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LOW-FREQUENCY ELECTROMAGNETIC TRACKING

CROSS-REFERENCE(S) TO RELATED APPLICATION(S)

This application claims the benefit of U.S. Provisional Patent
Application No. 62/281,155, filed January 20, 2016, and U.S. Provisional Patent
Application No. 62/344,319, filed June 1, 2016, both of which are hereby

incorporated by reference in their entirety.

BACKGROUND

Technical Field

The present disclosure generally relates to tracking an
electromagnetic device within a body. More particularly, but not exclusively, the
present disclosure relates to tracking, in real time, an electromagnetic device
stimulated with a low-frequency when the electromagnetic device is within a
body.

Description of the Related Art

In many medical procedures, a medical practitioner accesses an
internal cavity of a patient using a medical instrument. In some cases, the
medical practitioner accesses the internal cavity for diagnostic purposes. In
other cases, the practitioner accesses the cavity to provide treatment. In still
other cases different therapy is provided.

Due to the sensitivity of internal tissues of a patient’s body,
incorrectly positioning the medical instrument within the body can cause great
harm. Accordingly, it is beneficial to be able to precisely track the position of
the medical instrument within the patient’s body. However, accurately tracking
the position of the medical instrument within the body can be quite difficult. The
difficulties are amplified when the medical instrument is placed deep within the

body of a large patient.
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It is known that the medical instrument may be tracked as it
travels or remains stationary within the patient'sbody. For example, U.S.
Patent No. 5,425,382 to Golden et al. is entitled, APPARATUS AND METHOD
FOR LOCATING A MEDICAL TUBE IN THE BODY OF A PATIENT. The
patent describes an apparatus and method for locating a medical tube within
the body of a patient. The medical tube is located by a detection apparatus,
which senses the static magnetic field strength gradient generated by a magnet
associated with the medical tube. The detection apparatus indicates the value
of the field strength gradient to the medical practitioner. To use the device, the
detection apparatus is moved about the body of the patient until the greatest
gradient magnitude is indicated. The detection apparatus distinguishes thefield
strength of the magnet associated with the medical tube from the earth’s field
strength by sensing the magnet’s field strength at two different distances from
the magnet. U.S. Patent No. 5,425,382 to Golden et al. is incorporated herein
by reference to the fullest extent allowed by law. Other examples are also
provided. U.S. Patent No. 5,622,169 to Golden et al. is entitled, APPARATUS
AND METHOD FOR LOCATING A MEDICAL TUBE IN THE BODY OF A
PATIENT. The patent describes a method of detecting the location of a magnet
associated with a medical tube within the body of a patient. A first static
magnetic field strength is sensed at a first distance from the magnet, and a
second static magnetic field strength is sensed at a second distance from the
magnet. The second distance is greater than the first distance. A first sensor
signal is provided as a vector, which is a function of the first static magnetic field
strength, and a second sensor signal is provided as a vector, which is a function
of the second static magnetic field strength. The difference between the first
static magnetic field strength and the second static magnetic field strength is
provided as a differential signal vector value. The location of the medical tube
can be determined by varying the first and second distances until the greatest
value for the differential signal is indicated. U.S. Patent No. 5,622,169 to
Golden et al. is incorporated herein by reference to the fullest extent allowed by

law.
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U.S. Patent No. 5,775,322 to Silverstein et al. is entitled,
TRACHEAL TUBE AND METHODS RELATED THERETO. The patent
describes a tracheal tube for insertion into the trachea of a patient. The
tracheal tube includes a tube portion having a distal end, and a signal source
such as a permanent magnet associated with the tube portion at a predefined
distance from its distal end. The tracheal tube is inserted into the trachea of the
patient such that the signal source is immediately posterior to the patient’s
cricothyroid ligament. Methods relatedto confirming proper placement of the
tracheal tube by detecting the signal source immediately posterior to the
patient’s cricothyroid ligament are also disclosed. U.S. Patent No. 5,775,322 to
Silverstein et al. is incorporated herein by reference to the fullest extent allowed
by law.

U.S. Patent No. 5,879,297 to Haynor et al. is entitled, SYSTEM
AND METHOD TO DETERMINE THE LOCATION AND ORIENTATION OF AN
INDWELLING MEDICAL DEVICE. The patent describes a device to detect the
location of a magnet coupled to an indwelling medical device within a patient.
The device uses three or more sets of magnetic sensors each having sensor
elements arranged in a known fashion. Each sensor element senses the
magnetic field strength generated by the magnet, and each sensor element
provides data indicative of the direction of the magnet in a three-dimensional
space. The device uses fundamental equations for electricity and magnetism
that relate measured magnetic field strength and magnetic field gradient to the
location and strength of a magnetic dipole. The device uses an iterative
process to determine the actual location and orientation of the magnet. An
initial estimate of the location and orientation of the magnet results in the
generation of predicted magnetic field values. The predicted magnetic field
values are compared with the actual measured values provided by the magnetic
sensors. Based onthe difference between the predicted values and the
measured values, the device estimates a new location of the magnet and
calculates new predicted magnetic field strength values. This iteration process

continues until the predicted values match the measured values within a



10

15

20

25

30

WO 2017/127722 PCT/US2017/014395

desired degree of tolerance. At that point, the estimated location matches the
actual location within a predetermined degree oftolerance. A two-dimensional
display provides an indication of the location of the magnet with respect to the
housing of the detector. A depth indicator portion of the display can be used to
provide a relative or absolute indication of the depth of the magnet within the
patient. U.S. Patent No. 5,879,297 to Haynor et al. is incorporated herein by
reference to the fullest extent allowed by law.

U.S. Patent No. 5,902,238 to Golden et al. is entitled, MEDICAL
TUBE AND APPARATUS FOR LOCATING THE SAME IN THE BODY OF A
PATIENT. The patent describes a medical tube, an apparatus, and a method
for locating the medical tube within the body of a patient. The medical tube has
a permanent magnet associated therewith, which is capable of being located by
a detection apparatus that senses the static magnetic field strength gradient
generated by the permanent magnet. The detection apparatus indicates the
value of the gradient to the user. In one embodiment, the magnet is associated
with the distal end of the medical tube in a fixed orientation with a magnetic
dipole pointing to the proximal end and parallel to a longitudinal axis of the
medical tube. In this way, the polarity of the magnet’s static magnetic field, as
sensed by the detection apparatus, indicates the orientation of the distal end of
the medical tube within the body of a patient. U.S. Patent No. 5,902,238 to
Golden et al. is incorporated herein by reference to the fullest extent allowed by
law.

U.S. Patent No. 6,129,668 to Haynor et al. is entitled, SYSTEM
AND METHOD TO DETERMINE THE LOCATION AND ORIENTATION OF AN
INDWELLING MEDICAL DEVICE. The patent describes a system to detect the
position of a magnet associated with an indwelling medical device from a
measurement location on the surface of a patient. The system includes a
housing and first, second, and third magnetic sensors supported by the
housing. Each of the magnetic sensors includes sensor elements to detect
magnetic field strength in three orthogonal directions. The first, second, and

third magnetic sensors generate first, second, and third sets of signals,



10

15

20

25

30

WO 2017/127722 PCT/US2017/014395

respectively, as a function of static magnetic field strength and direction due to
the magnet. A processor calculates an estimated position of the magnet in a
three-dimensional space and calculates a predicted magnetic field strength for
the first, second and third sensors based on the estimated position. The
processor also calculates an actual magnetic field strength using the first,
second, and third sets of signals and generates an error function based on a
difference between the predicted magnetic field strength andthe actual
magnetic field strength. A display provides a visual display of data related to
the position of the magnet in the three-dimensional space using the error
function. U.S. Patent No. 6,129,668 to Haynor et al. is incorporated herein by
reference to the fullest extent allowed by law.

U.S. Patent No. 6,173,715 to Sinanan et al. is entitled,
MAGNETIC ANATOMICAL MARKER AND METHOD OF USE. The patent
describes an anatomical marker that uses a permanent magnet to indicate a
selected location within a patient. The magnet is enclosed within a non-
degradable envelope and coupled to a retention member that is preferably
manufactured from a biodegradable material, such as a polyglucuronic acid
based material. The retention member may include one or more barbs to retain
the anatomical marker in the selected location. An insertion tool, usable with an
endoscope, can insertthe anatomical marker. A retention magnet is fixedly
attached to the insertion tool and holds the anatomical marker in place due to
the attractive magnetic forces between the retention magnet and the marker
magnet in the non-biodegradable envelope. When the anatomical marker is
securely fastened at the selected location in the patient, the forces exerted by
the patient’s body on the retention member exceed the attractive magnetic
forces between the retention magnet and the magnet in the envelope, thus
causing the anatomical marker to be released from the insertion tool. The
location of the magnet may be subsequently detected using a magnetic detector
system. U.S. Patent No. 6,173,715 to Sinanan et al. is incorporated herein by

reference to the fullest extent allowed by law.
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U.S. Patent No. 6,216,028 to Haynor et al. is entitled, METHOD
TO DETERMINE THE LOCATION AND ORIENTATION OF AN INDWELLING
MEDICAL DEVICE. The patent describes a method to detect a position of a
magnet associated with an indwelling medical device from a measurement
location on the surface of a patient and in the presence of a magnetic field of
the earth. In the method, first, second, and third magnetic sensors, having a
known spatial relationship with respect to each other, are positioned at the
measurement location. At the first sensor positioned at a first distance from the
magnet, a first set of electrical signals are generated as a function of a first
magnetic field strength and direction due to the magnet; at the second sensor
positioned at a second distance from the magnet, a second set of electrical
signals are generated as a function of a second magnetic field strength and
direction due to the magnet; and at the third sensor positioned at a third
distance from the magnet, a third set of electrical signals are generated as a
function of a third magnetic field strength and direction due to the magnet. An
estimated position of the magnet in a three-dimensional space is calculated,
and a predicted magnetic field strength for the first, second and third sensors
based on the estimated position is also calculated. The effects of the earth’s
magnetic field are canceled by subtracting a first selected one of the first,
second, and third sets of electrical signals from a second selected one of the
first, second, and third sets of electrical signals different from the first selected
one of the first, second, and third sets of electrical signals to thereby generate a
measured magnetic field strength using the first, second, and third sets of
electrical signals. An error function is generated based on a difference between
the predicted magnetic field strength and the measured magnetic field strength,
and the three-dimensional position of the indwelling device is indicated by
providing a visual display of the three-dimensional position of the associated
magnet using the error function. U.S. Patent No. 6,216,028 to Haynor et al. is
incorporated herein by reference to the fullest extent allowed by law.

U.S. Patent No. 6,263,230 to Haynor et al. is entitled, SYSTEM
AND METHOD TO DETERMINE THE LOCATION AND ORIENTATION OF AN
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INDWELLING MEDICAL DEVICE. The patent describes a system to detect a
position of a plurality of magnets within a patient from a measurement location
outside the patient. The system includes a housing and a plurality of magnetic
sensors supported by the housing. Each of the plurality of sensors is oriented
in a known direction and generates a set of signals as a function of static
magneticfield strength and direction due to the plurality of magnets within the
patient. A processor calculates an estimated position of each of the plurality of
magnets in a three-dimensional space and calculates values of a predicted
magnetic field strength for at least a portion of the plurality of sensors based on
the estimated positions of each of the plurality of magnets. The processor also
calculates values of an actual magnetic field strength using the set of signals
and determines values of the location of each of the plurality of magnets based
on the difference between the values of the predicted magnetic field strength
and the values of the actual magnetic field strength. A display provides a visual
display of the position of each of the plurality of magnets in the three-
dimensional space. U.S. Patent No. 6,263,230 to Haynor et al. is incorporated
herein by reference to the fullest extent allowed by law.

U.S. Patent No. 6,292,680 to Somogyi et al. is entitled, NON-
INVASIVE SENSING OF A PHYSICAL PARAMETER. The patent describes a
method and device for non-invasively sensing a physical parameter within the
body of a patient by employing a magnetically-based sensing device and a
monitoring device. The magnetically-based sensing device has a first magnet
and a second magnet, which generate a combined magnet field. The first and
second magnets are positioned such that a change in a physical parameter
causes a change in the combined magnet field, and the change is monitored by
the monitoring device. U.S. Patent No. 6,292,680 to Somogyi et al. is
incorporated herein by reference to the fullest extent allowed by law.

All of the subject matter discussed in the Background section is
not necessarily prior art and should not be assumed to be prior art merely as a
result of its discussion in the Background section. Along these lines, any

recognition of problems in the prior art discussed in the Background section or
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associated with such subject matter should not be treated as prior art unless
expressly stated to be prior art. Instead, the discussion of any subject matter in
the Background section should be treated as part of the inventor’'s approach to

the particular problem, which in and of itself may also be inventive.

BRIEF SUMMARY

Systems, devices, and methods to track one or more low-
frequency electromagnetic trackable structures are described. Embodiments of
such methods include advancing a medical instrument into the body of a
patient, wherein the medical instrument has at least one low-frequency
electromagnetic apparatus affixed thereto. Each low-frequency
electromagnetic apparatus includes at least one ferromagnetic core and at least
one conductor, each of which may be dedicated or shared. The at least one
conductor has a first portion arranged as a plurality of coils wound around a
ferromagnetic core and a second portion arranged as a set of conductive leads.
Embodiments of the method further include applying a low-frequency excitation
signal to the set of conductive leads and detecting in real time, from outside the
patient’s body, at least one magnetic field produced by the low-frequency
electromagnetic apparatus. In some embodiments, visual information is
presented to track the motion or stationary position of the medical instrument
inside the body of the patient based on the detected magnetic field.

One embodiment is a system including a medical instrument
configured to be inserted in a body of a patient, a control circuit, and a sensor.
The medical instrument includes a first core and a first inductor coil wound
around the first core. The control circuit is configured to pass a current through
the first inductor coil by applying an excitation signal to the first inductor coil.
The excitation signal has a frequency below 10,000 Hz, and the first inductor
coil and the core are configured to generate a magnetic field based in part on
the current. The sensor is configured to sense the magnetic field and the
sensor is configured to output to the control circuit a sensor signal based on the

magnetic field. The control circuit is further configured to calculate position
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information associated with the medical instrument within the body of the
patient based on the sensor signal. In some cases, the frequency is less than
500 Hz. In some cases, the frequency is about 330 Hz. In some cases,
medical instrument includes a tube, and in some of these cases, the tube is a
catheter. In some cases, the medical instrument includes a medical implant
configured to be permanently implanted within the patient. In some cases, the
position information includes information representing a three-dimensional
position of the medical instrument, an orientation of the medical instrument, and
motion of the medical instrument, and in some of these cases, the control circuit
is further configured to generate a video signal and the control circuit is further
configured to output the video signal to a display, wherein the video signal
includes a representation of the position information. In some cases, the first
inductor coll includes a wire coated in a first insulator material. In some cases,
the first core has a thickness less than 0.020 inches.

