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MODELING ANATOMICAL STRUCTURES USING AN ANATOMICAL
MEASUREMENT WIRE

Cross-Reference to Related Application

[0001] This application claims the benefit of U.S. Provisional Patent Application

62/767878 filed on 15 November 2018, and entitled SYSTEMS AND METHODS FOR

MODELING AN ANATOMICAL STRUCTURE USING AN ANATOMICAL

MEASUREMENT WIRE, the entirety of which is incorporated herein by reference.
Technical Field

[0002] This disclosure relates generally to systems and methods for generating a

model of an anatomical structure using an anatomical measurement wire.

Background
[0003] Medical imaging and other medical data associated with an anatomy are

commonly available preoperatively and used in a variety of applications such as, for
example, in diagnosing medical conditions and in planning and performing medical
procedures. Such images and data commonly include a model of anatomy or are
commonly used to generate a model of an anatomy. However, current standards of
care for certain medical procedures do not include high quality preoperative imaging
(e.g., computed tomography or magnetic resonance imaging). For example, the current
standard of care for vascular procedures outside the aorta as well as for non-vascular
procedures, such as bronchoscopy, typically does not include high quality preoperative

imaging.
Summary
[0004] In an example, a system is disclosed for generating a model of a tubular

anatomical structure. The system includes an anatomical measurement wire (“AMW?),
a tracking system and a computing device. The AMW is configured to be navigated
through the anatomical structure of a patient, and the AMW includes at least one
sensor. The tracking system is configured to provide tracking data representing multiple
positions of the sensor in a spatial coordinate system. The computing device is
configured to generate a data point cloud based on the tracking data, generate a
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parametric model corresponding to at least a portion of the vessel based on the data
point cloud and store the parametric model in non-transitory memory.
[0005] Another example provides a computer-implemented method for generating
a model of an anatomical structure. The method includes storing, in one or more non-
transitory computer-readable media, tracking data representing a spatial position of
sensors operatively coupled to an anatomical measurement wire at a plurality of
locations within a lumen the anatomical structure. The method also includes generating
a point cloud based on tracking data describing the anatomical measurement wire
within the anatomical structure. The method also includes generating a parametric
model corresponding to the anatomical structure based on the point cloud. The method
also includes storing the parametric model in the non-transitory computer-readable
media.
[0006] Yet another example provides a computing device configured to execute
machine-readable instructions. The instructions are programmed to at least:
generate a data point cloud based on geometry data corresponding to
geometry of an anatomical structure of a patient, the geometry data being
generated based on tracking at least one sensor fixed to an anatomical
measurement wire that is navigated through the anatomical structure of the
patient;
generate a parametric model corresponding to the anatomical structure
based on the data point cloud; and
generate a visualization of the anatomical structure based on the

parametric model.

Brief Description of the Drawings

[0007] FIG. 1 illustrates an example anatomical measurement wire.

[0008] FIGS. 2A and 2B illustrate another example anatomical measurement wire.
[0009] FIGS. 3A and 3B illustrate yet another example anatomical measurement
wire.
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[0010] FIG. 4 illustrates an example method for using an example anatomical
measurement wire.

[0011] FIG. 5 illustrates an example computer for communicating with sensors of
an example anatomical measurement wire and generating an anatomical model.
[0012] FIG. 6 illustrates an example method for generating a model of based on

data acquired from anatomical measurement wire.

Detailed Description

[0013] This disclosure relates generally to a system and method for generating a
model of an anatomical structure using an anatomical measurement wire (“AMW?”). The
system and methods described herein can be employed prior to or during a medical
procedure, such as an endovascular procedure. The AMW provides a means for
collecting geometric information about an anatomical structure of a patient. In examples
disclosed herein, the anatomical structure is described as an elongated tubular
anatomical construct, such as a blood vessel or other lumen of an organ (e.g., intestine,
esophagus, ureter, etc.). The AMW includes one or more sensors from which position
and orientation may be determined in a spatial coordinate system. For example, when
the AMW is inserted inside a vessel of an anatomy, its position and orientation may be
detected to provide geometric information about the vessel according to the location
and orientation of each of the (one or more) AMW sensors. For example, a tracking
system is configured to track the position and orientation of each AMW sensor as the
AWM is moved longitudinally through the anatomical structure. Information collected by
the tracking system via the AMW is used to generate a model of an anatomical structure
(e.g., a parametric model of the structure). The model can be generated without
requiring use of an imaging modality, which enables more widespread use such as at
facilities that do not include expensive radiology equipment (e.g., magnetic resonance
imaging (MRI), computed tomography (CT) and the similar systems). Moreover,
generating a model of an anatomical structure using information collected via the AMW
enables use of technology that may rely on and utilize a model of the anatomical

structure, such as navigation technology, even in the absence of preoperative imaging.
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Thus, models of anatomical structures as well as technology which relies on such
models may be made available for procedures in which the current standard of care
does not include preoperative high quality imaging, such as vascular procedures
outside the aorta as well as non-vascular procedures such as bronchoscopy.

[0014] FIG. 1 illustrates an example of an anatomical measurement wire (“AMW?)
100. The AMW 100 can be used prior to performing a medical procedure for collecting
geometric anatomical information and modeling a patient anatomy. When the model is
generated it is inherently registered in a coordinate system of a tracking system used to
collect the anatomical information. Accordingly, the model that is generated can
facilitate visualizing a medical procedure in which another device (e.g., guidewire or
catheter) is inserted into such patient anatomy that has been registered with the model.
In one example, the medical procedure can be an endovascular procedure. Such
endovascular procedures can include peripheral angioplasty, peripheral stenting, or
aortic aneurysm repair, among other procedures.

