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with the C-arm device positioned at a particular pose of a plurality of poses tra-

///—D‘ versed by the C-arm device while the C-arm device is moved through a range
7 T of motion including a range of rotation, the range of rotation encompassing a
sweep angle between 45 degrees and 120 degrees; generating an enhanced to-

( (j\ mographic image of the lung, by utilizing: a trained machine learning model

- M and the plurality of fluoroscopic images; and outputting a representation of the

A enhanced tomographic image, wherein, when tested by a method in which: the
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Figure 1

axial slice showing a boundary of the lesion, the lesion has a contrast-to-noise
value of at least 5 as compared to a background of the representation.
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SYSTEM AND METHOD FOR MEDICAL IMAGING

Field of the Invention

[0001] The present disclosure is related to systems and methods for medical imaging. More
particularly, the present disclosure is related to systems and methods for obtaining a CT-like

medical image using a C-arm based fluoroscopic imaging device.

Background of the Invention

[0002] Computed tomography (“CT”) scanning is a type of medical imaging that uses a
rotating X-ray tube to obtain detailed internal images. CT scanning serves as the “gold
standard” for diagnosing a number of conditions, including cancers such as lung lesions.
However, CT scanning devices are expensive, require a licensed radiologist to operate them,
and the number of scans that can be performed in a given time period is limited even in facilities
where such devices are available. Additionally, CT scans involve the delivery of a large
radiation dose to patents, and as such are only performed when the diagnostic benefits outweigh

the radiation-related cancer risks to the patient.

[0003] C-arm-mounted fluoroscopic imaging devices, such as X-ray imaging devices, are
widely used for diagnostic and treatment procedures, are easily accessible by the variety of
specialties operating within a typical hospital, and are associated with a low radiation dose. In
some cases, C-arm-mounted imaging devices are used to obtain a sequence of two-dimensional
images while the C-arm is moved through a range of rotation. Such sequences of images can
be used to “reconstruct” a three-dimensional volume or tomographic image. However, the
image quality of such reconstructed volumes is not homogeneous and may not be sufficient for
some types of clinical applications, such as diagnosis of early-stage lung cancers presenting
with small (e.g., less than 10 millimeters) lesions or low-density lesions (e.g., having a density
of less than -300 Hounsfield units) such as the type known in medical literature as semi-solid

or ground-glass opacity lesions.
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Brief Description of the Ficures

[0004] Some embodiments of the invention are herein described, by way of example only, with
reference to the accompanying drawings. With specific reference now to the drawings in detail,
it is stressed that the particulars shown are by way of example and for purposes of illustrative
discussion of embodiments of the invention. In this regard, the description taken with the
drawings makes apparent to those skilled in the art how embodiments of the invention may be

practiced.

[0005] Figure 1 shows an exemplary medical imaging system.

[0006] Figure 2 shows an exemplary process for generating a CT-like image.

[0007] Figure 3A shows an exemplary sequence of fluoroscopic images.

[0008] Figure 3B shows an exemplary tomographic image reconstructed using the fluoroscopic

images shown in Figure 3A.

[0009] Figure 3C shows an exemplary reference CT image for comparison to the tomographic

image shown in Figure 3B.

[0010] Figure 3D shows an exemplary enhanced tomographic image (e.g., a CT-like image)
generated based on the tomographic image shown in Figure 3B in accordance with an

exemplary embodiment.

[0011] Figure 4 shows an exemplary process for training a machine learning model for

enhancing a tomographic image.

[0012] Figure SA shows an exemplary ground truth tomographic image.

[0013] Figure 5B shows an exemplary sequence of simulated fluoroscopic images generated

based on the ground truth tomographic images shown in Figure SA.



WO 2024/121626 PCT/IB2023/000777

[0014] Figure SC shows an exemplary simulated tomographic image reconstructed using the

simulated fluoroscopic images shown in Figure 5B.

[0015] Figure 5D shows an exemplary enhanced simulated tomographic image generated using

a trained tomographic image enhancement machine learning model.

[0016] Figure 6A shows an exemplary enhanced simulated tomographic image as labeled for

evaluation using a test method.

[0017] Figure 6B shows the exemplary enhanced simulated tomographic image of Figure 6A
at a further stage of the test method.

[0018] Figure 6C shows the exemplary simulated tomographic image of Figure 6A as labeled

with various background arcs at a later stage of the test method.

[0019] Figure 7A shows a representative image having a sufficient contrast-to-noise ratio to

discern a lesion.

[0020] Figure 7B shows a representative image having a sufficient contrast-to-noise ratio to

discern a lesion.

[0021] Figure 7C shows a representative image having an insufficient contrast-to-noise ratio

to discern a lesion.

[0022] Figure 8A shows a representative image having a sufficient contrast-to-noise ratio to

discern a lesion.

[0023] Figure 8B shows a representative image having an insufficient contrast-to-noise ratio

to discern a lesion.

[0024] Figure 8C shows a representative image having an insufficient contrast-to-noise ratio

to discern a lesion.
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[0025] Figure 9A shows a representative image having a sufficient contrast-to-noise ratio to

discern a lesion.

[0026] Figure 9B shows a representative image having a sufficient contrast-to-noise ratio to

discern a lesion.

[0027] Figure 9C shows a representative image having an insufficient contrast-to-noise ratio

to discern a lesion.

[0028] Figure 10A shows a representative image having a sufficient contrast-to-noise ratio to

discern a lesion.

[0029] Figure 10B shows a representative image having an insufficient contrast-to-noise ratio

to discern a lesion.

[0030] Figure 10C shows a representative image having an insufficient contrast-to-noise ratio

to discern a lesion.

Summary of the Disclosure

[0031] In some embodiments, a method includes a) receiving, by a controller unit, from a C-
arm device, a plurality of fluoroscopic images of at least one portion of a lung of a patient,
wherein each image of the plurality of fluoroscopic images is obtained with the C-arm device
positioned at a particular pose of a plurality of poses traversed by the C-arm device while the
C-arm device is moved through a range of motion, wherein the range of motion comprises at
least a range of rotation, and wherein the range of rotation encompasses a sweep angle that is
between 45 degrees and 120 degrees; b) generating, by the controller unit, an enhanced
tomographic image of the at least a portion of the lung, by utilizing at least: a trained machine
learning model and the plurality of fluoroscopic images; and c) outputting, by the controller
unit, a representation of the enhanced tomographic image, wherein, when tested by a test
method in which: (a) the at least one portion of the lung of the patient includes at least one

lesion having a size of less than 30 millimeters, and (b) the representation of the enhanced
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tomographic image is an axial slice showing a defined boundary of the at least one lesion, the
at least one lesion has a contrast-to-noise value of at least 5 as compared to a background of

the representation.