One embodiment is a low-frequency electromagnetic trackable
structure that includes a medical instrument having a core formed on a distal
end of the medical instrument, wherein at least the distal end of the medical
instrument is arranged for insertion into the body of a patient, and an inductor
coil wound around the core, wherein the inductor coil is arranged to receive an
excitation signal having a frequency below 10,000 Hz, the low-frequency
electromagnetic trackable structure arranged to generate a trackable magnetic
field when the excitation signal is received. In some cases, the frequency of the
excitation signal is about 330 Hz. In some cases, the medical instrument is a
peripherally inserted central catheter (PICC). In some cases, the low-frequency
electromagnetic trackable structure further includes a surface coating arranged
on at least part of the low-frequency electromagnetic trackable structure, the
surface coating including a bio-compatible material. In some cases, the
medical instrument is arranged as a needle having a first portion of a first
material and a second portion of a second material, the first material and the

second material having different elemental compositions, wherein the core is
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integrated in the first portion of the needle. In some of these cases, the first
material is a ferromagnetic material.

One embodiment is a method to track a low-frequency
electromagnetic trackable structure. The method includes advancing a medical
device into the body of a patient, and the medical device has a low-frequency
electromagnetic apparatus affixed thereto. The low-frequency electromagnetic
apparatus includes at least one ferromagnetic core and at least one conductor
having a first portion and a second portion, the first portion arranged as a
plurality of coils wound around the at least one ferromagnetic core and the
second portion arranged as a set of first and second conductive leads. The
method also includes applying a low-frequency excitation signal to the set of
first and second conductive leads, detecting in real time, from outside the
patient’s body, at least one magnetic field produced by the low-frequency
electromagnetic apparatus, and presenting visual information that tracks motion
of the medical device inside the body of the patient based on the detection of
the at least one magnetic field. In some cases, the low-frequency excitation
signal is below 500 Hz. In some cases, the at least one ferromagnetic core has
a cross-section diameter of between about 0.005 inches and 0.250 inches. In
some cases, the at least one ferromagnetic core has a cross-section diameter
of between about 0.00025 inches and 0.05 inches.

One embodiment is a system for detecting the position of a
medical instrument within the body of a patient. The medical instrument
includes an electromagnet that facilitates tracking the position of the medical
instrument within the body of the patient. The electromagnet includes a core
and an inductor coil wrapped around the core. The system further includes a
control circuit configured to pass a current through the inductor coil by applying
a low-frequency excitation signal to the inductor coil. The inductor coil is
configured to generate a magnetic field based on the current. The system
further includes a sensor configured to sense the magnetic field and to output to
the control circuit a sensor signal based on the magnetic field, the control circuit

being configured to determine one or more of a position, an orientation, and a
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motion of the medical instrument within the body of the patient based on the
sensor signal.

One embodiment is a method for tracking a medical instrument
within a body of a patient. The method includes generating a magnetic field by
passing a current through an inductor coil wound around a core. Passing a
current through the inductor coil includes applying a low-frequency excitation
signal to the inductor coil. The low-frequency excitation signal has a frequency
less than 10,000 Hz, preferably less than 500 Hz. The inductor coil and the
core are disposed on a medical instrument positioned in a body of a patient.
The method also includes generating a magnetic field in the first core based on
the first current and sensing the magnetic field with a sensor. The method
further includes generating a sensor signal based on the magnetic field and a
determination of one or more of a position, an orientation, and a motion of the
medical instrument within the body of the patient based on the sensor signal.

This Brief Summary has been provided to introduce certain
concepts in a simplified form that are further described in detail below in the
Detailed Description. Except where otherwise expressly stated, the summary is
not intended to identify key or essential features of the claimed subject matter,

nor is it intended to limit the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

Non-limiting and non-exhaustive embodiments are described with
reference to the following drawings, wherein like labels refer to like parts
throughout the various views unless otherwise specified. The sizes and relative
positions of elements in the drawings are not necessarily drawn to scale. The
shapes of various elements and angles are not necessarily drawn to scale
either, and some of these elements are enlarged and positioned to improve
drawing legibility. One or more embodiments are described hereinafter with
reference to the accompanying drawings in which:

FIG. 1 is a block diagram of a system for detecting the position of

a medical instrument within a body of a patient, according to one embodiment;

11
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FIG. 2A is a cross-sectional diagram of an electromagnet
including magnetic field lines, according to one embodiment;

FIG. 2B illustrates an electromagnet, according to a first solid core
embodiment;

FIG. 2C illustrates an electromagnet, according to a second solid
core embodiment;

FIG. 2D illustrates an electromagnet, according to a third solid
core embodiment;

FIG. 2E illustrates an electromagnet, according to a multicore
embodiment;

FIG. 2F illustrates an electromagnet, according to a sundered
core embodiment;

FIG. 2G is a cross-sectional diagram of an electromagnet
illustrating the skin effect of magnetization of the core of the electromagnet,
according to one embodiment.

FIGS. 2H to 2M illustrate electromagnet embodiments having
various characteristics;

FIG. 2N is a graph of a square wave excitation signal that can be
applied to an electromagnet, according to one embodiment;

FIG. 20 is a graph of a sine wave excitation signal that can be
applied to an electromagnet, according to one embodiment;

FIG. 2P is a graph of another excitation signal that can be applied
to an electromagnet, according to one embodiment;

FIGS. 2Q and 2R are graphs of excitation signals having a
plurality of different frequencies that can be applied to an electromagnet,
according to other embodiments;

FIGS. 2S and 2T are graphs of an excitation signal and a
correspondingly produced electromagnetic waveform;

FIGS. 2U and 2V are graphs of magnetic flux density during one
period of an excitation signal driving an electromagnet, according to particular

embodiments;

12
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FIG. 3A illustrates a low-frequency electromagnetic tracking
system embodiment;

FIG. 3B is illustrates a medical environment including a system for
detecting the position of a medical instrument within the body of a patient,
according to one embodiment;

FIG. 4 illustrates a sensor housing including sensors and a control
circuit, according to one embodiment;

FIG. 5 illustrates a medical instrument including an intravenous
needle, according to one embodiment;

FIG. 6 illustrates a portion of a medical instrument including
multiple electromagnets, according to one embodiment;

FIG. 7 illustrates a medical instrument including a medical
implant, according to one embodiment;

FIG. 8 illustrates a medical procedure including ultrasound
imaging and the insertion of a medical instrument into the body of a patient,
according to one embodiment;

FIG. 9A illustrates a flexible medical instrument configured to be
introduced into the body of a patient, according to one embodiment;

FIG. 9B is a cross-sectional diagram of the flexible medical
instrument of FIG. 9A, according to one embodiment;

FIG. 10 illustrates a medical instrument including an
electromagnet covered by a biocompatible insulating material, according to one
embodiment;

FIG. 11 illustrates a medical instrument configured to be
positioned within the body of the patient and including an energy harvesting and
storage module, according to one embodiment;

FIGS. 12A to 12G are a series of cross-sectional diagrams of an
electromagnet illustrating a process for forming an inductor coil on a medical

instrument, according to one embodiment;
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FIG. 13 is a flow diagram of a process for determining one or
more of the position, orientation, and motion of a medical instrument within a

body of a patient, according to one embodiment.

DETAILED DESCRIPTION

In the following description, certain specific details are set forth in
order to provide a thorough understanding of various disclosed embodiments.
However, one skilled in the relevant art will recognize that embodiments may be
practiced without one or more of these specific details, or with other methods,
components, materials, etc. In other instances, well-known structures
associated with computing systems including client and server computing
systems, as well as networks have not been shown or described in detail to
avoid unnecessarily obscuring descriptions of the embodiments.

A medical instrument having a new trackable structure is
contemplated. The trackable structure includes a low-frequency
electromagnetic apparatus that is trackable with a magnetic field sensing
device. The magnetic field sensing device includes particular algorithms to
identify and track the position of the low-frequency electromagnetic apparatus
in three dimensions and the orientation of low-frequency electromagnetic
apparatus relative to a reference point. A display associated with the magnetic
field sensing device presents output information to a medical practitioner
representing the position and orientation of at least one of the trackable
structure and the low-frequency electromagnetic apparatus.

FIG. 1 is a block diagram of a system 100 for detecting the
position of a medical instrument 102 within the body of a patient, according to
one embodiment. The system 100 includes one or more medical instruments
102, a sensor 104, an input/output device 106, and a control circuit 108. The
control circuit 108 is coupled to the medical instrument 102, the sensor 104,
and the input/output device 106. The medical instrument 102 includes at least
one electromagnet structure 200. The at least one electromagnet structure 200

includes at least one inductor coil 202 wound about a core 204.

14



10

15

20

25

30

WO 2017/127722 PCT/US2017/014395

In some cases, one or more components of the system 100 are
integrated. In other cases, two or more components of the system 100 are
separate and distinct. For example, in at least one embodiment, the sensor
104, input/output device 106, and control circuit 108 are arranged in a single
package (e.g., a single housing). In other embodiments, individual circuits of
the components are separate and distinct while also cooperatively coupled. For
example, in at least one embodiment, the control circuit 108 includes one or
more circuits integrated with the input/output device 106 and one or more
circuits integrated with the sensor 104.

In some cases, the at least one electromagnet structure 200
includes a plurality of electromagnets. In some of these cases, each one of the
plurality of electromagnets may have a separate and distinct core 204. In some
of these cases, two or more electromagnets share a common core 204. In
some of these cases, each electromagnet includes an inductor coil 202 formed
from one or more separate and distinct conductors. In some of these cases,
each electromagnet includes an inductor coil 202 formed from one or more
shared conductors.

In one embodiment, the medical instrument 102 is a medical
device configured to be introduced, either partially or wholly, into the body of a
patient in conjunction with a medical procedure. Representative but not
exhaustive examples of medical instruments include complete, or portions of,
cardiovascular devices and implants such as implantable cardioverter
defibrillators, pacemakers, pacemaker leads, stents, stent grafts, bypass grafts,
catheters and heart valves; orthopedicimplants such as hip and knee
prosthesis; spinal implants and hardware (spinal cages, screws, plates, pins,
rods and artificial discs); a wide variety of medical tubes, cosmetic and / or
aesthetic implants (e.g., breast implants, fillers); a wide variety of polymers,
bone cements, bone fillers, scaffolds, and naturally occurring materials (e.g.,
heart valves, and grafts from other naturally occurring sources); intrauterine
devices; orthopedic hardware (e.g., casts, braces, tensor bandages, external

fixation devices, tensors, slings and supports) and internal hardware (e.g., K-
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wires, pins, screws, plates, and intramedullary devices (e.g., rods and nails));
cochlear implants; dental implants; medical polymers, a wide variety of
neurological devices; fiducial markers; intravascular stylets (e.g., ECG stylets);
stylets pre-loaded into respective catheters; central venous catheters;
peripherally inserted central venous catheters; guidewires; thermal energy
delivery devices; cryonic therapy delivery devices; photonic therapy delivery
devices; cautery delivering catheters; balloon catheters; and other such
devices. The medical instrument 102 can also include many other kinds of
medical devices that can be introduced into the body of a patient as part of a
medical procedure. The patient may be a human patient or a non-human
patient.

In some cases, the input/output device 106 is an input device
only. In some cases, the input/output device 106 is an output device only. For
example, the input/output device may include in total or in part any one or more
of a display, a keyboard, a mouse, a tactile apparatus (e.g., touchscreen,
vibrator), a programmatic communication port (e.g., serial port such as a
universal serial bus (USB) port, wireless transceiver such as a cellular-based
radio, an IEEE 802.11 radio), an audio apparatus (e.g., microphone, speaker,
piezo circuit device), or any other such input/output device. The input/output
device 106 may be contained in a single circuit or a plurality of distributed
circuits, which may all be local, remote, or a combination of local and remote to
each other. For example, in some cases, the input/output device 106 includes
a local display and a remote display communicatively coupled to the system
100 via a network such as the Internet.

In some cases, the electromagnet structure 200 is integrated with
the medical instrument 102. For example, when the medical instrument 102
includes or is a stylet, the electromagnet structure 200 may be formed as part of
the stylet. In other cases, the electromagnet structure 200 is fixedly or
removably coupledto the medical instrument 102. The range of cooperative
combinations of medical instruments 102 and electromagnet structures 200 is

not limited merely to the combinations described herein, which are limited for
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brevity. Rather, the range of cooperative combinations of medical instruments
102 and electromagnet structures 200 is broadly inclusive of those
contemplated by one of ordinary skill in the art.

In many medical procedures, it is advantageous to track the
position of the medical instrument 102 within the body of the patient with
acceptable accuracy. For example, if the medical instrument 102 is delivering
fluid to a particular part of the patient’s body, then it can be advantageous to
accurately track the position of medical instrument 102 to ensure that the
medical instrument 102 is in the correct position for fluid delivery. In some
particularly sensitive medical procedures, knowing the exact position of the
medical instrument 102 with an acceptable level of accuracy can help ensure
the well-being of the patient during a medical procedure.

The electromagnet structure 200 enables tracking of the position
of the medical instrument 102. When a current is passed through an inductor
coil 202, a magnetic field is generated. Depending at least in part on the
material of the core 204, the core 204 can supplement or strengthen the
generated magnetic field. The generated magnetic field can enable tracking of
the medical instrument 102.

The sensor 104 includes one or more magnetic sensors arranged
to detect one or more magnetic fields generated by an inductor coil 202 and
core 204 of an electromagnet structure 200. The sensor 104 can detect certain
parameters of the generated magnetic field such as field strength and polarity
(i.e., direction). The sensor 104 generates one or more sensor signals
indicative of the parameters of a generated magnetic field. The position of the
medical instrument 102, and in some cases the position of two or more medical
instruments 102, along with orientation, motion, and other location-based
information can be determined based on the parameters of a magnetic field
generated by the electromagnet structure 200. Operations of the sensor 104
are in some cases coordinated by the control circuit 108 such that parameters
to direct certain sensor functions are applied in cooperation with parameters to

direct excitation of the electromagnet structure 200.
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In one embodiment, the control circuit 108 both drives electric
current through an inductor coil 202 and calculates location-based information
(e.g., position, orientation, motion, timing, and the like) of a particular medical
instrument 102. The control circuit 108 receives one or more sensor signals
from the sensor 104 and analyzes the one or more sensor signals. The control
circuit 108 generates the location-based information, such as the position of the
medical instrument 102, based on the one or more sensor signals.

In one embodiment, control circuit 108 executes particular
algorithms to identify and track the position of medical instruments 102 in three
dimensions and the orientation of medical instruments 102 relative to a
reference point. The identification and tracking of one or more medical
instruments 102 by a control circuit 108 is based, at least in part, on the position
of the electromagnet structure 200. In these and other cases, tracking the
position of a medical instrument 102 includes integrating current and historical
position data in order to predict one or more future positions of the respective
medical instrument 102.

It can be difficult to accurately track the position of a medical
instrument 102 within the body of a patient as the medical instrument 102 is
positioned deeper within the body of the patient. In larger patients, for example,
the problem can be exacerbated because the medical instrument 102 may
need to travel deeper below the skin and deeply into the body of the patient in
order to reach particular areas inside the body in accordance with various
medical procedures. It can be difficult to generate a magnetic field with
sufficient strength and stability to allow reliable tracking of the medical
instrument 102. This problem can be compounded by the fact that in many
circumstances it is more desirable to have an inductor coil 202 and a core 204
that are relatively small in order to minimize disruption of body tissues as the
medical instrument 102 is introduced into the body of the patient. This problem
can also be compounded by naturally occurring magnetic fields (e.g., the
earth’s magnetic field) and man-made magnetically disruptive structures such

as bed frames and other ferrous medical devices. As the dimensions of the
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inductor coil 202 are reduced, it can be difficult to generate sufficiently strong
and acceptably stable magnetic fields to enable detection. Furthermore,
interference as described herein (e.g., from the earth’s magnetic field, from
other medical and non-medical equipment positioned in or near the patient’s
body), and even interference from the medical instrument 102 itself can make it
difficult to calculate the position of the medical instrument 102 within the body of
the patient with acceptable accuracy.