[0015] The AMW 100 is configured to be inserted into a patient (e.g., human or
animal) and navigated through one or more anatomical structures of the patient, such
as one or more vascular structures (e.g., arteries or veins) or other tubular anatomical
structure. The one or more anatomical structures can comprise an elongated tubular
vessel structure that includes a lumen. For example, the one or more anatomical
structures can include at least one blood vessel, artery, part of a gastrointestinal tract,
part of a respiratory tract or part of a reproductive tract. A distal segment 102 of the
AMW 100 can be tapered to enable torquability, trackability, pushability and crossability
of the AMW 100 through the one or more anatomical structures. In an example, the
AMW may include a core wire to improve pushability and/or one or more outer braids to
improve torquability of the AMW. The AMW 100 can be biocompatible and have a
selected stiffness that is commensurate with an existing guidewire, such as a

Glidewire ® wire from Terumo Corporation ® or a Lunderquirst ® wire from Cook
Group, Inc.
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[0016] The AMW 100 can include one or more sensors 104. As an example, the
one or more sensors 104 are centrally integrated and embedded at select locations
along an elongated body 106 of the AMW 100. For instance, the one or more sensors
104 can be located along an axis (e.g., a central axis or centerline) of the body 106 of
the AMW 100. In an example, a plurality of sensors 104 are evenly spaced along the
central longitudinal axis of the body of the AMW 100. Additionally, or alternatively, a
number of sensors 104 embedded along the axis of the body 106 of the AMW 100 can
be set a function of a length of the body 106. It should be appreciated that an increase
in the number of sensors 104 strengthens the robustness of the AMW 100. Because
the sensors 104 are integrated inside the body 106, the AMW 100 externally resembles
an existing conventional guidewire.

[0017] In one example, the one or more sensors 104 can respectively spatially
sense a plurality of degrees of freedom (DOF). For example, the one or more sensors
104 can be configured to sense five (5) or six (6) DOF, such as corresponding to the
Aurora sensor coils available from Northern Digital Inc. In one example, the sensors
104 can be localized using an electromagnetic tracking system (see, e.g., FIG. 5), such
as by each sensor generating a tracking signal based on an electromagnetic field that is
generated by a field generator of the tracking system. The tracking system 502 thus
enables a determination of position and orientation of each sensor 104 based on a
sensor signal provided from the sensor to the tracking system in response to an
electromagnetic field. Other types of tracking systems (e.g., RFID-type tracking,
radiographic tracking, or fiber optic shape sensing) configured to track the position and
orientation of each sensor in three-dimensional space may be used.

[0018]

[0019] While inserted in vessel, the AMW 100 provides geometric information
about the vessel, namely, geometric information that is based the sensor position and
orientation (e.g., provided by the tracking system). For example, the position of each of
the sensors 104 provides spatial information about a three-dimensional point
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geometrically within the vessel. In addition, the orientation of each of the sensors 104
provides an approximation of a tangent vector relative to the vessel’s centerline.

[0020] The AMW 100 is further configured to be moved (e.g., pulled and/or
pushed) axially through the vessel in order to obtain additional information or data
points. For example, as the AMW 100 moves through vessel, the position and/or
orientation of each of the sensors 104 changes and therefore new information about
additional points located within the vessel is provided. For example, the position and/or
orientation of each sensor can be tracked by a tracking system at a sample rate as the
AMW is moved through the tubular anatomical structure (e.g., a vessel or other
structure). Such position and/or orientation for each sensor may be stored in memory to
represent the spatial coordinates and orientation of each sensor over a sampling time
period. For example, the position and orientation data may be stored as 4x4
homogenous transformation matrices, as quaternions, or as pairs of position vectors
and unit direction vectors. Such position and/or orientation information comprise
geometry data for the vessel which, for example, is used to generate a parametric
model of the anatomical structure, as disclosed herein.

[0021] FIGS. 2A and 2B illustrate another example of an anatomical measurement
wire (“AMW?”) 200 that includes one or more tine-mounted electromagnetic sensors 202.
In the view of FIGS. 2A and 2B, two tines are shown; although different numbers of
tines may be used in other examples. In this example, the sensors 202 are mounted on
and/or extend from distal ends of self-expanding tines 204 that are attached to a body
208 of the AMW 200. One end of each tine is fixed to an axial location of the body 208
and the other end of the respective tine is spaced from the body by a length of the tine
material. Each tine 204 is mechanically biased to urge its distal end and associated
sensor 202 outwardly from the point of attachment on the body 208. Thus, in contrast
to sensors 104 being fixed along the body 106 in the example of FIG. 1, the sensors in
the example of FIG. 2 are moveable with respect to the body 208 of the AMW 200.As
shown in FIG. 2A, the AMW 200 can be packaged inside a catheter 206. Thus, when

the catheter sidewall extends along the sensors, the sidewall constrains the tines 204
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and the sensors 202 in between the catheter 206 and a body 208 of the AMW 200. The
sidewall of the catheter 206 is moveable in an axial direction with respect to the AMW
200. Thus, in response to the catheter sidewall being axially relative to the AMW 200
as to not constrain the sensors (e.g., upon removal of the catheter sidewall from a
radially outer extent of the respective sensors), such as shown in FIG. 2B, when placed
in a tubular anatomical structure (e.g., a vessel wall) 212, the tines 204 are adapted to
urge the distal end thereof and respective sensors 202 radially outwardly from the body
208. The sensors 202 thus can engage the inner sidewall of the lumen. By configuring
each of the tines to apply substantially equal force between the inner wall 212 and body
208, a center of the AMW body 208 is positioned at a centroid between the distal ends
of the tines, corresponding to a centerline of the anatomical tubular structure (e.g.,
vessel wall) 212.