[0032] In some embodiments, the step of generating the enhanced tomographic image includes
reconstructing a tomographic image based on the plurality of fluoroscopic images; and
enhancing the tomographic image using the trained machine learning model to generate the
enhanced tomographic image. In some embodiments, the step of reconstructing the
tomographic image based on the plurality of fluoroscopic images includes reconstructing the
tomographic image using filtered back projection. In some embodiments, the step of
reconstructing the tomographic image based on the plurality of fluoroscopic images includes
determining a pose of each of the plurality of fluoroscopic images. In some embodiments, the
determining the pose of each of the plurality of fluoroscopic images includes image-based pose
estimation. In some embodiments, the image-based pose estimation comprises recognition of

at least one of an anatomical feature or a radiopaque marker.

[0033] In some embodiments, the representation of the enhanced tomographic image

comprises an axial slice.

[0034] In some embodiments, the sweep angle is between 45 degrees and 90 degrees.

[0035] In some embodiments, when tested by a test method in which: (a) the at least one
portion of the lung of the patient includes at least one lesion having a size of less than 10
millimeters, and (b) the representation of the enhanced tomographic image is an axial slice
showing a defined boundary of the at least one lesion, the at least one lesion has a contrast-to-

noise value of at least 5 as compared to a background of the representation

[0036] In some embodiments, the trained machine learning model comprises a gradient descent

machine learning model.

[0037] In some embodiments, the range of motion further comprises a range of translational

motion.
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[0038] In some embodiments, a method includes obtaining, by a controller unit, a plurality of
fluoroscopic images of a region of interest of tissue of a patient, wherein each image of the
plurality of fluoroscopic images is obtained by a C-arm device with the C-arm device
positioned at a particular pose of a plurality of poses traversed by the C-arm device while the
C-arm device is moved through a range of rotation, and wherein the range of rotation
encompasses less than 180 degrees of rotation; reconstructing, by the controller unit, using the
plurality of fluoroscopic images, a tomographic image including the region of interest; and
enhancing, by the controller unit, the tomographic image using a trained tomographic image
enhancement machine learning model to generate an enhanced tomographic image, wherein
the trained tomographic image enhancement machine learning model has been trained by a
training process including: receiving CT image data for a plurality of patients, wherein the CT
image data comprises a ground truth tomographic image for each of the plurality of patients;
receiving a plurality of fluoroscopic images for each of the plurality of patients, generating,
based on the CT image data for each of the plurality of patients, a plurality of simulated
fluoroscopic images, wherein each fluoroscopic image of the plurality of simulated
fluoroscopic images corresponds to a particular pose of a C-arm device at a particular angle,
and wherein the plurality of fluoroscopic images corresponds to a plurality of angles that spans
a range of rotation that is between 45 degrees and 120 degrees; reconstructing, based on the
plurality of fluoroscopic images for each of the plurality of patients, a simulated tomographic
image for each of the plurality of patients, wherein the simulated tomographic image comprises
a plurality of artifacts; utilizing a tomographic image enhancement machine learning model to
perform an enhancement process to enhance the simulated tomographic image for each of the
plurality of patients to reduce the plurality of artifacts, to obtain an enhanced simulated
tomographic image for each of the plurality of patients; scoring each enhanced simulated
tomographic image based on the plurality of artifacts and a corresponding ground truth
tomographic image to obtain a corresponding performance score for the tomographic image
enhancement machine learning model; updating parameters of the tomographic image machine
learning model while the performance score for the tomographic image enhancement machine
learning model is less than a predetermined performance score threshold; and iteratively
repeating the enhancement process until the corresponding performance score is equal to or
above the predetermined performance score threshold to result in the trained tomographic

image enhancement machine learning model.



WO 2024/121626 PCT/IB2023/000777

[0039] In some embodiments, the plurality of fluoroscopic images for each of the plurality of
patients includes a plurality of actual fluoroscopic images for at least some of the plurality of

patients.

[0040] In some embodiments, the plurality of fluoroscopic images for each of the plurality of
patients includes a plurality of simulated fluoroscopic images for at least some of the plurality
of patients. In some embodiments, the plurality of simulated fluoroscopic images are generated

by projecting at least one tomographic image into a plurality of poses.

[0041] In some embodiments, the step of reconstructing the tomographic image comprises

reconstructing the tomographic image using filtered back projection.

[0042] In some embodiments, the range of rotation comprises between 45 degrees and 120

degrees of rotation.

Detailed Description of the Drawings

[0043] Various detailed embodiments of the present disclosure, taken in conjunction with the
accompanying figures, are disclosed herein; however, it is to be understood that the disclosed
embodiments are merely illustrative. In addition, each of the examples given in connection
with the various embodiments of the present disclosure is intended to be illustrative, and not

restrictive.

[0044] Throughout the specification, the following terms take the meanings explicitly
associated herein, unless the context clearly dictates otherwise. The phrases “in one
embodiment” and “in some embodiments” as used herein do not necessarily refer to the same
embodiment(s), though it may. Furthermore, the phrases “in another embodiment” and “in
some other embodiments” as used herein do not necessarily refer to a different embodiment,
although it may. Thus, as described below, various embodiments may be readily combined,

without departing from the scope or spirit of the present disclosure.
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[0045] In addition, the term "based on" is not exclusive and allows for being based on
additional factors not described, unless the context clearly dictates otherwise. In addition,

throughout the specification, the meaning of "a," "an," and "the" include plural references. The

meaning of "in" includes "in" and "on."

[0046] It is understood that at least one aspect/functionality of various embodiments described
herein can be performed in real-time and/or dynamically. As used herein, the term “real-time”
is directed to an event/action that can occur instantaneously or almost instantaneously in time

29 <C

when another event/action has occurred. For example, the “real-time processing,” “real-time
computation,” and “real-time execution” all pertain to the performance of a computation during
the actual time that the related physical process (e.g., a user interacting with an application on
a mobile device) occurs, in order that results of the computation can be used in guiding the

physical process.

[0047] As used herein, the term “dynamically” and term “automatically,” and their logical
and/or linguistic relatives and/or derivatives, mean that certain events and/or actions can be
triggered and/or occur without any human intervention. In some embodiments, events and/or
actions in accordance with the present disclosure can be in real-time and/or based on a
predetermined periodicity of at least one of: nanosecond, several nanoseconds, millisecond,
several milliseconds, second, several seconds, minute, several minutes, hourly, several hours,

daily, several days, weekly, monthly, etc.