In one embodiment, in order to enable more accurate tracking of
the medical instrument 102 deep within the body of a patient, the control circuit
108 drives the inductor coil 202 with a low-frequency alternating current (AC)
excitation signal instead of a direct current (DC) signal or a high-frequency
excitation signal. The low-frequency excitation signal causes a current to be
passed through the inductor coil 202. As the direction and magnitude of the
excitation current change, the parameters of the magnetic field generated by
the inductor coil 202 also change.

The magnetic field generated by the electromagnet structure 200
has particular characteristics based in part on a waveform of the excitation
signal. These particular oscillating characteristics can enable the control circuit
108 to distinguish the generated magnetic field from noise, interference, and/or
magnetic fields produced by devices or circumstances different from the
electromagnet structure 200. In this way, the control circuit 108 can track the
position of the medical instrument 102 with acceptable accuracy even when the
medical instrument 102 is deep within the body of a patient.

In at least one embodiment, the control circuit 108 drives the
inductor coil 202 with an excitation signal having a frequency less than 10,000
Hz. In at least one of these embodiments, the control circuit 108 can drive the
inductor coil 202 with an excitation signal having a frequency less than 500 Hz.
In some embodiments, the control circuit 108 drives the inductor coil 202 with
an excitation signal having a frequency of about 330 Hz. The selection of a 330
Hz excitation signal, for example, helps to avoid AC line related components,

which might occur at a multiple of a line frequency. For example, 300 Hz,
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which is a multiple of both 50 Hz and 60 Hz, which are two common line
frequencies conventionally used in Europe and the U.S., respectively, may
provide strong magnetic returns, but the strong magnetic returns may also have
measurable harmonic components associated with the AC line frequency. For
at least these reasons, some embodiments select an excitation signal having a
frequency below 500 Hz, near 330 Hz, and in avoidance of integer multiples of
a common line frequency.

Control circuit 108 has been described as driving an inductor coil
202 with an excitation signal or applying an excitation signal to an inductor coil
202. The control circuit 108 can accomplish this by directly applying the
excitation signal to the inductor coil 202. Alternatively, the control circuit 108
can accomplish this indirectly by controlling a voltage source that applies a
voltage to the inductor coil 202 or by controlling a current source that supplies a
current to the inductor coil 202. Those of skill in the art will recognize, in light of
the present disclosure, that the control circuit 108 can generate, pass, or
otherwise apply an excitation signal to the inductor coil 202 in many other ways.
All such other ways are within the scope of the present disclosure.

In at least one embodiment, the input/output device 106 includes
a display that presents a visual representation of the position of one or more
medical instruments 102 within the body of the patient. The visual
representation of the position of a medical instrument 102 enables a medical
practitioner to know the position of the medical instrument 102 within the body
of the patient with acceptable accuracy. This in turn can enable the medical
practitioner to correctly perform medical procedures on the patient.

In some embodiments, the control circuit 108 generates a video
signal and outputs the video signal to the input/output device 106 (e.g., a
display). The video signal includes a representation of the position of one or
more medical instruments 102 within the body of the patient. The video signal
can also include position data that can be displayed or otherwise presented via
the input/output device 106. The position data can include text that indicates

numerical coordinates representing the position, orientation, and motion of the
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medical instrument 102. The video signal displayed or otherwise presented via
the input/output device 106 can present in real time both a visual representation
of the position of the medical instrument 102 within the body of the patient and
certain position data that indicates the position of the medical instrument 102
within the body of the patient.

The control circuit 108 may include multiple discrete control circuit
portions. Control circuit 108 can include one or more microcontrollers, one or
more microprocessors, one or more memory devices, one or more voltage
sources, one or more current sources, one or more analog-to-digital converters,
one or more digital-to-analog converters, and/or one or more wireless
transceivers. One or more of these components can collectively make up the
control circuit 108.

FIG. 2A is a cross-sectional view of an electromagnet structure
200 that is part of a medical instrument 102, according to one embodiment.

The medical instrument 102 in FIG. 2A is illustrated in dashed lines to represent
a medical instrument 102 that may conform to any number of embodiments as
discussed herein. For example, in some cases, the medical instrument 102 is,
or includes, a structure having a hollowed portion wherein some or all of the
electromagnetic structure 200 is placed, formed, embedded, or otherwise
integrated. In other cases, the medical instrument or some portion of the
medical instrument forms a core 204 on which the inductor coil 202 is arranged.
In still other cases, the electromagnet structure 200 fully or partially surrounds
the medical device 102.

In at least one embodiment, an electromagnet structure 200 is
formed in a tube. The tube may be a pure material, a composition, or an alloy.
The tube, or any other portion of the medical instrument 102, may comprise
metal, rubber, plastic, epoxy, urethane, or some other material. In cases where
the tube is pure metal or includes metal in any purity, a generated magnetic
field such as shown in FIG. 2A may nevertheless be detectable by a sensor 104
(FIG. 1).
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In the medical instrument 102 embodiment of FIG. 2A, the control
circuit 108 (FIG. 1) has applied a voltage across the inductor coil 202, thereby
causing a current to flow through the inductor coil 202. The illustration of FIG.
2A represents a point in time of the application of an excitation signal to the
inductor coil 202. When a current passes through the inductor coil 202, the
inductor coil 202 generates a magnetic field. The magnetic field has a polarity
(i.e., direction) based on the direction of flow of the current through the inductor
coil 202.

In FIG. 2A, current flows through the inductor coil 202 in a
direction into the page at the top of the inductor coil 202 and out of the page at
the bottom of the inductor coil 202. This direction of current flow generates a
magnetic field as illustrated by the arrowed magnetic field lines 150. Each of
the magnetic field lines 150 forms a loop that goes from the left side of the core
204 to the right side of the core 204 in accordance with the direction of the
arrows on the magnetic field lines 150.

The strength of the magnetic field illustrated in FIG. 2A at any
given location is representatively illustrated by the density of the magnetic field
lines 150. In particular, where magnetic field lines 150 are closer together, the
magnetic field is stronger. Where magnetic field lines 150 are further apart
from each other, the magnetic field is weaker. The direction of the magnetic
field is indicated by the direction of the arrows on the magnetic field lines 150 at
any given location. As the direction of the current changes, which happens with
an AC excitation signal, the magnetic field lines 150 will also change direction.
Hence, as the excitation signal traverses its particular waveform over time, a
magnetic field will correspondingly form, grow, and collapse.

The magnetic field generated by the electromagnet structure 200
enables generation of position information associated with the medical
instrument 102 (FIG. 1) within the body of the patient. It is beneficial to be able
to detect the position, orientation, and movement of the medical instrument 102
at any depth within the body of the patient. However, as the depth of the

medical instrument 102 within the body of the patient increases, the difficulty in
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detecting the magnetic field generated by the electromagnet structure 200 of
the medical instrument 102 also increases. This problem can be amplified with
larger patients where the medical instrument 102 may need to be positioned
very deep below the surface of the skin in order to perform a selected function.
That is, as the electromagnet structure 200 travels further from the sensor 104
(FIG. 1), it is more difficult to detect the generated magnetic field and reliably
determine position, orientation, and movement information associated with the
medical instrument 102.

One way to improve the detectability of a generated magnetic field
is to increase the strength of the magnetic field. However, the strength of the
magnetic field may depend on many factors. These factors often include trade-
offs such that improving one feature of the electromagnet structure 200 causes
a detriment to another feature of the electromagnet structure 200.

One factor that affects the strength of a magnetic field generated
by an electromagnet structure 200 is the magnitude of the current that flows
through the inductor coil 202. A larger current produces a larger magnetic field.

The materials and the dimensions of the materials that make up
the inductor coil 202 contribute to the magnitude of the current that the inductor
coil 202 can safely pass without damaging the inductor coil 202 or otherwise
reducing its effectiveness. In order to safely pass a large current through the
inductor coil 202, the wire or other material that forms inductor coil 202 may be
correspondingly thick. Yet it can also be problematic to increase the thickness
of the inductor coil 202 at least in part because the electromagnet structure 200
will be introduced into the body of the patient. A larger inductor coil 202 will
cause a correspondingly larger disruption of tissues or other biological matter
that make up the body of the patient as the medical instrument 102 that bears
the electromagnet structure 200 is introduced into the body of the patient.
Thus, it can be detrimental to increase the size of the inductor coil 202.

Another factor that affects the strength of a magnetic field
generated by the electromagnet structure 200 is the number and density of

windings in the inductor coil 202. The number of windings corresponds to the
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number of times that the wire or other material of the inductor coil 202 wraps
around the core 204 in an electromagnet structure 200. In order to increase the
number of windings and/or density of windings of the inductor coil 202, the wire
or other coil material can be wound around itself in multiple layers of windings.
However, adding additional layers of windings to an inductor coil 202 increases
the overall size of the electromagnet structure 200. For reasons described
herein, increasing the overall size of the inductor coil 202 may lead to other
drawbacks associated with introducing the electromagnet structure 200 into the
body of the patient with the medical instrument 102.

Some other factors that individually and/or collectively affect the
strength of a magnetic field generated by an electromagnet structure 200 are
the elemental material, dimensions, and configuration of the core 204. In
particular, if the core 204 includes a material that can become magnetized, then
the magnetic field generated by passing a current through the inductor coil 202
will be amplified by the effect of magnetizing the core 204.

Among magnetic materials, some can be more strongly
magnetized than others. Furthermore, a larger core 204 can at least in some
cases (e.g., based on parameters of an excitation signal) produce a larger
magnetic field. Alternatively, or in addition, a core 204 composed of two or
more elements may also produce a stronger magnet.

Thus, in at least one embodiment, the core 204 includes a
material that can become magnetized in the presence of the magnetic field
generated by passing a current through the inductor coil 202. The core 204 can
include a ferromagnetic material, a paramagnetic material, or another type of
material that is susceptible to becoming magnetized in the presence of the
magnetic field generated by passing a current through the inductor coil 202. In
some cases, the core 204 may also be formed from a diamagnetic material
such as copper, silver, or gold in order to control other properties of the
purposefully induced electromagnetic field.

A ferromagnetic material includes a plurality of individual magnetic

domains that, in the absence of an external magnetic field, each have a
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magnetic moment pointed in a random direction. The sum of these magnetic
moments in the various random directions typically results in the ferromagnetic
material having a net magnetization of zero in the absence of an external
magnetic field. When the ferromagnetic material is subjected to an external
magnetic field, the individual domains eventually align in the direction of the
external magnetic field. As the individual domains align, the core 204 produces
a magnetic field. The magnetization of the core 204 supplements the magnetic
field generated by passing a current through the inductor coil 202.

If a direct current (DC) voltage is applied across the inductor coil
202, the inductor coil 202 will eventually reach a steady state in which a
constant DC current flows through the inductor coil 202. The steady DC current
generates a steady magnetic field that eventually causes magnetization of the
entire core 204. However, as described herein and in other places, such a
steady magnetic field leads to complications that make detecting the position,
orientation, and motion of the medical instrument 102 within the body of the
patient more difficult. In particular, the earth’s magnetic field, electromagnetic
interference from other medical and non-medical equipment that may be
positioned in or near the patient’s body, from electronic circuitry, and from the
medical instrument 102 itself, can make it difficult to determine with acceptable
accuracy the position or other location-based information associated with the
medical instrument 102 within the body of the patient when a DC current is
passed through the inductor coil 202.

Accordingly, in at least one embodiment, the control circuit 108
applies a low-frequency excitation signal across the inductor coil 202. In one
example, the low frequency is less than 10,000 Hz. The excitation signal drives
an alternating current (AC) signal through the inductor coil 202. The changing
current in the inductor coil 202 results in a changing magnetic field. The
changing magnetic field may not allow the entirety of the core 204 to become
magnetized. In fact, as the current in the inductor coil 202 changes, only a
portion of the core 204 may become magnetized. The portion of the core 204

that becomes magnetized depends on several factors including the magnitude
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of the driving current, the frequency of the excitation signal, the waveform of the
excitation signal, the magnetic permeability of the core 204, and other factors.

In various ones of FIGS. 2B to 13 and the associated descriptions
herein, electromagnet structure embodiments are shown and discussed.
Particularly, FIG. 1 illustrates a representative electromagnet structure 200
comprising an inductor coil 202 and a core 204. Other embodiments sharing
characteristics with the electromagnet structure 200 embodiment of FIG. 1 are
shown and described elsewhere in present disclosure using distinguishing
reference identifiers. For example, FIG. 2B illustrates an electromagnet
structure 200B comprising an inductor coil 202B and a core 204B; FIG. 2C
illustrates an electromagnet structure 200C comprising an inductor coil 202C
and a core 204C; and so on. It is understood by those of skill in the art that in
order to simplify the present disclosure, any or all of the electromagnet structure
embodiments may be referred to herein as electromagnet structure 200
comprising an inductor coil 202 and a core 204, and the various electromagnet
structures, inductor coils, and cores along with their associated sub-
components, characteristics, and other properties may be used interchangeably
amongst various embodiments. In cases where one or more distinguishing
characteristics are clearly not at issue, the particular component or structure
may use the reference number of any of the embodiments illustrated and
described herein. In other cases, where such distinguishing characteristics are
at issue or the context otherwise demands, the distinguishing characteristics
will be identified and discussed.

For example, the electromagnet structure 200B of FIG. 2B is
visually distinguishable from the electromagnet structure 200C of FIG. 2C. In
cases where the coil winding density of a particular electromagnet structure
under discussion is at issue, the particular inductor coil 202B or inductor coil
202C will be called out. In other cases where the coil winding density is not at
issue, an inductor coil 202, an inductor coil 202B, or an inductor coil 202C may
be identified, and the identified inductor colil represents any or all of the inductor

coil embodiments illustrated in the figures and described in the text of the
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present disclosure and their reasonable equivalents. Accordingly, the
substitution of one electromagnet structure or its associated features for
another as disclosed herein is not limited to that which is expressly illustrated
and described. Instead, such substitution is understood by those of ordinary
skill in the art based on the context of use.

FIG. 2B is a low-frequency electromagnetic apparatus
embodiment; i.e., an electromagnet structure 202B. The electromagnet
structure 202B may be integrated with, or otherwise cooperatively arranged as
part of, a medical instrument 102 (FIG. 1), according to one embodiment. The
low-frequency electromagnetic apparatus embodiment (i.e., electromagnet
structure 200B) substantially includes a core 204B and a conductive inductor
coil 202B wound about the core 204B.

The inductor coil 202B includes a conductive wire or wire-like
structure wound about the core 204B. The inductor coil 202B includes at least
two inductor coil leads 152. The inductor coil 202B may be formed from an
electrically conductive material such as copper. Other known materials to
create an electromagnet may also be used. The control circuit 108 (FIG. 1) can
apply an excitation signal to the inductor coil 202B by applying the excitation
signal between the two inductor coil leads 152.