[0022] As an example, each of the tines 204 is made of material having elastic
properties, such as Nitinol (or other shape memory alloy), stainless steel, or another
material with elastic properties. The multiple tines 204 can be spaced apart angularly
around the AMW body with an evenly distributed angular spacing that depends on the
number of tines located at least longitudinal location. For example, the AMW 200 may
include two tines at the same longitudinal position along the length of the AMW, and
spaced 180 degrees apart from each other circumferentially around the tine body. In
another example, where the AMW 200 includes three tines 204, each of the tines is
spaced 120 degrees apart from an adjacent tine. Where there are four tines 204, they
are spaced 90 degrees apart from each other. By this even distribution of tines at one
or more longitudinal location, each of the tines pushes against the interior wall 212 and
bias the AMW body to align with the center of the wall structure. The tines may extend
from the AMW body a length that may depend on the expected approximate size of the
diameter of the vessel being measured. In small vessels for which a priori diameter
information is available, the a priori diameter information may be used in lieu of

measurement with the tine-mounted sensors.
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[0023] For example, when the catheter 206 is retracted (e.g., while inside an
anatomical structure, such as a vessel, 212), as illustrated in FIG. 2B, the tines 204 self-
expand radially outwardly until they press the tines 204 in contact against inner walls of
the tubular structure 212. In one example, because the sensors 202 are external to the
body 208 and engaging the inner walls of the tubular structure, the AMW 200 may
provide additional and improved information about the position of the sidewall 212, as
compared to the AMW 100 having sensors 104 centrally integrated along the body 106,
as illustrated in FIG. 1. For a multiple tine (e.g., 2 or more tines) example, the tines 204
may extend radially from the AMW body a length that is in a range from under the
minimum expected diameter of the vessel to greater than the maximum expected
diameter of the vessel, with an oversize intended to ensure the tines are able to reach
the inner walls at the maximum and minimum vessel diameters. In this way, the
material properties and configuration of the AMW 200 operate to center the body of the
AMW within the tubular structure 212 when the tines are free to expand (e.g., not
constrained by the catheter 206). The tines may be attached to the body of the AMW
200 such as by welding, with a biocompatible adhesive, or by crimping. The sensors
may similarly be attached to the tines by any of these or similar means of attachment.
[0024] As a further example, while inserted in vessel, tracking data collected for
sensors 202 of the AMW 200 provides geometric information about the vessel. In
particular, the three-dimensional position of each of the sensors 202 provides spatial
information about a point on the surface of the lumen of the vessel. The center of the
tubular structure 212 may be readily determined (e.g., as a centroid) based on the
measured spatial position (e.g., three-dimensional coordinates) of the respective
sensors at a given axial position of such sensor. In an example, the geometric mean of
the position measured by opposing tines at a common axial position along the body 208
(e.g., along a virtual plane extending through the respective sensors and orthogonal to
the axis of the tubular structure) provides a position of a point corresponding to an
estimate of the centerline of the vessel. Moreover, the mean of the orientation vectors

provides a vector proximate to the tangent vector to the vessel’s centerline. Thus, the
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AMW 200 may include one or more sets of tine-mounted sensors 202 to estimate
information about the centerline. The average of the orientation vectors of the tine-
mounted sensors (e.g., as represented by the tracking data) should yield a vector that is
parallel to the centerline of the vessel at the longitudinal position of the tines. As
disclosed herein, the geometric information can be used to generate one or more
models of the anatomical structure (e.g., a centerline model and/or a surface model),
such as a parametric model (e.g., a B-spline or the like).

[0025] FIGS. 3A and 3B illustrate an example AMW 300 that combines the tines of
the AMW 200 of FIG. 2 with the AMW 100 of FIG. 1. Thus, reference may be made to
portions of this disclosure for information to such feature. In this example, one or more
sets of tines 310 are provided at axial locations along the AMW 300 to help align a
central body portion 302 of the AMW along the centerline of the tubular structure during
use (when unconstrained — see FIG. 3B). Additionally, use of the AMW according to the
method 400 enables geometry data (e.g., position and orientation information) to be
collected concurrently for a set of sensors 304 on the body 302 (e.g., located proximal a
centerline of the tubular structure 306) and one or more sets of sensors 308 at the end
of respective tines 310 engaging the sidewall of the tubular anatomical structure 314.
[0026] In the example of FIG. 3A, the AMW 300 is in the constrained condition
within a catheter 312, such that the sensors 308 are mechanically biased by respective
tines 310 to engage the inner wall of the catheter 312. Thus, the catheter 312 and
AMW 300 may be moved collectively as a unit (e.g., within a tubular anatomical
structure 314, such as a vessel wall). Once a distal end portion of the unitis at a
desired position, the catheter 312 may be pulled axially relative to the AMW 300, either
by advancing the body 302 of the AMW beyond the end of the catheter or holding the
AMW stationary while the catheter is retracted. Once the sensors 308 are no longer
constrained, the tines 310 mechanically bias the sensors 308 radially outwardly from the
body 302 and into engagement with the inner wall of tubular anatomical structure 314,
such as shown in FIG. 3B. In this position, the sensors 308 are operative to provide

position and orientation information along the wall of the structure 314 and the set of
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sensors 304 on the body 302 of the AMW 300 provide position and orientation
information along a centerline within the lumen of the tubular anatomical structure 314.
While the examples of FIGS. 2 and 3 show one set of moveable sensors, in other
examples, more than one set of two or more moveable sensors each may be
implemented on the AMW 300.

[0027] The AMW 100 of FIG. 1, the AMW 200 of FIG. 2 and the AMW 300 of FIG.
3 will be further appreciated in the context of describing an example method 400 of
using an AMW, as demonstrated in FIG. 4, such as to generate a cloud of data points
for an anatomical structure. While, for purposes of simplicity of explanation, the method
400 is shown and described as executing serially, the method 400 is not limited by the
illustrated order, as some actions could, in other examples, occur in different orders
and/or concurrently with other actions. Moreover, not all illustrated features may be
required to implement the method 400 and other features disclosed herein but not
shown in FIG. 4 may be used.

[0028] At 402, a user inserts the AMW into an anatomical tubular structure (e.g.,
vessel) of a patient. In an example, the AMW (e.g., AMW 100) is inserted through a
vessel, such as to a target location or a target distance through the vessel. In another
example, the AMW resides within a catheter (e.g., in a constrained condition, such as
shown in FIG. 2A or 3A) to form a unit that is inserted through the vessel for placement
of the AMW near the target location. It should be appreciated that the further into the
tubular structure (e.g., vessel) that the AMW is inserted, the more data points the AMW
will enable collection of. In one example, if accessing the vessel in a retrograde
fashion, the AMW is placed as far proximally as feasible. In another example, if
accessing the vessel in an antegrade fashion, the AMW is placed as far distally as
feasible.