[0048] The exemplary embodiments relate to techniques for generating a CT-like image. More
particularly, the exemplary embodiments relate to techniques for generating a CT-like image
using a standard C-arm-mounted fluoroscopic imaging device through the use of reconstruction

techniques and machine learning enhancement techniques as will be described hereinafter.

[0049] Figure 1 illustrates an example of an implementation of a medical imaging system 100
in accordance with one or more exemplary embodiments of the present disclosure. In some
embodiments, the medical imaging system 100 includes a computing device 110 for generating
CT-like images in accordance with one or more embodiments of the present disclosure. In
some embodiments, the computing device 110 may include hardware components such as a

processor 112, which may include local or remote processing components. In some
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embodiments, the processor 112 may include any type of data processing capacity, such as a
hardware logic circuit, for example an application specific integrated circuit (ASIC) and a
programmable logic, or such as a computing device, for example, a microcomputer or
microcontroller that include a programmable microprocessor. In some embodiments, the
processor 112 may include data-processing capacity provided by the microprocessor. In some
embodiments, the microprocessor may include memory, processing, interface resources,
controllers, and counters. In some embodiments, the microprocessor may also include one or

more programs stored in memory.

[0050] Similarly, the computing device 110 may include storage 114, such as one or more local
and/or remote data storage solutions such as, e.g., local hard-drive, solid-state drive, flash drive,
database or other local data storage solutions or any combination thereof, and/or remote data
storage solutions such as a server, mainframe, database or cloud services, distributed database
or other suitable data storage solutions or any combination thereof. In some embodiments, the
storage 114 may include, e.g., a suitable non-transient computer readable medium such as, e.g.,
random access memory (RAM), read only memory (ROM), one or more buffers and/or caches,

among other memory devices or any combination thereof.

[0051] In some embodiments, the computing device 110 may implement computer engines for
generating a CT-like image based on fluoroscopic images obtained through the use of a C-arm-
based imaging device in accordance with the exemplary embodiments described herein. In
some embodiments, the terms “computer engine” and “engine” identify at least one software
component and/or a combination of at least one software component and at least one hardware
component which are designed/programmed/configured to manage/control other software
and/or hardware components (such as the libraries, software development kits (SDKs), objects,

etc.).

[0052] Examples of hardware elements that may be included in the computing device 110 may
include processors, microprocessors, circuits, circuit elements (e.g., transistors, resistors,
capacitors, inductors, and so forth), integrated circuits, application specific integrated circuits
(ASIC), programmable logic devices (PLD), digital signal processors (DSP), field
programmable gate array (FPGA), logic gates, registers, semiconductor device, chips,

microchips, chip sets, graphical processing units (GPU), and so forth. In some embodiments,
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the one or more processors may be implemented as a Complex Instruction Set Computer
(CISC) or Reduced Instruction Set Computer (RISC) processors; x86 instruction set
compatible processors, multi- core, or any other microprocessor or central processing unit
(CPU). In various implementations, the one or more processors may be dual-core processor(s),

dual-core mobile processor(s), and so forth.

[0053] Examples of software that may be executed by the computing device 110 may include
software components, programs, applications, computer programs, application programs,
system programs, machine programs, operating system software, middleware, firmware,
software modules, routines, subroutines, functions, methods, procedures, software interfaces,
application program interfaces (API), instruction sets, computing code, computer code, code
segments, computer code segments, words, values, symbols, or any combination thereof.
Determining whether an embodiment is implemented using hardware elements and/or software
elements may vary in accordance with any number of factors, such as desired computational
rate, power levels, heat tolerances, processing cycle budget, input data rates, output data rates,

memory resources, data bus speeds and other design or performance constraints.

[0054] In some embodiments, to generate a CT-like image in accordance with the exemplary
embodiments described herein, the computing device 110 may include computer engines
including, e.g., a CT-like image generation engine 116. In some embodiments, CT-like image
generation engine 116 may include dedicated and/or shared software components, hardware
components, or a combination thereof. For example, the CT-like image generation engine 116
may include a dedicated processor and storage. However, in some embodiments, the CT-like
image generation engine 116 may share hardware resources, including the processor 112 and
storage 114 of the computing device 110 via, e.g., a bus 118. Thus, the CT-like image
generation engine 116 may include a memory including software and software instructions,
such as, e.g. machine learning models and/or logic for generating a CT-like image using

fluoroscopic images obtained from a C-arm-mounted imaging device.

[0055] In some embodiments, the medical imaging system 100 includes a C-arm device 120.
In some embodiments, the C-arm device 120 includes a radiation source 122 and an imaging
device 124 (e.g., a fluoroscopic imaging device such as an X-ray imaging device) that is

mounted to a C-arm 126 so as to allow the radiation source 122 and the imaging device 124 to

10
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be moved through a range of rotation with respect to a patient P, thereby to obtain a sequence
of two-dimensional images of the patient P from a variety of perspectives (e.g., poses). In
some embodiments, the C-arm device 120 is a fixed device (e.g., is in a fixed location with
respect to a room and/or with respect to a bed). In some embodiments, the C-arm device 120
is a movable device (e.g., can be moved from one room to another and/or from one bed to

another).

[0056] Figure 2 illustrates an example of an implementation of a method 200 in accordance
with one or more exemplary embodiments of the present disclosure. In some embodiments,
the method shown in Figure 2 is a method for generating a CT-like image based on medical
images obtained using a conventional C-arm. In the following, an exemplary method will be
described with reference to the elements of the exemplary medical imaging system 100
described above with reference to Figure 1. In other embodiments, the exemplary method
described below is practiced through the use of other system arrangements. The exemplary
method 200 is described with reference to a process for imaging a lung of a patient. In other
embodiments, substantially the same method is used to image a lung or a liver of a patient, to
perform an image-guided biopsy procedure, to conduct an injection of pain medication, to
visualize a tool in proximity to a spine of a patient, to deliver drug therapy or ablation therapy
to a target location within a body (e.g., a lesion), or any other purpose for which CT imaging

is typically utilized.