Inductor coil 202B in FIG. 2B is illustrated as a long, thin wire
coated with a particular inductor coil insulating material 154. The inductor coil
insulating material 154 that encapsulates the electrically conductive portion of
inductor coil 202B may be an epoxy or another suitable insulating material.
Inductor coil 202B may be laminated or un-laminated. That is, in some cases,
the inductor colil insulating material 154 is optional.

Inductor coil 202B is illustrated as having a round cross-section
with a particular inductor coil diameter 156. It is recognized that other forms
and shapes for the inductor coil 202B are contemplated. For example, inductor
coil 202B may be formed as a ribbon. Inductor coil 202B may have a
rectangular cross-section, square cross section, or a cross-section having

another shape. Inductor coil 202B may be segmented with different segments
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having different materials, different shapes, different sizes, or other different
characteristics.

Core 204B is elongated relative to its diameter (inductor core
diameter 158). Core 204B in FIG. 2B has a substantially circular cross-section
with a particular inductor core diameter 158. A cross-sectional view of the
electromagnet structure 200B is separately illustrated in FIG. 2B for ease in
understanding the embodiment. It is recognized that other non-circular forms
and shapes for an electromagnet core are contemplated, and some of these
other embodiments are represented in the present disclosure. For example, in
some cases, an electromagnet core may have a rectangular cross section, a
square cross-section, a hexagonal cross section, or a cross-section with some
other shape.

An electromagnet core may further include an optional laminate
(not shown) or some other surface coating or the like. The surface coating may
be an epoxy, a urethane, or another material. The surface coating may be
materially, structurally, or materially and structurally arranged to increase
adhesion of an inductor coil. For example, the surface coating may have a
selected coefficient of friction, the surface coating may include ridges and
valleys to receive an inductor coil, or the surface coating may have other
properties along these lines.

The surface coating of an electromagnet core (not shown), like
some or all other surfaces and materials of an electromagnet structure 200 that
form an interface between part or all of the electromagnet structure 200 and
biological tissue of a patient, may be arranged using bio-compatible materials.
The bio-compatible materials may be selected to reduce or prevent irritation,
inflammation, friction, bacterial growth, or other undesirable effects on a
patient’s body. In addition, or in contrast, the bio-compatible materials of a
surface coating (not shown) of the electromagnet core, like some or all other
surfaces and materials of an electromagnet structure 200, may be arranged to
enhance desirable effects on a patient’s body such as reduced diffusion,

lubricity, abrasion and/or resistance, and the like. For example, one or more
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surface coatings of an electromagnet structure 200 may include a particular
hydrophilic or hydrophobic polymer. The surface coatings of an electromagnet
structure 200 in some cases are formed to be only a few nanometers thick and
flexible to thereby reduce the instance of cracking or other failure, which may
spread detrimental fragments inside the patient’s body.

An electromagnet core may be solid, partially hollow, fully hollow
(e.g., cylindrical; such as in a needle or stylet), or formed in some other way. In
addition, an electromagnet core may be formed from a ferromagnetic material,
a ferrimagnetic material, some other material having desirable magnetic
characteristics. In some cases, an electromagnet core is formed from a
generally non-physical material such as air, but it is has been learned that an
air core device will generally require a much higher excitation frequency.

In FIG. 2B, the coils of inductor coil 202B are tightly wound
around core 204B. The distance between the center of one coil and the center
of an adjacent coil may be preferably controlled. In some cases, coils are
tightly wound, and in other cases, coils are not tightly wound. The number of
coils per unit measure 160 may be used to indicate how tightly wound the coils
are in a particular embodiment of a low-frequency electromagnetic apparatus.

A conductor-wrapped-core length 162 may be controlled. The
conductor-wrapped-core length 162 is generally the linear length of core 202B
that is spanned by one or more coils of inductor coil 202B. The conductor-
wrapped-core length 162 may determine particular electromagnetic properties
of the electromagnet structure 200B.

An electromagnet structure length 164 may also contribute to
particular electromagnetic properties of the low-frequency electromagnetic
apparatus embodiment (i.e., electromagnet structure 200B). In addition, the
electromagnet structure length 164 may also determine suitable applications for
a particular trackable structure such as medical instrument 102 (FIG. 1).

Various electromagnet structure 200B embodiments have been
constructed and tested in experiments. In some embodiments, the inductor coil

diameter 156 is 0.001 inches. In some cases, the inductor coil diameter 156 is
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0.0005 inches or less. Other diameters are contemplated, for example, the
inductor coil diameter 156 may be between substantially about 0.00025 inches
to 0.05 inches or some other range.

The inductor core diameter 158 in some experimental
embodiments is about 0.010 inches. In other experimental embodiments, the
inductor core diameter 158 is about 0.014 inches. The inductor core diameter
158 may be between substantially about 0.0005 inches and 0.250 inches.
Different inductor core diameter 158 ranges are also contemplated. In many
cases, the inductor core diameter 158 may be selected based on the particular
application for the trackable structure (i.e., the electromagnet structure 202B of
a particular medical instrument 102), the material used to form the core 204B,
the material used to form the inductor coil 202B, and any combination of these
and other factors. In some experimental embodiments, for example in the
system 100 for detecting the position of a medical instrument within the body of
a patient of FIG. 1, the inductor core diameter 158 (not to scale) is about 0.010
inches, the inductor coil diameter 156 (not to scale) is about 0.001 inches, the
number of coils per unit measure 160 (e.g., the number of coils per inch) is
about 1000, the conductor wrapped core length 162 is about two inches, and
electromagnet structure length 164 is about three inches.

In other cases, for example, the electromagnet structure length
164 may be a different length. For example, in some cases, the core length 162
may be formed to be 20 inches long, 40 inches long, 60 inches long, or some
other longer or shorter length. In these cases, one or more inductor coils 202B
may be formed at any portion of the core. The one or more inductor coils 202B
may be longer, shorter, or the same length as in any of cases described in the
present disclosure. The one or more inductor coils 202B may be formed on a
proximal end of the core 204B, the distal end of the core 204B, or some other
portion of core 204B.

FIG. 2C illustrates an electromagnet, according to a second solid
core embodiment. In the electromagnet structure 200C of FIG. 2C, a core

204C has a plurality of loosely wound coils formed as an inductor coil 202C, but
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one of skill in the art will recognize that in practice, inductor coils may be wound
very tightly to overwrap very short linear lengths of core 204C or very long
linear lengths of core 204C. The lengths, diameters, shapes, winding patterns,
and other features of the electromagnet structure 200C may be formed to
exhibit different electromagnetic properties from the electromagnet structure
200B of FIG. 2B or other electromagnet structures illustrated and described in
the present disclosure.

In some cases, such as in the in electromagnet structure 200C of
FIG. 2C, coils of inductor coil 202C may be over-wound, under-wound, knotted,
knitted, entwined, woven, raveled, or otherwise formed in a self-binding
arrangement. The self-binding arrangement may include particular knot
structures such as a hitch (e.g., clove hitch, half hitch, and many others), a
bowline, slip, figure-eight. In some cases, the self-binding structure may be
sufficient to form the electromagnet structure 200C such that no adhesive or
other binding agent is employed. In other cases, the self-binding structure may
include an adhesive (e.g., glue, epoxy) over some or all of the inductor coil
202C. In at least one case, a single point of a binding agent is used to affix the
inductor coil 202C to the core 204C. In these cases, the binding agent may be
used to restrict movement of the inductor coil 202C, to act as a strain relief
(e.g., at an inductor coil lead), or for some other reason.

The electromagnet structure 202C illustrates one technique of
enhancing a magnetic field. In the structure of FIG. 2C, an excitation signal
current will enter one of the inductor coil leads 152 as indicated by an arrow.
The excitation signal current will travel through the inductor coil 202C in a
certain direction indicated by arrows. Because the excitation signal current is
traveling in the same direction in each coil winding, the magnetic field produced
will be enhanced.

FIG. 2D illustrates an electromagnet, according to a third solid
core embodiment. In the electromagnet structure 200D of FIG. 2D, a core
204D has a differently wound set of coils formed from an inductor coil 202D.

The magnetic field produced in the electromagnet structure 200D of FIG. 2D is
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presented in contrast to the electromagnet structure 200C of FIG. 2C. Rather
than an enhanced magnetic field, the electromagnet structure 200D of FIG. 2D
produces a canceling magnetic field because in adjacent windings of the
inductor coil 202D, excitation signal current will flow in opposite directions. The
two contrasting embodiments (i.e., enhancing electromagnet structure 200C
and canceling electromagnet structure 200D) illustrate that one of skill in the art
may design and electromagnet that produces a desired magnet strength. In this
way, medical devices bearing one or more electromagnet structures may be
formed with distinguishable properties (e.g., distinguishable signatures),
distinguishable magnetic strengths, or other distinguishable characteristics.

The inductor coil 202D may be formed in a helical pattern, a
double helical pattern, or some other non-imbricating pattern wherein the
conductor of the inductor coil 202D does not overlap itself. Lengths, diameters,
shapes, winding patterns, and other features of the electromagnet structure
200D of FIG. 2D may be formed to exhibit different electromagnetic properties
from other low-frequency electromagnetic apparatus embodiments in the
present disclosure.

In yet other embodiments electromagnet structures along the lines
of electromagnet structure 200C and electromagnet structure 200D, conductors
of the inductor coil 202C, 202D may overlap if fed in from the same direction,
may not overlap if fed in from opposite directions, or may include another
arrangement. For example, in some cases, the core 204C, 204D may also be
used as a conductor. In this way, a first conductor lead may begin an inductor
coil at a proximal end of the core and wrapped in a selected number of turns
toward a distal end of the core. After completing the selected number of turns,
the distal end of the conductor lead may be electrically coupled to the core
itself, which in this case is formed from an electrically conductive material. In
this case, a second conductor lead is electrically coupled to the proximal end of
the electrically conductive core.

FIG. 2E illustrates an electromagnet, according to a multicore

embodiment. The electromagnet structure 200E in FIG. 2E is a different low-
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frequency electromagnetic apparatus embodiment. In the embodiment of FIG.
2E, a core 204E is formed from a plurality of core segments having an inductor
coil 202E wound about the core 204E. In the embodiment, two portions of core
204E are formed in parallel. Such an arrangement may permit a bias for
bending in one plane while also resisting bending in a different plane.

In other embodiments, the core 204E of electromagnet structure
200E may include more than two portions. The multiple portions of the core
204E may each have the same structural characteristics, or in other cases,
some or all of the portions may have different structural characteristics. For
example, each portion may be formed having a substantially circular cross-
section as illustrated in FIG. 2E. In other cases, one or more portions of core
204E have different cross-section shapes than one or more other portions.

FIG. 2F illustrates an electromagnet, according to a sundered
core embodiment. The electromagnet structure 200F in FIG. 2F is another
electromagnet embodiment that may also be interchangeably used in the
medical instruments 102 or other apparatus described herein. In the
embodiment, a core 204F is composed of a plurality of separate and distinct
elements. The separate elements may be core wires, threads, bars, or any
other linear form. An embodiment of the cross-section of the core 204F is also
shown in FIG. 2F. Individual elements and the entire core 204F may be formed
substantially as one or more of a circle, a square, a hexagon, or any other
cross-sectional shape. In some cases, each element is insulated from other
elements, for example using a coating, lamination, or the like. Forming a core
204F increases the surface area over which magnetic flux may be developed
by improving the available area that electromagnetic energy from the coil
windings may penetrate. Forming a core 204F may have other desirable
properties including strength, rigidity, pliability, manufacturability, and other
properties.

Inductor coil 202F may be formed in a desirable way as described
in the present disclosure. For example, the inductor coil 202F is illustrated if

FIG. 2F as a long, thin wire. The long thin wire may include an insulating
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material that fully or partially encapsulates the electrically conductive portion of
the wire. The insulating material may be an epoxy or another suitable insulating
material formed in a layer, a plurality of layers, or another suitable arrangement.
The wire that makes up the inductor coil 202F is illustrated as having a round
cross-section with a particular inductor coil diameter 156 (FIG. 2B). ltis
recognized that other forms and shapes for inductor coil 202F are
contemplated. For example, the inductor coil 202F may be formed from a
ribbon. The conductor that makes up the inductor coil 202F may have a
rectangular cross-section, square cross section, or a cross-section having
another shape. A particular shape may be chosen for ease in
manufacturability, cost savings, increasing or decreasing surface area, or for
other reasons.

The conductor of the inductor coil 202F may be laminated or un-
laminated. The conductor may be segmented with different segments having
different materials, different shapes, different sizes, or other different
characteristics. The inductor coil 202F can be made from a conductor other
than a wire, for example a thin film, a conductive ink, a conductive paint, or
some other conductive material formed with a process not expressly described
here for the sake of brevity.

FIG. 2G is a cross-sectional diagram of an electromagnet
structure 200G illustrating the skin effect of magnetization of the core 204G of
the electromagnet, according to one embodiment. In FIG. 2G, only a portion of
the core 204G becomes magnetized. The magnetic field lines are not shown in
FIG. 2G, but they are along the lines of those illustrated in FIG. 2A. In FIG. 2G,
the core 204G has a diameter D4. The magnetized portion of the core 204G
has a diameter D,, accentuated by crosshatching. The inductor coil 202G is
formed of wire, and the wire of inductor coil 202G has a diameter Ds.

In FIG. 2G, the magnetization of only a portion of the core 204G
adjacent to the surface of the core 204G is known as the skin effect. The depth
to which the core 204G becomes magnetized is referred to as the skin depth.

The skin depth D, increases with the magnitude of the driving current. The skin
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depth D, decreases with increasing frequency of the excitation signal. A
deeper skin depth may be manifested as a stronger magnetic field, as a
magnetic field that persists for a longer duration after the driving current (e.g.,
excitation signal) is removed, and in other ways.

A stronger magnetic field may be achieved by increasing
magnetization of the core 204G. Full magnetization of the core can be
achieved by appropriately selecting an inductor coil drive current, a driving
frequency, an excitation signal waveform, dimensions, materials, and
configuration of both the inductor coil 202G and the core 204G along with any
laminations, coatings, and other such products of manufacturing. By carefully
selecting these parameters, an increase of the magnetization of the core 204G,
even to a point where the core 204G is considered to be fully magnetized, can
be achieved.

In at least one embodiment, the inductor coil 202G includes a wire
having a diameter less than 0.005". The wire can include a conductive material
such as copper, aluminum, gold, alloys of one or more of these materials, or
other conductive materials or alloys of other conductive materials. The wire can
be coated in an insulating material. In at least one embodiment, the total
diameter of the wire and its exterior coating is about 0.002". In other
embodiments, for example in a peripherally inserted central catheter (PICC)
embodiment, the total diameter of the wire and exterior coating is about 0.001".

In at least one embodiment, the core 204G includes a ferrous
material such as steel, steel 1080, steel 1006, steel 1008, stainless steel,
stainless steel 304V, iron, other alloys of iron, Permendur, Mu metal, ferrite or
other ferrous materials. The core 204G can include other non-ferrous materials
capable becoming magnetized. Alternatively, the core 204G can include a
nonmagnetic material such as plastic, rubber, air, or other nonmagnetic
materials.

