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PROCESSING PIPELINE FOR PROMPT
PARTICLE IMAGE RECONSTRUCTION

RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Patent Application
Serial No. 62/611,475 filed December 28, 2017 for a “Processing Pipeline for Prompt

Particle Image Reconstruction,” which is hereby incorporated by reference in its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] This invention was made with government support from the National Cancer
Institute of the National Institutes of Health under Award Number R43CA203499. The

government has certain rights in the invention.

TECHNICAL FIELD

[0003] This disclosure relates to medical imaging systems; in particular, this

disclosure relates to technology for generating medical images from proton/particle

radiography.
BACKGROUND
[0004] Radiation therapy is needed for more than 50% of the 1.6 million Americans

who are annually diagnosed with cancer. A conservative estimate from the Mayo Clinic is
that 137,000 new cancer patients each year in the United States could benefit from proton
therapy, well above current capacity. Proton radiation therapy can potentially spare large
amounts of normal tissue from low to intermediate radiation dose and avoid organs at risk.
This reduces late effects and improves quality of life, and is especially important for
patients with high cure rates and long survival times. A recent policy statement issued by
the American Society of Therapeutic Radiation Oncology (ASTRO) cites scientific
evidence confirming that proton beam therapy is particularly useful in a number of pediatric
patients, particularly those with brain tumors, as well as for certain adult cancers requiring
high doses in close proximity to critical structures. Additional research on more common
cancer disease sites, such as breast, prostate and lung, is ongoing, with NCI-supported

clinical trials accruing patients in all three disease sites from proton therapy facilities in the
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U.S. Currently, 73 ion therapy facilities (62 proton, 11 carbon) are in operation worldwide
(25 proton in the U.S.) with 42 (40 proton, 1 carbon, 1 proton&carbon) under construction
(10 proton in U.S.) and 22 (21 proton, 1 carbon) in the planning stages (4 proton in U.S.).

[0005] The Bragg peak phenomena (the sharp dose peak that occurs at the end of a
particle’s range) enables particles such as protons and other ions (e.g., deuterons, helium, or
carbon) to precisely target tumors for radiation therapy, while healthy tissues receive a
minimal dose when compared with x-ray therapy systems. Proton radiation therapy however
requires precise patient alignment, and also adjustment of initial proton energy so that the
maximum dose corresponding to the Bragg peak is deposited in intended tissues. In order to
adjust the range of a proton beam, so that the maximum dose corresponding to the Bragg
peak is deposited in intended tissues, treatment planning may require a three-dimensional
map of a particular patient in terms of relative stopping power (the energy loss of the proton

beam in a material relative to that of water).

SUMMARY

[0006] According to one aspect, this disclosure provides a computer-implemented
method for generating a medical image. The method includes the step of determining a
location and an alignment for a first tracking detector with respect to a particle beam
system. A first position of a first particle generated from the beam system is determined,
from a detected particle hit on the first tracking detector. The first direction of the first
particle at the first tracking detector is determined. The method includes the step of
determining a first residual range of the first particle from a detected particle hit on a
residual range detector. A path for the first particle is reconstructed based on the location,
the alignment, the first position, and the first direction. The medical image is generated
based on the reconstructed path for the first particle and the first residual range of the first
particle.

[0007] According to another aspect, this disclosure provides one or more non-
transitory computer-readable storage medium comprising a plurality of instructions that in
response to being executed cause a computing device to: determine a location and an
alignment for a first tracking detector with respect to a particle beam system; determine a
first position of a first particle generated from the beam system, from a detected particle hit
on the first tracking detector; determine a first direction of the first particle at the first

tracking detector; determine a first residual range of the first particle from a detected
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particle hit on a residual range detector; reconstruct a path for the first particle based on the
location, the alignment, the first position, and the first direction; and generate the medical
image based on the reconstructed path for the first particle and the first residual range of the
first particle.

[0008] According to a further aspect, this disclosure provides a computing system
for generating a medical image. The computing system includes one or more processors
and a memory having a plurality of instructions stored thereon that, when executed by the
one or more processors, causes the computing system to: determine a location and an
alignment for a first tracking detector with respect to a particle beam system; determine a
first position of a first particle generated from the beam system, from a detected particle hit
on the first tracking detector; determine a first direction of the first particle at the first
tracking detector; determine a first residual range of the first particle from a detected
particle hit on a residual range detector; reconstruct a path for the first particle based on the
location, the alignment, the first position, and the first direction; and generate the medical
image based on the reconstructed path for the first particle and the first residual range of the

first particle.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] The present disclosure will be described hereafter with reference to the

attached drawings which are given as non-limiting examples only, in which:

[00010] FIG. 1 shows a proton radiography system according to the disclosure.
[00011] FIG. 2 shows the system of FIG. 1 in more detail and in block diagram form.
[00012] FIG. 3 shows multiple views of a tracking detector of the system of FIG. 1.
[00013] FIG. 4 is a flowchart of an exemplary process for generating a medical
image.

[00014] FIG. 5 shows a beam focal point and plurality of voxels.

[00015] FIG. 6 shows an example medical image generated with embodiments of the

present technology.

[00016] FIG. 7 shows using of two positions to scan entire patient in case of a large
patient.
[00017] Corresponding reference characters indicate corresponding parts throughout

the several views. The components in the figures are not necessarily to scale, emphasis

instead being placed upon illustrating the principals of the invention. The exemplification



WO 2019/133678 PCT/US2018/067628

set out herein illustrates embodiments of the invention, and such exemplification is not to be

construed as limiting the scope of the invention in any manner.

DETAILED DESCRIPTION

[00018] While the concepts of the present disclosure are susceptible to various
modifications and alternative forms, specific exemplary embodiments thereof have been
shown by way of example in the drawings and will herein be described in detail. It should
be understood, however, that there is no intent to limit the concepts of the present disclosure
to the particular forms disclosed, but on the contrary, the intention is to cover all
modifications, equivalents, and alternatives falling within the spirit and scope of the
disclosure.

[00019] Proton (and other particle) radiation therapy requires a three-dimensional
map of the patient in terms of relative stopping power (RSP) (the energy loss of the beam in
a material relative to that of water) for treatment planning. This information is used to adjust
the range of the ion beam. In some cases, these maps are obtained from x-ray CT scans.
Such maps introduce uncertainties relating to conversion of x-ray absorption (Hounsfield)
units to RSP and inhomogeneities in the patient add additional uncertainties. Furthermore,
metallic implants or other high-density materials can cause shadowing artifacts and
streaking.

[00020] Exemplary techniques described below, reduce alignment uncertainties,
reduce range uncertainties, and enable more complex treatments using more ion directions
and delivering a higher dose to the tumor per treatment. In addition to the benefits of a
direct measurement of proton stopping power, proton imaging deposits much less dose to
the patient relative to x-ray images of comparable resolution. The use of a proton beam for
both imaging and treatment streamlines patient setup and quality assurance procedures,
reduces alignment uncertainties, and reduces range uncertainties.

[00021] Proton trajectories deviate from straight lines due to multiple Coulomb
scattering, and forming the images with optimal spatial resolution is therefore more
complicated than for x-ray radiographs.

[00022] Some embodiments of the technology described below avoid the need for a
large amount of analysis and to apply calibrations and convert raw data to proton paths and

residual ranges. Some embodiments allow for images to be produced promptly for
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verification just prior to a treatment immediately after data acquisition, which was not
previously possible.

[00023] FIG. 1 depicts system 100, which is an embodiment of a proton radiography
system according to the present technology. In some examples, a pencil beam 102
(alternatively, a broad beam could also be used with variations of the present technology) of
protons (although other particles, such as heavy ions, could also be used) is generated or
extracted from a source (see FIG. 2) and scanned across a field by a scanning element (see
FIG. 2). For example, pencil beam 102 is scanned across a region of interest of object 104,
which is a human head in FIG. 1. The position of pencil beam 102 as it enters object 104
can be determined based on data from tracking detector 106 that generates photons at
locations where protons traverse tracking detector 106, as described in more detail below.
Similarly, the position of pencil beam 102 as it exits object 104 can be determined using
data from tracking detector 108. Note that tracking detectors 106 and 108 are spaced apart
to allow object 104 to be positioned between them. In some embodiments, only one tracking
detector is needed or two or more tracking detectors are used on one or both sides of object
104. In the case of only a single tracking detector, a direction of the pencil beam can be
used to determine the direction for each ion. Potential architectures for tracking detectors
106 and 108 are described in more detail below.