[0029] At 404, a data collection process begins. For example, a computer (e.g.,
computing device 500 of FIG. 5) is configured to execute software or program
instructions to control collection of sensor data through communication with a tracking

system that receives data from sensors of the AMW and collects data points from the

10
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sensors. The sensor data may include three-dimensional position and orientation data
collected from the AMW sensors. As disclosed herein, the sensor data for a given
sensor (e.g., sensor 104, 202 or 304) provides for an approximate centerline point
and/or an approximate surface point when a data point is sampled or collected. The
collected data points are stored by the computing device in memory. The sensor data
may also be stored in memory of the tracking system.

[0030] At 406, the AMW is moved within the vessel, such as may be advanced
distally or retracted proximally with respect to a user. The computer executing the
program instructions continues to collect data points for each of the sensors of the AMW
as the AMW is moved through the vessel. For example, the data points can be
acquired by a tracking system (see, e.g., FIG. 5) that is configured to track the position
and/or orientation of each sensor in a three-dimensional coordinate system. The
process of collecting data points along the length of the structure from the sensors while
the AMW is moved through the tubular anatomical structure allows for the collection of
many more data points than there are sensors.

[0031] Aggregating this collection of data points allows for a formation of a data
point cloud which, as disclosed herein can be used to generate an anatomical model of
the vessel. As an example, for each frame, the data collected for each sensor is a
geometric transformation — a matrix that is adapted to transform from the origin of the
tracking system to the origin of the sensor. Different types of tracking systems may
report the tracking data in a different but mathematically equivalent form.

[0032] As an example, the transformation that forms the tracking data includes a
rotation (orientation) and a translation (position) component. A calculation may be
performed to separate the rotation and translation components. The translation
component for a given sensor within the tubular structure may be represented as spatial
coordinates, such as x, y, and z values. The coordinates representing the translation
component can then be treated as the coordinates of the origin (typically the center) of
the sensor. Thus, each sample from each sensor gives us one three-dimensional

geometric point in space. An example of how to compute the x,y,z position from a 4x4

11
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transformation matrix is to use the matrix to transform the homogeneous vector
<0,0,0,1>.

[0033] In an example, the retraction of the AMW should be performed slowly and
steadily in order to improve the accuracy of the collected data points. Moreover, a
slower retraction rate may correlate to an increase in number of collected data points.
Thus, the retraction rate may be determined or defined by a user based on the amount
of data desired to be collected. In one example, a retraction rate may also be
determined or defined by a user based on a desired sampling rate. The sampling rate
may correspond to a sampling rate of an associated tracking system, for example. The
user continues to retract the AMW until the most proximal sensor of the AMW is no
longer within the vessel. In one example, feedback via a display or user interface is
provided that corresponds to the collected data points in real time as the AMW is being
extracted. Thus, a user may adjust the extraction process accordingly based on
feedback received via a user interface (e.g., a device or graphical user interface).
[0034] As an example, a direct form of feedback would be to plot all of the points in
the point cloud in real time, updating them on a 3-D display on the screen as each new
sample is added to the point cloud. Thus the user could observe the point cloud being
formed. For example, the viewing angle of such 3-D display could be made to
automatically change over time to assist in appreciation of the volume of the structure
being mapped.

[0035] As a further example, an additional feedback mechanism could provide
means (e.g., a visualization, an audible indicator or the like) to help the operator retract
the device at an appropriate speed. It could take the form of a circle on the screen that
is color coded to provide feedback to the user. For example, the circle on the screen
may be yellow if the retraction is being done faster or slower than is desired (exceeds a
threshold speed), and red if it is too fast to generate a good data (e.g., for at least one
sensor in one or more frames of tracking data). Otherwise, the visualization may
remain green to indicate that the current speed is within expected parameters for

generating a good data. This could, for further example, be accompanied by text
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appearing on the screen that might state, “Slow down!” when appropriate. For example,
a user may slow down or speed up the extraction of the AMW based on received
feedback if too many or too few data points are being collected.

[0036] At 408, the computer stops collecting data from the sensors. In one
example, data collection ends based on user instructions to terminate the method 400.
For example, a user may provide input via an interface device (e.g., a mouse, keyboard,
button or switch) indicative of when the computer should stop collecting data. At410, a
point cloud is generated by aggregating the collected sensor data, which may include
position and orientation data sampled at a plurality of positions along the length of the
vessel as the AMW is moved axially at 406. That is, the set of points acquired over time
as the AMW is moved through the vessel may be aggregated together to form a cloud
of points at 410. For each given sensor that engages the interior wall of the tubular
structure, the points lie on the surface of the structure (e.g., vessel wall). For a given
sensor that is on the body of the AMW, the points acquired lie on a centerline for the
structure (e.g., vessel centerline). The point cloud may be stored in memory as a large
array of triplet values, for example. For example, as will be described below, the
computing device is configured to generate an anatomical model, corresponding to the
vessel, based on the point cloud generated at 410.

[0037] FIG. 5 illustrates an example of a computing device 500 that can
communicate a tracking system 502 via input/output (I/O) circuitry 504. The tracking
system 502 is in communication with sensors 530 (e.g., sensors 104, as illustrated in
FIG. 1, sensors 202, as illustrated in FIG. 2 and/or sensors 304 and 308, as illustrated
in FIG. 3) of an AMW 532 (e.g. AMW 100, as illustrated in FIG. 1, and AMW 200, as
illustrated in FIG. 2). The tracking system 502 and configured to provide tracking data
representing position and, in some examples, orientation of the sensors 530 as they are
navigated through a lumen of an anatomical structure (e.g., vessel) of the patient 534.
The tracking system 502 is also configured to aggregate the tracking data to provide
tracking sensor data (e.g., position and orientation data) corresponding to geometry of

the anatomical structure. The tracking data may be stored in memory of the tracking
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system 502 and transferred to the computing device through the 1/O circuitry and stored
in memory 508 (e.g., as tracking data 518). As an example, the tracking system 502 is
implemented as an electromagnetic tracking system, such as an electromagnetic
sensing system (e.g., one of the Aurora tracking systems from Northern Digital, Inc.).
Other types of tracking systems may be used in other examples in conjunction with
corresponding sensors 530 for tracking 3D position as the AMW is moved transluminally
within the sensing space of the respective tracking system.