In at least one embodiment, the core 204G is a wire. Thus, the
electromagnet structure 200G can include a first wire acting as a core 204G,

and a second wire wound about the core 204G acting as the inductor coil 202G.
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In at least one embodiment, the core 204G has a diameter less than 0.020"
(e.g., 0.010"). In at least one embodiment, the core 204G has a diameter of
about 0.005". Thus, in an example in which the inductor coil 202G includes a
wire having a diameter of 0.002" and the core 204G includes a wire having a
diameter of about 0.005", the total diameter of the electromagnet structure
200G is about 0.009".

In an electromagnet structure 200G, for example, the material that
comprises the core 204G, along with the size, shape, and configuration of core
204G, are selected to have a particular relative permeability y within the
electromagnet structure 200G. In some cases, the selected material will have a
relative permeability y of 10,000 or higher. In addition to the parameters
selected for core 204G, the parameters associated with inductor coil 202G are
also selected to provide determined magnetic properties. The combination of
the core 204G parameters and inductor coil 202G parameters will, in part,
determine the strength, predictability, or other properties of the magneticfield
(i.e., magnetic flux density B) along with the electrical parameters of the
excitation signal.

For example, more current passed through the inductor coil 202G
may increase the strength of the magnetic field, at least until the core 204G
reaches saturation, but more current passed through inductor coil 202G may
also generate additional, undesirable heat and possibly thermal breakdown of
the conductor itself. In addition, reducing the cross-sectional area of the wire or
other material that makes up the inductor coil 202G will also increase the
resistance of the wire or other material that makes up the inductor coil 202G.
Accordingly, as the electromagnet is reduced in size, more voltage may be
required to overcome the increased resistance, and maintain an acceptable
level of magnetic flux density B, though increasing voltage too much may cause
the device tofail.

It has been learned in experimentation with certain embodiments
discussed herein that by lowering the excitation frequency and choosing an

appropriate core structure, the magnetic flux density B may be increased while
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the particular size of the low-frequency electromagnetic apparatus is reduced.
The lower frequency excitation signal penetrates the appropriate core material
more deeply, thereby producing an appreciable magnetic flux gain of tens,
hundreds, or thousands of times higher than similar devices formed with an air
core.

Accordingly, while known electromagnetic devices stimulated with
an alternating current generally employ a higher frequency, the low-frequency
employed by some embodiments in accordance with the present disclosure
provide sufficient time for the generated magnetic field to more deeply
penetrate the core material and increase the magnetic flux density B. In this
way, the trackable structures discussed herein may be tracked more accurately
and at greater distances with a magnetic field sensing device than previously
known.

In the electromagnet structure 200G in FIG 2G, and in other
figures of the present disclosure, only a few windings of the inductor coil 202G
around the core 204 are illustrated. In practice, however, inductor coil 202G
and other inductor coils can include many more windings (e.g., tens, hundreds,
thousands), and inductor coil 202G and other inductor coils can include multiple
layers of windings. Those of skill in the art will recognize, in light of the present
disclosure, that the inductor coil 202G and other inductor coils can include
many other configurations than are shown in FIG. 2G, only some of which are
described in the present disclosure. All such other configurations fall within the
scope of the present disclosure.

FIGS. 2H to 2M are electromagnet structure embodiments 200H
to 200M having various characteristics.

In FIG. 2H, a core 204y of an electromagnet structure 200H has a
particular diameter Dy and a particular set of inductor coil windings in its
inductor coil 2024, which extend over a particular length L.

In FIG. 2I, an electromagnet structure 200l has a longer core 204,
(e.g., three or more inches), which has about the same diameter D, as in the

electromagnet structure 200H embodiment of FIG. 2H, and includes more coll
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windings in inductor core coil 202, that extend over a longer distance L. The
electromagnet structure 2001 of embodiment of FIG. 21 may provide a stronger
magnet or larger trackable magnet than the electromagnet structure 200H
embodiment of FIG. 2H. Such an embodiment may be used with a very flexible
medical instrument 102 (FIG. 1) embodiment that moves sharply around
corners, with a medical instrument 102 that may otherwise be partially
obstructed, or for other reasons.

In FIG. 2J, a core 204, of an electromagnet structure 200J has a
large diameter D, 204y (e.g., 0.25 inches or more). The electromagnet
structure 200J embodiment of FIG. 2J also has a particular coil structure in an
inductor coil 202, that extends a particular length L, (e.g., 0.10 inches, 0.25
inches, one inch, or some other length). The electromagnet structure 200J
embodiment of FIG. 2J may be used in large medical instruments, for example,
those introduced orally and not venously.

FIGS. 2K, 2L, and 2M illustrate still other electromagnet
embodiments 200K, 200L, and 200M.

In FIG. 2K, an electromagnet structure 200K has a core 204k that
includes an inductor coil 202k having very steeply oriented windings (e.g., 40°,
50°, 70°, or another angle), and in FIG. 2L, an electromagnet structure 200L
has a core 204, that includes an inductor coil 202 having widely separated coil
windings (e.g., coils separated by 0.002 inches, 0.010 inches, 0.05 inches, or
some other distance).

In FIG. 2M, a cross-section of a core 204y of an electromagnet
structure 200M illustrates a multi-layered coil winding in an inductor coil 202y.
Such embodiments may be provided for manufacturability, size, to create a
particularly detectable electromagnetic signature, or for any other reason.

FIGS. 2N to 2P are several graphs illustrating several waveform
embodiments of an excitation signal that can be applied, for example, to
inductor coil leads 152 (FIG. 2B) of an inductor coil 202 (FIG. 2B). FIG. 2N is a
graph of a square wave excitation signal that can be applied to an

electromagnet structure 200, according to at least one embodiment. FIG. 20 is
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a graph of a sine wave excitation signal that can be applied to an electromagnet
structure 200, according to at least one embodiment. FIG. 2P is a graph of
another excitation signal that can be applied to an electromagnet structure 200,
according to at least one embodiment.

In FIG. 2N, the excitation signal is a square wave that oscillates
between V¢ and -V4. In the graph of FIG. 20, the excitation signal is a
sinusoidal voltage that oscillates between V1 and -V4. In the graph of FIG. 2P,
the represented excitation signal includes sharp voltage spikes that occur
periodically and have peaks between V{ and -V¢. In some cases, V4 is a
voltage of 2.5 volts, 5 volts, or another value. In some cases, -V is a voltage of
-2.5 volts, -5 volts, or another value. In FIGS. 2N to 2P, the reference voltage
between V¢ and -V, is represented as zero volts, OV. It is recognized, however,
that the reference voltage of other embodiments may be above zero volts or
below zero volts. In addition, it is further recognized that the absolute value of
V4 and -V4 may be a different value. That is, in some embodiments, V4 may be
three volts and -V{ may be minus two volts. Other different voltage values are
also contemplated.

The excitation signals of FIGS. 2N to 2P are low-frequency
excitation signal embodiments, which may be applied to opposing ends of a
conductor of an inductor coil 202. The excitation signals of FIGS. 2N to 2P may
have a frequency of about 300 Hz, 330 Hz, 500 Hz, or another frequency below
10,000 Hz.

In some cases, the excitation signals of FIGS. 2N to 2P are
pulses in a particular pattern, for example an excitation signal identifier code, as
opposed to a constant frequency. Pulses of the excitation signal in these
embodiments may be phase shifted to modulate an identifiable code through a
generated magnetic field. One excitation signal may have a different duty cycle
than another excitation signal. For example, the excitation signal illustrated in
FIG. 20 has a lower duty cycle than the excitation signal illustrated in FIG. 2N.
Reducing a duty cycle may lower the operating temperature of a particular

electromagnet structure 200 or provide other beneficial characteristics.
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Different excitation signals for various low-frequency
electromagnetic apparatus embodiments are also contemplated. The excitation
signals may cycle at different frequencies, and the excitation signals may have
different voltages. In some cases, the excitation signals cycle entirely above a
ground plane, or entirely below a ground plane. In this way, it is recognized
that the properties of an excitation signal generally include a reference voltage,
a higher-going first signal portion rising to a first potential above the reference
voltage, and a lower-going second signal portion falling to a second potential.
In some cases, the reference voltage is zero volts. In other cases, the
reference voltage is more than zero volts or less than zero volts.

When an excitation signal, for example one of the excitation signal
embodiments of FIGS. 2N to 2P, is applied to an inductor coil 202 of a low-
frequency electromagnetic apparatus (i.e., electromagnet structure 200), the
electric current of the excitation signal produces a magnetic field about the low-
frequency electromagnetic apparatus having particular properties. When the
excitation signal rises toward the first potential above the reference voltage, the
magnetic field forms with a first polarity; and when the excitation signal falls
toward the second potential below the reference voltage, the magnetic field
forms with a second polarity; the second polarity being opposite the first
polarity. Accordingly, the magnetic field about the low-frequency
electromagnetic apparatus will cycle between the first polarity and the second
polarity, generally at the frequency or pattern of the excitation signal.

In some cases, the excitation signal is entirely positive or entirely
negative. That is, in these cases, the reference voltage may not necessarily be
centered at or around zero volts. For example, in some cases, an excitation
signal may be formed between zero and ten volts wherein the reference
potential is about five volts.

The excitation signals represented in FIGS. 2N and 20 may be
better suited for a magnetically soft core structures, which can be magnetized
easily but tend to lose their magnetic properties quickly. The excitation signal

represented in FIG. 2P may be better suited for magnetically hard structures,
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which may also be magnetized easily and which may also tend to retain their
magnetic properties for longer periods of time than soft magnetic materials. In
cases where magnetically hard materials are used along with the excitation
signal represented in FIG. 2P, a signal is applied and removed quickly, and in
this way, the structure may be sensed with more assurance that the sensor is
detecting the electromagnet structure 200 and not detecting any lead lines,
which could exhibit magnetic properties when energized.

FIGS. 2Q and 2R are graphs of excitation signals having a
plurality of different frequencies that can be applied to an inductor coil 202 of
electromagnet structure 200, according to other embodiments such as
embodiments that wirelessly excite the inductor coil 202 of an electromagnet
structure 200. The excitation signals in these and other embodiments may be
generated, for example, by a control circuit 108 (FIG. 1). In the embodiment of
FIG. 2Q, the represented excitation signal has particular properties that permit
a positive-going signal portion to have a first duration T4 and a negative-going
signal portion to have a second different duration T,. The signal portions in
FIG. 2Q may be formed by two different signals of different frequencies
superimposed on each other, or the signal portions may be formed as a
composite signal with the properties illustrated.

In the embodiment of FIG. 2R, a different type of composite signal
is formed wherein a first signal portion, similarly shaped to the first signal
portion of FIG. 2Q has a particular signal superimposed thereon having a first
frequency F4. The composite signal in FIG. 2R has a second signal portion
similarly shaped to the second signal portion of FIG. 2Q, and another particular
signal having a second frequency F» is superimposed on the second signal
portion. The embodiment of FIG. 2R may be considered to conform to a
particular frequency shift keying protocol. Information associated with one or
both frequencies F4 and F, may be used to convey an identification code, to
better discern the generated magnetic field during a detection process or a
tracking process, or for other reasons. For example, in some embodiments of

FIGS. 2Q and 2R, each of the different signal portions used to energize the coll
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of an electromagnet may be used to distinguish one sensed electromagnet from
another, may be used to distinguish a direction of motion, or may be used to
distinguish other properties and characteristics. In some cases, sensed
samples are stored, accumulated, and otherwise processed, and particular
probability analysis is applied to the collected and determined sense data.

FIGS. 2S and 2T are graphs representing an excitation signal and
a correspondingly produced electromagnetic waveform. The signal
represented in FIG. 2S is arranged to rise sharply and to drift back toward its
nominal value, and then drop sharply and drift back toward its nominal value.

In the graph of FIG. 28, the vertical axis represents voltage generated and the
horizontal axis represents time. In the embodiment, a capacitor in a control
circuit 108 (FIG. 1) is arranged in series with a signal line that sources the
inductor coil 202 of an electromagnet structure 200. As a result of the
capacitor, the signal actually applied to the inductor coil 202 as represented in
FIG. 2S shows current sharply rising, or sharply falling as the case may be, and
more slowly returning (e.g., drifting) back toward a nominal value.

In FIG. 2T, magnetic field information corresponding to the
excitation signal of FIG. 2S is shown. The solid line in FIG. 2T represents an
electromagnet structure having a core that does not hold a magnetic field for a
very long time. For example, the core may have a very small diameter, or the
core may be formed from a magnetically soft material. Conversely, the dashed
line in FIG. 2T, represents a magnetic field that grows in strength an peaks at or
about the same way that a small diameter or soft magnetic material core will,
but when the core is formed from a magnetically hard material, the magnetic
field will be sustained for a much longer time. The pattern of the magnetic field
may appear as a square wave as in FIG. 2T, which generally collapses with a
polarity shift in the excitation signal (FIG. 2S). Alternatively, the pattern of the
magnetic field may drift lower or drop off in a different pattern.

In FIGS. 2S and 2T, it is recognized that the materials used to
form the core of an electromagnet structure may be selected to produce a

desirable magnetic field. For example, in some cases, the core is formed from
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a magnetically hard material such as stainless steel 1080. The stainless steel
1080 may be selected for many reasons. For example, stainless steel 1080 in
the form of “piano wire” may be readily available in desirable commercial
quantities, may be readily available at a commercially favorable price, may be
reasonably shapeable for its selected diameter, may be sterilized and medically
inert, and for other reasons.

Those of skill in the art will recognize, in light of the present
disclosure, that other waveforms are possible for the excitation signal. For
example, the excitation signal waveform can include a triangle wave, a
sawtooth wave, DC offsets, variable frequencies and many other kinds of
variations.

The form of the excitation signal affects the form of the AC current
that flows through the inductor coil 202. The form of the AC current that flows
through the inductor coil 202 affects the form of the magnetic field generated by
the electromagnet structure 200.

In one embodiment, the alternating form of the magnetic field
generated by the electromagnet structure 200 allows for increased ability to
distinguish the magnetic field from various types of noise and electromagnetic
interference. For example, if the control circuit 108 (FIG. 1) drives the inductor
coil 202 with a particular excitation signal waveform, the control circuit 108 can
more easily analyze the sensor signals generated by the sensor 104 (FIG. 1) to
detect, identify, and track the expected varying form of the magnetic field
generated by the electromagnet structure 200. These properties of the
excitation signal, which improve the distinguishability of a generated magnetic
field from undesirable interference or obfuscation, may also be used to
distinguish one electromagnet from another. For example, in cases where two
or more medical instruments 102 (FIG. 1) are deployed, each medical
instrument 102 may be distinguished from each other medical instrument 102.
In cases where an articulated, multi-part, or otherwise formed medical
instrument 102 is used, different portions of the medical instrument 102 may

have arranged therewith a separate electromagnet structure 200. In these

43



10

15

20

25

30

WO 2017/127722 PCT/US2017/014395

cases, each portion of the medical instrument 102 may be separately
distinguished from other portions during detection procedures, tracking
procedures, and other location-based information procedures.