[00024] Residual range detector 110 is positioned adjacent tracking detector 108.
Residual range detector 110 includes scintillator material 112 (represented in FIG. 1 by a
box). In one example, the scintillator material may be one sold by Eljen Technology of
Sweetwater, Texas, USA. As a proton of pencil beam 102 enters scintillator material 112
through the surface facing tracking detector 108, the proton generates photons 114
(represented by dotted lines in FIG. 1) as the protons loses energy from interacting with
scintillator material 112. These photons can then be collected by photon detectors (FIGS. 2
and 5) coupled to scintillator material 110 on the surface of scintillator material 112 that is
opposite the surface facing tracking detector 108. The coupling of the photon detectors is
depicted in FIG. 1 by circles 116. The signal generated by the photon detectors is
proportional to a residual energy of a proton as it entered scintillator material 112. This
information combined with the initial energy of the proton and the location of the proton as
it entered and exited object 104, along with similar information for many additional protons,

can be used to generate image 118 of object 104. By using multiple proton energies and/or
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protons at different angles (e.g., 100 different angles) in a proton tomography system using
the present technology, 3D images can also be produced.

[00025] Note that reference axes 122 show that pencil beam 102 is traveling along
the z-axis and tracking detectors 106 and 108 are perpendicular to the z-axis. FIGS. 2 and 3
described below will be described with respect to the same reference axes.

[00026] FIG. 2 depicts system 100 of FIG. 1 with additional detail and from a
different perspective, as indicated by reference axes 122. With reference to FIG. 2, system
100 includes source 202 that generates or extracts pencil beam 102. Scanning element 204
is used to steer pencil beam 102 and includes scanning magnets 204a and 204b. Scanning
magnets 204a scan the pencil beam 102 in x-directions as defined with respect to reference
axes 122, and scanning magnets 204b (the second of which is hidden in the perspective of
FIG. 2) scan pencil beam 102 in y-directions as defined with respect to respect to reference
axes 122. In general, scanning element 106 is programmable such that pencil beam 102 is
scan-able across the entirety of the field in any pattern, and, as determined by source 202, at
any initial energy at any point in time. In this example, source 202 is capable of controlling
or varying the initial energy of the protons of pencil beam 102. During a scan, the extent of
the field is in general limited by the planar dimensions of first tracking detector 106, second
tracking detector 108, or residual range detector 114 of system 100. Example field areas
include 10x10 cm” to 38.4x38.4 cm’.

[00027] By using a different initial energy at different transverse positions of the
tracking detectors and the object being imaged, the residual range of the ions can be kept
low and the depth of the residual range detector can be kept small. For example, the initial
energies can be chosen to keep the residual range between 0 and 10 cm across the field to be
imaged regardless of the thickness or density of the object along a particular path. The more
range in initial energy that is possible, smaller residual range detectors may be possible.
[00028] In some examples of an architecture for tracking detector 106, as protons of
pencil beam 102 traverse first tracking detector 106, the protons interact with fibers either
side of substrate 206. Specifically, each side of substrate 206 includes, for example, two
layers of fibers, i.e., fibers 208 on one side and fibers 210 on the opposite side of substrate
206. Fibers 208 and 210 may be scintillating fibers so that when a proton impinges a fiber,
the scintillating properties of the fiber will cause one or more photons to be generated.
These photons are captured by light detector 212, which generates an electrical signal based

on the detected photons. The electrical signal is transmitted to computing system 214. By
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knowing the location and orientation of fibers 208 and 210 that produced photons, the
location of the proton that traversed tracking detector 106 may be determined by computing
system 214. Additionally, computing system 214 may also use data from scanning element
204 to determine or verify the location where a proton passed through tracking detector 106.
Once the location is known the initial directional vector of pencil beam 102 can also be
determined based on the focal point of source 202.

[00029] In some examples, fibers 208 are oriented perpendicular to fibers 210. If
light detector 212 indicates that a proton passed through one fiber of fibers 208 and one
fiber of fibers 210 and computing system 214 knows the location of these two fibers,
computing system 214 can determine that the X-Y coordinate on tracking detector 106
where the proton traversed tracking detector 106 is at the intersection of the two fibers.
Additionally, if fibers of fibers 208 or fibers of fibers 210 are connected together to reduce
the number of detectors needed in light detector 212, then the estimated expected position of
pencil beam 102 based on data from or instructions sent to scanning element 204 may be
used in determining the X-Y coordinate where the proton traversed tracking detector 106, as
described in more detail below with respect to FIG. 3.

[00030] As protons of pencil beam 102 traverse object 104, protons may be scattered,
as is depicted in FIG. 2 as an exaggerated change in direction of pencil beam 102 in object
104. After the protons exit object 104, the exit location where protons traverse tracking
detector 108 can be determined in a similar manner as described above with respect to
tracking detector 106. Similar to tracking detector 106, tracking detector 108 includes fibers
on substrate 216. Specifically, each side of substrate 216 includes, for example, two layers
of fibers, i.e., fibers 218 on one side and fibers 220 on the other side of substrate 216. Fibers
218 and 220 may be scintillating fibers so that when a proton impinges a fiber, the
scintillating properties of the fiber will cause one or more photons to be generated. These
photons may be captured by light detector 222, which may generate an electrical signal
based on the detected photons. The electrical signal is transmitted to computing system 214.
By knowing the location and orientation of fibers 218 and 220 that produced photons, the
location of the proton that traversed first tracking detector 108 may be determined by
computing system 214. Additionally, computing system 214 may also use information from
scanning element 204 to determine or verify the location on tracking detector 108 where a

proton passed through tracking detector 108.
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[00031] In some examples, fibers 218 are oriented perpendicular to fibers 220. If
light detector 222 indicates that a proton passed through one fiber of fibers 218 and one
fiber of fibers 220 and computing system 214 knows the location of these two fibers,
computing system 214 can determine that the X-Y coordinate on tracking detector 108
where the proton traversed tracking detector 108 is at the intersection of the two fibers.
Additionally, if fibers of fibers 218 or fibers of fibers 220 are connected together to reduce
the number of detectors needed in light detector 222, then the estimated or expected position
of pencil beam 102 based on data from or instruction sent to scanning element 204 may be
used in determining the X-Y coordinate on tracking detector 108 where the proton traversed
tracking detector 108, as described in more detail below with respect to FIG. 3.

[00032] While an exemplary architecture of a tracking detector has been described,
other architectures are possible. For example, if fibers are rigid enough, the fibers could be
bonded together to avoid using a substrate. As another example, with respect to tracking
detector 106, fibers 208 and 210 could be placed on the same side of substrate 206 or fibers
208 and 210 could be placed on separate substrates that are placed next to each other.
[00033] As protons of pencil beam 102 enter residual range detector 110, they
impinge scintillator material 112 and generate photons that are collected by photon
detectors 224 (while four photon detectors are depicted in FIG. 2, system 100 includes
sixteen photon detectors as indicated by the circles representing the photon detectors
couplings to scintillator material 112 in FIG. 1). Photon detectors 224 are, for example,
photomultiplier tubes or other similar devices. Photon detectors 224 generate electrical
signals based on the number of photons collected and generate electrical signals that are
provided to computing system 214, which may calculate values such as total energy. Based
on the electrical signals, and potentially other information (such as the X-Y coordinate of
where a proton exited object 104 and traversed tracking detector 108), computing system
214 may determine a residual energy for a proton of pencil beam 102 that entered
scintillator material 112 after exiting object 104.

[00034] Protons enter scintillator material 112 via surface 226. Generated photons are
collected by photon detectors 224 as the photon exit surface 228 of scintillator material 112.
The dimensions of scintillator material 112 may be selected to ensure that protons stop in
scintillator material 112 as opposed to passing through scintillator material 112. This
ensures that protons of pencil beam 102 generate a large number of scintillation photons

within a few nanoseconds. Surface 226, surface 230, surface 232, and/or the other two
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surfaces of scintillator material 112 not depicted in FIG. 2 are, in some examples, covered
(e.g., deposited, coated, or arranged next) with an anti-reflective or photon absorbing
material. For example, the walls of scintillator material 112 are painted black. The anti-
reflective material ensures that mainly direct photons that have not scattered off the walls of
scintillator material 112 are collected at photon detectors 224. The anti-reflective material
may include different materials on different surfaces of scintillator material 112. In one
example, the anti-reflective material may be Eljen Technology EJ510B black paint. The
anti-reflective material may absorb 90% or more of the photons that contact the material.
The anti-reflective material adds to the high speed operation of system 100.