[0038] For example, if the sensor data is only on the centerline (e.g., using the
AMW 100), the registration is only performed using a point cloud (e.g., generated by
point cloud generator from tracking data) made up of points along the centerline from
the model that is being registered. If the tracking data from the tracking system 502
includes tracking data from sensors only on the walls of the vessels (e.g., from sensors
of AMW 200), the centerline is estimated to fall along points directly between opposing
tines’ measurements (e.g., a mean position from the sensor position data). If the
tracking data includes points along both the centerline and walls of the vessel (e.g.,
from sensors of AMW 300), the point cloud may be generated to include directly
measured centerline data and vessel wall data. The processing and aggregation thus
may be performed, as disclosed herein, such as to extract the point locations and
aggregating such points to construct a large data structure of such points (a data point
cloud). The data point cloud can be stored in the memory 508 as tracking data 518.
[0039] The computing device 500 can also interface with a display device 506.
The display device 506 is communicatively coupled to the computing device 500 (e.g.,
via the /O circuitry 504). The computing device 500 can include one or more
computing apparatuses that can include memory 508 and one or more processors 510.
The memory 508 can be a non-transitory memory that can be configured store machine
readable instructions and data 512, such as data collected from the sensors.

[0040] By way of example, the memory 508 can store the data 512 and a variety of
machine readable instructions, such as including an operating system 514 and, one or

more application programs 516. The operating system 514 can be any suitable
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operating system or combinations of operating systems, which can depend on
manufacturer and system to system corresponding to different computer manufacturers.
The memory 508 can be implemented, for example as volatile memory (e.g., RAM),
nonvolatile memory (e.g., a hard disk, flash memory, a solid state drive or the like) or
combination of both. It is to be understood that the memory 508 does not require a
single fixed memory but the memory can include one or more non-transitory machine
readable memory (e.g., volatile and/or non-volatile memory devices) that can store data
and instructions.

[0041] The memory 508 can store the data 512 and/or instructions corresponding
to the operating system 514 and/or the one or more application programs 516 in a
single device or distributed across multiple devices, such as in a network or a cloud
computing architecture. In one example, the data 512 includes tracking data 518
characterizing the 3-D position and/or orientation of each of the one or more EM
sensors (e.g., sensors 104, 202 or 304 and 308) 530 as collected over time, such as
while the AMW 532 is moved axially within the vessel. In this way, the tracking data
represents spatial positions along the inner wall of the vessel and/or along the
centerline of the vessel.

[0042] The processor 510 can access the memory 508 and execute the machine
readable instructions to perform respective operations (e.g., corresponding to the
operating system 514 and/or the application programs 516). For example, the
processor 510 can access the memory 508 to access the one or more application
programs 516 which may include a point cloud generator 522 and a model generator
524. The point cloud generator 522, which may be part of or utilized by the model
generator 524, is programmed to construct a set of data points in 3-D space (e.g.,
spatial domain of the tracking system) by aggregating tracking data 518 acquired by the
tracking system 502 from sensors of the AMW (e.g., using the AMW 100, 200 or 300
according to the method 400).

[0043] The model generator 524 is programmed to generate an anatomical model

(e.g., a parametric model) of the vessel based on the point cloud generated from the
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tracking data 518 (e.g., by point cloud generator 522) corresponding to geometry of the
anatomical structure. As disclosed herein, the tracking data 518 may include position
and orientation provided by the tracking system 502, such as in the form of a
transformation that includes a rotation (orientation) and a translation (position)
component. Because the anatomical model is generated from the point cloud derived
from tracking data 518 for sensors on the AMW, the model inherently is co-registered in
the same spatial domain as the tracking system. Accordingly, other objects (e.g.,
devices carrying one or more sensors) can be detected by the tracking system and
visualized spatially accurately with respect to a graphical representation of the model
without requiring further registration.

[0044] As an example, the model generator 524 is configured to fit the points of the
data point cloud, corresponding the anatomical structure, to a parametric curve that
defines a parametric model. For instance, the model generator 524 is configured to
estimate the overall length of the curve by measuring the distances between the points
of the data point cloud and summing these distances. The model generator 524 is
further configured to divide the estimated length into a number of evenly-spaced
segments which represent the period between geometric knots of a spline function,
such as a B-spline curve. The model generator 524 may further be configured to re-
sample the data point cloud at the evenly-spaced segments in order to extract the set of
geometric knots. The model generator may employ a B-spline inversion algorithm to
compute control points for the B-spline including a parametric centerline model for the
tubular anatomical structure (vessel). The resulting anatomical model may be stored in
the memory as model data 526.

[0045] By way of example, the model data 526 represents a parametric model that
has been generated (e.g., by model generator 524) to mathematically represent the
geometry of the tubular anatomical structure (the same anatomical structure for which
the tracking data 518 is acquired). For example, the parametric model (also referred to
as an implicit model) represents a geometric structure by a small number of parameters.

Thus, the model data 526 can represent parameters that mathematically define the
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geometry of a physical anatomical structure of a patient derived from the tracking data
acquired by the localizing sensors of the AMW by the tracking system 502. In the
example of a tubular anatomical structure (e.g., a vessel), the parametric model
includes a set of parameters that define the geometry of a centerline and surface of the
tubular anatomical structure.

[0046] For example, the model data 526 can include a centerline model
representing geometry of the centerline extending axially through the anatomical
structure. Additionally or alternatively, the model data 526 can include a surface model
describing a surface of the lumen for the anatomical structure that is spaced radially
from and circumscribing the centerline. The model parameters for the centerline can be
a small set of parameters, such as geometric knots along the centerline, from which
control points may be calculated. Additionally, the surface model may be implemented
as a lofted b-spline (basis spline) function for the elongated tubular structure.