[0057] In step 210, the computing device 110 receives, from the C-arm device 120, a sequence
of fluoroscopic images. In some embodiments, the sequence of fluoroscopic images are images
of at least a portion of a lung of a patient. In some embodiments, each fluoroscopic image in
the sequence of fluoroscopic images is obtained by the imaging device 124 positioned at a
particular pose of a plurality of poses traversed by the C-arm 126 while the C-arm 126 is moved
through a range of motion. In some embodiments, the range of motion includes rotational
motion (e.g., rotation of the C-arm 126 to thereby rotate the imaging device 124 about the
patient P) through a range of rotation. In some embodiments, the range of motion includes
both rotational motion through a range of rotation and translational motion (e.g., movement of
the C-arm 126 along the axis of rotation to thereby translate the imaging device 124 linearly
with respect to the patient P) through a range of translational motion. In some embodiments,

a range of motion including both rotational motion and translational motion is advantageous in

11
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order to avoid physical obstacles to rotational motion (e.g., either a table or a patient’s body

obstructing motion of the C-arm 126).

[0058] An exemplary sequence of fluoroscopic images is shown in Figure 3A. Figure 3A
shows six fluoroscopic images as a representative sampling. In some embodiments, the
sequences of fluoroscopic images received in step 210 varies based on factors such as frame
rate (e.g., in a range of between 5 images per second and 20 images per second, such as 8
images per second or 15 images per second) and duration of acquisition (e.g., in a range of
between 10 seconds and 120 seconds, such as between 30 seconds and 60 seconds). For
example, in some embodiments, the sequence of fluoroscopic images received in step 210

includes between 80 and 1800 images.

[0059] In some embodiments, the range of rotation is less than 180 degrees. In some
embodiments, the range of rotation is in a range of 0 degrees to 180 degrees. In some
embodiments, the range of rotation is in a range of 15 degrees to 180 degrees. In some
embodiments, the range of rotation is in a range of 30 degrees to 180 degrees. In some
embodiments, the range of rotation is in a range of 45 degrees to 180 degrees. In some
embodiments, the range of rotation is in a range of 60 degrees to 180 degrees. In some
embodiments, the range of rotation is in a range of 75 degrees to 180 degrees. In some
embodiments, the range of rotation is in a range of 90 degrees to 180 degrees. In some
embodiments, the range of rotation is in a range of 105 degrees to 180 degrees. In some
embodiments, the range of rotation is in a range of 120 degrees to 180 degrees. In some
embodiments, the range of rotation is in a range of 135 degrees to 180 degrees. In some
embodiments, the range of rotation is in a range of 150 degrees to 180 degrees. In some

embodiments, the range of rotation is in a range of 165 degrees to 180 degrees.

[0060] In some embodiments, the range of rotation is in a range of 0 degrees to 165 degrees.
In some embodiments, the range of rotation is in a range of 15 degrees to 165 degrees. In some
embodiments, the range of rotation is in a range of 30 degrees to 165 degrees. In some
embodiments, the range of rotation is in a range of 45 degrees to 165 degrees. In some
embodiments, the range of rotation is in a range of 60 degrees to 165 degrees. In some
embodiments, the range of rotation is in a range of 75 degrees to 165 degrees. In some

embodiments, the range of rotation is in a range of 90 degrees to 165 degrees. In some

12
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embodiments, the range of rotation is in a range of 105 degrees to 165 degrees. In some

embodiments, the range of rotation is in a range of 120 degrees to 165 degrees. In some

embodiments, the range of rotation is in a range of 135 degrees to 165 degrees. In some

embodiments, the range of rotation is in a range of 150 degrees to 165 degrees.

[0061] In some embodiments, the range of rotation is in a range of O degrees to 150 degrees.

In some embodiments, the range of rotation is in a range of 15 degrees to 150 degrees. In some

embodiments, the range of rotation is in a range of 30 degrees to 150 degrees.
embodiments, the range of rotation is in a range of 45 degrees to 150 degrees.
embodiments, the range of rotation is in a range of 60 degrees to 150 degrees.
embodiments, the range of rotation is in a range of 75 degrees to 150 degrees.

embodiments, the range of rotation is in a range of 90 degrees to 150 degrees.

embodiments, the range of rotation is in a range of 105 degrees to 150 degrees.

embodiments, the range of rotation is in a range of 120 degrees to 150 degrees.

embodiments, the range of rotation is in a range of 135 degrees to 150 degrees.
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[0062] In some embodiments, the range of rotation is in a range of O degrees to 135 degrees.

In some embodiments, the range of rotation is in a range of 15 degrees to 135 degrees. In some

embodiments, the range of rotation is in a range of 30 degrees to 135 degrees.
embodiments, the range of rotation is in a range of 45 degrees to 135 degrees.
embodiments, the range of rotation is in a range of 60 degrees to 135 degrees.
embodiments, the range of rotation is in a range of 75 degrees to 135 degrees.

embodiments, the range of rotation is in a range of 90 degrees to 135 degrees.

embodiments, the range of rotation is in a range of 105 degrees to 135 degrees.

embodiments, the range of rotation is in a range of 120 degrees to 135 degrees.
embodiments, the range of rotation is in a range of 0 degrees to 120 degrees.
embodiments, the range of rotation is in a range of 15 degrees to 120 degrees.
embodiments, the range of rotation is in a range of 30 degrees to 120 degrees.
embodiments, the range of rotation is in a range of 45 degrees to 120 degrees.
embodiments, the range of rotation is in a range of 60 degrees to 120 degrees.
embodiments, the range of rotation is in a range of 75 degrees to 120 degrees.
embodiments, the range of rotation is in a range of 90 degrees to 120 degrees.

embodiments, the range of rotation is in a range of 105 degrees to 120 degrees.
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[0063] In some embodiments, the range of rotation is in a range of 0 degrees to 105 degrees.

In some embodiments, the range of rotation is in a range of 15 degrees to 105 degrees. In some

embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range

embodiments, the range

of rotation is in a range of 30 degrees to 105 degrees.
of rotation is in a range of 45 degrees to 105 degrees.
of rotation is in a range of 60 degrees to 105 degrees.
of rotation is in a range of 75 degrees to 105 degrees.

of rotation is in a range of 90 degrees to 105 degrees.

of rotation is in a range of O degrees to 90 degrees.

of rotation is in a range of 15 degrees to 90 degrees.

of rotation is in a range of 30 degrees to 90 degrees.

of rotation is in a range of 45 degrees to 90 degrees.

of rotation is in a range of 60 degrees to 90 degrees.

embodiments, the range of rotation is in a range of 75 degrees to 90 degrees.

