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SENSOR ASSEMBLY FOR USE WITH A POSITIONAL
TRACKING SYSTEM AND METHOD OF MANUFACTURE

CROSS REFERENCE TO RELATED APPLICATION

[0001] The present invention claims the benefit of U.S. Provisional Patent
Application Serial No. 62/231,369, filed July 6, 2015, the disclosure of which is

incorporated herein by reference in its entirety.
BACKGROUND OF THE INVENTION

[0002] Embodiments of the invention relate generally to medical imaging and, more
particularly, to a three-dimensional (3D) positional registration system incorporating
one or more sensor assemblies that are positionable at anatomical reference points on or
within the patient body and used to track the position of the respective anatomical

reference points during repeat examinations.

[0003] Ultrasound imaging systems transmit sound waves of very high frequency
(e.g., 1 MHz to 20 MHz) into the patient’s body and the echoes scattered from
structures in the patient's body are processed to create and display images and
information related to these structures. Ultrasound is an important imaging modality for
medical diagnostic purposes and as a guidance tool for diagnostic or screening purposes
and for therapeutic procedures, such as, for example soft tissue needle biopsy, tumor
ablation, and the like. A diagnostic ultrasound examination is performed to address a
specific medical concern and provide additional evaluation to reach the diagnosis. For
example, in breast ultrasound, a diagnostic examination can be performed to evaluate a
palpable lump or focal pain or evaluate a lesion detected with other modality like
mammography or MRI. 2D free hand ultrasound imaging, the most common technique
used today, represents a slice through the region of interest. During a breast ultrasound
procedure, for example, the radiologist, technician, or other medical professional (the
“operator”’) places an ultrasound transducer over a region of interest of the breast and is

then able to view a real-time ultrasound image that is output on a display.

[0004]  Ultrasound procedures are highly dependent on the device user’s experience
and training. The vast majority of ultrasound examinations are conducted free hand,
with the operator holding the ultrasound transducer in one hand and use the other hand
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to operate the ultrasound machine controls. The operator pauses movement of the
ultrasound probe upon viewing a possible lesion, tumor, or other specious finding in a
displayed image and will then manually mark the location of the suspicious finding in

the image, often by entering alpha numerical characters or graphical signs.

[0005] Position recording of suspicious findings is important, especially for small
targets and/or multiple targets identified in an image or series of acquired images. The
smaller the tumor is before treatment, the higher the probability of long term patient
survival or cure. However, small tumors are difficult to find in a patient’s body and
difficult to differentiate from other structures or artifacts in the same region. Many
times a suspicious small finding can coexist in the same region with multiple benign
findings (cysts, solid benign nodules, etc.) with similar appearance, which may create
confusion during a follow-up examination and may lead to missing the suspicious
lesion. As imaging diagnostic devices provide ever greater detail and sub-millimeter
resolution, accurate position registration and mapping of lesions is becoming

increasingly important in order to take advantage of the increased capabilities.

[0006] Because of the importance of properly locating targets in an acquired
ultrasound image, it is desirable to obtain the instant recording of target coordinates
seen in the ultrasound image in relation to the anatomical reference (for example, a
nipple) and the simultaneous recording of the ultrasound probe position. Although
ultrasound guidance systems and devices do exist, known systems do not offer a
practical and accurate solution to mapping targets in 2D or 3D images with real time
correction for movement of the patient’s body between images and motion of

deformable tissue between images.

[0007]  As a result, it would be desirable to have a positional tracking system that
incorporates one or more sensor assemblies that facilitate positional tracking of common
anatomical reference points on the patient during repeat examinations. It would further
be desirable for such a system to improve the accuracy in tracking the location of targets
or lesions within deformable structures and account for patient body movement between

image frames.
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BRIEF DESCRIPTION OF THE INVENTION

[0008] Embodiments of the invention are directed to a three-dimensional (3D)
positional registration system incorporating one or more sensor assemblies that are
positionable at anatomical reference points on or within the patient body and used to
track the position of the respective anatomical reference points during repeat

examinations.

[0009] In accordance with one aspect of the invention, a positional sensor assembly
includes a mounting base comprising at least one flexible tab, a mounting flange
forming a bottom surface of the mounting base, and a ledge positioned between a top
surface of the at least one flexible tab and the mounting flange. A sensor housing is
positioned on the ledge and rotatably engaged with the mounting base. The sensor
housing has a cavity sized to receive a positional sensor and the at least one flexible tab

engages an upward-facing surface of the sensor housing.

[0010] In accordance with another aspect of the invention, a method of
manufacturing a positional sensor assembly includes forming a mounting base having at
least one flexible tab, a mounting flange, and a ledge positioned between the mounting
flange and a top surface of the mounting base. The method also includes forming a
sensor housing having a first portion sized to seat on the ledge of the mounting base and
a second portion having a cavity formed therein to receive a positional sensor, the
sensor housing rotatably engageable with the mounting base. The at least one flexible
tab 1s sized to engage an upward-facing surface of the first portion of the sensor

housing.

[0011] In accordance with a further aspect of the invention, a 3D position tracking
system includes a positional tracking system and a first sensor assembly having a
mounting base comprising a bottom flange, at least one flexible tab, and a ledge
positioned therebetween. A sensor housing is positioned on the ledge and rotatably
engaged with the mounting base. A sensor is positioned within a cavity formed in the
sensor housing and a sensor wires extending outward from an opening formed in the

sensor housing, the sensor wire having a first end coupled to the magnetic sensor and a
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second end coupled to the positional tracking system. The positional tracking system is

configured to track a real-time position of the sensor.

[0012] Various other features and advantages will be made apparent from the

following detailed description and the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The drawings illustrate preferred embodiments presently contemplated for

carrying out the invention.
[0014] In the drawings:

[0015] FIG. 1 depicts an overview illustration of an imaging system that includes an
ultrasound device and a 3D mapping display system (TDMD), according to an

embodiment of the invention.

[0016] FIG. 2 is a schematic diagram illustrating the relative positioning of sensor

assemblies of the TDMD of FIG. 1 during an exemplary breast ultrasound examination.

[0017] FIG. 3 illustrates an exemplary body diagram and ultrasound image frame
displayed on the display of the imaging system of FIG. 1.

[0018] FIG. 4 is a side perspective view of a magnetic sensor assembly according to

an embodiment of the invention.