[0047] As a further example, the model data 526 may be an implicit 3-D model of
the patient’s anatomical structure (e.g., a vessel) of the type disclosed in U.S. Patent
Publication No. 2011/0026793 entitled AUTOMATED CENTERLINE EXTRACTION
METHOD AND GENERATION OF CORRESPONDING ANALYTICAL EXPRESSION
AND USE THEREOF, which is incorporated herein by reference. Another example of
generating an implicit model for tubular anatomical structures is disclosed in Analytical
centerline extraction and surface fitting using CT scans for aortic aneurysm repair, Goel,
Vikash R, Master’s Thesis, Cornell University (2005), which is incorporated herein by
reference. Still another example of generating implicit models for a centerline and
surface of tubular anatomical structures is described in the U.S. Patent Application No.
16/265732, which is incorporated herein by reference. Other approaches for generating
the implicit model data can also be utilized, such as International Publication No.
WO/2014/151651. Various other types of geometric representations can also be
utilized to provide the model data 526. For example, parameters representing lofted
ellipses or triangular meshes can be generated to provide the anatomical model data

526 representing the patient’s anatomical structure of interest.
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[0048] In an example where the sensors 530 from which the data point cloud is
collected are centrally mounted on an anatomical measurement wire (“AMW?”), such as
the AMW 100 of FIG. 1, the computed parametric centerline comprises actual data
points from the data point cloud since the data points represent points sensed at the
body of the AMW which is positioned at the center of a vessel. It should be further
appreciated that, when the sensors 530 from which the data point cloud is collected are
tine-mounted on an AMW, such as the AMW 200 of FIG. 2, the computed parametric
centerline comprises points in between the data points from the data point cloud since
the data points represent points sensed external to the body of the AWM, along multiple
lines of the vessel wall.

[0049] The model generator 524 further may be programmed to estimate the
diameter of the vessel. In an example where an AMW with centrally mounted sensors
along the body of the AMW, such as the AMW 100 or 300, is used to provide the data
point cloud, the model generator 524 may estimate the diameter of the vessel based on
predefined data such as a patient’s height, weight, gender and/or age. Alternatively,
when an AMW with tine-mounted sensors, such as the AMW 200 or 300, is used to
obtain the data point cloud, the model generator is configured to estimate the diameter
of the vessel at each geometric knot by calculating a distance between the points
sensed along the multiple lines of the vessel wall. It should be appreciated that, in one
example, if diameter information for a vessel is known or can be approximated based on
patient information such as height, weight, gender and/or age, the model generator may
be configured to utilize the known or approximate diameter information rather than to
estimate the diameter, even when an AMW with tine-mounted sensors is used to obtain
the data point cloud.

[0050] The model generator 524 may further be configured to approximate the
cross section of the vessel at each geometric knot as a circle centered on the geometric
knot having the estimated diameter, orthogonal to a tangent vector estimated at that
point. The model generator may estimate the cross section as a circle because a

vessel commonly comprises a generally circular cross section. However, the model
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generator 524 may similarly be configured to approximate the cross section to have any
other suitable shape. The model generator 524 is further configured to loft the circular
cross-sections together, thereby providing an approximate parametric model of the
surface of the vessel.

[0051] The application programs 516 can further include an output generator (not
shown) that is configured generate visualization data, which can be provided to the
display 506 to render one or more graphical representations. The output generator can
generate the visualization data based on the collected and processed data points. As
disclosed herein, this may include the acquisition process, including feedback to the
user of the AMW during acquisition. Additionally, the output generator can be
configured generate a visualization of a graphical representation of the registration
process.

[0052] In view of the foregoing structural and functional features described above,
an example method 600 is demonstrated in FIG. 6. While, for purposes of simplicity of
explanation, the method 600 is shown and described as executing serially, the method
600 is not limited by the illustrated order, as some actions could, in other examples,
occur in different orders and/or concurrently with other actions. Moreover, not all
illustrated features may be required to implement the method 600 and other features
disclosed herein but not shown in FIG. 6 may be used.

[0053] FIG. 6 depicts an example method 600 for generating a model of an
anatomical structure based on a data point cloud obtained using an example anatomical
measurement wire (“AMW?”) (e.g., AMW 100, as illustrated in FIG. 1, and sensors 202,
as illustrated in FIG. 2). The method 600 can be implemented, for example, by a
computing device (e.g., the computing device 500, as illustrated in FIG. 5). At 602, the
computing device receives a data point cloud from an AMW extracted from a vessel.
[0054] At 604, the computing device (e.g., model generator code 524) generates a
centerline model corresponding to the vessel based on the data point cloud. In one
example, the computing device generates the centerline model by fitting points of the

data point cloud to a parametric curve. For example, the computing device estimates
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the overall length of the curve by measuring the distances between the points of the
data point cloud, summing these distances, and dividing the estimated length into a
number of evenly-spaced segments, which represent a period between geometric knots
of a B-spline curve. The computing device then re-samples the data point cloud at the
evenly-spaced segments in order to extract a set of geometric knots. In an example,
the computing device implements uses a B-spline inversion algorithm to compute
control points for the B-spline including the parametric centerline model. Additionally or
alternatively, in other examples, different interpolants (other than a B-spline) may be
used as a mathematical construct to describe the geometry for each segments of the
centerline of the vessel and fit it to the data point cloud.

[0055] At 606, the computing device (e.g., model generator) generates a
parametric model corresponding to a surface the vessel based on the data point cloud.
In one example, the computing device is configured to generate the parametric model of
the vessel by estimating the diameter and approximating the cross section of the vessel
at each geometric knot as a circle or ellipse centered on the geometric knot having the
estimated diameter, orthogonal to a tangent vector estimated at that point. In another
example, such as where the AMW used to provide the data point cloud at 602 includes
tine-mounted sensors, the distance between diametrically opposed tines can be
calculated from respective position information and used to estimate the vessel
diameter. In an example where point cloud data is generated from an AMW having only
body-mounted sensors, the operator may provide (e.g., via user input to the computing
device) an estimated vessel diameter based on which vessel it is and the patient
information (e.g., the patient’s sex, age, height, weight, and/or prior imaging results).
The computing device then lofts the circular cross-sections together, thereby providing
an approximate parametric model (e.g., a mathematical function) that represents the
surface of the vessel.

[0056] The resulting model that is generated may be utilized in various
applications. For example, the parametric model may be utilized by software to design

an implant to fit the specific anatomy precisely. In another example, the parametric
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model may be used to plan a trajectory and identify one or more target locations for use
during an invasive procedure, such as implemented by a robotic surgical instrument. In
yet another example, the model may be utilized to perform computerized diagnosis of
conditions of the vessel that is model, such as stenosis or aneurysm.