In
In
In
In
In
In
In
In
In

In

some

some

some

some

some

some

some

some

some

some

[0064] In some embodiments, the range of rotation is in a range of O degrees to 75 degrees. In

some embodiments, the range of rotation is in a range of 15 degrees to 75 degrees. In some

embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range
embodiments, the range

embodiments, the range

embodiments, the range of rotation is in a range of O degrees to 15 degrees.

of rotation is in a range of 30 degrees to
of rotation is in a range of 45 degrees to
of rotation is in a range of 60 degrees to
of rotation is in a range of O degrees to
of rotation is in a range of 15 degrees to
of rotation is in a range of 30 degrees to
of rotation is in a range of 45 degrees to
of rotation is in a range of O degrees to
of rotation is in a range of 15 degrees to
of rotation is in a range of 30 degrees to
of rotation is in a range of O degrees to

of rotation is in a range of 15 degrees to

75
75
75
60
60
60
60
45
45
45
30
30

degrees.
degrees.
degrees.
degrees.
degrees.
degrees.
degrees.
degrees.
degrees.
degrees.
degrees.

degrees.

In
In
In
In
In
In
In
In
In
In
In

In

some

some

some

some

some

some

some

some

some

some

some

some

[0065] In step 220, the computing device 110 applies a reconstruction process to the sequence

of fluoroscopic images to generate a tomographic image (e.g., a non-enhanced tomographic

image) (e.g., a three-dimensional image).
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performed based at least in part on the known pose of each image in the sequence of
fluoroscopic images. In some embodiments, the pose of each image is determined using image-
based pose estimation (e.g., based on recognition of objects shown in each image, such as
anatomical features or radiopaque markers). In some embodiments, image-based pose
estimation is performed as described in U.S. Patent No. 10,674,970, the contents of which are
incorporated herein by reference in their entirety. In some embodiments, the reconstruction
process includes filtered back projection (“FBP), algebraic reconstruction technique (“ART”),
simultaneous algebraic reconstruction technique (“SART”), or simultaneous iterative
reconstruction technique (“SIRT”). Coronal, axial, and sagittal slices of an exemplary

tomographic image are shown in Figure 3B.

[0066] In some embodiments the tomographic image generated in step 220 is a similar type of
image to a “gold standard” reference CT image that would be obtained for the same patient that
was represented by the images received in step 210, but is of lesser quality. Coronal, axial, and
sagittal slices of an exemplary reference CT image are shown in Figure 3C. For example, in
some embodiments, the tomographic image generated in step 220 is of lower resolution, lower
fidelity, or otherwise of lesser quality than would be a reference CT image. In some
embodiments, the tomographic image generated in step 220 is not of sufficient quality for a
clinician (e.g., a radiologist) to discern a lesion or other object that is less than 30 millimeters
in size. In some embodiments, the tomographic image generated in step 220 is not of sufficient
quality for a clinician (e.g., a radiologist) to discern a lesion or other object that is less than 10
millimeters in size. In some embodiments, the tomographic image generated in step 220

includes one or more artifacts.

[0067] In step 230, the computing device 110 applies a trained tomographic image
enhancement machine learning model to the tomographic image that was generated in step 220
to thereby generated an enhanced tomographic image. In some embodiments, the trained
tomographic image enhancement machine learning model is trained as will be described in
further detail hereinafter in relation to the exemplary method 400. In some embodiments the
enhanced tomographic image generated in step 230 is a similar type of image to a “gold
standard” reference CT image that would be obtained for the same patient that was represented
by the images received in step 210, and is of comparable quality. For example, in some

embodiments, the enhanced tomographic image generated in step 230 includes fewer artifacts
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than does the simulated tomographic image generated in step 220. An exemplary enhanced

tomographic image is shown in Figure 3D.

[0068] In step 240, the computing device 110 outputs a representation of the enhanced
tomographic image. In some embodiments, the representation is a two-dimensional slice of
the enhanced tomographic image, such as an axial slice. In some embodiments, output is to a
display (e.g., a display that is communicatively coupled to the computing device 110). In some
embodiments, output is to a further software program (e.g., a program generating enhanced
imagery, a surgical planning program, etc.). As may be seen in Figures 3C and 3D, in some
embodiments, the enhanced tomographic image generated in step 230 is of sufficient quality
for a clinician (e.g., a radiologist) to discern a lesion or other object that is less than 30
millimeters in size. In some embodiments, the enhanced tomographic image generated in step
230 1s of sufficient quality for a clinician (e.g., a radiologist) to discern a lesion or other object

that is less than 10 millimeters in size.

[0069] Figure 4 illustrates an example of an implementation of a method in accordance with
one or more exemplary embodiments of the present disclosure. In some embodiments, the
method 400 shown in Figure 4 is a method for training a trained tomographic image
enhancement machine learning model for use in generating a CT-like image based on medical
images obtained using a conventional C-arm. In the following, an exemplary method 400 will
be described with reference to the elements of the exemplary system 100 described above with
reference to Figure 1, but it will be apparent to those of skill in the art that other suitable
arrangements of systems are also possible. For example, in the following description, the
method 400 is described with reference to training of a machine learning model at the
computing device 110 of the exemplary medical imaging system 100. However, in other
embodiments, the exemplary training method 400 shown in Figure 4 is performed in a separate
computing environment and is then provided to the medical imaging system 100 for

performance of the exemplary method 200 as described above.

[0070] In step 410, the computing device 110 receives CT image data including a CT image
for each patient of a plurality of patients. In some embodiments, the CT image data is used as
a ground truth tomographic image for each patient. Figure SA shows coronal, axial, and sagittal

slices of an exemplary CT image of a patient.

16



WO 2024/121626 PCT/IB2023/000777

[0071] In step 420, the computing device 110 is provided with a sequence of fluoroscopic
images for each patient. In some embodiments, the computing device 110 receives a sequence
of actual fluoroscopic images for each patient of the plurality of patients for whom CT image
data was received in step 410. In some embodiments, the computing device 110 generates, for
the CT image for each patient, a sequence of simulated fluoroscopic images. In some
embodiments, each simulated fluoroscopic image is generated by projecting the CT image into
the pose of a desired simulated fluoroscopic image. In some embodiments, each simulated
fluoroscopic image is generated using a machine learning model, such as a DeepDRR machine
learning model. In some embodiments, each simulated fluoroscopic image in a particular
sequence of simulated fluoroscopic images for a particular patient corresponds to a particular
pose of a C-arm device at a particular angle, such that each simulated fluoroscopic image
simulates a fluoroscopic image that would be obtained using a fluoroscopic imaging device
mounted on the C-arm device with the C-arm device positioned at the particular angle. In some
embodiments, the plurality of simulated fluoroscopic images for each particular patient
corresponds to a plurality of angles that spans a range of rotation, such that the sequence of
simulated fluoroscopic images for each particular patient simulates a sequence of fluoroscopic
images that would be obtained during a C-arm imaging study of the particular patient wherein
a C-arm device is moved through the range of rotation. In some embodiments, each particular
range of rotation simulated in step 420 is any of the ranges of rotation discussed above with
reference to step 210 of the method 200. Figure 5B shows exemplary simulated fluoroscopic
images generated based on the exemplary CT image shown in Figure SA. Similar to Figure
3A discussed above, Figure SB shows six exemplary simulated fluoroscopic images; in some

embodiments, between 80 and 1800 fluoroscopic images are provided in step 420.