[00035] The use of multiple photon detectors also provides the potential to obtain
additional position data for the location that a proton exited object 104. For example, with
reference to FIG. 1, if photon detectors are coupled to scintillator materials 112 as indicated
by circles 116 (sixteen total), the photon detector nearest where the photon entered
scintillator material 112 should produce the strongest signal. If the position of the photon
detector that produces the strongest signal does not correlate with the position indicated by
the signals generated from tracking detector 108 and light detector 222, then an event that
should be rejected may exist, such as inelastic scatter.

[00036] FIG. 3 depicts two cross-sections of a tracking detector that may be used to
implement tracking detectors 106 and 108 (FIGS. 1 and 2). Cross-section 300 depicts
tracking detector along the plane parallel to the z-axis and x-axis, as depicted in reference
axes 122. Cross-section 302 depicts the same tracking detector along the plane parallel to
the y-axis and x- axis, as depicted in reference axes 122, which is also perpendicular to the
plane of cross-section 300. Additionally, cross-section 302 is zoomed-out as compared to
cross-section 300. In cross- section 300, the direction of protons is along the z-axis as
depicted by path 304. In cross-section 302, the direction of protons is coming out of the
figure.

[00037] As depicted in cross-section 300, the tracking detector includes a substrate
306 having two layers of fibers, 308 and 310, respectively, on one side and two layers of
fibers, 312 and 314, respectively on the other side. Layers of fibers 308 and 310 are laid out
perpendicular to layers of fibers 312 and 314. Only one fiber of layer of fibers 308 and one
fiber of layer of fibers 310 are visible because the other fibers are blocked from view. Layer
of fibers 312 includes fibers 312a-312h and layer of fibers 314 includes fibers 314a-314h.

As depicted in FIG. 3, the layers of fibers on each side of the substrate may be offset from
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each other so that fibers of one layer (e.g., layer 312) are positioned between two fibers in
the adjacent layer (e.g., layer 314). In other words, the fibers in one layer may be offset
from the other layer by about one half the width of a single fiber. In this layout, protons that
go through the interface between two fibers in one layer, should also go through the middle
of the fiber in the next layer, which results in higher efficiency. Other architectures could
have additional layers of fibers or only a single layer of fibers.

[00038] Fibers of adjacent layers can be bundled together so they connect to a single
light detector channel. For example, with reference to FIG. 3, fibers 312a and 314a can be
bundled together into fiber doublet 316 so fibers 312a and 314a connect to a single channel
of the light detector. In some cases, bundling occurs by combining the ends of fibers 312a
and 314a in parallel so that the outputs of fibers 312a and 314a can be detected together.
[00039] Multiple fibers or fiber doublets may be organized in logical strips. For
example, if fibers 312a-312d are respectively bundled with fibers 314a-314d to form four
fiber doublets, the four fiber doublets may be treated as strip 318. Similarly, if fibers 312e-
312h are respectively bundled with fibers 314e-314h to form four fiber doublets, the four
fiber doublets may be treated as strip 320. A strip may include more fibers or fiber doublets,
such as 64 fibers or fiber doublets.

[00040] To further reduce the number of channels required in a light detector,
similarly positioned fibers or fiber doublets in strips on a side of substrate 306 may be
bundled together and connected to a single channel of the light detector. In this case, the
location of the fiber or fiber doublet that generated photons within the strips in combination
with the expected location of the pencil beam can be used to located the position of the
pencil beam accurately to within, for example, 0.3mm when using Imm® fibers. For
example, the expected location of the pencil beam can be used to determine the expected
strip where the proton will be and the fiber or fiber doublet that produces photons can be
used to identify the location within the strip of the proton.

[00041] The two types of bundling described above (i.e., bundling adjacent fibers of
different layers and bundling fibers or fiber doublets of different strips) can be used together
or separately in different variations of the present technology.

[00042] Cross-section 302 depicts strips 318, 320, 322, and 324, which of which
includes a plurality of fiber doublets. For example, strip 318 includes four fiber doublets
made of fibers 312a-312d and fibers 314a-314d (e.g., fiber doublet 316), as described
above. Similarly, strip 318 include fiber doublet 326, strip 320 include fiber doublet 328,

10
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strip 322 includes fiber doublet 330, and strip 324 includes fiver doublet 332. Because fiber
doublets 318, 320, 322, and 324 are located at the same positions within strips 318, 320,
322, and 324, the outputs of these fiber doublets may be bundled together and connected to
light detector 334 via a single channel (i.e., channel 336). Light detector 334 includes
several channels (not shown) that are each connected to a group of fiber doublets that have
the same position in the strips of the tracking detector. Light detector 334 provides electrical
signals to computing system 338 representative of photons generated in the fibers of the
tracking detector as received by the channels (e.g., channel 336) of light detector 334.
[00043] While an exemplary architecture of a tracking detector has been described in
FIG. 3, the same bundling architecture could be used in other configurations of tracking
detectors. For example, with respect to the tracking detector of FIG. 3, if fibers are rigid
enough, fiber layers 308, 310, 312, and 314 could be bonded together to avoid using a
substrate. As another example, fiber layers 308 and 310 could be placed on the same side of
substrate 306 as fiber layers 312 and 314. In another example, fiber layers 308 and 310
could be placed on a separate substrate than fiber layers 312 and 314 and the two substrates
could be placed next to each other.

[00044] Computing system 214 (FIG. 2) may implement embodiments of the present
technology to produce images from data collected from the proton radiography system. In
an example embodiment, computing system 214 implements a pipelined processing
technique to produce images quickly from particle measurements.

[00045] FIG. 4 depicts flowchart of process 400 for an exemplary technique for
producing a radiography or tomography image using a radiography system, such as proton
radiography system 100. Process 400 describes an iterative technique that uses projective
voxels, such as those depicted in FIG. 5, that represent the rays of the incoming proton
directions. In other variations of the process, cubic voxels or other coordinate systems are
used. Below, process 400 is described with respect to computing system 214 of proton
radiography system 100. The process, however, is not limited to protons or radiography.
[00046] In block 402, computing system 214 determines a location and alignment of
tracking detectors 106 and 108 (FIG. 1) in the beam system (e.g., a pencil beam). In FIG. 5,
for example, a scanning pencil beam steers protons from focal point 502. The focal point
can be scanned in the x- and y-directions. Ion treatment facilities have known focal points,
and have calibrated steering to deliver beams to known coordinates in a plane at isocenter

transverse to the beam system. Local coordinates in the tracking detector can be converted

11
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to coordinates relative to isocenter if the position of the tracking detector in the beam
system is known.

[00047] A test pattern, consisting of a set of discrete proton spots, for example, may
be used to align the tracking detectors 106 and 108 (or other configurations of tracking
detectors) in system 100 (FIG. 1). An nxn array (e.g., n typically ranges from 2 to 5 but can
take on other integers) of spots in the x-y plane, with about one thousand particles per spot
(or on the order of thousands of particles per spot), can be used for this alignment. For
radiography, this can be done from one direction. For tomography, two or more of these test
patterns may be used, for example at 90 degrees difference. One option is to select the data
for the test pattern as a sub-set of the imaging data. Or, the test pattern data may be
dedicated data.

[00048] There may be up to 12 different rotation and translations of the upstream and
downstream tracking planes (tracking planes 106 and 108, respectively). Specifically, three
translations for each plane (i.e., along the x, y, and z axes) and three rotations for each plane
(i.e., around each of the same axes). If the planes are relatively well aligned (e.g., so that the
two planes move as a single body), this may be reduced to 6 alignment parameters. For a
perfectly aligned detector, extrapolations of each spot will correctly converge to the known
focal points in the x- and y-coordinates. Mismatches in any of the 12 parameters will have
different effects in the extrapolation and patterns of hit detector elements. For example, if
either tracking plane is rotated about the beam axis, scanning in the x- or y-directions will
not result in constant X or y offsets in the tracking detector. For another example, if either
tracking detector is not at the expected z-position along the beam, the focal points will
appear displaced in the z-direction. For another example, if the detector is rotated about the
X- or y-axes, or translated in x or y plane, the focal points will appear displaced in x- or y-
directions. For another example, relative misalignments of the tracking detectors can cause
the spots to appear not to converge to common focal points. These effects can be used to
locate the detector in the beam system using the test pattern.