[0019] FIG. 5 is an exploded perspective view of the magnetic sensor assembly of
FIG. 4.

[0020] FIG. 6 is a bottom perspective view of the magnetic sensor assembly of FIG.
4,

[0021] FIG. 7 is a bottom view of the magnetic sensor assembly of FIG. 4.
[0022] FIG. 8A is a cross-sectional view of the magnetic sensor assembly of FIG. 4.
[0023] FIG. 8B is a detail view of a portion of FIG. 8A.

[0024] FIG. 9 is a top view of the mounting base of the magnetic sensor assembly of

FI1G. 4.
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[0025] FIG. 10 is a side view of the mounting base of the magnetic sensor assembly

of FIG. 4.

[0026] FIG. 11 is a top view of the disk portion of the sensor housing, according to

an embodiment of the invention.

[0027] FIG. 12 is a bottom view of the disk portion of the sensor housing, according

to an embodiment of the invention.

[0028] FIG. 13 is a side view of the protrusion portion of the sensor housing,

according to an embodiment of the invention.

[0029] FIG. 14 is a top view of the protrusion portion of the sensor housing,

according to an embodiment of the invention.

[0030] FIG. 15 is a bottom view of the protrusion portion of the sensor housing,

according to an embodiment of the invention.

[0031] FIG. 16 is a side perspective view of a magnetic sensor assembly, according

to another embodiment of the invention.

[0032] FIG. 17 is a side perspective view of a magnetic sensor assembly, according

to another embodiment of the invention.

[0033] FIG. 18 is an exploded perspective view of the magnetic sensor assembly of

FI1G. 17.

[0034] FIG. 19 is a schematic representation of the relative positioning of the
magnetic sensor assembly of FIG. 17 on a patient with the use of an optional alignment

member.
[0035] FIG. 20 is a front view of the magnetic sensor assembly of FIG. 17.
[0036] FIG. 21 is a cross-sectional view of FIG. 20.

[0037] FIG. 22 is a bottom view of the mounting base of the magnetic sensor

assembly of FIG. 17.

[0038] FIG. 23 is a rear perspective view of the sensor housing of the magnetic

sensor assembly of FIG. 17.
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[0039] FIG. 24 is a side perspective view of an optical sensor assembly according to

an embodiment of the invention.

DETAILED DESCRIPTION

[0040] The operating environment of the various embodiments of the invention are
described below with respect to a 2D ultrasound imaging system. However, it will be
appreciated by those skilled in the art that the invention the concepts disclosed herein
may be extended to 3D ultrasound imaging systems as well as images obtained with a
different imaging modality or combination of imaging modalities, such as, for example,
x-ray, CT or MRI. Images separately acquired using any of these modalities may be co-
registered in space with positional registration to the same anatomical sensor(s) or
marker(s) and displayed in a similar manner as described below for ultrasound images.
Further, embodiments of the invention may be used for ultrasound breast cancer
screening or diagnostic breast ultrasound exams. Additionally, the techniques disclosed
herein may be extended to image data acquired from other regions in the body such as,

for example, the eye, liver, abdomen, neck, and kidneys.

[0041] Turning to FIG. 1, a schematic illustration of an ultrasound system 10
incorporating a 3D mapping display system (TDMD) 12 is shown. Ultrasound system
10 includes an ultrasound machine 14 having a display 16, interface with keyboard 18
and pointer 20, chassis 22 containing operating hardware, which is referred to hereafter
as a processor 24, probe connecting cord 26, and a handheld image data acquisition
device or ultrasound probe or transducer 28. TDMD 12 is coupled to ultrasound system
10 by way of a video output cord 30. TDMD 12 may be deployed as an add-on to any
existing ultrasound machine 14, and can outfit DICOM compatible and non-DICOM

machines as well.

[0042] TDMD 12 includes a display 32, chassis 34 containing hardware, which is
referred to hereafter as a processor 36, having programmed thereon software for
positional tracking of anatomical references and image coregistration, a storage device
38, 3D magnetic tracking member 40 with the transmitter 42 connected to TDMD 12 by
3D magnetic tracking member cord 44. While both ultrasound machine 14 and TDMD
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12 are illustrated as having individual displays 16, 32, it is contemplated that the visual
outputs of ultrasound machine 14 and TDMD 12 may be combined in a single display in

an alternative embodiment.

[0043] According to various embodiments, TDMD chassis 34 is a computer
containing a processor 36 that is capable of running instructions compiled in C # and
C++ languages. Alternatively, embodiments of the invention can be implemented with
any suitable computer language, computer platform and operating system. Processor 36
is programmed with software that is used to process the data received by the processor
36 from the sensor assemblies 46, 48, 50 and data received from the ultrasound machine
14 and carry out the real time anatomical reference point tracking techniques described
below that enable a user to accurately review, evaluate, and compare examination
results by having anatomical reference(s) guides to isolate target sites. Processor 36
may also be programmed with image reconstruction software that permits TDMD 12 to
receive data directly from the ultrasound transducer 28 and reconstruct 2D or 3D
ultrasound images therefrom. The images are then provided to processor 36 of TDMD
12. In embodiments where ultrasound machine 14 generates analog images, an optional
analog to digital video output module 16 (shown in phantom) is provided within
processor 36 to digitize images received from ultrasound machine 14. One skilled in the
art will recognize that video output module 16 may be omitted in embodiments
incorporating an ultrasound machine 14 capable of providing digital images to TDMD
12. Processor 36 receives the digital ultrasound images, associates the associated
positional information from positional sensor assemblies 46, 48, 50 with the image
frames and/or a body diagram, and outputs the information to display 32 and/or to a
storage device 38 for review and processing at a later time. Display 32 is then enabled
to show images D captured by ultrasound device 14 and associated positional data as
collected from sensor assemblies 46, 48, and 50. As used herein an “image frame”,
“ultrasound frame”, or “ultrasound image frame” is synonymous with a 2D ultrasound

image.

[0044] A first anatomical reference sensor assembly or positional sensor assembly
46 is connected to TDMD 12 by a cord 52 and is used to monitor the position of a first
anatomical reference (AR) point on the patient’s body A, such as the nipple C.