[0057] At 608, the computing device generates a visualization of the vessel based
on the centerline model and the vessel model. In one example, the computing device
communicates the visualization to a display. For example, the computing device
generates the visualization of the parametric model by evaluating the model to calculate
3-D points defining a curve and/or surface that can be rendered graphical on a display
device (e.g., display 506). The visualization may also (or alternatively) include feedback
such as disclosed herein.

[0058] It should be appreciated that, although the example systems and methods
described herein may refer to vessels, such as blood vessels specifically, the example
systems and methods may similarly be used with any suitable elongated tubular portion
of an anatomy, such as a trachea, lymphatic ducts, bile ducts, biliary ducts, urinary tract,
or esophagus, for example.

[0059] What have been described above are examples. ltis, of course, not
possible to describe every conceivable combination of components or methodologies,
but one of ordinary skill in the art will recognize that many further combinations and
permutations are possible. Accordingly, the invention is intended to embrace all such
alterations, modifications, and variations that fall within the scope of this application,
including the appended claims. As used herein, the term “includes” means includes but
not limited to, the term “including” means including but not limited to. The term “based
on” means based at least in part on. Additionally, where the disclosure or claims recite

"a," "an," "afirst," or "another" element, or the equivalent thereof, it should be
interpreted to include one or more than one such element, neither requiring nor

excluding two or more such elements.
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What is claimed is:

1. A system for generating a model of a tubular anatomical structure, the system
comprising:
an anatomical measurement wire (“AMW?) configured to be navigated through
the anatomical structure of a patient, the AMW comprising at least one sensor;
a tracking system configured to provide tracking data representing multiple
positions of the sensor in a spatial coordinate system; and
a computing device configured to:
generate a data point cloud based on the tracking data;
generate a parametric model corresponding to at least a portion of the
vessel based on the data point cloud; and

store the parametric model in non-transitory memory.

2. The system of claim 1, wherein the at least one sensor of the AMW includes a
plurality of sensors at locations spaced axially apart along an elongate body of the
AMW.

3. The system of claim 2, wherein the AMW further comprises a plurality of self-
expanding tines extending outwardly from the body of the AMW, the tines configured to,
when located within a lumen of the anatomical structure, engage a wall of the lumen
and mechanically bias the body of the AMW and the plurality of sensors along the

elongate body toward alignment with a centerline of the anatomical structure.
4. The system of claim 3, wherein a respective sensor is attached at a distal end of
at least two of the plurality of self-expanding tines located at a common axial position

along the elongate body of the AMW.

5. The system of claim 1, further comprising a plurality of self-expanding tines
extending outwardly from a body of the AMW to terminate in a distal end thereof,
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wherein the AMW includes a respective sensor attached at the distal end of at least two
of the plurality of self-expanding tines.

6. The system of any of claims 3, 4 or 5, wherein the AMW resides inside a lumen of a
catheter and is configured to move axially in the lumen with respect to the catheter, and
wherein the catheter is adapted to constrain the plurality of tines and associated
sensors between a sidewall of the catheter and the body of the AMW.

7. The system of claim 6, wherein, upon removal of the catheter sidewall from a
radially outer extent of the respective sensors, the tines are mechanically biased to
expand and urge respective sensors radially outwardly from the body of the AMW.

8. The system of any preceding claim, wherein the computing device is further
configured to generate the parametric model to include a centerline model
corresponding to a mathematical function describing a centerline extending axially
through the anatomical structure based on the data point cloud and/or a surface model
of a wall of the anatomical structure that is spaced radially from and circumscribing the
centerline based on the data point cloud.

9. The system of any preceding claim, further comprising a display device, wherein
the computing device is further configured to generate a visualization of the vessel
based on the parametric model for display on the display device.

10.  The system of any preceding claim, wherein the computing device is further

configured to provide visual feedback based on tracking data acquired during
movement of the AMW within the anatomical structure.

23



WO 2020/102545 PCT/US2019/061493

11. A computer-implemented method for generating a model of an anatomical
structure, the method comprising:

storing, in one or more non-transitory computer-readable media, tracking data
representing a spatial position of sensors operatively coupled to an anatomical
measurement wire at a plurality of locations within a lumen the anatomical structure;

generating a point cloud based on tracking data describing the anatomical
measurement wire within the anatomical structure;

generating a parametric model corresponding to the anatomical structure based
on the point cloud; and

storing the parametric model in the non-transitory computer-readable media.

12. The method of claim 11, wherein the anatomical structure is a vessel.

13.  The method of any of claims 11 or 12, wherein generating the parametric model
further comprises generating a parametric centerline model corresponding to a spline
function describing a centerline of the anatomical structure based on the point cloud.

14.  The method of any of claims 11, 12 or 13, wherein generating the parametric
model further comprises generating a parametric surface model of a wall of the
anatomical structure that is spaced radially from the centerline based on the point cloud.

15. The method of claim 14, further comprising generating a visualization to display a
graphical representation of the anatomical structure based on at least one of the
parametric centerline model and the parametric surface model.

16.  The method of claim 11, wherein the anatomical structure is a tubular anatomical
structure, the method further comprising:
moving the anatomical measurement wire through the anatomical structure, the

anatomical measurement wire including at least one sensor; and
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generating tracking data, via a tracking system, corresponding to position and
orientation of the at least one sensor as the anatomical measurement wire is moved
through the tubular anatomical structure, the point cloud being derived from the tracking
data.

17.  The method of claim 16, further comprising providing visual feedback based on
tracking data acquired during the movement of the AMW within the lumen of the

anatomical structure.

18.  The method of claim 16, wherein the anatomical measurement wire further
comprises a plurality of self-expanding tines extending outwardly from a body of the
anatomical measurement wire, and

wherein the at least one sensor comprises a plurality of sensors disposed on the
body of the anatomical measurement wire and/or at a distal end of respective tines.