[00049] One alignment algorithm is an outgrowth of a theorem from projective
geometry that any four-point in the projective plane (any four points, including points at
infinity, no three of which are collinear) can be transformed to any other four-point using a
projective transformation. Projective transformations preserve all straight lines and include
scales, rotations and translations. 2D projective transformations include projections of 3D

rotations onto 2D. In the 2D projective plane, points are represented by homogeneous 3-
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tuples [x y w] which are unique to a scale factor. To create a projective point from a
Cartesian point, it is sufficient to set w=1. Conversion from projective points to Cartesian

points is achieved (for points not at infinity) by dividing by w.

[00050] With the position of four measured points in the plane and four desired
positions, it is possible to solve directly for a 3x3 matrix representing a projective
transformation between the two sets. In essence, the transformation will take all points in
the measured coordinate system and transform them to the desired coordinate system, in a
way that is consistent with a combination of Euclidian transformations. This approach can
be sensitive to position noise. In practice, sets of many corresponding point pairs are used to
robustly derive a single projective transformation through non linear optimization, a process

known as bundle adjustment in the computer vision community.

[00051] In one implementation, twenty-five well-separated spots of several thousand
protons each are fired for the sake of alignment. The average spot position is calculated for
each spot on both the upstream and downstream detector planes. These points are the
measured points. Using the accelerator plan for the alignment along with knowledge of
detector and beam geometry, positions are calculated for each theoretical spot center on the
upstream and downstream detector planes. These are referred to as the ideal point positions.
Projective transformations are calculated from the measured coordinate system to the ideal

coordinate system for each of the detector planes.

[00052] The projective transformations are used in the image reconstruction step to
take the intersections of each proton trace with the detector planes at unknown positions and
orientations and convert the intersections into the corresponding coordinates with the
detector planes at their ideal positions. Each coordinate transformation involves fourteen
floating point operations per proton for each detector plane. This alignment-correction step

is one of the pre-processing steps.

[00053] With this procedure, images can be directly reconstructed in the isocenter
coordinate system of the beam scanning system, without relying on external alignment and
other quality assurance steps. This enables a radiograph to be used for a patient alignment
check, as well as for a check of integrated proton range.

[00054] A variation of this procedure can be used to check the tracking detector

coordinate system. For example, if the tracking detector channels (e.g., channels connected
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to light detectors 212 and 222) consist of scintillating fibers or other types of strips, the
tracking detector coordinates may be based on a survey of the strips as laid down in the
construction process. Stepping the scanning pencil beam in the x- and y-directions while
checking the average changes in the reconstructed detector coordinates can provide precise
corrections to the survey.

[00055] In block 404, computing system 214 next determines a direction of the pencil
beam spot for an individual particle. The measurement of the ion position in a tracking
detector may produce several discrete solutions in order to save readout channels. Each
solution corresponds to a different position and direction. If the direction of the pencil beam
spot containing the ion is known, the correct solution may be chosen, and the position and
direction of the ion will be known. There are several methods to resolving this ambiguity. It
is possible to use more than one of these methods as a consistency check to reject events
with problems such as nuclear scatters.

[00056] In one example, the time of the event is correlated with the expected steering
of the ion beam at that time in the accelerator plan. The appearance of the first events can
establish the starting time for both systems. The relative clock rates of the two systems can
be calibrated with special runs using bursts of events spaced at regular times. The pattern of
hit tracking channels vs. time can be monitored to update relative clock rates of the
accelerator and detector system. For example, the beam can be turned off for short time
gaps to enable checks of the relative timing.

[00057] In another example, different solutions will have different relative channels
hits in the upstream and downstream tracking detectors. The solution can be established ion
by ion, or found by averaging over many ions nearby in time.

[00058] As another example, the range detector may have position sensitivity, and
can be used ion by ion, or by averaging over many ion nearby in time, to find the correct
solution. This method may depend on the number and layout of photon detectors in the
residual range detector.

[00059] In block 406, computing system 214 converts tracking detector hits into
particle positions in the beam system while resolving ambiguities. Local tracking detector
coordinates can be converted to coordinates in the beam system once the tracking detector
alignment is known, as described above, and ambiguities are resolved, as described above.
For the upstream tracker (e.g., tracking detector 106), the ion direction will also be known

from the position. For the downstream tracker (e.g., tracking detector 108), multiple
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scattering may randomize the direction. A second downstream tracking detector (not
shown) may provide the direction, otherwise only the position is known. Either setup can be
used, with a second downstream tracking detector improving spatial resolution.

[00060] In block 408, computing system 214 converts hits in residual range detector
110 into calibrated residual range measurements. Given system dependent calibration
procedures and position dependent corrections from the tracking system (which includes
tracking detectors 106 and 108), using positions as described above, the residual range can
be derived. Good events can be selected with a set of cuts to eliminate ions with nuclear
interactions or other problems. Scattered events can sometimes leave additional hits in the
tracking detectors. The residual range detector data can be checked for consistency with the
ion position and consistency with nearby ions.

[00061] In block 410 the particle’s initial kinetic energy is used to find the water
equivalent path length (WEPL) for the particle. U.S. Patent Application Publication No.
US2016/0338654 A1, which is hereby incorporated by reference, describes in detail one
example of how the residual range of each particle is individually measured in the residual
range detector after traversing the object being imaged. The initial total range of the proton
before entering the system has a one-to-one relationship to the kinetic energy setting for the
proton beam, which is set and calibrated by the proton therapy facility. The WEPL for the
particle is the difference between the initial and residual ranges.

[00062] In block 412, optionally, computing system 214 chooses an initial
approximation to the image before any particles are processed. This is not necessarily
required (or can be taken as simply uniform material between the trackers), but can help
convergence of the iterative algorithm and improve the accuracy of the particle path
reconstruction. For either ion-based radiography or tomography, a diagnostic x-ray CT scan
may be available, and can be used to define the boundary or “hull” of the patient. The
standard conversion to stopping power can provide the initial approximation. In the case of
ion radiography, a previous ion tomographic scan may be used instead. A visual hull could
be used as well.

[00063] In some cases, a previous CT scan will be taken with the same patient couch
as the current ion tomograph or radiograph. If not, it may be possible to remove the couch
from the previous image and substitute the couch for the ion image. However, couches are
designed to be low mass and even if the initial approximation to the couch is not perfect, the

iterative algorithm should still converge.
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[00064] The hull may be used for the initial approximation. If the hull is accurately
known, it could also be used as a boundary to define which voxels participate in the iterative
algorithm. Voxels outside the boundary could be defined with fixed values as air or as
couch material, or the couch can be included inside the boundary. This would reduce
computation time and improve convergence as much of the volume would not be sampled
for density variations.

[00065] In the case of tomography, a preliminary image may be efficiently obtained
from a filtered back projection, obtained with a straight-line approximation to the proton
paths. This produces an image similar to the final image but with poorer spatial resolution,
and may be used as the initial approximation. If a previous CT scan is available, it can be
compared with this image to verify patient placement.

[00066] In the case of radiography, a preliminary image may be formed by
extrapolating ions from the upstream detector to isocenter, binning them into pixels, and
averaging their WEPL. If a previous CT scan is available, an expected preliminary image
may be derived and compared to the actual preliminary image. This can be used to verify
patient placement. If a previous CT scan is not available, an approximate hull can be
constructed from the preliminary image combined with the WEPL, assuming water density
to obtain the length along the beam path, and assumed to be centered on isocenter, or some
other assumption based on inspection of the patient placement. Further refinement can be
based on the amount of multiple scattering between the upstream and downstream planes.
In the case of radiography, using protons from a single direction, the final step to obtain a
2D image requires a summing of voxels along columns in the direction of the proton rays,
for example as illustrated in Fig. 5, thus collapsing an intermediate 3D map into the final 2D
image.

[00067] An optional alternative to the approximate hull would be to use a separate
hull for each proton, with length along the beam path matched to the WEPL of that proton.
This length could assume water density, or if a geometric length is known from a previous
image, fix the length but adjust the assumed density of the material. The shape could be a
box large enough to contain any plausible proton path.