[0072] In step 430, the computing device 110 reconstructs, based on each sequence of actual
or simulated fluoroscopic images that was provided in step 420, a simulated tomographic image
for each of the plurality of patients. In some embodiments, each simulated tomographic image
is generated using one of the techniques described above with reference to step 220 of the
method 200. Similar to the discussion above with reference to step 220 of the method 200, in
some embodiments, the simulated tomographic images generated in step 430 are generally
comparable to the ground truth CT images on which they are based, but are of lesser quality.
For example, in some embodiments, the simulated tomographic images generated in step 430

are of lower resolution, lower fidelity, or otherwise of lesser quality than are the corresponding
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ground truth CT images. In some embodiments, the simulated tomographic images generated
in step 430 is not of sufficient quality for a clinician (e.g., a radiologist) to discern a lesion or
other object that is less than 10 millimeters in size. In some embodiments, the simulated
tomographic images generated in step 430 include one or more artifacts. Figure SC shows an
exemplary simulated tomographic image generated based on the exemplary simulated

fluoroscopic images shown in Figure 5B.

[0073] As described herein, the exemplary embodiments relate to training a tomographic
image enhancement machine learning model to produce a trained tomographic image
enhancement machine learning model. In some embodiments, the tomographic image
enhancement machine learning model is a gradient descent machine learning model employing
a suitable loss function, e.g., projected gradient descent, fast gradient sign method, stochastic
gradient descent, batch gradient descent, mini-batch gradient descent, or other suitable gradient
descent technique. In some embodiments, the tomographic image enhancement machine
learning model includes a regression model. In some embodiments, the tomographic image
enhancement machine learning model includes a neural network. In step 440, the computing
device 110 utilizes the tomographic image enhancement machine learning model to perform
an enhancement process to enhance the quality of at least some of the simulated tomographic
images that was generated in step 430, thereby to obtain a corresponding enhanced simulated
tomographic image for each of the plurality of patients. In some embodiments, the
enhancement process is performed on a randomly selected subset of the simulated tomographic
images. In some embodiments, each of the enhanced simulated tomographic images generated
in step 440 may include one or more artifacts. In some embodiments, artifacts may arise from,
for example, factors such as reconstruction having been performed using simulated

fluoroscopic images missing some data.

[0074] In step 450, a score is assigned to each of the enhanced simulated tomographic images
that was generated in step 440. In some embodiments, the score is assigned based on each
enhanced simulated tomographic image and the corresponding ground truth tomographic
image. In some embodiments, the score is assigned based on a comparison of each enhanced
simulated tomographic image to the corresponding ground truth tomographic image. In some
embodiments, the score is assigned based on the one or more artifacts in each enhanced

simulated tomographic image and the corresponding ground truth tomographic image. In some
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embodiments, the score is assigned based on an automated (e.g., algorithmic) comparison
performed by the computing device 110. In some embodiments, the score is assigned by a
user. In some embodiments, based on the score of each of the enhanced simulated tomographic
images, a performance score for the tomographic image enhancement machine learning model

is calculated.

[0075] In step 460, the computing device 110 determines whether the performance score of the
tomographic image enhancement machine learning model exceeds a predetermined

performance score threshold.

[0076] If the performance score of the tomographic image enhancement machine learning
model does not exceed the predetermined performance score threshold, then the method 400
continues to step 480. In step 480, the parameters (e.g., weights) of the tomographic image
enhancement machine learning model are updated, e.g., using back propagation, based on the
performance of the gradient descent or other tomographic image enhancement machine
learning model. Following step 480, the method 400 returns to step 440, and the enhancement
process of step 440 is repeated.

[0077] If the performance score of the tomographic image enhancement machine learning
model exceeds the predetermined performance score threshold, then the method 400 is
complete, and in step 470 the output of the method is a trained tomographic image enhancement
machine learning model. In other words, in some embodiments, the enhancement process is
iteratively repeated (e.g., by repetition of steps 440, 450, 460, and 480) until the performance
score of the tomographic image enhancement machine learning model exceeds the
predetermined performance score threshold to thereby produce a trained tomographic image
enhancement machine learning model. Figure SD shows an exemplary enhanced simulated
tomographic image generated based on the exemplary simulated tomographic image shown in

Figure 5C following completion of the training process described above.

[0078] In some embodiments, the exemplary tomographic image enhancement machine
learning model may be trained until a loss function reaches the acceptable value/threshold (e.g.,
0.99 (1%), 0.98 (2%), 0.97 (3%), 0.96 (4%), 0.95 (5%), . . ., 0.90 (10%), . .. 0.85 (15%), etc.).

In some embodiments, the loss function may measure an error between an enhanced simulated
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tomographic image and a corresponding ground truth tomographic image. In some

embodiments, the error may be calculated as L2- and/or L1-norm distances.

[0079] In some embodiments, a CT-like image generated in accordance with the exemplary
techniques described above is comparable to a “gold standard” CT image obtained using a CT
scanning device. In some embodiments, a CT-like image generated in accordance with the
exemplary techniques described above is of similar quality to a “gold standard” CT image
obtained using a CT scanning device, and is generated through the use of source data
originating from a standard C-arm-mounted fluoroscopic imaging device. As such, CT-like
images can be generated without requiring access to CT scanning devices, which are expensive
and are typically in high demand in places where they are available. In some embodiments, a
CT-like image generated as described above is usable to identify a lesion or other object that
is, for example, less than 10 millimeters in size, thereby enabling early diagnosis of conditions

such as lung cancer.