7
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Optionally, a second anatomical reference sensor assembly or positional sensor
assembly 48 is attached to track the patient's body position in reference to the
examination table B and is connected to TDMD 12 by a cord 54. In the exemplary
embodiments described below, sensor assembly 48 is attached to a chest wall structure,
such as, for example, the sternum. However, sensor assembly 46 and sensor assembly
48 may be positioned at alternative locations on the skin surface of the patient or within
the patient during examination. As one non-limiting example, sensor assembly 46 may
be positioned surrounding a mole or other mark at or just below the skin surface,
allowing the sensor assembly 46 to be positioned at a reproducible location during
repeat imaging sessions. Likewise, sensor assembly 48 may be positioned over a
prominent spinous process of a cervical or thoracic vertebra, tip of acromio-clavicular
joint, or other prominent and easily locatable anatomical feature. Another sensor

assembly 50 is connected to ultrasound probe 28 and to TDMD 12 by a cord 56.

[0045] In the embodiments described herein, TDMD 12 integrates a 3D position
registration system that is based on magnetic tracking technology. In such
embodiments, TDMD 12, transmitter 42, and sensor assemblies 46, 48, and 50 operate
together as a magnetic tracking system 58 and sensor assemblies 46, 48, and 50 include
magnetic sensors such as, for example, magnetic sensors manufactured by Ascension
Technology, Burlington, VT, which are capable of being tracked in three dimensions.
However, any other suitable technology, such as optical or ultrasound, may be
employed. With respect to sensor assemblies 46, 48 in particular, magnetic sensors 60,
196 are illustrated in FIGS. 5 and 18, respectively. Magnetic sensors 66, 196, which
include three or more sensor coils (not shown), are used in combination with transmitter
42 to track the 3D position of the sensor assemblies 46, 48. Specifically, transmitter 42
generates controlled, varying magnetic fields, which induce voltages within the sensor
coils of magnetic sensors 66, 196. The induced voltages are used by TDMD 12 to track
the 3D position of the sensor assembly 46. Sensor assembly 50 operates in conjunction

with transmitter 42 in a similar manner.

[0046] In an alternative embodiment, one or more of sensor assemblies 46, 48, and
50 are of a wireless variety, thus sensor cords, 52, 54, and/or 56 may be omitted. Also a

combination of wired and wireless position sensors can be used to provide the position
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tracking module with positional information from tracked landmarks or anatomical
reference (AR) points on the patient’s body A and the ultrasound probe 28. In yet other
embodiments, any of sensor assemblies 46, 48, and 50 may be replaced by markers
capable of being tracked using an optional overhead infrared or optical AR tracking
system 60 (shown in phantom), which incorporates one or more infrared or optical
cameras. In such an embodiment, sensor cords 52, 54 would be omitted. When used,
AR tracking system 60 may comprise at least one infrared camera, such as, for example,
those commercially available (Natural Point Inc., Corvallis, OR), with the dedicated
hardware and software receiving reflected infrared light from the reflectors or emitted
infrared light from small infrared light sources applied over the anatomical references.
The infrared cameras can be replaced with optical cameras and the infrared reflectors or
emitters with optical markers or light emitters. Additionally, other tracking modalities
like ultrasound, optical, inertial etc. can be used for the ultrasound probe and
optical/pattern recognition, magnetic, etc. for the anatomical reference point real time
tracking. It should also be noted that tracking modalities can be used in combination
with one another, for non-limiting example, ultrasound tracking with optical tracking. It
is also notable that the described TDMD system and method can optionally be used with

the anatomical reference tracking feature disabled.

[0047] Referring again to FIG. 1, transmitter 42 and sensor assemblies 46, 48, 50
operate together to dynamically track the position of the ultrasound probe 28 and one or
more AR points on or within the patient's body A. Transmitter 42 generates a magnetic
field wherein sensor assemblies 46, 48, 50 operate and generate 3D positional outputs.
All or any of sensor assemblies 46, 48, 50 provide positional information to the 3D
position module within processor 36. The positional data received by TDMD 12 from
sensor assemblies 46, 48, 50 is processed by processor 36 and used to co-register the
ultrasound real time images acquired by ultrasound machine 14 with a body diagram or
other secondary sets of acquired ultrasound images, to provide real time position and
orientation information about the ultrasound probe 28, image frames, and the examined
region of the patient’s body A. Additional sensor assemblies or markers (not shown)
may be included within TDMD 12 to track additional AR points on or within the

patient’s body A. For example, an additional sensor assembly constructed in a similar
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manner as sensor assembly 48 may be positioned at the skin surface on the back over a
prominent spinous process of a cervical or thoracic vertebra. Positional data acquired
using this additional sensor assembly may be used in connection with positional data
acquired from sensor assembly 48 to recalculate the reference plane of the body, such as
the sagittal plane, during the examination. According to various embodiments, TDMD
12 may be configured to continuously track one or several anatomical reference markers
or sensors, which can increase the overall accuracy of the system. If multiple
anatomical reference markers or sensors are used, TDMD 12 may track some or all of

the markers or sensor assemblies continuously or intermittently.

[0048] To ensure reproducible and accurate mapping of the ultrasound images,
sensor assemblies 46, 48, 50 are attached at well-defined and reproducible sites, outside
or inside the body A and on the ultrasound probe 28, respectively, during repeated
ultrasound examinations. FIG. 3 is a schematic representation of a portion of the patient
A, to illustrate exemplary positions of sensor assemblies 46, 48, and 50 during a breast
ultrasound examination. As shown, sensor assembly 50 is coupled to ultrasound probe
28 and sensor assembly 46 is centered on the nipple C. In alternative embodiments,
sensor assembly 46 may be positioned to the side of nipple C or positioned at alternative
locations on the patient body A. Sensor assembly 46 continuously tracks the anatomical
reference position, the nipple C in this case, to compensate for motion registration errors
during the ultrasound examination. Likewise, sensor assembly 48 is positioned to track
an alternative anatomical reference point on the patient’s body A such as, for example,

the sternum.