[00068] Procedures typically involve a careful placement and rotation of the patient
in the beam system in order to correspond to a previous CT scan. A comparison of the
preliminary proton images with the previous CT scan can verify patient placement and

rotation. Transverse shifts will look like simple transverse offsets. When the proton beam is
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divergent, offsets along the beam direction will look like a difference in magnification. If
the patient is rotated, the images might not correspond. It will be possible to prepare
expected images assuming many different rotations to find the best match. Any significant
shifts, offsets, or rotations should be taken into account in the initial approximation (or the
patient should be repositioned).

[00069] In block 414, computing system 214 reconstructs the path of the particle
between the tracking detectors 106 and 108. Given the hull and initial approximation, and
the tracking measurements, standard techniques incorporating energy loss and multiple
coulomb scattering can be used to find the Most Likely Path (MLP) of the proton within the
hull. Previous uses of the MLP use step sizes of Vi voxel to detect voxels the proton has
entered. A chord length can be assigned to each entered voxel. To save computational
resources, a single effective mean chord length of the ion through each voxel may be used
instead of computing a per voxel chord length for each ion. However, this procedure adds
noise to the image, requiring more particles, more accelerator time, and more dose to the
patient for a given image quality. As a result, when comparing images with the same image
quality, the effective mean chord length approach may take more compute time.

[00070] In one example, an algorithm is used to avoid this extra source of image
noise while still reducing compute time compared to other algorithms using per voxel chord
lengths. Given the size of the transverse multiple scattering, a series of straight-line
segments can be used, with each segment several voxels in length, with no significant loss
of accuracy. The length of the segments can be constant through the imaging volume, or
they can be scaled to the expected multiple scattering. This enables a much longer step size
to be used for the MLP algorithm thus saving compute time. The interpolation between
steps can be linear in (x,y,z) coordinates or linear in the (thetal, theta2, z) coordinates used
in projective radiographs. With these straight line segments, it is straightforward to detect
voxel boundaries and assign per voxel chord lengths. In the case of radiography, further
simplification may be obtained by using step sizes corresponding to an integer number of
voxels in z, so that each segment ends on a z-boundary of a voxel.

[00071] In another example of a method to calculate a variable chord length for each
touched voxel:

[00072] The method does not involve calculation of intersections of line segments
with sides of voxels. The method relies on the following stepping strategy through the

reconstruction volume: each step is exactly one pixel along the beam direction; each step
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along the beam direction starts and end at the centers of two adjoining voxels. These
conditions ensure that the step will always span at least two voxels. There is no need to
check whether the step ends in the same or different voxel. If the step spans exactly two
voxels, then the chord length assigned to each voxel is incremented by half the distance
between the two end points. If the line joining the two end points spans more than two
voxels, this is where the semi-exact calculation is done. The line segment is divided into a
number of smaller sub-segments. In one implementation, we used twenty segments for each
one mm step. Each sub-segment is then tested to which voxel it belongs; the chord length in
that voxel is then incremented with the cumulative lengths of the sub-segments that were in
that voxel. If a sub-segment spans across two voxels, the chord lengths of the two voxels are
each incremented with half the length of the sub-segment. As the number of sub-segments
increases, the chord length approximation improves, although at the expense of more
computation time.

[00073] In some embodiments, the MLP algorithm relies on choosing endpoints for
the particle path through the hull, which are the most likely intersections of the track with
the hull. If the directions of the particles upstream and downstream of the hull are known,
this involves a straightforward extrapolation of the path from the tracking detectors to the
hull. In the case where there is only a single tracking detector downstream of the hull,
providing a position measurement but not a direction measurement, some iteration may be
needed to find the most likely intersection of the particle path with the hull. The MLP
provides an expected direction for any assumed position of the particle. The downstream
intersection of the path with the hull can be chosen as the point on the hull for which the
MLP points to the downstream tracking measurement.

[00074] At block 415, computing system 214 uses iterative statistical cuts to
eliminate events with outlier WEPL measurements due to nuclear interactions or other
problems. First, events are sorted into two-dimensional bins according to MLP-estimated
position on a given plane between the tracking detectors (typically intercepting isocenter).
For tomography, the bins are three-dimensional, with rotation angle as the 3" dimension.
The mean and standard deviation (sigma) of the WEPL are then calculated for each bin.
Events with WEPL more than a certain number of sigma (typically two or three) from the
mean are eliminated, and then a new mean and sigma are calculated from the remaining
events. This process repeats until no more events are eliminated. The initial distribution of

WEPL within a bin often shows a large number of “good” events clustered around the
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mean, followed by a long tail of “bad” events resulting from nuclear scattering at various
depths in the range detector. This iterative cuts method has the effect of gradually cutting
the tail until only the ‘“good” events remain. This method can also be applied to
measurements of lateral displacement between the upstream and downstream tracking
planes. Cuts may be applied separately to events with different initial energies.

[00075] The range detector has lower and upper limits for residual ranges it can
measure reliably, which are different from its physical boundaries. Not all ions that are
detected in the range detector fall within this range. Because of range straggling, ions arrive
in the range detector with a distribution of residual ranges, the mean of which is used to
determine WEPL through the patient. In order to not skew the mean, it is important that the
whole distribution be within the detector’s measurable limits. A set of tighter limits can then
be defined for the mean residual range. These limits are used to establish the minimum and
maximum measurable WEPL for a given initial energy. When multiple energies are used, it
is necessary to determine the areas of the patient for which each energy is valid, i.e. where
the measured WEPL falls within the limits.

[00076] X-Ray CT data can be used to estimate WEPL through the patient and
determine the regions where each energy should be used. However, there will be significant
overlap due to the spread of the pencil beam and margins added for uncertainty. The overlap
regions can be problematic where only a portion of the residual range distribution is
measured. In areas where the WEPL is too high for the energy, some events on the higher
end of the range distribution may still reach the range detector. In areas where the WEPL is
too low for the energy, some events on the lower end of the distribution may be within the
upper limit for residual range measurement. Including these events creates a biased WEPL
distribution in the areas with overlapping energies, so it is necessary for the software to
identify and remove these events.

[00077] At block 415, computing system 214 addresses this problem by first
considering only events of the lowest energy, at which no events are expected to have a
residual range too high to measure. Events of this energy that remain after statistical cuts are
sorted into pixels based on position on the binning plane and rotation angle. For pixels
containing a significant sample of these events — indicating the WEPL was not too high for
at least some events to reach the range detector — the average WEPL is used to give a partial
radiograph of the patient. Where this average WEPL is higher than the limit for the lowest

energy, this energy is considered invalid. Higher energies are deemed invalid for any of
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these pixels in which the average WEPL is too low to be measured by the next-highest
energy. Next, a partial radiograph is made using only events of the next-highest energy in
the remaining pixels, and this is used to determine where the WEPL is too high for that
energy and where it is too low for subsequent higher energies. The process continues until
valid regions are defined for all energies. Events that are outside of their valid regions are
excluded from the final reconstruction.

[00078] To save time, one option is to first use MLP only to determine position on
the binning plane for the purpose of applying these cuts. The full MLP process including
voxels and chord lengths can then be applied only to the remaining events.