[0080] In some embodiments, the identifiability of an object shown in an exemplary CT-like
image is defined based on contrast-to-noise ratio (“CNR”). As used herein, contrast refers to
the difference in luminance between an object and its surroundings (as represented in an image
or display) that makes the object distinguishable. As used herein, CNR can be calculated in

accordance with the expression:

CNR=(mean(ObjectMask)-mean(BackgroundMaskPortion))/STD(BackgroundMaskPortion)

[0081] In this expression, mean(ObjectMask) refers to the mean value of luminance within a
region that is defined as a lesion, mean(BackgroundMaskPortion) refers to the mean value of
luminance within a region defined as a background, and STD(BackgroundMaskPortion) refers
to the standard deviation of luminance value within the region defined as the background.

Regions used herein are identified as described below.

[0082] The lesion region is identified by labeling a lesion within an exemplary CT-like image
in a manner that would be considered suitable by a person having ordinary skill in the art, and
can be referred to as an InputObjectMask. Figure 6A shows an exemplary image 600 with an

InputObjectMask, as obtained using user input as described above, delineated by a ring 610.
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As used herein, a lesion region, which can also be referred to as an ObjectMask, is defined on

the basis of an InputObjectMask by the expression:

ObjectMask=erosion(InputObjectMask, 2)

[0083] In this expression, erosion(mask,N) means eroding the mask by N pixels. In other
words, the ObjectMask is generated by eroding (e.g., decreasing the size of) the
InputObjectMask by two (2) pixels. Referring back to Figure 6A, an ObjectMask is delineated
by a ring 620 that is smaller than the ring 610. For the values described above, the background

region is defined by dilating (e.g., increasing the size of) the object mask by the expression:

BackgroundMask=dilation(ObjectMask, 10)-dilation(ObjectMask,5)

[0084] In this expression, dilation(mask,N) means dilating (e.g., increasing the size of) the
mask by N pixels. Referring back to Figure 6A, a BackgroundMask is delineated by the region

between an inner ring 630 and an outer ring 640 that are larger than the ring 610.

[0085] As used herein, BackgroundMaskPortion refers to a 180-degree arc of the background
region BackgroundMask that is selected to maximize the calculated value CNR. Figure 6B
shows the creation of one possible 180-degree arc based on the image 600 shown in Figure 6A.
In Figure 6B, an arc 650 is defined by a vector V 660 extending from the center of mass C 670
of the ObjectMask as delineated by the 620, the vector V 660 extending in a direction defined
by an angle o 680 measured from a reference direction 690. As used herein, the reference
direction 690 is horizontal as viewed in the image 600, but this is only an arbitrary point of
reference and a series of potential 180-degree arcs can be defined based on any given reference
point. In accordance with the test method described herein, all possible 180-degree arcs are
evaluated computationally. Figure 6C shows an exemplary sequence of images, each of which
shows a different 180-degree arc 650 corresponding to the image 600. Six (6) such images
shown are in Figure 6C as a representative sampling, but the actual quantity of possible arcs
that will be evaluated will be greater (e.g., with the number of such arcs depending on the

resolution of the image being evaluated).
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[0086] As discussed above, a contrast-to-noise ratio CNR is calculated based on the lesion
ObjectMask (e.g., the ObjectMask delineated by the ring 620 shown in Figure 6B) and the
selected arc (e.g., the BackgroundMaskPortion delineated by the arc 650 shown in Figure 6B)

using the expression:

CNR=(mean(ObjectMask)-mean(BackgroundMaskPortion))/STD(BackgroundMaskPortion)

[0087] In this expression, mean(ObjectMask) refers to the mean value of luminance within a
region that is defined as a lesion, mean(BackgroundMaskPortion) refers to the mean value of
luminance within the selected arc, and STD(BackgroundMaskPortion) refers to the standard
deviation of luminance value within the selected arc. As used herein, an object is identifiable
in an image if its CNR (as determined based on the arc that yields the maximum CNR) exceeds

5.

[0088] Figures 7A-10C show representative images illustrating the applicability of the
threshold CNR value of 5 to evaluate the identifiability of a lesion in an image. Figures 7A,
7B, and 7C show images 710, 720, 730 having CNR values of 12.7, 7.0, and 3.9, respectively.
It may be seen that the images 710 and 720 are of sufficient quality so as to cause a lesion 740
to be discernible, while the image 730 is not. Figures 8A, 8B, and 8C show images 810, 820,
830 having CNR values of 9.9, 4.4, and 2.6, respectively. It may be seen that the image 810 is
of sufficient quality so as to cause a lesion 840 to be discernible, while the images 820 and 830
are not. Figures 9A, 9B, and 9C show images 910, 920, 930 having CNR values of 11.7, 6.2,
and 3.4, respectively. It may be seen that the images 910 and 920 are of sufficient quality so
as to cause a lesion 940 to be discernible, while the image 930 is not. Figures 10A, 10B, and
10C show images 1010, 1020, 1030 having CNR values of 7.3, 4.5, and 3.0, respectively. It
may be seen that the image 1010 is of sufficient quality so as to cause a lesion 1040 to be

discernible, while the images 1020 and 1030 are not.

[0089] In some embodiments, the exemplary techniques described above are applied to
generate a CT-like image of at least one organ of a patient (e.g., a lung, a kidney, a liver, etc.).
In some embodiments, the exemplary techniques described above are applied to generate a CT-
like image showing at least one lesion in at least one organ of a patient (e.g., a lung, a kidney,

a liver, etc.). In some embodiments, the exemplary techniques described above are applied to
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generate a CT-like image showing at least one lesion in at least one organ of a patient (e.g., a
lung, a kidney, a liver, etc.) so as to enable diagnosis and/or treatment of the at least one lesion.
In some embodiments, the exemplary techniques described above are applied to generate a CT-
like image showing at least a portion of a spine of a patient. In some embodiments, the
exemplary techniques described above are applied to generate a CT-like image that is utilized
to perform an image-guided biopsy procedure. In some embodiments, the exemplary
techniques described above are applied to generate a CT-like image that is utilized to perform
conduct a pain medicine injection. In some embodiments, the exemplary techniques described
above are applied to generate a CT-like image that is utilized to deliver therapy (e.g., drug

therapy or ablation therapy) to a lesion shown in the CT-like image.