[0049] FIG. 4 illustrates TDMD display 32 having displayed thereon image D from
the ultrasound machine 14 and the body part diagram I corresponding to FIG. 3, with
the position and orientation of ultrasound probe 28 at the time of image capture D
represented with icon E. The location of two different targets F and G are depicted in
body part diagram I. The corresponding position of these targets are illustrated as F’
and G’ in image capture D. Additionally, each target F and G is displayed with the
associated position (clock face position with hourly representation or degrees to
longitudinal axis and anatomical reference as center) and distance (cm) from the

selected anatomical reference. Positional coordinates are displayed under body part

10
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diagram I in FIG. 4. While TDMD 12 may display any number of coordinates, the non-
limiting example in FIG. 4 illustrates the position of targets F and G in reference to the
nipple C in hourly format (here, 9:30 for F and 9:00 for G), position from nipple C in
degrees (here, 15° for F and 0° for G), and distance from nipple C in centimeters (cm)
(here, 10.5cm for F and 7.41cm for G). When anatomical reference sensor assemblies
46 and 48 are used to dynamically track the position of the nipple C and patient's body
A, the clock face position can be calculated in reference to the real time patient's body
orientation planes, which would increase the accuracy and reproducibility of measured

targets positional coordinates.

[0050] While represented as such in FIG. 4, the body diagram I is not limited to the
two-dimensional (2D) “bird's eye view” type like the “clock" representation for the
breast, but more complex and realistic 3D representations of the body or body regions,
including images obtained with other modalities like MRI, mammograms, gamma
cameras or positron emission tomography and using contour rendering algorithms, can
be used. The calculated and recorded positional data can be displayed in these
representations. Additionally, the position and orientation of ultrasound probe 28, can
be depicted in a realistic appearance in space so it can be easily reproduced at

subsequent examinations.

[0051] The position of a small tumor or other target in the breast, or other body part,
depends on the patient's body position due to the gravity effect and the position and
orientation of the ultrasound probe 28, which can displace the tissue under the probe 28
when pressure is applied by the operator on the ultrasound probe 28. To obtain accurate
reproducible positional coordinates of a target or lesion from one examination to a
subsequent examination, TDMD 12 measures the position and orientation of the
ultrasound probe 28, monitors the patient’s body position and orientation via sensor
assembly 48 and displays it as icon BO (FIG. 4), and monitors for movement of
deformable tissue via sensor assembly 46 in real time during an examination. In the
case of a breast ultrasound exam, to obtain reproducible mapping results, sensor
assembly 46 is attached to the nipple C and used to monitor the position of the same
point at the nipple C, for example, the nipple center at the skin surface level, during

repeated ultrasound exams. Because sensor assembly 46 is positioned on deformable

11
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tissue, sensor assembly 46 is designed such that it minimizes deformation of the skin
surface and underlying tissue during examination while still providing the ability to
account for any such deformation that occurs during the examination as a result of
movement of the sensor assembly 46 itself or compression from the ultrasound probe

28.

[0052] Referring now to FIG. 5, a perspective view of magnetic sensor assembly 46
is illustrated according to one embodiment of the invention. Sensor assembly 46
includes a mounting base 62 and a sensor housing 64, the structural construction of
which are described in detail with respect to FIGS. 5-15. To allow for a complete
evaluation of the periareolar and retroareolar regions, mounting base 62 can be
constructed from an ultrasound transparent material like TPX ® Polymethylpentene, or
alternatively a non ultrasound transparent material, for example a thermoplastic such as
Nylon 6/6 can be used. Sensor housing 64 is constructed of a thermoplastic polymer
resin such as, for example, Delrin® acetal. Sensor housing 64 may be constructed of an
ultrasound transparent material or a non-ultrasound transparent material in alternative
embodiments. A magnetic sensor 66 is positioned within the sensor housing 64. In one
embodiment, mounting base 62 is covered or embedded in an ultrasound transmitting
soft pad (not shown) to aid in acoustic coupling and improved image quality of the

retroareolar region.

[0053] In one embodiment an adhesive disk 68 is coupled to the bottom surface 70
of mounting base 62. Adhesive disk 68 has adhesive properties on both sides thereof to
secure sensor assembly 46 mounting base 62 and to the skin surface of a patient.
Optionally, adhesive disk 68 is provided with one or more removable release liners (not
shown) to facilitate application to the skin surface of the patient. Adhesive disk 68 has
an opening 72 formed in a center thereof, which permits adhesive disk 68 to be
positioned surrounding the nipple C of the patient. Adhesive disk 68 can be made from
an ultrasound transparent material, such as, for example, Tegaderm™, which prevents
interference with ultrasound image acquisition, or can be made of any other double
sided adhesive tape. In alternative embodiments, magnetic sensor assembly 46 may be
secured to the skin surface using a medical grade adhesive, an alternative adhesive

material, or an adhesive tape that covers the mounting base 62 and adjacent skin.

12
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[0054] Referring now to FIGS. 5-15 together as appropriate, the structural
configuration of sensor assembly 46 will be described. Sensor housing 64 includes a
top portion 74 comprising a protrusion 76 and a bottom portion 78 comprising a disk 80.
In the illustrated embodiment, protrusion 76 and disk 80 are manufactured as separate
components and coupled together with a fastener 82, which extends through an opening
84 formed through the disk 80 and is received within an opening 86 formed through the
bottom surface 88 of the protrusion 76. Protrusion 76 seats within a recess 90 formed in
a top surface 92 of disk 80. Alternatively, protrusion 76 and disk 80 may be
permanently coupled to one another such as by an adhesive or a friction weld. In yet
another alternative embodiment, protrusion 76 and disk 80 are manufactured as a single

component.

[0055]  Protrusion 76 includes a main body 94 having a cavity 96 formed therein that
is sized to receive magnetic sensor 66. In the illustrated embodiment, magnetic sensor
66 is inserted into cavity 96 through a slot 98 formed in a top surface 100 of the main
body 94. As shown, the width 102 of slot 98 is less than the width 104 of magnetic
sensor 60, creating a snap fit connection that retains magnetic sensor 66 within sensor
housing 64. An optional alignment marker 106 (shown in phantom) is formed on the
top surface 100 of main body 94 perpendicular to the slot 98, which may be used to
align magnetic sensor 66 within sensor housing 64 and facilitate the calibration of
magnetic sensor 66 relative to sensor assembly 46. In an alternative embodiment,
magnetic sensor 66 is embedded within main body 94 during the fabrication of sensor

housing 64. In such an embodiment, slot 98 and alignment marker 106 may be omitted.