[00079] At block 416, computing system 214 iteratively adjusts RSP values of voxels
of the image to fit the data obtained from the blocks above (e.g., positional, directional, and
energy data). Various algorithms can repeatedly going through the list of particles
individually or in blocks and adjust the voxels to fit the particles. The system iteratively
adjusts the image to fit the particles and find the final solution. The image can be for either
radiography or tomography. In one example, the proton radiograph is formed by combining
transverse position information from the tracking planes with range information from the
residual range detector. Proton trajectories deviate from straight lines due to multiple
Coulomb scattering, and forming the images with optimal spatial resolution is therefore
more complicated than for x-ray radiographs. The iterative algebraic technique may use a
matrix equation of the form Ax = B. The unknown RSP distribution is represented by x,
which is a vector whose length M equals the total number of voxels in the reconstruction
volume. A is an NxM matrix, with number of rows N equal to the number of proton
trajectories and is often two or three orders of magnitude larger than M (i.e., the number of
voxels, or unknowns). B is a vector of the measured ranges, or Water Equivalent Path
Length (WEPL), of the N protons. Each row of A is of length M. However, a proton’s
trajectory is represented by assigning non-zero coefficients (chord-lengths) in A only to
those voxels the proton traversed. For any given proton that is only a very small fraction of
the total number of voxels in the reconstruction volume, typically only hundreds out of
millions. The number of protons could range from a few millions to a few billions. Thus,
the system of equations is very large, overdetermined, and sparse. The current solution
involves repeated iteration over the list of protons, adjusting the RSP of the voxels traversed

by a proton to agree with the measured residual range of the proton.
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[00080] For radiography, it is not necessary to view the entire transverse size of the
patient, though this may be desirable. For tomography, ions with all transverse positions and
angles (180 degree range is sufficient) through the patient are required for a full 3D
reconstruction. As shown in FIG. 7, this can be accomplished with two passes of the patient
in the frame of the beam system, with a transverse shift of the patient between passes. For a
fixed beam and a rotating patient, this is a simple transverse displacement of the rotating
chair. In the case of a rotating gantry, the patient moves in small semi-circles in the frame of
the treatment room. Before image reconstruction, the patient movement must be taken into
account as a shift in the ion coordinates.

[00081] FIG. 7 depicts using of two positions to scan entire patient in case of a large
patient (the same technique could be expanded to cover more than two positions). Each
curved arrow represents the size of a patient turning around different axes. In the scanning
beam frame with the patient rotating, one simply executes two rotations with the axis of
rotation displaced transversely. In the frame with the scanning beam system on a gantry and
turning with the gantry, the patient couch must be programmed to move in a small semi-
circle as the gantry goes around the patient, however the picture would look the same as
seen in the frame with the scanning beam system stationary.

[00082] The methods, systems, and devices discussed above are examples. Various
configurations may omit, substitute, or add various method steps or procedures, or system
components as appropriate. For instance, in alternative configurations, the methods may be
performed in an order different from that described, and/or various stages may be added,
omitted, and/or combined. Also, features described with respect to certain configurations
may be combined in various other configurations. Different aspects and elements of the
configurations may be combined in a similar manner. Also, technology evolves and, thus,
many of the elements are examples and do not limit the scope of the disclosure or claims.
[00083] This description provides example configurations only, and does not limit
the scope, applicability, or configurations of the claims. Rather, the preceding description of
the configurations will provide those skilled in the art with an enabling description for
implementing described techniques. Various changes may be made in the function and
arrangement of elements without departing from the spirit or scope of the disclosure.
[00084] Also, configurations may be described as a process which is depicted as a
flow diagram or block diagram. Although each may describe the operations as a sequential

process, many of the operations can be performed in parallel or concurrently. In addition,
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the order of the operations may be rearranged. A process may have additional steps not
included in the figure. Furthermore, examples of the methods may be implemented by
hardware, software, firmware, middleware, microcode, hardware description languages, or
any combination thereof. When implemented in software, firmware, middleware, or
microcode, the program code or code segments to perform the tasks may be stored in a non-
transitory computer-readable medium such as a non-transitory storage medium. In some
examples, one or more processors perform the described tasks.

[00085] Furthermore, the example embodiments described herein may be
implemented as logical operations in a computing device in a networked computing system
environment. The logical operations may be implemented as: (i) a sequence of computer
implemented instructions, steps, or program modules running on a computing device; and

(ii) interconnected logic or hardware modules running within a computing device.

[00086] Examples
[00087] [ustrative examples of the method and system disclosed herein are provided

below. An embodiment of the method and system may include any one or more, and any
combination of, the examples described below.

[00088] Example 1 is a computer-implemented method for generating a medical
image. The method includes the step of determining a location and an alignment for a first
tracking detector with respect to a particle beam system. A first position of a first particle
generated from the beam system is determined, from a detected particle hit on the first
tracking detector. The first direction of the first particle at the first tracking detector is
determined. The method includes the step of determining a first residual range of the first
particle from a detected particle hit on a residual range detector. A path for the first particle
is reconstructed based on the location, the alignment, the first position, and the first
direction. The medical image is generated based on the reconstructed path for the first
particle and the first residual range of the first particle.

[00089] In Example 2, the subject matter of Example 1 is further configured such that
generating the medical image includes iteratively adjusting a first value for a first voxel
associated with the medical image and a second value for a second voxel associated with the
medical image, wherein the adjusting is based on the first residual range.

[00090] In Example 3, the subject matter of Example 2 is further configured such that

the first value and the second value are relative stopping power values.
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[00091] In Example 4, the subject matter of Example 2 is further configured such that
the first voxel is projected along the direction of the particle beam.

[00092] In Example 5, the subject matter of Example 1 is further configured to
include selecting an initial image approximation for the medical image, wherein generating
the medical image is further based on the initial image approximation.

[00093] In Example 6, the subject matter of Example 5 is further configured such that
the initial image approximation is based on one or more of (i) data based on at least one of
the first tracking detector, the beam system, or residual range detector, (ii) a CT image, or
(iii) images from other modalities.

[00094] In Example 7, the subject matter of Example 2 is further configured to
include determining a variable chord length for one or more touched voxels based on linear
interpolations between voxel boundaries using steps larger than a voxel.

[00095] In Example 8, the subject matter of Example 1 is further configured such that
determining the location and the alignment includes directing the beam at different positions
around isocenter of the particle beam system.

[00096] In Example 9, the subject matter of Example 2 is further configured to
include determining a variable chord length for one or more touched voxels based on
subdividing steps that cross voxel boundaries into segments.

[00097] In Example 10, the subject matter of Example 1 is further configured to
include correlating a time of the first particle hitting on the first tracking detector with an
expected steering of the particle beam system at that time in the accelerator plan.

[00098] In Example 11, the subject matter of Example 1 is further configured to
include iteratively eliminating particles based on a water equivalent path length (WEPL)
measurement.

[00099] In Example 12, the subject matter of Example 1 is further configured to
include selecting particles of an appropriate initial energy for a given region of the image.
[000100] Example 13 is one or more non-transitory computer-readable storage
medium comprising a plurality of instructions that in response to being executed cause a
computing device to: determine a location and an alignment for a first tracking detector with
respect to a particle beam system; determine a first position of a first particle generated from
the beam system, from a detected particle hit on the first tracking detector; determine a first
direction of the first particle at the first tracking detector; determine a first residual range of

the first particle from a detected particle hit on a residual range detector; reconstruct a path

23



WO 2019/133678 PCT/US2018/067628

for the first particle based on the location, the alignment, the first position, and the first
direction; and generate the medical image based on the reconstructed path for the first
particle and the first residual range of the first particle.

[000101] In Example 14, the subject matter of Example 13 is further configured such
that to generate the medical image includes to iteratively adjust a first value for a first voxel
associated with the medical image and a second value for a second voxel associated with the
medical image, wherein to adjust is based on the first residual range.

[000102] In Example 15, the subject matter of Example 14 is further configured such
that the first value and the second value are relative stopping power values.

[000103] In Example 16, the subject matter of Example 14 is further configured such
that the first voxel is projected along the direction of the particle beam.

[000104] In Example 17, the subject matter of Example 13 is further configured to
include instructions to select an initial image approximation for the medical image, wherein
to generate the medical image is further based on the initial image approximation.

[000105] In Example 18, the subject matter of Example 17 is further configured such
that the initial image approximation is based on one or more of (i) data based on at least one
of the first tracking detector, the beam system, or residual range detector, (ii) a CT image, or
(iii) images from other modalities.

[000106] In Example 19, the subject matter of Example 14 is further configured to
include instructions to determine a variable chord length for one or more touched voxels
based on linear interpolations between voxel boundaries using steps larger than a voxel.
[000107] In Example 20, the subject matter of Example 13 is further configured such
that to determine the location and the alignment includes to direct the beam at different
positions around isocenter of the particle beam system.

[000108] In Example 21, the subject matter of Example 14 is further configured to
include determining a variable chord length for one or more touched voxels based on
subdividing steps that cross voxel boundaries into segments.

[000109] In Example 22, the subject matter of Example 13 is further configured to
include correlating a time of the first particle hitting on the first tracking detector with an
expected steering of the particle beam system at that time in the accelerator plan.