FIGS. 2U and 2V are graphs of magnetic flux density B, which
may be used herein as a representative indication of magnetic field strength,
during one period of an electromagnet embodiment being driven by a particular
excitation signal. In FIG. 2U, the electromagnet structure 200 embodiment is
characterized having soft magnetic properties, and in FIG. 2V, the
electromagnet structure 200 embodiment is characterized having hard
magnetic properties. Arrows on the graphs indicate the direction of time flow.

In the lower left corner of the graphs of FIGS. 2U and 2V, the
excitation signal rises toward a first, upper voltage (e.g., V1), causing current to
also increase. As a result of the rising current, magnetic flux density B
correspondingly rises in the direction of the arrows driving the core 204 of the
electromagnet structure 200 toward saturation. The high point of magnetic flux
density, which may be saturation, is indicated by the flat the top of each of the
graphs in FIGS. 2U and 2V.

At the upper right corner of the respective graphs of FIGS. 2U and
2V, the excitation signal changes through a second, lower point (e.g., -V1),
causing the current to change direction and magnitude. The magnetic flux
density B also decreases in the direction of the arrows until a particular value is
reached, which may be a complete absence of magnetic flux or otherwise also
called a negative saturation. The graphs of FIGS. 2U and 2V illustrate a certain
hysteresis inherent in driving an electromagnet structure 200 with an oscillating
excitation signal.

FIG. 3A is a low-frequency electromagnetic tracking system 100A.
The low-frequency electromagnetic tracking system 100A may include
components substantially along the lines of the system 100 for detecting the
position of a medical instrument 102 within the body of a patient in FIG. 1. A
patient 110 is undergoing a medical procedure. The patient may be a human

patient or a non-human patient.
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A medical practitioner (not shown) is administering the procedure.
The medical practitioner has placed a trackable structure 102A, which may be
embodied as a medical instrument, into the body of the patient 110. The
trackable structure 102A may be a stylet, a catheter such as a Peripherally
Inserted Central Catheter (PICC), a medical tube, a tracheal tube, a needle, a
cannula, or some other structure. In some cases, the trackable structure 102A
is a hollow tube-like device. In some cases, the trackable structure 102A is an
elongated solid member. In some cases, the trackable structure 102A takes
another form.

In FIG. 3A, the trackable structure 102A may be placed through
the mouth of the patient 110 or through another of the patient’s orifices.
Alternatively, the trackable structure 102A may be placed through a surgical
incision made by a medical practitioner at some location on the body of the
patient 110. The trackable structure 102A may be placed and moved in other
ways.

The trackable structure 102A has associated therewith with a low-
frequency electromagnetic apparatus such as an electromagnet structure 200.
In some cases, the low-frequency electromagnetic apparatus is integrated with
the trackable structure 102A. For example, when the trackable structure 102A
is a stylet, the low-frequency electromagnetic apparatus may be formed as part
of the stylet. In other cases, the low-frequency electromagnetic apparatus is
fixedly or removably coupled to the trackable structure 102A.

A magnetic field sensing device 104A along the lines of sensor
104 (FIG. 1) is operated by a medical practitioner proximal to the body of the
patient 110. In some cases, the medical practitioner places the magnetic field
sensing device 104A directly in contact with the body of the patient 110.
Generally speaking, the medical practitioner will attempt to place the magnetic
field sensing device 104A adjacent to the portion of the body where the
trackable structure 102A is believed to be.

A presentation system 106A, which may be along the lines of the

input/output device 106 (FIG. 1) includes one or more of a video display, an
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audio input/output system, a tactile feedback system, or some other
presentation mechanism. The presentation system 106A may further include
one or more user input interfaces for keyboards, mice, touch screens, buttons,
dials, and other like controls. The presentation system 106A provides input
information to the magnetic field sensing device 104A and receives output
information from the magnetic field sensing device 104A. Embodiments of the
presentation system 106A are used to present information representing the
position and orientation of a trackable structure 102A by receiving and
processing magnetic field information provided by a low-frequency
electromagnetic apparatus.

In some embodiments, the magnetic field sensing device 104A
includes an electrical conduit 112A. The electrical conduit 112A may be used
to pass power signals, control signals, data signals, or some other type of
electrical signals. In the embodiment of FIG. 3A, the electrical conduit 112A is
arranged to pass electrical signaling information to the low-frequency
electromagnet structure 200. The electrical conduit 112A may pass electrical
signals in a point-to-point arrangement, serial arrangement, parallel
arrangement, networked arrangement, and alternatively, in some other
arrangement.

The electrical conduit 112A may be used to pass signaling
information between the magnetic field sensing device 104A and the
presentation system 106A. The electrical conduit 112A may in addition or, in
the alternative, pass signaling information between the magnetic field sensing
device 104A and the low-frequency electromagnet structure 200. The signaling
information may include power signals, control signals, data signals, or other
signals.

In some embodiments, the magnetic field sensing device 104A
may include one or more wireless transceivers arranged to communicate data
between the magnetic field sensing device 104A and the presentation system
106A. In these and other embodiments, the magnetic field sensing device

104A may include one or more wireless transceivers arranged to wirelessly
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communicate information (e.g., information to generate a particular excitation
signal) between the magnetic field sensing device 104A and the low-frequency
electromagnet structure 200.

FIG. 3B illustrates a medical environment including a system
100B for detecting the position of a medical instrument within the body of a
patient, according to at least one embodiment. In FIG. 3B, the system 100B is
a low-frequency electromagnetic tracking system. A patient 110 is positioned
on a bed (not shown) and receiving medical treatment. The medical instrument
102B is positioned within the body of the patient 110. A sensor 104B, which is
along the lines of sensor 104 (FIG. 1) is positioned in proximity to (e.g., above)
the patient 110. The sensor 104B includes an electrical conduit 112B by which
the sensor 104B is electrically coupled to the medical instrument 102B and a
display 106B. The display 106B may be along the lines of the input/output
device 106 of FIG. 1.

The sensor 104B includes a control circuit 108 (FIG. 1) that
generates an excitation signal, which is applied to an electromagnet structure
(not shown) disposed on the medical instrument 102B. The excitation signal
causes a current to flow through an inductor coil (not shown) of the
electromagnet structure. The current causes the electromagnet structure to
generate a magnetic field. The magnetic field varies in accordance with the
waveform of the excitation signal.

The sensor 104B includes one or more magnetic sensors 114a-
114f (FIG. 4). The one or more magnetic sensors 114a-114f are configured to
detect the generated magnetic field and to output one or more corresponding
sensor signals to the control circuit 108 (FIG. 1). The control circuit 108
analyzes the sensor signals from the one or more magnetic sensors 114a-114f
and determines location-based information such as the position, orientation,
and motion of the medical instrument 102B within the body of the patient 110.
The determination of the location-based information is based on the sensor
signals and the known characteristics of the excitation signal applied to the

electromagnet structure.
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In at least one embodiment, the control circuit 108 outputs a video
signal to the display 106B. The display 106B receives the video signal and
displays a representation of the position of the medical instrument 102B within
the body of the patient 110. The video signal can include position data
indicating position coordinates of the medical instrument 102B within the body
of the patient 110. The display 106B displays the position data so that a
medical practitioner, medical personnel, or other technicians can view the
position data and the representation of the position of the medical instrument
102B in order to appropriately proceed with the medical procedure.

In at least one embodiment, the system 100B is operated by a
medical practitioner. During operation, the medical practitioner positions the
sensor 104B adjacent to, in direct contact with, or otherwise in proximity of the
body of the patient 110. In some embodiments, the medical practitioner will
attempt to place the sensor 104B adjacent to a region of the body where the
medical instrument 102B is believed to be.

In at least one embodiment, the display 106B includes one or
more of a video display, an audio input/output system, a tactile feedback
system, signal lights, or some other presentation mechanism. Though not
pictured in FIG. 3B, the system 100B can further include one or more user input
systems configured to receive user input via keyboards, mice, touchscreens,
buttons, dials, and other like controls.

In at least one embodiment, the control circuit 108 can output
position data to one or more computing systems (e.g., an ultrasound device, a
robotic surgical system) that control or manage aspects of the medical
procedure. The one or more computing systems can adjust medical equipment
in accordance with the position data. Additionally or alternatively, the
computing system can output an alert indicating to medical personnel that there
is a potential problem with the position of the medical instrument 102B within
the body of the patient.

In some embodiments, the electrical conduit 112B may be used to

pass power signals, control signals, data signals, or other types of electrical
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signals. The electrical conduit 112B may be arranged to pass electrical
signaling information to the electromagnet structure disposed with the medical
instrument 102B. The electrical conduit 112B may pass electrical signals in a
point-to-point arrangement, a serial arrangement, a parallel arrangement, a
network arrangement, and/or in some other suitable arrangement. In some
cases, the electrical conduit 112B is comprised of wired means such as solid or
stranded copper-based wire, wireless means such as a point-to-point or other
wireless transceiver, or a combination of wired and wireless means.

The electrical conduit 112B may be used to pass signaling
information between the sensor 104B and the display 106B. Additionally or
alternatively, the electrical conduit 112B may pass information between the
sensor 104B and the medical instrument 102B. The signaling information may
include power signals, control signals, data signals, or other signals.

In one or more embodiments, the sensor 104B may include one
or more wireless transceivers arranged to communicate data between various
components of the electromagnetic systems described herein. For example,
data or other signals may be wirelessly communicated between any or all of the
sensor 104B, the display 106B, the control circuit 108, the medical instrument
102B, and other electronic systems that cooperate with these devices such as
monitoring equipment, medical diagnostic equipment, and the like. In these
and other embodiments, the sensor 104B may include one or more wireless
transceivers arranged to communicate data between the components including
the sensor 104B and the medical instrument 102B.

FIG. 4 illustrates a sensor 104. The sensor 104 is arranged in a
housing with a plurality of magnetic sensors 114a-114f and a control circuit 108,
according to at least one embodiment. The sensor 104 includes sensor
portions comprising a plurality of magnetic sensors 114a-114f, a control circuit
108, and an electrical conduit 112. The control circuit 112 is coupled to the
sensor portions and to the electrical conduit 112.

In at least one embodiment, the control circuit 108 outputs an

excitation signal to an inductor coil 202 of an electromagnet structure 200
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coupled to a medical instrument 102. The excitation signal causes the
electromagnet structure 200 to generate a magnetic field as described in the
present disclosure.

In the embodiment of FIG. 4, the sensor 104 includes six sensor
portions, each sensor portion having at least one magnetic sensor 114a-114f.
The six sensor portions are configured to collectively sense parameters of the
generated magnetic field and other magnetic energy. The six sensor portions
also generate sensor signals relative to the parameters of the generated
magnetic field. Each of the sensor portions passes at least one sensor signal
to the control circuit 108. The control circuit 108 analyzes the sensor signals
and calculates position information associated with the medical instrument 102
based on the sensor signals. The calculated position information may include a
position of the medical instrument 102 in three-dimensional space, a position of
the medical instrument represented in two-dimensional space, an orientation of
the medical instrument 102, motion of the medical instrument 102, and other
position information. The sensor signals are indicative of the parameters of the
magnetic field generated by the electromagnet structure 200 coupled to the
medical instrument 102.

In some embodiments, in addition to the computing resources
provided in the control circuit 108, additional and different computing resources
are employed. For example, the control circuit 108 may provide preliminary
collection, aggregation, or other processing of sensor data, and the control
circuit 108 may communicate certain data (e.g., some or all of the collected,
aggregated, and processed sensor data) to a remote computing device (not
shown) such as a laptop computer, a cloud computing device, an ultrasound or
other imaging medical equipment, or some other computing device. The
remote computing device may provide additional processing to generate
position data, video data, audio data, tactile data, image or other signal
processing, and the like.

While FIG. 4 shows six sensor portions, the sensor 104 can

include more or fewer individual sensor portions than shown in FIG. 4.
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Accordingly, the sensor 104 may also include more or fewer magnetic sensors
114a-114f and shown in FIG. 4.

In at least one embodiment, the magnetic sensors 114a-114f are
configured to sense the magnitude of the generated magnetic field in all three
spatial dimensions. For example, magnetic sensors 114a, 114b are configured
to sense a magnitude of certain components the generated magnetic field along
a first axis. Magnetic sensors 114c, 114d are configured to sense the
magnitude of certain components of the generated magnetic field along a
second axis orthogonal to the first axis. And magnetic sensors 114e, 114f are
configured to sense a magnitude of certain components of the generated
magnetic field along a third axis orthogonal to the first axis and the second axis.

In at least one embodiment, each pair of sensor portions provide
a differential sensor signal in order to enhance accurate detection of the
generated magnetic field along each of the three axes. For example, magnetic
sensors 114a, 114b output sensor signals having opposite polarities. Magnetic
sensors 114c, 114d output sensor signals having opposite polarities. And
magnetic sensors 114e, 114f output sensor signals having opposite polarities.
In this way, the six sensor portions enable accurate detection of parameters of
the generated magnetic field in three spatial dimensions.

In at least one embodiment, the magnetic sensors 114a-114f
include magnetoresistive sensors. The magnetoresistive sensors include
materials whose electrical resistance varies in accordance with a magnetic field
proximal to and sensed by the magnetoresistive sensors. In some cases, for
example, magnetic sensors 114a-114f provide sufficiently accurate sense data
to the control circuit 108 to detect and track with acceptable accuracy a medical
instrument 102 that is in the body of a patient 110 when the sensor 104 is within
25 centimeters (cm) of the medical instrument 102. In some cases, magnetic
sensors 114a-114f provide sufficiently accurate sense data to the control circuit
108 to detect and track with acceptable accuracy a medical instrument 102 that
is in the body of a patient 110 when the sensor 104 is within 10 cm, 25 cm,

30 cm, 50 cm, 65 cm or some other even greater distance of the medical
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instrument 102. Such detection, tracking, and the determination of other
position information is possible when the medical instrument 102 is arranged
with an associated magnetic structure 200 and stimulated with an appropriate
excitation signal as discussed in the present disclosure.

Each of the sensor portions can be configured to be sensitive to
magnetic fields along a particular axis. The magnetic sensors 114a, 114b can
be sensitive to magnetic fields along a first axis. The magnetic sensors 114c,
114d can be sensitive to magnetic fields along a second axis orthogonal to the
first axis. The magnetic sensors 114e, 114f can be sensitive to magnetic fields
along a third axis orthogonal to the first axis and the second axis. Thus, the
three pairs of sensor portions are each configured to produce an electrical
resistance that changes based on the strength of the targeted magnetic field in
a particular direction.

In one embodiment, the magnetic sensors 114a-114f can include
giant magnetoresistive (GMR) sensors. Additionally or alternatively, the
magnetic sensors 114a-114f can include anisotropic magnetoresistance
sensors, some other type of magnetoresistance sensors, or magnetic sensors
based on another type of magnetic field measurement architecture.