[0056] In yet another embodiment sensor housing 64 and magnetic sensor 66 may be
replaced by a wired or wireless LED or infrared marker that is received within mounting
base 62 and is configured to track the location of an anatomical reference point such as
nipple C. Such an embodiment may include a sensor or marker housing 67 such as that
shown in FIG. 24, which includes one or more LEDs 69 or optical devices powered
through a wired connection 71 that extends through protrusion 66. In the illustrated
embodiment, LEDs 69 are arranged in a cross pattern array that facilitates positional
registration by optical tracking system 60 (FIG. 1). Similar to the magnetic sensor

embodiment shown in FIG. 4, housing 67 includes a base portion or disk 80 configured
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to rotate within mounting base 62. In alternative embodiments, LEDs 69 may be
replaced with one or more infrared markers. A rechargeable power source may be
provided to power LEDs 69 or infrared marker(s) in lieu of wired connection 71. In

wireless embodiments, the downward sloping end of protrusion 66 would be omitted.

[0057]  Sensor housing 64 is formed having a passage 108 that extends between
cavity 96 and an opening 110 formed through an end portion 112 of the sensor housing
64. Multi-strand wire 114, which is coupled to the magnetic sensor 66, extends through
the passage 108 and out through the opening 110. During the assembly process, the end
of multi-strand wire 114 opposite magnetic sensor 66 is inserted into cavity 96 and
threaded through opening 110. Magnetic sensor 66 is then aligned with cavity 96 and
snap fit therein. As shown in FIGS. 13-15, once assembled a first portion 116 of multi-
strand wire 114 is positioned within the passage 108 and a second portion 118 of multi-
strand wire 114 extends outside of sensor housing 64 to couple with TDMD 12 (FIG. 1).
The second portion 118 of the multi-strand wire 114 is encased in a tube 120. In one
embodiment, tube 120 is a biocompatible polymer material such as, for example,

Tygon®. Together tube 120 and multi-strand wire 114 form cord 54.

[0058] A first end 122 of the tube 120 fits over the end 112 of protrusion 76. As
shown, end 112 includes a recessed channel 124 positioned adjacent an end portion 112
having a frustoconical geometry which function to retain tube 120 on sensor housing 64.
The end 112 of protrusion 76 is oriented at a downward facing angle relative to main
body 94. The downward facing orientation of end 112 minimizes deformation of the
surface skin of the areola surrounding nipple C resulting from the combined weight of

multi-strand wire 114 and tubing 120.

[0059] For practical purposes, it would be difficult to locate the magnetic sensor 66
within sensor housing 64 such that it would be positioned exactly at the center of the
nipple C every time a patient is scanned. To address this limitation, magnetic sensor 66
is calibrated relative to mounting base 62 to track the center point of nipple C in the 3D
reference frame. Such calibration can be performed using any known method to
perform a point or stylus 3D calibration in a reference system, such as, for example, the
calibration techniques described in U.S. Patent 9,119,585, which is incorporated by

reference herein in its entirety.
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[0060] The outer perimeter 130 of the disk portion 80 of sensor housing 64 is sized
to be received within a track 132 formed on an interior surface 134 of mounting base 62.
Sensor housing 64 and mounting base 62 assemble together via a snap fit connection
between at least one flexible tab 136 and disk 80. Thus, magnetic sensor assembly 48 is
assembled by pressing sensor housing 64 downward into mounting base 62. Flexible
tabs 136 extend upward from a collar 138 that is coupled to mounting flange 140, which
forms the bottom surface 70 of mounting base 62. In the illustrated embodiment,
mounting base 62 includes four flexible tabs 136 equally spaced around collar 138.
However, it is contemplated that more or less tabs may be provided and the orientation
thereof reconfigured based on design considerations. As shown in FIGS. 8A and 8B in
particular, flexible tabs 136 are configured to engage a top surface 92 of disk 80.
Sensor housing 64 is removed from mounting base 62 by pulling sensor housing 64

upwards and away from mounting base 62.

[0061]  Support members 142 extend upward from collar 138 and are positioned
between adjacent flexible tabs 136 as shown. A ledge 144 is coupled to the support
members 142 at a location between a top surface 146 and a bottom surface 70. Ledge
144 provides a mounting platform for the disk 80 of sensor housing 64. When
assembled, disk 80 is seated on the ledge 144 and sensor housing 64 rotates within track
132 in a plane parallel with disk 80. As shown in FIG. 9, an opening 148 is formed
through the center of ledge 144, which facilitates alignment of the mounting base 62
relative the nipple C of the patient.

[0062] In one embodiment, mounting base 62 includes a transparent film printed
with a cross-hair pattern 150 (shown in phantom) to further aid in centering mounting
base 62 on the nipple C. Alternatively, a pattern of alignment marks (not shown) may
be provided on ledge 144 or elsewhere on mounting base 62. Inclusion of a cross-hair
or other alignment pattern may be of particular benefit in embodiments where sensor
assembly 46 is centered over skin surface features, such as moles, during repeat
examinations. Mounting base 62 may also include an optional alignment marker 152
(shown in phantom) provided on the top surface 154 of mounting flange 140, to indicate

a direction in which mounting base 62 is to be positioned on patient — for example, to
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direct the clinician to position mounting base 62 such that alignment marker 152 is

pointing toward the head of the patient.

[0063] The ability of sensor housing 64 to rotate relative to mounting base 62 allows
unobstructed scanning of the breast tissue by permitting free movement of the multi-
strand wire 114 and associated tube 120 during examination. In one embodiment, the
angular rotation of sensor housing 64 relative to mounting base 62 is limited by
engagement between a pair of studs 156, 158 that extend outward from the bottom
surface 160 of disk 80 and a pair of projections or stops 162, 164 that extend outward
from ledge 144. In an alternative embodiment mounting base 62 may be provided with
a single stud. Studs 156, 158 are positioned relative to stops 162, 164 such that stud 156
impinges upon stop 144 and stud 158 impinges upon stop 164 when sensor housing 64
rotates in the clockwise direction. Likewise, studs 156, 158 impinge upon respective
stops 164, 162 when sensor housing 64 rotates in the counterclockwise position. In the
illustrated embodiment, studs 156, 158 and stops 164, 162 are positioned to limit
rotation of sensor housing 64 relative to mounting base 62 to a total rotation of
approximately 120 degrees. However, it is contemplated that the range of rotation may
be varied in alternative embodiments. Providing this restricted range of rotation
beneficially aids in preventing tubing 128 and multi-strand wire 114 from tangling and

maintaining the accuracy in the calibration of magnetic sensor 66.