[000110] In Example 23, the subject matter of Example 13 is further configured to
include iteratively eliminating particles based on a water equivalent path length (WEPL)

measurement.
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[000111] In Example 24, the subject matter of Example 13 is further configured to
include instructions to select particles of an appropriate initial energy for a given region of
the image.

[000112] Example 25 is a computing system for generating a medical image. The
computing system includes one or more processors and a memory having a plurality of
instructions stored thereon that, when executed by the one or more processors, causes the
computing system to: determine a location and an alignment for a first tracking detector
with respect to a particle beam system; determine a first position of a first particle generated
from the beam system, from a detected particle hit on the first tracking detector; determine a
first direction of the first particle at the first tracking detector; determine a first residual
range of the first particle from a detected particle hit on a residual range detector;
reconstruct a path for the first particle based on the location, the alignment, the first
position, and the first direction; and generate the medical image based on the reconstructed
path for the first particle and the first residual range of the first particle.

[000113] In Example 26, the subject matter of Example 25 is further configured such
that to generate the medical image includes to iteratively adjust a first value for a first voxel
associated with the medical image and a second value for a second voxel associated with the
medical image, wherein to adjust is based on the first residual range.

[000114] In Example 27, the subject matter of Example 26 is further configured such
that the first value and the second value are relative stopping power values.

[000115] In Example 28, the subject matter of Example 26 is further configured such
that the first voxel is projected along the direction of the particle beam.

[000116] In Example 29, the subject matter of Example 25 is further configured to
include instructions to select an initial image approximation for the medical image, wherein
to generate the medical image is further based on the initial image approximation.

[000117] In Example 30, the subject matter of Example 29 is further configured such
that the initial image approximation is based on one or more of (i) data based on at least one
of the first tracking detector, the beam system, or residual range detector, (ii) a CT image, or
(iii) images from other modalities.

[000118] In Example 31, the subject matter of Example 26 is further configured to
include instructions to determine a variable chord length for one or more touched voxels

based on linear interpolations between voxel boundaries using steps larger than a voxel.
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[000119] In Example 32, the subject matter of Example 25 is further configured such
that to determine the location and the alignment includes to direct the beam at different
positions around isocenter of the particle beam system.

[000120] In Example 33, the subject matter of Example 26 is further configured to
include instructions to determine a variable chord length for one or more touched voxels
based on subdividing steps that cross voxel boundaries into segments.

[000121] In Example 34, the subject matter of Example 25 is further configured to
include instructions to correlate a time of the first particle hitting on the first tracking
detector with an expected steering of the particle beam system at that time in the accelerator
plan.

[000122] In Example 35, the subject matter of Example 25 is further configured to
include instructions to iteratively eliminate particles based on a water equivalent path length
(WEPL) measurement.

[000123] In Example 36, the subject matter of Example 25 is further configured to
include instructions to select particles of an appropriate initial energy for a given region of
the image.

[000124] Although the subject matter has been described in language specific to
structural features and/or methodological acts, it is to be understood that the subject matter
defined in the appended claims is not necessarily limited to the specific features or acts
described above. Rather, the specific features and acts described above are disclosed as

example forms of implementing the claims.
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WHAT IS CLAIMED IS:

1. A computer-implemented method for generating a medical image, the method
comprising:

determining a location and an alignment for a first tracking detector with respect to a
particle beam system;

determining a first position and a first initial kinetic energy of a first particle
generated from the beam system, from a detected particle hit on the first tracking detector;

determining a first direction of the first particle at the first tracking detector;

determining a first residual range of the first particle from a detected particle hit on a
residual range detector;

reconstructing a path for the first particle based on the location, the alignment, the
first position, the first direction, and the first initial kinetic energy; and

generating the medical image based on the reconstructed path for the first particle

and the first residual range and the first initial kinetic energy of the first particle.

2. The method of claim 1, wherein generating the medical image includes iteratively
adjusting a first value for a first voxel associated with the medical image and a second value
for a second voxel associated with the medical image, wherein the adjusting is based on the

first residual range.

3. The method of claim 2, wherein the first value and the second value are relative

stopping power values.

4. The method of claim 2, wherein the first voxel is projected along the direction of the

particle beam.
5. The method of claim 1, the method further comprising selecting an initial image

approximation for the medical image, wherein generating the medical image is further based

on the initial image approximation.
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6. The method of claim 5, wherein the initial image approximation is based on one or
more of (i) data based on at least one of the first tracking detector, the beam system, or

residual range detector, (ii) a CT image, or (iii) images from other modalities.

7. The method of claim 2, further comprising determining a variable chord length for
one or more touched voxels based on linear interpolations between voxel boundaries using

steps larger than a voxel.

8. The method of claim 1, wherein determining the location and the alignment includes

directing the beam at different positions around isocenter of the particle beam system.

9. The method of claim 2, further comprising determining a variable chord length for
one or more touched voxels based on subdividing steps that cross voxel boundaries into

segments.

10. The method of claim 1, further comprising correlating a time of the first particle
hitting on the first tracking detector with an expected steering of the particle beam system at

that time in the accelerator plan.

11. The method of claim 1, further comprising iteratively eliminating particles based on
a water equivalent path length (WEPL) measurement and/or a measurement of lateral

deflection between tracking planes.

12. The method of claim 1, further comprising selecting particles of an appropriate

initial energy for a given region of the image.

13. The method of claim 1, wherein the path includes straight line interpolations
between tracking detector hits and estimated particle entry and particle exit points on a

geometric hull of an object to be imaged.

14. The method of claim 13, wherein the particle exit point from the geometric hull, for
a case in which no exit direction is measured, is estimated as a point at which an exit

direction points to the measured location on the posterior tracking plane.
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15. The method of claim 1, wherein the reconstruction may include multiple sets of data
taken with the patient in different transverse positions, combined into a single voxel

reference frame by applying offsets to the measured positions in a detector reference frame.

16. One or more non-transitory computer-readable storage medium comprising a
plurality of instructions that in response to being executed cause a computing device to:

determine a location and an alignment for a first tracking detector with respect to a
particle beam system;

determine a first position and a first initial kinetic energy of a first particle generated
from the beam system, from a detected particle hit on the first tracking detector;

determine a first direction of the first particle at the first tracking detector;

determine a first residual range of the first particle from a detected particle hit on a
residual range detector;

reconstruct a path for the first particle based on the location, the alignment, the first
position, the first direction, and the first initial kinetic energy; and

generate the medical image based on the reconstructed path for the first particle and

the first residual range and the first initial kinetic energy of the first particle.

17. The one or more non-transitory computer-readable storage medium of claim 16,
wherein to generate the medical image includes to iteratively adjust a first value for a first
voxel associated with the medical image and a second value for a second voxel associated

with the medical image, wherein to adjust is based on the first residual range.

18. The one or more non-transitory computer-readable storage medium of claim 17,

wherein the first value and the second value are relative stopping power values.

19. The one or more non-transitory computer-readable storage medium of claim 17,

wherein the first voxel is projected along the direction of the particle beam.

20. The one or more non-transitory computer-readable storage medium of claim 16,

further comprising instructions to select an initial image approximation for the medical
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image, wherein to generate the medical image is further based on the initial image

approximation.

21. The one or more non-transitory computer-readable storage medium of claim 20,
wherein the initial image approximation is based on one or more of (i) data based on at least
one of the first tracking detector, the beam system, or residual range detector, (ii) a CT

image, or (iii) images from other modalities.

22. The one or more non-transitory computer-readable storage medium of claim 17,
further comprising instructions to determine a variable chord length for one or more touched
voxels based on linear interpolations between voxel boundaries using steps larger than a

voxel.

23. The one or more non-transitory computer-readable storage medium of claim 16,
wherein to determine the location and the alignment includes to direct the beam at different

positions around isocenter of the particle beam system.

24. The one or more non-transitory computer-readable storage medium of claim 17,
further comprising determining a variable chord length for one or more touched voxels

based on subdividing steps that cross voxel boundaries into segments.

25. The one or more non-transitory computer-readable storage medium of claim 16,
further comprising correlating a time of the first particle hitting on the first tracking detector

with an expected steering of the particle beam system at that time in the accelerator plan.

26. The one or more non-transitory computer-readable storage medium of claim 16,
further comprising iteratively eliminating particles based on a water equivalent path length

(WEPL) measurement and/or a measurement of lateral deflection between tracking planes.
27. The one or more non-transitory computer-readable storage medium of claim 16,

further comprising instructions to select particles of an appropriate initial energy for a given

region of the image.