19. A computing device configured to execute machine-readable instructions
programmed to at least:
generate a data point cloud based on geometry data corresponding to
geometry of an anatomical structure of a patient, the geometry data being
generated based on tracking at least one sensor fixed to an anatomical
measurement wire that is navigated through the anatomical structure of the
patient;
generate a parametric model corresponding to the anatomical structure
based on the data point cloud; and
generate a visualization of the anatomical structure based on the

parametric model.
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20.  The computing device of claim 19, wherein the instructions are further
programmed to generate a centerline model corresponding to the anatomical structure
based on the data point cloud.
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received by the International Bureau on 06 May 2020 (06.05.2020)

What is claimed is:

1. A system for generating a model of a tubular anatomical structure, the system
comprising:

an anatomical measurement wire (“AMW?”) configured to be navigated through
the anatomical structure of a patient, the AMW comprising at least one sensor;

a tracking system configured to provide tracking data, which represents position
and orientation of the at least one sensor in a spatial coordinate system, as the AMW
including the at least one sensor is moved through the anatomical structure of the
patient; and

a computing device configured to:

generate a data point cloud based on the tracking data;
generate a parametric model corresponding to at least a portion of the
vessel based on the data point cloud; and

store the parametric model in non-transitory memory.

2. The system of claim 1, wherein the at least one sensor of the AMW includes a
plurality of sensors at locations spaced axially apart along an elongate body of the
AMW.

3. The system of claim 2, wherein the AMW further comprises a plurality of self-
expanding tines extending outwardly from the body of the AMW, the tines configured to,
when located within a lumen of the anatomical structure, engage a wall of the lumen
and mechanically bias the body of the AMW and the plurality of sensors along the

elongate body toward alignment with a centerline of the anatomical structure.

4. The system of claim 3, wherein a respective sensor is attached at a distal end of
at least two of the plurality of self-expanding tines located at a common axial position
along the elongate body of the AMW.

5. The system of claim 1, further comprising a plurality of self-expanding tines

extending outwardly from a body of the AMW to terminate in a distal end thereof,
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wherein the AMW includes a respective sensor attached at the distal end of at least two
of the plurality of self-expanding tines.

6. The system of any of claims 3, 4 or 5, wherein the AMW resides inside a lumen of a
catheter and is configured to move axially in the lumen with respect to the catheter, and
wherein the catheter is adapted to constrain the plurality of tines and associated

sensors between a sidewall of the catheter and the body of the AMW.

7. The system of claim 6, wherein, upon removal of the catheter sidewall from a
radially outer extent of the respective sensors, the tines are mechanically biased to

expand and urge respective sensors radially outwardly from the body of the AMW.

8. The system of any preceding claim, wherein the computing device is further
configured to generate the parametric model to include a centerline model,
corresponding to a mathematical function describing a centerline extending axially
through the anatomical structure, based on the data point cloud and/or a surface model
of a wall of the anatomical structure that is spaced radially from and circumscribing the
centerline based on the data point cloud.

9. The system of any preceding claim, further comprising a display device, wherein
the computing device is further configured to generate a visualization of the vessel
based on the parametric model for display on the display device.

10.  The system of any preceding claim, wherein the computing device is further
configured to provide visual feedback based on the tracking data acquired during the
movement of the AMW through the anatomical structure.
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11. A computer-implemented method for generating a model of an anatomical
structure, the method comprising:

storing, in one or more non-transitory computer-readable media, tracking data
representing a spatial position of sensors, which are operatively coupled to an
anatomical measurement wire, at a plurality of locations as the anatomical
measurement wire, including the sensors, is moved longitudinally through a lumen of
the anatomical structure;

generating a point cloud based on tracking data describing the anatomical
measurement wire within the anatomical structure;

generating a parametric model corresponding to the anatomical structure based
on the point cloud; and

storing the parametric model in the non-transitory computer-readable media.

12. The method of claim 11, wherein the anatomical structure is a vessel.

13.  The method of any of claims 11 or 12, wherein generating the parametric model
further comprises generating a parametric centerline model corresponding to a spline

function describing a centerline of the anatomical structure based on the point cloud.

14.  The method of any of claims 11, 12 or 13, wherein generating the parametric
model further comprises generating a parametric surface model of a wall of the
anatomical structure that is spaced radially from the centerline based on the point cloud.

15. The method of claim 14, further comprising generating a visualization to display a
graphical representation of the anatomical structure based on at least one of the

parametric centerline model and the parametric surface model.

16. The method of claim 11, wherein the anatomical structure is a tubular anatomical

structure, the method further comprising:
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moving the anatomical measurement wire longitudinally through the tubular
anatomical structure, the anatomical measurement wire including at least one sensor;
and

generating the tracking data, via a tracking system, corresponding to position and
orientation of the at least one sensor as the anatomical measurement wire is moved
longitudinally through the tubular anatomical structure, the point cloud being derived
from the tracking data.

17.  The method of claim 16, further comprising providing visual feedback based on
tracking data acquired during the movement of the AMW within the lumen of the

anatomical structure.

18.  The method of claim 16, wherein the anatomical measurement wire further
comprises a plurality of self-expanding tines extending outwardly from a body of the
anatomical measurement wire, and

wherein the at least one sensor comprises a plurality of sensors disposed on the

body of the anatomical measurement wire and/or at a distal end of respective tines.

19. A computing device configured to execute machine-readable instructions
programmed to at least:
generate a data point cloud based on geometry data corresponding to
geometry of an anatomical structure of a patient, the geometry data being
generated based on tracking at least one sensor fixed to an anatomical
measurement wire that is navigated axially through the anatomical structure of
the patient;
generate a parametric model corresponding to the anatomical structure
based on the data point cloud; and
generate a visualization of the anatomical structure based on the

parametric model.
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20.  The computing device of claim 19, wherein the instructions are further
programmed to generate a centerline model corresponding to the anatomical structure

based on the data point cloud.
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Box No. Il Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. m Claims Nos.: 15
) because they relate to patts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:
As claim 15 refers to an unsearchable claim which does not comply with PCT Rule 6.4(a), claim 15 is unclear.

3. Claims Nos.: 8-10,14
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. |:| As all required addtional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment
of any additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4, |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest |:| The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.
|:| No protest accompanied the payment of additional search fees.
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