[0064] In an alternative embodiment sensor housing 64 and mounting base 62 may
be reconfigured having a ball and socket engagement, permitting sensor housing 64 to
rotate in three dimensions relative to mounting base 62 and allow multi-strand wire 114
to freely move in any direction during examination and minimize deformation of the
skin surface resulting from the weight of the wire 114. In such an embodiment, disk 80
is replaced by a spherical or partially spherical structure that is received within a mating

receptacle formed within mounting base 62.

[0065] FIG. 16 illustrates a magnetic sensor assembly 166 for use in tracking an
anatomical reference on the patient, such as the nipple C or reproducible skin surface
feature, according to another embodiment of the invention. Magnetic sensor assembly
166 includes a sensor housing 64, similar to that of FIG. 4. It is contemplated that a

magnetic sensor, multi-strand wire, and tubing would be incorporated with sensor
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housing 64 in a similar manner as described with respect to FIG. 4, but have been
omitted from the illustration for purposes of clarity. Magnetic sensor assembly 166 also
includes a mounting base 168 that receives sensor housing 64. Mounting base 168
includes a collar portion 170 that is offset from a mounting flange 172 by engagement
between a post 174 positioned on mounting flange 172 and a receiving arm 175 coupled
to collar portion 170. Together, an opening 176 provided in the center of mounting
flange 172 and the spacing between mounting flange 172 and collar portion 170 permit
mounting base 168 to be positioned atop and surrounding the nipple C of a patient
during examination. An adhesive disk (not shown), similar to adhesive disk 68 of FIG.

4, may be used to couple mounting flange 172 to the skin surface of a patient.

[0066] Flexible tabs 136 releasably engage disk 80 of sensor housing 64, which seats
on a ledge 178 formed within mounting base 168 and rotates within a track 180 formed
on an inner surface 182 of the collar portion 170 of mounting base 168. In one
embodiment, sensor housing 64 may be rotated within a full 360 range of rotation
within mounting base 168. Alternatively, ledge 178 may include one or more stops
similar to stops 162, 164 (FIG. 6) that engage one or more studs (not shown) positioned
on the bottom surface of disk 80, to limit rotation of sensor housing 64 relative to

mounting base 168.

[0067] During an ultrasound examination, the patient's body position and orientation
to the examination table B or other fixed reference used to position the patient, a chair
or a wall for example, can change, which can have an effect on the position of the body
internal structures when referenced to other body landmarks in a spatial frame and
therefore have an effect on the measurement and description of a lesion's position.
During the real time ultrasound exam image acquisition and capture, each internal
ultrasound target position relative to the body references depends, among other factors,
on the patient’s position relative to the direction of the gravity force or the earth's
magnetic field. Therefore the positional relation between the patient's body position and
the fixed reference can be associated with the ultrasound images or other images of the
body to aid repositioning the patient at subsequent imaging and match the gravity force
effect between temporally distinct image sets. The gravity force effect is larger on

deformable structures, like the breast. For example, during a breast ultrasound exam,
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the position of a small target in the breast relative to the nipple or other anatomical
reference can change between the supine and half decubitus patient positions on the
examination table. Unlike the approaches of the prior art, at the follow up exams or
during the same patient exam, the patient whole body position can be adjusted to match
the body position relative to the examination table or other known fixed reference object
recorded with the previously obtained ultrasound images and match the position of
internal targets referenced to body landmarks in previous images, therefore help finding

a target with the previously recorded coordinates relative to selected body landmarks.

[0068] To monitor the patient's body axes and planes in reference to an exam table,
positional data acquired from one or more sensor assemblies can be used to calculate the
patient's body position related to the examination table B. However, to assure the body
position to the examination table B reproducibility at subsequent exams, the magnetic
sensor tracking the body position would need to be reattached to the body in the same
position referenced to the body, as it was at the first examination. This is a challenging
task since small angular differences in the position of magnetic sensor on the body can
generate significant changes in patient's planes and axes orientation and generate
registration errors. For example, sensor assembly 46 attached to the nipple C could not
be used to monitor changes in the patient's body position due to the breast's deformable
nature and sensor position changes due to the ultrasound probe induced deformation,

unrelated to the body position.

[0069] To address the above, additional magnetic sensor assembly 48, such as that
shown in FIGS. 17 and 18 can be used in combination with magnetic sensor assembly
50 to track the real time position and orientation of the patient body during the
examination. Magnetic sensor assembly 48 includes a sensor housing 184 and a
mounting base 186, which is designed to be easily repositioned in same position and
orientation at the patient's body during repeat examinations. In one embodiment,
mounting base 186 has a substantially flat bottom surface 188 that may be attached
directly to the skin surface of the patient using an adhesive pad 190, which may include
removable release liners on its top and/or bottom surfaces. Mounting base 186 is
coupled to the adhesive surface 193 of pad 190 after a first portion of the top release

liner is removed, while a second portion 191 of the top release liner remains to facilitate
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handling. The bottom release liner (not shown) is removed prior to affixing adhesive
pad 190 to the skin surface of the patient. Optionally, an opening 192 (shown in
phantom in FIG. 22) is formed through the thickness of mounting base 186 to permit
magnetic sensor assembly 48 to be oriented with respect to a particular marker or

feature on the skin surface of the patient.

[0070] In an alternative embodiment, mounting base 186 is configured for
attachment to an alignment member 194, shown in FIG. 19, which is designed as a long
profile with a curved end which can be placed and aligned with the sternum long axis,
with the curved end at the sternal notch or the xiphoid process of sternum. The position
of alignment member 194 relative to the body can be stabilized with two extensions 120
attached to the clavicles. The extensions 126 ends may be taped at the clavicle and
opposite ends firmly attached at alignment member 194 or attached to a pin which
allows the extensions to rotate to fit the overlaying with the clavicle bone in a range of

anatomical variants.

[0071] Referring now to FIGS. 17 and 18 in combination with FIGS. 20-23 as
appropriate, additional features of magnetic sensor assembly 48 will be described.
Similar to magnetic sensor assembly 46, a magnetic sensor 196 is positioned within a
cavity 198 formed within sensor housing 184. A multi-strand wire 200 is coupled to
magnetic sensor 196 and extends out through an opening 202 in the end 204 of the
protrusion portion 206 of sensor housing 184 to provide positional data to TDMD 12
(FIG. 1). Biocompatible tubing 208 surrounds multi-strand wire 200 and is received on
the end of sensor housing 184, which has a frustoconical geometry that aids in retaining

tubing 208 thereon.