30



WO 2019/133678 PCT/US2018/067628

28. The one or more non-transitory computer-readable storage medium of claim 16,
wherein the path includes straight line interpolations between tracking detector hits and
estimated particle entry and particle exit points on a geometric hull of an object to be

imaged.

29. The one or more non-transitory computer-readable storage medium of claim 28§,
wherein the particle exit point from the geometric hull, for a case in which no exit direction
is measured, is estimated as a point at which an exit direction points to the measured

location on the posterior tracking plane.

30. The one or more non-transitory computer-readable storage medium of claim 16,
wherein the reconstruction may include multiple sets of data taken with the patient in
different transverse positions, combined into a single voxel reference frame by applying

offsets to the measured positions in a detector reference frame.

31. A computing system for generating a medical image, the computing system
comprising:
one Or MOore processors;
a memory having a plurality of instructions stored thereon that, when executed by
the one or more processors, causes the computing system to:
determine a location and an alignment for a first tracking detector with
respect to a particle beam system;
determine a first position and a first initial kinetic energy of a first particle
generated from the beam system, from a detected particle hit on the first tracking
detector;
determine a first direction of the first particle at the first tracking detector;
determine a first residual range of the first particle from a detected particle
hit on a residual range detector;
reconstruct a path for the first particle based on the location, the alignment,
the first position, the first direction, and the first initial kinetic energy; and
generate the medical image based on the reconstructed path for the
first particle and the first residual range and the first initial kinetic energy of

the first particle.
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32. The computing system of claim 31, wherein to generate the medical image includes
to iteratively adjust a first value for a first voxel associated with the medical image and a
second value for a second voxel associated with the medical image, wherein to adjust is

based on the first residual range.

33. The computing system of claim 32, wherein the first value and the second value are

relative stopping power values.

34. The computing system of claim 32, wherein the first voxel is projected along the

direction of the particle beam.

35. The computing system claim 31, further comprising instructions to select an initial
image approximation for the medical image, wherein to generate the medical image is

further based on the initial image approximation.

36. The computing system of claim 35, wherein the initial image approximation is based
on one or more of (i) data based on at least one of the first tracking detector, the beam

system, or residual range detector, (ii) a CT image, or (iii) images from other modalities.

37. The computing system of claim 32, further comprising instructions to determine a
variable chord length for one or more touched voxels based on linear interpolations between

voxel boundaries using steps larger than a voxel.

38. The computing system of claim 31, wherein to determine the location and the
alignment includes to direct the beam at different positions around isocenter of the particle

beam system.
39. The computing system of claim 32, further comprising instructions to determine a

variable chord length for one or more touched voxels based on subdividing steps that cross

voxel boundaries into segments.
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40. The computing system of claim 31, further comprising instructions to correlate a
time of the first particle hitting on the first tracking detector with an expected steering of the

particle beam system at that time in the accelerator plan.

41. The computing system of claim 31, further comprising instructions to iteratively
eliminate particles based on a water equivalent path length (WEPL) measurement and/or a

measurement of lateral deflection between tracking planes.

42. The computing system of claim 31, further comprising to instructions to select

particles of an appropriate initial energy for a given region of the image.

43. The computing system of claim 31, wherein the path includes straight line
interpolations between tracking detector hits and estimated particle entry and particle exit

points on a geometric hull of an object to be imaged.

44, The computing system of claim 43, wherein the particle exit point from the
geometric hull, for a case in which no exit direction is measured, is estimated as a point at

which an exit direction points to the measured location on the posterior tracking plane.

45. The computing system of claim 31, wherein the reconstruction may include multiple
sets of data taken with the patient in different transverse positions, combined into a single
voxel reference frame by applying offsets to the measured positions in a detector reference

frame.

33



WO 2019/133678 PCT/US2018/067628

17




PCT/US2018/067628
217

WO 2019/133678

i

‘:\“\““““““““““\:V@. :

%

s S TR

R S S S S




WO 2019/133678

W
Y

3
3
3
by
2B

317

3
3
3
7
7
7
3
7

DRARETE

-:-x\\\»\jx\\\\\\\\&&

PCT/US2018/067628




WO 2019/133678

417

PCT/US2018/067628

DETERMINE LOCATION AND

400

—
A ALIGNMENT

DETERMINE DIRECTION OF PENCIL
402“""" BEAM

CONVERT TRACKING HITS INTO

.

40,5——“ PARTICLE POSITIONS

1 DETERMINE RESIDUAL RANGE
408

. DETERMINE WEPL
410

CHOOSE INITIAL IMAGE

' APPROXIMATION
4172

1 RECONSTRUCT PARTICLE PATH
414

— SELECT PARTICLES
415

p— ITERATIVE IMAGE

416

FIG. 4



WO 2019/133678 PCT/US2018/067628

517
s &“M
M o n«ﬂ\wmm )
- M anwm
O R
502 T e =

FIG. 5



WO 2019/133678 PCT/US2018/067628

6/7

FIG. 6



WO 2019/133678 PCT/US2018/067628

717

FIG. 7



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2018/067628

A. CLASSIFICATION OF SUBJECT MATTER
A61B 6/00(2006.01)i, AG1B 6/03(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

A61B 6/00; A61B 6/03; GOIN 23/04; GO1T 5/08; G21K 5/00

Minimum documentation searched (classification system followed by classification symbols)

Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: medical, image, reconstruction, path, tracking, detector, particle, residual, range

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2016-0338654 A1 (PROTONVDA INC.) 24 November 2016 1-45
See paragraphs [30],[72] and claims 10-13.

Y WO 2015-195570 A2 (LOMA LINDA UNIVERSITY) 23 December 2015 1-45
See paragraph [53] and claims 20,38.

Y US 9333376 B2 (PYRAMID TECHNICAL CONSULTANTS, INC.) 10 May 2016 8,23,38
See claim 17.

A WO 2013-186798 A2 (INFN ISTITUTO NATIONALE DI FISICA NUCLEARE) 1-45
19 December 2013
See the whole document .

A WO 2011-100628 A2 (LOMA LINDA UNIVERSITY MEDICAL CENTER et al.) 1-45
18 August 2011
See the whole document .

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

carlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later
than the priority date claimed

g

o

nQon

npn

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

document member of the same patent family

'

myn

ngn

Date of the actual completion of the international search
22 April 2019 (22.04.2019)

Date of mailing of the international search report

23 April 2019 (23.04.2019)

Name and mailing address of the [SA/KR
) International Application Division
Korean Intellectual Property Office
189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578

Authorized officer

,
v
2
enidd
Iy
i
% %

Kim, Yeonkyung

) //‘;””,, o,
o
W
" in g pr

2
y
R A
7
Uy

Telephone No. +82-42-481-3325

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2018/067628
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2016-0338654 Al 24/11/2016 AU 2016-264493 Al 23/11/2017
CN 107850675 A 27/03/2018
EP 3298434 Al 28/03/2018
JP 2018-524043 A 30/08/2018
WO 2016-187447 Al 24/11/2016
WO 2015-195570 A2 23/12/2015 EP 3154433 A2 19/04/2017
JP 2017-522937 A 17/08/2017
JP 6452733 B2 16/01/2019
US 2017-0160211 Al 08/06/2017
US 2018-0275077 Al 27/09/2018
US 9995695 B2 12/06/2018
WO 2015-195570 A3 10/03/2016
US 9333376 B2 10/05/2016 US 2015-0251021 Al 10/09/2015
WO 2013-186798 A2 19/12/2013 EP 2859382 A2 15/04/2015
IT RM20120273 Al 13/12/2013
WO 2013-186798 A3 08/05/2014
WO 2011-100628 A2 18/08/2011 AU 2011-215659 Al 04/10/2012
AU 2011-215659 B2 17/10/2013
EP 2534471 A2 19/12/2012
IL 221397 A 31/10/2012
IL 221397 B 30/04/2017
JP 2013-519452 A 30/05/2013
JP 5726910 B2 03/06/2015
US 10180505 B2 15/01/2019
US 2011-0220794 Al 15/09/2011
US 2016-0077223 Al 17/03/2016
US 9207193 B2 08/12/2015
WO 2011-100628 A3 20/10/2011

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - wo-search-report
	Page 44 - wo-search-report

