁﬁﬂwﬁ'vEs

234
CHANGE CHARGED PARTICLE BEAM POSITION

)

WITH THE PROCESSOR OF THE IMAGING SYSTEM, RECEIVING THE 2-D
RADIOGRAPHIC IMAGES PERFORM A RECONSTRUCTION ALGORITHM
THAT RECONSTRUCTS A 3-D RADIOGRAPHIC IMAGE FROM THE 2-D
RADIOGRAPHIC IMAGES USING THE RESPECTIVE BEAM ENERGY
ASSOCIATED WITH EACH SCANNED LAYER

FIG. 13
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FROM BLOCKS 225
OR 235

|

DETERMINE, BASED ON THE 3-D RADIOGRAPHIC IMAGE,
WHETHER THE ACTUAL DOSE DELIVERED TO THE TARGET
REGION MET CONSTRAINTS OF A TREATMENT PLAN FOR AN
INTENDED RADIATION DOSE TO BE DELIVERED TO THE
TARGET REGION

L~ 241

FIG. 14

FROM BLOCKS 225
OR 235

|

DETERMINE, BASED ON THE 3-D RADIOGRAPHIC IMAGE,
WHETHER THE ACTUAL DOSE DELIVERED TO THE TARGET
REGION MET CONSTRAINTS OF ATREATMENT PLAN FOR AN
INTENDED RADIATION DOSE TC BE DELIVERED TO THE
TARGET REGION
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