[0072] A central portion 210 of sensor housing 184 has a cylindrical geometry and is
sized to seat within a U-shaped mounting platform 212 that extends upward from the
mounting base 186. A flexible tab 214 also extends upward from the mounting base
186 and releasably engages a base portion 216 of sensor housing 184. As shown in
FIGS. 18 and 23 in particular, the rear surface 218 of base portion 216 includes a pair of
slots 220, which slide over corresponding projections 222 of flexible tab 214 to aid in
alignment of sensor housing 184 relative to mounting base 186. Once sensor housing

184 is fully inserted within mounting base 186, projections 222 engage the top surface
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of base portion 216 and prevent sensor housing 184 from rotating within mounting base
186. After an examination is complete, sensor housing 184 may be separated by
mounting base 186 by pulling flexible tab 214 away from base portion 216 of sensor
housing 184.

[0073] Mounting base 186 and/or alignment member 194, when used, is calibrated to
the attached magnetic sensor 196 using a known calibration technique, such as, for
example, one of the calibration techniques described in U.S. Patent 9,119,585. As one
example, calibration may be completed such that the long axis or the flat bottom plane
of mounting base 186 is calibrated to magnetic sensor 196. The calibrated mounting
base 186 can be used to define lines or planes which can be aligned with the body
planes and axes, to facilitate repositioning mounting base 186 on the body during later
examinations. Once attached to the sternum skin, the calibrated mounting base 186 and

magnetic sensor 196 are used to track the patient's body long axes and planes.

[0074] In an alternative embodiment, the output from the sensor assembly 48 can be
used to measure and set the body reference position and orientation with the patient’s
body positioned in the supine or other known reproducible body position on
examination table B. After setting the patient's body reference planes in the spatial
frame, the output from sensor assembly 48 can measure changes in the body position
and orientation during the imaging session and the patient’s whole body position
relative to the examination table B or other fixed reference object can be recorded for

each 2D ultrasound frame.

[0075]  Alternatively, the patient's planes and axes can be measured using multiple
anatomical references with the patient's body holding in one position and orientation on
the examination table B. For example, longitudinal and transverse axes of the patient
can be initially determined by recording the position of a chest wall structure such as the
sternal notch via sensor assembly 48 and calculating the longitudinal and transverse
axes of the patient in reference to the examination table or other fixed object,
respectively. Sensor assembly 48 is aligned with the patient's body planes and axes and
follows position and orientation changes of the body planes and axes during imaging.
The output of sensor assembly 48 is registered with the positions of above-measured

axes, planes or volume positions and the changes in the output of sensor assembly 48 is
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used to calculate positional changes in the patient's body axes or planes, which can be
displayed in reference to another reference object, such as examination table B.
Alternatively, the positional changes from the sensor assemblies 46, 48 attached to the
patient A are applied to the patient body coordinates to display the whole body position
change relative to the examination table B or other fixed reference. The positional
change output from the sensor assemblies 46, 48 is applied to calculate the patient’s
planes position and orientation, and recorded with corresponding ultrasound images.
The patient’s real time body position during imaging (BO, FIG. 4) can be represented as
the orthogonal imaginary axes and planes used to represent the whole patient body
position, coronal plane, sagittal plane, axial plane or any other conventional

representation.

[0076]  Additionally, the rotation around the initial position of axes and planes can be
graphically represented and recorded. The recorded body position from one or more
previous images can be displayed in real time during a subsequent examination and used
to reposition the body in the same position the previous images were obtained, to help
produce the images in the same orientation and directions as those of previous images
and help the relocation of previously detected targets and other associated findings with
known positional coordinates relative to the anatomical references. Alternatively, if
differences exist between the body position recorded with the previous images of same
body region, the positional difference can be applied at the previous set of images to
adjust the previous set of images positional data and display to guide the operator to
match the real time images, with the previous set of images. This technique can be
applied with a set of previously-acquired images and current images during scanning or
to multiple sets of previously-acquired images to realign image sets recorded at different

times.

[0077]  These and additional methods for registering and recording the patient’s body
position are described in detail in U.S. Serial No. 13/719,200, the disclosure of which is
incorporated herein by reference. With any method used for the patient's body position
tracking, the recording of the patient’s whole body position and orientation can be
automated using TDMD 12 by tracking and recording the position coordinates of one or

more anatomical reference sensors attached to the patient's body and compared with a
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reference body position coordinates. The real time or recorded images D can be
displayed with the corresponding body position relative to the examination table B or
other object in a body orientation diagram BO, together with the body diagram used to
represent the relative position of the ultrasound probe 28, scanning plane, body diagram

and any recorded targets, as shown in FIG. 4.

[0078] Beneficially, use of the positional sensor assemblies described herein
eliminates the need for multiple fiducial markers and allows the registration of body
volumes displayed within different image sets when using different anatomical

landmarks to define the body planes and axes position and orientation in space.

[0079]  One skilled in the art will appreciate that embodiments of the invention may
be interfaced to and controlled by a computer readable storage medium having stored
thereon a computer program. The computer readable storage medium includes a
plurality of components such as one or more of electronic components, hardware
components, and/or computer software components. These components may include
one or more computer readable storage media that generally stores instructions such as
software, firmware and/or assembly language for performing one or more portions of
one or more implementations or embodiments of a sequence. These computer readable
storage media are generally non-transitory and/or tangible. Examples of such a
computer readable storage medium include a recordable data storage medium of a
computer and/or storage device. The computer readable storage media may employ, for
example, one or more of a magnetic, electrical, optical, biological, and/or atomic data
storage medium. Further, such media may take the form of, for example, floppy disks,
magnetic tapes, CD-ROMs, DVD-ROMs, hard disk drives, and/or electronic memory.

Other forms of non-transitory and/or tangible computer readable storage media not list

may be employed with embodiments of the invention.

[0080] A number of such components can be combined or divided in an
implementation of a system. Further, such components may include a set and/or series
of computer instructions written in or implemented with any of a number of
programming languages, as will be appreciated by those skilled in the art. In addition,
other forms of computer readable media such as a carrier wave may be employed to

embody a computer data signal representing a sequence of instructions that when
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executed by one or more computers causes the one or more computers to perform one or

more portions of one or more implementations or embodiments of a sequence.