In at least one embodiment, the sensor portions of FIG. 4 include
one or more inductor coils. The inductor coils can be positioned and oriented to
be sensitive to magnetic field components in respective spatial directions. The
signal to noise ratio (SNR) scales according to Formula (1),

(n(1/2)*d(3/2) ) * (f*BO) * (BVV(-1/2)) (1)

wherein the particular parameters (e.g., size, diameter) of wire used to make
the sensing coils is fixed. In Formula (1), the first two parameters are linked to
the geometry of the sensing colil: “n” is the number of turns, “d” is the diameter
of the coil. Also in Formula (1), the second two parameters are directly limited
by the characteristics of the electromagnet structure 200: “f” is the frequency of
oscillation, “Bo” is the field that the electromagnet structure 200 can support.
Further still in Formula (1), BW is the filtered bandwidth, for example, an update
rate of 3-30 Hz.
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Still considering Formula (1), if the sensing coil is grown to 1 cm
diameter then a factor of 2x improvement in SNR (200 turns) (+26% range) may
be realized. Increasing the wire gauge or number of turns could further improve
SNR (albeit slowly, 10x more turns = + 47% range) assuming that
environmental noise and coil resonance doesn’t limit the sensitivity. In one
embodiment, the circuitry in the sensor 104 can allow detection and generation
of position information of the medical instrument 102 up to 65 cm away from the
sensor 104 with acceptable accuracy.

An additional consideration in the sensor 104 that includes the
sensor portions and the control circuit 108 is the limited space available within
the housing of the sensor 104. The limited space within the housing may
dictate that relatively small inductor coils be used in magnetic sensors 114a-
114f. If the size of the sensor housing is increased, such as if very large
inductor coils are used, for example, then there can be complications due to
parasitic capacitance of the coils. This can possibly result in a natural resonant
frequency and the potential to generate excessively large signals to later be
filtered off. In at least one embodiment, the sensor portions can include a
magnetic gain medium (e.g., ferromagnetic cores within the sensor coils). A
magnetic gain medium can help to improve the SNR of the magnetic
sensors114a-114f. Furthermore, the size of gain media can be a limiting factor.
For example, increasing the size of the sensor coils and the gain media may
lead to increasing interference between adjacent sensing coils. In this way, the
sensor 104 may provide a balanced geometry, which is a geometry that
considers sizes, materials, distances between, orientations, and other such
parameters of components of the sensor portions.

In at least one embodiment, the sensor portions include
permanent magnets.

The sensor portions of FIG. 4 that include magnetic sensors
114a-114f are arranged to pass sensor signals to the control circuit 108. The
control circuit 108 receives the sensor signals and analyzes the sensor signals.

The control circuit 108 determines location-based information associated with
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the medical instrument 102 within the body of the patient 110 based on the
sensor signals. The control circuit 108 can output any or all of a video signal,
an audio signal, a tactile signal, or any other user or machine-perceptible signal
indicative of or otherwise representing some or all of the location-based
information. The location-based information may represent position data
indicating the position of the medical instrument 102 within the body of the
patient 110, an orientation of the medical instrument 102 relative to one or more
reference points (e.g., a structure in or about the patient’s body, a point on the
sensor housing, and the like), actual or relative movement of the medical
instrument 102, a historical track of previous positions of the medical instrument
102, a predicted track of the future position of the medical instrument 102, a
velocity or other rate of motion information, and other like information
associated with the medical instrument 102. In some cases, at least some of
the location-based information is represented by a time-varying signal such as
an audio signal of varying frequency to represent speed, distance, proximity to
another structure, or the like. In some cases, at least some of the location-
based information is represented by color or grayscale (e.g., lighter colors
representing further distance and bolder colors representing closer distance).
Many other representations are also contemplated.

In one embodiment, the sensor 104 can output data signals,
control signals, excitation signals, power signals, or other types of signals via
the electrical conduit 112. In particular, the sensor 104 can output signals to
the electromagnet structure 200 of the medical instrument 102 and/or to an
input/output device 106. The sensor 104 can also receive signals from the
electromagnet structure 200, the input/output device 106, and/or additional
electronic equipment via the electrical conduit 112.

In at least one embodiment, the sensor 104 includes one or more
wireless transmitters and/or receivers (not shown). Sensor 104 can transmit,
receive, or transmit and receive wireless signals from one or more wireless

transmitters and/or receivers. In particular, wireless transmitters and receivers
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(e.g., transceivers) can transmit and receive signals to and from the
electromagnet structure 200 and the input/output device 106.

FIG. 5 is an illustration of a medical instrument 102B, according to
one embodiment. The medical instrument 102B of FIG. 5 is integrated with an
intravenous fluid delivery apparatus configured to deliver a fluid to a patient.
The intravenous fluid delivery apparatus includes a needle 116. The tip of the
needle 116 is configured to be introduced into the body of the patient. The tip
of the needle 116 includes a sharp point suitable for penetrating the skin and
other tissue of the body of the patient 110 in order to deliver a fluid to a selected
area of the body.

An electromagnet structure 200 is positioned near the tip of the
needle 116. The electromagnet structure 200 includes an inductor coil 202
wound about a core 204. One, two, or more inductor coil leads 152 are
connected to the inductor coil 202. The inductor coil leads 152 enable a
low-frequency excitation signal to be applied to the inductor coil 202 of the
electromagnet structure 200.

FIG. 5 includes an enlarged cross-sectional diagram 118 of the
electromagnet structure 200 of the medical instrument 102B. The inductor coll
202 includes a wire that is wound multiple times around a portion of the needle
116. As indicated in the enlarged cross-sectional diagram, a portion of the
needle 116 is used as the core 202 of the electromagnet structure 200. That is,
the portion of the needle 116 having conductive wire wound there-around
corresponds to the core 204 of the electromagnet structure 200. Because the
needle 116 is generally formed as a tube that delivers a fluid to the body of the
patient 110, a fluid channel 120 is positioned within the core 204.

In one embodiment, the control circuit 108 (FIGS. 1, 4) or a
voltage source or a current source controlled by the control circuit 108 is
configured to apply a low-frequency excitation signal across the inductor coil
202 via the inductor colil leads 152. The excitation signal causes current to flow

through the inductor coil 202 that is wound around the core 204. As the current
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flows through the windings of the inductor coil 202, a magnetic field is
generated in and about the electromagnet structure 200.

In one embodiment, the magnetic field generated by the
electromagnet structure 200 enables tracking of the position of the tip of the
intravenous needle 116 within the body of the patient 110. In particular, a
sensor 104 (FIG. 1) positioned external to the body of the patient 110 can
detect certain parameters of the generated magnetic field, and the sensor 104
can generate sensor signals indicative of the position of the electromagnet
structure 200 (e.g., the tip) of the needle 116 within the body of the patient. In
one embodiment, the electromagnet structure 200 is positioned adjacent to the
tip of the needle 116. In particular, the electromagnet structure 200 is
positioned a known distance from the tip of the needle 116 so that the position
of the tip of the needle 116 can be calculated based on the position of the
electromagnet structure 200 or position information associated with the
electromagnet structure 200.

In one embodiment, the inductor coil 202 of the electromagnet
structure 200 includes dozens or hundreds of windings along a 5 cm length of
the needle 116. The portion of the needle 116 covered by windings of the
inductor coil 202 can be selected based on the desired sensing parameters
and/or constraints based on the patient-tolerable intrusiveness of the
electromagnet structure 200 on the medical instrument 102. The inductor coil
202 can include a single layer of windings or multiple layers of windings.

FIG. 6 is an illustration of a portion of a medical instrument 102B
including multiple electromagnet structures 200x to 200z, according to at least
one embodiment. Each electromagnet structure 200x to 200z includes a
respective inductor coil 202x, 202y, 202z wound around a portion of a needle
116 or stylet. For ease in understanding the illustration, the portion of the
needle 116 between 204x and 204x-y form a core for the first electromagnet
structure 200x, the portion of the needle 116 between 204x-y and 204y-z form a

core for the second electromagnet structure 200y, and the portion of the needle
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116 between 204y-z and 204z form a core for the third electromagnet structure
200z.

Each of the inductor coils 202x, 202y, and 202z can be driven by
the control circuit 108 with a low-frequency excitation signal passed through
respective sets of conductive leads 152x, 152y, 152z. The control circuit 108
can drive each electromagnet structure 200x, 200y, 200z with the same
excitation signal. Alternatively, the control circuit 108 can drive each
electromagnet structure 200x, 200y, 200z with an excitation signal that is
different and distinct by way of frequency, phase, pattern, or some other
parameter or parameters. For example, each of the excitation signals can be
identical but mutually out of phase with each other. Driving multiple
electromagnet structures 200x, 200y, 200z in this manner can improve the
ability of the sensor 104 and the control circuit 108 to detect each magnetic field
and calculate the position of one or more medical instruments 102 with
acceptable accuracy within the body of the patient 110.

In at least one embodiment, one or more of the electromagnet
structures 200x, 200y, 200z are positioned on the medical instrument 102B
such that the one or more electromagnet structures 200x, 200y, 200z are
internal to the body of the patient 110 during a medical procedure. Additionally,
one or more of the electromagnet structures 200x, 200y, 200z are positioned on
the medical instrument 102B such that the one or more electromagnet
structures 200x, 200y, 200z are positioned external to the body of the patient
110 during a medical procedure.

In the embodiment of FIG. 6, a needle 116 or stylet has a plurality
of inductor coils 202x, 202y, 202z formed thereon. The needle 116 or stylet
may be formed as a single common core, or a core may be formed from two or
more portions of core material as discussed herein. Each portion of the core
may be formed from the same material or from different material. In one
embodiment, a core may be formed from a plurality of core segments.

FIG. 7 is an illustration of a medical instrument 102C, according to

at least one embodiment. The medical instrument 102C includes a medical
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implant 122 configured to be implanted within the body of the patient 110. The
medical instrument 102C also includes a stiffener structure 124 coupled to the
medical implant 122 by connectors 124 and configured to assist in delivering
the medical implant 122 to a selected position within the body of the patient
110.

In one embodiment, the stiffener structure 124 includes
electromagnet structures 200V, 200W. The electromagnet structures 200V,
200W include, respectively, an inductor coil 202V, 202W wound about
particular portions of the stiffener structure 124. In this case, the stiffener
structure 124 is arranged with material suitable for forming a core of the
electromagnet structures 200V, 200W. The electromagnet structures 200V,
200W are configured to be driven with a low-frequency excitation signal by a
control circuit 108 as described herein. The electromagnet structures 200V,
200W each generate a magnetic field when driven with the low-frequency
excitation signal.

In at least one embodiment, as the medical instrument 102C is
introduced into the body of the patient 110, a sensor 104 detects each
generated magnetic field and generates commensurate sensor signals. The
control circuit 108 receives the sensor signals and calculates the position of the
medical instrument 102C within the body of the patient 110 based on the
sensor signals. When the medical instrument 102C is at the selected position
within the body of the patient 110, the stiffener structure 124 can be unbound
from the medical implant 122 and the medical implant 122 is implanted within
the body of the patient 110 at the selected position.

In one embodiment, the medical implant 122 is a cochlear implant
configured to be implanted into the cochlea of an ear of the patient 110. The
medical implant 122 is a pre-stressed implant such that when the medical
implant 122 is liberated from the stiffener structure 124 at the proper location,
the cochlear implant coils within the cochlea in accordance with the shape of
the cochlea. The stiffener structure 124 is withdrawn from the patient’s ear and

the cochlear implant remains positioned within the cochlea the human ear.
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The medical implant 122 can include a heart rate monitor, a
pacemaker, a diagnostic tool, a stent, a screw, a plate, a breast implant, or any
other type of medical device (e.g., medical instrument) that can be implanted in
the body of a patient 110 as part of a medical procedure. Those of skill in the
art will recognize, in light of the present disclosure, that the medical implant 122
can include many other kinds of medical devices (e.g., medical instruments
102).

FIG. 8 illustrates a medical procedure including ultrasound
imaging and the insertion of a medical instrument 102D into the body of a
patient 110, according to at least one embodiment. FIG. 8 is an illustration of a
medical environment in which a pregnant patient is receiving a medical
procedure. An ultrasound device 126 performs ultrasound imaging on the
patient 110 in an area relating to the uterus where the fetus is growing. A
medical instrument 102D (e.g., an amniocentesis needle) is delivering
treatment to the uterus and/or the fetus. Due to the extreme sensitivity of such
a procedure, which may for example damage the fetus if improperly conducted,
it is very advantageous to know the position of the medical instrument 102D
with acceptable accuracy in relation to the fetus.

Accordingly, the medical instrument 102D includes a first
electromagnet structure 200t near the tip of a needle 116 of the medical
instrument 102D. The medical instrument 102D also includes a second
electromagnet structure 200u positioned in a direction orthogonal to the first
electromagnet structure 200t. The electromagnet structures 200t, 200u are
driven by the control circuit 108 in order to produce magnetic fields. Sensor
104 and the control circuit 108 cooperate to collectively detect the magnetic
fields generated by the electromagnet structures 200t, 200u and calculate the
position of the medical instrument 102D within the body of the patient 110.
Selectively positioning two orthogonal electromagnet structures 200t, 200u in
this way may in some cases improve the accuracy of sensing motion and

rotation of the medical instrument 102D.
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In at least one embodiment, the control circuit 108 can cause the
input/output device 106 to display the ultrasound image as well as the position
of the medical instrument 102D superimposed on the ultrasound image. The
medical instrument 102D is partially or fully undetectable by the ultrasound
imaging device 126. However, because the control circuit 108 can calculate a
position of the medical instrument 102D within the body of the patient 110, the
control circuit 108 can output a video signal to the input/output device 106
causing the input/output device 106 to present (e.g., display) the ultrasound
image with the position of the medical instrument 102D superimposed thereon
so that a medical practitioner can see the exact position of the medical
instrument 102D with acceptable accuracy within the patient 110 and avoid
damaging the fetus or sensitive areas of the body of the patient 110.

FIG. 9A is an illustration of a flexible medical instrument 102E
configured to be positioned within the body of a patient 110, according to at
least one embodiment. In at least one embodiment, the medical instrument
102E of FIG. 9A is a catheter configured to remove fluid from the body of the
patient. Alternatively, the medical instrument 102E can be a feeding tube or
some other type of tube configured to deliver or remove fluid from the body of
the patient 110.

FIG. 9B is a cross-sectional diagram of the flexible medical
instrument 102E of FIG. 9A, according to at least one embodiment. The cross-
sectional diagram of the medical instrument 102E in FIG. 9B is taken along
cross-sectional lines 9B. The medical instrument 102E includes an inductor coll
202 wound about a core 204. A protective outer coating 128 surrounds the
inductor coil 202. The control circuit 108 can apply the low-frequency excitation
signal across the inductor coil 202 via the inductor coil leads 152. The core 204
can include a shell defining a fluid channel or lumen (not shown). In these
cases, the medical instrument 102E is hollow, which permits a medical
practitioner to introduce fluids, tools, or other therapeutic agents and devices to
a known site in the patient’s body. Sensors 104 and a control circuit 108 can

collectively and cooperatively detect and calculate position information of the
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medical instrument 102E within the body of the patient 110. In at least one
embodiment, the core 204 is flexible. Alternatively, the core 204 can be stiff
while other portions of the medical instrument 102E are flexible.