[0090] In some embodiments, the exemplary techniques are capable of producing a CT-like
image in which a lesion having a size of less than 30 millimeters is distinguishable from its
surroundings based on a test as set forth above. In some embodiments, the exemplary
techniques are capable of producing a CT-like image in which a lesion having a size of less
than 10 millimeters is distinguishable from its surroundings based on a test as set forth above.
In some embodiments, the exemplary techniques are capable of producing a CT-like image in
which a lesion having a density of less than -300 Hounsfield units (HU) is distinguishable from
its surroundings based on a test as set forth above. In some embodiments, the exemplary
techniques are capable of producing a CT-like image without requiring the participating of a
licensed radiologist who would be required to operate a CT scanner. In some embodiments,
the exemplary techniques are capable of producing a CT-like image without requiring a patient

to be exposed to the high radiation dose that would be delivered by a CT scanner.

[0091] While a number of embodiments of the present invention have been described, it is
understood that these embodiments are illustrative only, and not restrictive, and that many
modifications may become apparent to those of ordinary skill in the art. For example, all
dimensions discussed herein are provided as examples only, and are intended to be illustrative

and not restrictive.
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Claims

What is claimed is:

1. A method, comprising:
a) receiving, by a controller unit, from a C-arm device, a plurality of fluoroscopic
images of at least one portion of a lung of a patient,
wherein each image of the plurality of fluoroscopic images is obtained with the
C-arm device positioned at a particular pose of a plurality of poses traversed by
the C-arm device while the C-arm device is moved through a range of motion,
wherein the range of motion comprises at least a range of rotation, and
wherein the range of rotation encompasses a sweep angle that is between 45
degrees and 120 degrees;
b) generating, by the controller unit, an enhanced tomographic image of the at least a
portion of the lung, by utilizing at least:
a trained machine learning model and
the plurality of fluoroscopic images; and
¢) outputting, by the controller unit, a representation of the enhanced tomographic
image,
wherein, when tested by a test method in which:
(a) the at least one portion of the lung of the patient includes at least one
lesion having a size of less than 30 millimeters, and
(b) the representation of the enhanced tomographic image is an axial
slice showing a defined boundary of the at least one lesion,
the at least one lesion has a contrast-to-noise value of at least 5 as

compared to a background of the representation.

2. The method of claim 1, wherein the step of generating the enhanced tomographic image
comprises:
reconstructing a tomographic image based on the plurality of fluoroscopic images; and
enhancing the tomographic image using the trained machine learning model to generate

the enhanced tomographic image.
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3. The method of claim 2, wherein the step of reconstructing the tomographic image based on
the plurality of fluoroscopic images comprises reconstructing the tomographic image using

filtered back projection.

4. The method of claim 2, wherein the step of reconstructing the tomographic image based on
the plurality of fluoroscopic images comprises determining a pose of each of the plurality of

fluoroscopic images.

5. The method of claim 4, wherein the determining the pose of each of the plurality of

fluoroscopic images comprises image-based pose estimation.

6. The method of claim 5, wherein the image-based pose estimation comprises recognition of

at least one of an anatomical feature or a radiopaque marker.

7. The method of claim 1, wherein the representation of the enhanced tomographic image

comprises an axial slice.

8. The method of claim 1, wherein the sweep angle is between 45 degrees and 90 degrees.

9. The method of claim 1, wherein, when tested by a test method in which:
(a) the at least one portion of the lung of the patient includes at least one lesion having
a size of less than 10 millimeters, and
(b) the representation of the enhanced tomographic image is an axial slice showing a
defined boundary of the at least one lesion,

the at least one lesion has a contrast-to-noise value of at least 5 as compared to a

background of the representation.

10. The method of claim 1, wherein the trained machine learning model comprises a gradient

descent machine learning model.

11. The method of claim 1, wherein the range of motion further comprises a range of

translational motion.

12. A method, comprising:
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obtaining, by a controller unit, a plurality of fluoroscopic images of a region of interest
of tissue of a patient,
wherein each image of the plurality of fluoroscopic images is obtained by a C-
arm device with the C-arm device positioned at a particular pose of a plurality
of poses traversed by the C-arm device while the C-arm device is moved
through a range of rotation, and
wherein the range of rotation encompasses less than 180 degrees of rotation;
reconstructing, by the controller unit, using the plurality of fluoroscopic images, a
tomographic image including the region of interest; and
enhancing, by the controller unit, the tomographic image using a trained tomographic
image enhancement machine learning model to generate an enhanced tomographic
image,
wherein the trained tomographic image enhancement machine learning model
has been trained by a training process comprising:
receiving CT image data for a plurality of patients,
wherein the CT image data comprises a ground truth
tomographic image for each of the plurality of patients;
receiving a plurality of fluoroscopic images for each of the plurality of
patients,
generating, based on the CT image data for each of the plurality of
patients, a plurality of simulated fluoroscopic images,
wherein each fluoroscopic image of the plurality of simulated
fluoroscopic images corresponds to a particular pose of a C-arm
device at a particular angle, and
wherein the plurality of fluoroscopic images corresponds to a
plurality of angles that spans a range of rotation that is between
45 degrees and 120 degrees;
reconstructing, based on the plurality of fluoroscopic images for each of
the plurality of patients, a simulated tomographic image for each of the
plurality of patients, wherein the simulated tomographic image
comprises a plurality of artifacts;
utilizing a tomographic image enhancement machine learning model to
perform an enhancement process to enhance the simulated tomographic

image for each of the plurality of patients to reduce the plurality of
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artifacts, to obtain an enhanced simulated tomographic image for each
of the plurality of patients;

scoring each enhanced simulated tomographic image based on the
plurality of artifacts and a corresponding ground truth tomographic
image to obtain a corresponding performance score for the tomographic
image enhancement machine learning model;

updating parameters of the tomographic image machine learning model
while the performance score for the tomographic image enhancement
machine learning model is less than a predetermined performance score
threshold; and

iteratively repeating the enhancement process until the corresponding
performance score is equal to or above the predetermined performance
score threshold to result in the trained tomographic image enhancement

machine learning model.

13. The method of claim 12, wherein the plurality of fluoroscopic images for each of the
plurality of patients includes a plurality of actual fluoroscopic images for at least some of the

plurality of patients.
14. The method of claim 12, wherein the plurality of fluoroscopic images for each of the
plurality of patients includes a plurality of simulated fluoroscopic images for at least some of

the plurality of patients.

15. The method of claim 14, wherein the plurality of simulated fluoroscopic images are

generated by projecting at least one tomographic image into a plurality of poses.

16. The method of claim 12, wherein the step of reconstructing the tomographic image

comprises reconstructing the tomographic image using filtered back projection.

17. The method of claim 12, wherein the range of rotation comprises between 45 degrees and

120 degrees of rotation.
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