[0081] Therefore, according to one embodiment of the invention, a positional sensor
assembly includes a mounting base comprising at least one flexible tab, a mounting
flange forming a bottom surface of the mounting base, and a ledge positioned between a
top surface of the at least one flexible tab and the mounting flange. A sensor housing is
positioned on the ledge and rotatably engaged with the mounting base. The sensor
housing has a cavity sized to receive a positional sensor and the at least one flexible tab

engages an upward-facing surface of the sensor housing.

[0082] According to another embodiment of the invention, a method of
manufacturing a positional sensor assembly includes forming a mounting base having at
least one flexible tab, a mounting flange, and a ledge positioned between the mounting
flange and a top surface of the mounting base. The method also includes forming a
sensor housing having a first portion sized to seat on the ledge of the mounting base and
a second portion having a cavity formed therein to receive a positional sensor, the
sensor housing rotatably engageable with the mounting base. The at least one flexible
tab 1s sized to engage an upward-facing surface of the first portion of the sensor

housing.

[0083] According to yet another embodiment of the invention, a 3D position tracking
system includes a positional tracking system and a first sensor assembly having a
mounting base comprising a bottom flange, at least one flexible tab, and a ledge
positioned therebetween. A sensor housing is positioned on the ledge and rotatably
engaged with the mounting base. A sensor is positioned within a cavity formed in the
sensor housing and a sensor wires extending outward from an opening formed in the
sensor housing, the sensor wire having a first end coupled to the magnetic sensor and a
second end coupled to the positional tracking system. The positional tracking system is

configured to track a real-time position of the sensor.

[0084]  This written description uses examples to disclose the invention, including
the best mode, and also to enable any person skilled in the art to practice the invention,

including making and using any devices or systems and performing any incorporated
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methods. The patentable scope of the invention is defined by the claims, and may
include other examples that occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they have structural elements that do not
differ from the literal language of the claims, or if they include equivalent structural

elements with insubstantial differences from the literal language of the claims.
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CLAIMS
What is claimed is:

1. A positional sensor assembly comprising:
a mounting base comprising:
at least one flexible tab;
a mounting flange forming a bottom surface of the mounting
base; and
a ledge positioned between a top surface of the at least one
flexible tab and the mounting flange; and
a sensor housing positioned on the ledge and rotatably engaged with the
mounting base, the sensor housing having a cavity sized to receive a positional sensor;
wherein the at least one flexible tab engages an upward-facing surface of

the sensor housing.

2. The positional sensor assembly of claim 1 wherein the sensor housing
comprises a protrusion having the cavity formed therein and a circular base; and
wherein the circular base is received within a track formed on an inner

surface of the mounting base.

3. The positional sensor assembly of claim 2 wherein the protrusion has a

downward sloping end having a frustoconical geometry.

4. The positional sensor assembly of claim 1 further comprising an optical

marker positioned within the cavity.

5. The positional sensor assembly of claim 1 further comprising a stud
extending outward from a bottom surface of the sensor housing;

wherein the stud is positioned within an opening formed in the ledge and

impinges upon a first stop extending from the ledge upon rotation of the sensor housing

in a clockwise direction and impinges upon a second stop extending from the ledge

upon rotation of the sensor housing in a counterclockwise direction.
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6. The positional sensor assembly of claim 1 further comprising an

alignment marker formed on a top surface of the mounting flange.

7. The positional sensor assembly of claim 1 further comprising a magnetic

sensor positioned within the cavity.

8. The positional sensor assembly of claim 7 further comprising a multi-
strand sensor wire coupled to the magnetic sensor, the multi-strand sensor wire having a
first portion extending through a passage formed between the cavity and an opening
formed in an end of the sensor housing and a second portion extending outward from

the opening.

9. The positional sensor assembly of claim 8 further comprising a tube
coupled to the sensor housing; and
wherein the second portion of the multi-strand sensor wire is positioned

within the tube.

10. A method of manufacturing a positional sensor assembly comprising:

forming a mounting base having at least one flexible tab, a mounting
flange, and a ledge positioned between the mounting flange and a top surface of the
mounting base; and

forming a sensor housing having a first portion sized to seat on the ledge
of the mounting base and a second portion having a cavity formed therein to receive a
positional sensor, the sensor housing rotatably engageable with the mounting base;

wherein the at least one flexible tab is sized to engage an upward-facing

surface of the first portion of the sensor housing.
11. The method of claim 10 further comprising positioning a positional

sensor inside the cavity, the positional sensor comprising one of a magnetic sensor and

an optical marker.
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12. The method of claim 11 further comprising feeding a multi-strand wire
coupled to the sensor through a passage formed between the cavity and out an opening

formed in an end of the sensor housing.

13. The method of claim 12 further comprising:
positioning a tube to surround a portion of the multi-strand wire; and

coupling an end of the tube to the end of the sensor housing.

14. The method of claim 10 further comprising forming the sensor housing

having a downward sloping end.

15.  The method of claim 10 further comprising forming a stud extending
outward from a bottom surface of the second portion of the sensor housing, the stud
positioned to engage a pair of projections extending outward from the ledge and limit a

range of rotation of the sensor housing relative to the mounting base.

16. A three-dimensional position tracking system comprising:
a positional tracking system; and
a first sensor assembly comprising:
a mounting base comprising a bottom flange, at least one flexible
tab, and a ledge positioned therebetween;
a sensor housing positioned on the ledge and rotatably engaged
with the mounting base;
a sensor positioned within a cavity formed in the sensor housing;
and
a sensor wire extending outward from an opening formed in the
sensor housing, the sensor wire having a first end coupled to the magnetic sensor and a
second end coupled to the positional tracking system;
wherein the positional tracking system is configured to track a real-time

position of the sensor.
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17.  The tracking system of claim 16 wherein a bottom portion of mounting
base of the first sensor assembly has a chamber formed therein sized to surround a

nipple of a patient.

18.  The tracking system of claim 16 wherein an end portion of the sensor

housing is angled downward toward the mounting base.

19.  The tracking system of claim 16 further comprising a second sensor

assembly comprising:

a mounting base comprising a flexible tab;

a sensor housing releasably engaged by the mounting base via the
flexible tab;

a sensor positioned within a cavity formed in the sensor housing; and

a sensor wire extending outward from an opening formed in the sensor
housing, the sensor wire having a first end coupled to the sensor and a second end

coupled to the positional tracking system.
20.  The tracking system of claim 19 wherein the mounting base of the

second sensor assembly comprises a substantially planar bottom surface configured to

mount on a sternum of a patient.
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