FIG. 10 illustrates a medical instrument 102F including an
electromagnet structure 200 covered by a biocompatible insulating material
128, according to one embodiment. In FIG. 10, the medical instrument 102F is
configured to be positioned within the body of a patient, according to at least
one embodiment. The medical instrument 102F includes an electromagnet
structure 200 positioned on a needle 116. The electromagnet structure 200
includes a core 204 and an inductor coil 202 wound about the core 204. The
electromagnet structure 200 further includes a biocompatible insulating material
128 covering the inductor coil 202. The biocompatible insulating material 128 is
selected to be harmless to internal body tissues and to shield the body tissues
from the inductor coil 202. In at least one embodiment, the biocompatible
insulating material 128 includes a polymer material such as polyamide. Inthe
embodiment of FIG. 10, the electromagnet structure 200 is positioned near the
middle of the medical instrument 102F. In other embodiments, one or more
electromagnet structures 200 may be placed anywhere along the medical
instrument 102F or otherwise in proximity thereto. As the one or more
electromagnet structures 200 are tracked, the position of any portion of the
medical instrument 102F (e.g., proximal end, distal end, or elsewhere) can be
algorithmically (e.g., mathematically) determined.

FIG. 11 is an illustration of a medical instrument 102G including
an electromagnet structure 200 and an energy harvesting and storage device
130, according to at least one embodiment. The electromagnet structure 200
includes an inductor coil 202 wound about the core 204. The energy harvesting
and storage device 130 is coupled to the inductor coil 202, for example by
inductor coil leads 152.

The energy harvesting and storage module 130 harvests energy,
generates a low-frequency excitation signal, and applies the low-frequency

excitation signal across the inductor coil 202 in order to generate a magnetic
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field as described previously. Inductor coil leads 152 are contained within the
medical instrument 102G and not called out in FIG. 11. Thus, there are no
inductor leads 152 extending from outside of the body of the patient 110 to the
inductor coil 202 inside the body of the patient 202. The energy harvesting and
storage module 130 powers the electromagnet structure 200 and generates the
excitation signal for the electromagnet structure 200.

In at least one embodiment, the sensor 104C includes a wireless
transmitter configured to transmit RF radiation or radiation in another frequency
band other than RF. At least some of the energy transmitted by the sensor
104C is collected by the energy harvesting and storage module 130. The
energy harvesting and storage module 130 includes internal circuitry that
receives the RF radiation, stores energy captured therefrom, generates the
excitation signal, and applies the excitation signal to the inductor coil 202. In
this way, the energy harvesting and storage module 130 can power the
electromagnet structure 200 without a wired connection external to the body of
the patient 110. In an alternative embodiment, a transmitter external to the
sensor 104C transmits wireless energy to the energy harvesting and storage
module 130.

In at least one embodiment, the energy harvesting and storage
module 130 harvests energy from a source other than wireless radiation. For
example, the energy harvesting and storage module 130 can harvest energy
via a thermocouple device from the body heat of the patient. Additionally or
alternatively, the energy harvesting and storage module 130 can harvest
energy from sound. Additionally or alternatively, the energy harvesting and
storage module 130 can also harvest energy from sound or from the movement
of the body of the patient.

In at least one embodiment, the energy harvesting and storage
module 130 includes piezoelectric energy harvesting circuitry. Piezoelectric
energy harvesting can be accomplished by including piezoelectric material
within specific circuit structures. The piezoelectric material generates a voltage

when a physical stress is applied thereto. This voltage can be used to harvest
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and store energy as the piezoelectric material is stressed, moved, or jostled in a
way such that the voltage is generated.

FIGS. 12A to 12G are a series of cross-sectional diagrams of an
electromagnet structure 200 illustrating a process for forming an inductor coil on
a medical instrument, according to one embodiment. FIGS. 12A-12G illustrate
a process for defining an inductor coil 202 of an electromagnet on a medical
instrument 102, according to at least one embodiment.

In FIG. 12A, the electromagnet structure 200 is in a completed
form. The electromagnet structure 200 includes a core 204 and an electrically
insulating material 132 positioned around the core 204. An inductor coil 202 is
formed on the insulating material 132. The inductor coil 202 can be formed
from a conductive ink, paint, or other type of conductive material that can be
deposited on the insulating material 132.

FIG. 12B illustrates the core 204 of the electromagnet structure
200 before the inductor coil 202 has been formed thereon.

In FIG. 12C, the layer of insulating material 132 has been
deposited on the core 204. The insulating material 132 can be deposited by
chemical vapor deposition, physical vapor deposition, in the form of a tape
wrapped around the core 204, or in any other suitable manner.

In FIG. 12D, a conductive material 134 has been deposited on the
insulating material 132. The conductive material 134 can include a conductive
ink or paint that is spread or painted on the insulating material 132.
Alternatively, the electromagnet structure 200 can be dipped into a conductive
paint in order to coat the insulating layer 132 in the conductive material 134.
The conductive material 134 can also be deposited by chemical vapor
deposition, physical vapor deposition, thin-film deposition processes, or some
other process.

In FIG. 12E, a mask layer 136 has been deposited on the
conductive material 134. The mask material can include photoresist, a
dielectric material such as silicon dioxide or silicon nitride, or any other suitable

material for masking at least a portion of the conductive material 134.
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In FIG. 12F, the mask layer 136 has been patterned to define
gaps therein exposing portions of the conductive material 134. The mask
material 136 can be patterned using photolithography techniques, chemical-
etching techniques, or other techniques.

In FIG. 12G the exposed portions of the conductive material 134
have been removed, thereby defining an inductor coil 202 as shown in FIG.
12A. The exposed portions of the conductive material 134 can be removed via
a chemical etch such as a wet etch or dry etch. The etchant selectively etches
the conductive material 134 with respect to the electrically insulating material
132.

After the conductive material 134 has been etched, the mask
layer 136 is entirely removed, leaving the inductor coil 202 structure shown in
FIG. 12A.

Because the core 204 may be cylindrical in shape, the process of
patterning the photoresist may include rotating the electromagnet structure 200
in a controlled manner while concurrently translating the core along the central
axis in order to define a winding pattern in the photoresist. Those of skill in the
art will recognize, in light of the present disclosure, that there are other ways to
define an inductor coil 202 on a surface that is not flat. All such other ways of
defining an inductor coil 202 fall within the scope of the present disclosure.

FIG. 13 is a flow diagram of a process 1300 for detecting the
position of a medical instrument 102 within the body of a patient 110, according
to at least one embodiment. At 1302, a magnetic field is generated by passing
a current through the inductor coil 202 wound around a core 204 in accordance
with a low-frequency excitation signal. The inductor coil 202 and the core 204
are positioned on the medical instrument 102 that is moved within the body of
the patient.

At 1304, a sensor 104 senses the magnetic field.

At 1306, the sensor 104 generates a sensor signal based on the

magnetic field.
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At 1308, the control circuit 108 calculates the position of the
medical instrument 102 within the body of the patient 110 based on the sensor
signal.

One embodiment includes a system and method to track one or
more low-frequency electromagnetic trackable structures. The method includes
the acts of advancing a medical device into the body of a patient, wherein the
medical device has a low-frequency electromagnetic apparatus affixed thereto.
The low-frequency electromagnetic apparatus includes at least one
ferromagnetic core and at least one conductor. The at least one conductor has
a first portion arranged as a plurality of coils wound around a ferromagnetic
core and a second portion arranged as a set of conductive leads. The method
further includes the acts of applying a low-frequency excitation signal to the set
of conductive leads and detecting in real time, from outside the patient’'s body,
at least one magnetic field produced by the low-frequency electromagnetic
apparatus. Visual information is presented to track the motion of the medical
device inside the body of the patient based on the detected magnetic field.

A first system embodiment includes a medical instrument
configured to be inserted within a body of a patient. The instrument includes a
first core and a first inductor coil wrapped around the first core. The system
further includes a control circuit configured to pass a current through the first
inductor coil by applying an excitation signal to the first inductor coil with a
frequency below 10,000 Hz. The first inductor coil is configured to generate a
magnetic field based on the current. The system also includes a sensor
configured to sense the magnetic field and to output to the control circuit a
sensor signal based on the magnetic field. The control circuit is configured to
calculate a position of the medical instrument within the body of the patient
based on the sensor signal.

In some cases of the first system embodiment, the frequency is
less than 500 Hz. In some cases of the first system embodiment, the frequency
is a harmonic of a second frequency of a municipal power source. In some

cases of the first system embodiment, the frequency is about 330 Hz.
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In some cases of the first system embodiment, the medical
instrument includes a tube. In some of these cases of the first system
embodiment, the first core includes a first portion of the tube. In some of these
cases, the first coil is wound around the tube. In some of these cases, the tube
is a needle. In some of these cases, the tube is a catheter. In some of these
cases, the tube is a feeding tube. In some of these cases, the tube is flexible.

In some cases of the first system embodiment, the medical
instrument includes a probe. In some cases of the first system embodiment,
the medical instrument includes a medical implant configured to be permanently
implanted within the patient, and in some of these cases, the control circuit
includes an implant portion configured to be permanently implanted with the
medical instrument.

In some cases of the first system embodiment, the medical
instrument includes an energy harvesting and storage module coupled to the
first inductor coil. In some of these cases, the energy harvesting and storage
module is configured to harvest energy from wireless signals and to generate
the excitation signal from the energy harvested from the wireless signals. In
some of these cases, the control circuit is configured to transmit the wireless
signals to the implant portion. In some of these cases, the energy harvesting
and storage module is configured to harvest energy via a thermocouple and to
generate the excitation signal from the energy harvested via the thermocouple.
In some of these cases, the energy harvesting and storage module is
configured to harvest energy from sound and to generate the excitation signal
from the energy harvested from sound. In some of these cases, the energy
harvesting and storage module is configured to harvest energy from motion of
the body of the patient and to generate the excitation signal from the energy
harvested from the motion of the body of the patient.

In some cases of the first system embodiment, the medical
instrument is a medical implant delivery device configured to assist in

implanting a medical implant within the body of the patient.
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In some cases of the first system embodiment, the system also
includes a sensor body that houses the sensor. In some of these cases, the
control circuit is configured to calculate the position of the medical instrument
relative to the sensor body. In some of these cases, the control circuit is
configured to generate a video signal and to output the video signal to a
display, the video signal including a representation of the position of the
medical instrument relative to the sensor body. In some of these cases, the
video signal includes both a graphical representation of the sensor body and a
graphical representation of the medical instrument. In some of these cases, the
sensor includes three or more sensor portions all housed within the sensor
body, each sensor portion being configured to sense the magnetic field. In
some of these cases, the sensor portions are positioned and oriented to enable
collective detection of components of the magnetic field along each of three
orthogonal axes. In some of these cases, at least one of sensor portions
includes a respective permanent magnet. In some of these cases, the sensor
portions include a respective second inductor coil. In some of these cases, at
least one of the sensor portions includes a magnetoresistive material. In some
of these cases, the magnetoresistive material includes a giant magnetoresistive
material. In some of these cases, the magnetoresistive material includes an
anisotropic magnetoresistive material. In some of these cases, a first portion of
the control circuit is housed within the sensor housing. In some of these cases,
a second portion of the control circuit is positioned external to the sensor
housing. In some of these cases, the control circuit is housed within the sensor
housing.

In some cases of the first system embodiment, the first inductor
coil includes a wire coated in a first insulator and wound about the first core. In
some of these cases, the wire includes a first terminal and a second terminal.

In some of these cases, the control circuit is configured to apply the excitation
signal between the first and second terminals. In some of these cases, the first
inductor coil is covered in an electrically insulating sheath. In some of these

cases, the insulating sheath includes a biocompatible material. In some of
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these cases, the first core includes an outer shell defining a hollow fluid
channel, the first inductor coil being wound around the outer shell.

In some cases of the first system embodiment, the first core has a
thickness less than 0.020 inches. In some of these cases, the first core has a
thickness less than 10 mils. In some cases of the first system embodiment, the
outer shell has a thickness less than 2 mils. In some cases of the first system
embodiment, the first core includes steel. In some cases of the first system
embodiment, the first core includes steel 1080. In some cases of the first
system embodiment, the first core includes a wire. In some cases of the first
system embodiment, the excitation signal and frequency are selected to
magnetize only a portion of the first core. In some cases of the first system
embodiment, the medical instrument includes a second core and a second
inductor coil wound around the second core.

In some cases of the first system embodiment, the control circuit
is configured to drive the second inductor coil with a second excitation signal
having a second frequency less than 10,000 Hz. In some of these cases, at
least one of the second excitation signal and the second frequency are different
than the first excitation signal and the first frequency. In some of these cases,
the second inductor coil generates a second magnetic field that is orthogonal to
the first magnetic field. In some of these cases, the first core includes a
ferromagnetic material. In some of these cases, the first core includes
ferrimagnetic material. In some of these cases, the first core includes a
paramagnetic material. In some of these cases, the system further includes a
layer of insulating material positioned between the first core and first inductor
coil. In some of these cases, the first inductor coil includes a conductive ink. In
some of these cases, the first core includes a flexible material.

In some cases of the first system embodiment, the excitation
signal includes an AC voltage signal. In some of these cases, the AC voltage
signal includes a square wave. In some of these cases, the AC voltage signal
includes a sine wave. In some of these cases, the AC voltage has a peak to

peak magnitude of less than 40 V.
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In a second system embodiment, a method includes generating a
magnetic field by passing a first current through a first inductor coil wound
around a first core by applying a first excitation signal to the first inductor coil,
the first excitation signal having a first frequency less than 10,000 Hz, the first
inductor coil and the first core being disposed on a medical instrument
positioned in a body of a patient, sensing the magnetic field with a sensor;
generating, with the sensor, a sensor signal based on the magnetic field; and
calculating a position of the medical instrument within the body of the patient
based on the sensor signal.

In some cases of the second first system embodiment, sensing
the magnetic field with a sensor includes sensing a plurality of orthogonal
components of the magnetic field with a plurality of sensor portions. In some of
these cases, generating a sensor signal includes generating plurality of sensor
signals based on the plurality of orthogonal components. In some of these
cases, the method includes calculating the position of the medical instrument
based on the plurality of sensor signals.

In some cases of the second system embodiment, the method
includes outputting position data indicating the position of the medical
instrument within the body of the patient. In some of these cases, the position
data indicates the position of the medical instrument with respect to a sensor
housing that houses the sensor. In some of these cases, the method includes
outputting a video signal to a display, the video signal including a visual
indication of the position of the medical instrument within the body of the
patient. In some of these cases, the method includes generating a second
current in a second inductor coil wound around a second core by applying a
second excitation signal to the second inductor colil, the second excitation
signal having a second frequency less than 10,000 Hz, the second inductor coil
and the second core being disposed on the medical instrument; generating a
second magnetic field in the second core based on the second current; sensing
the second magnetic field with the sensor; generating a second sensor signal

based on the second magnetic field; and calculating the position of the medical
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instrument within the body of the patient based on the second sensor signal. In
some of these cases, the first inductor coil is positioned within the body of the
patient and the second inductor coil is positioned external to the body of the
patient.

In a third system embodiment, a method includes applying an
excitation signal to an inductor coil disposed on a medical instrument positioned
within a body of a patient; receiving a sensor signal from a sensor, the sensor
signal based on a magnetic field from the first inductor coil and the core;
calculating a position of the medical instrument within the body of the patient
based on the sensor signal; and outputting position data indicating the position
of the medical instrument. In some of these cases, outputting position data
includes outputting a video signal to a display, the video signal configured to
cause the display to display a graphical representation of the position of the
medical instrument within the body of the patient. In some of these cases,
applying an excitation signal to an inductor coil includes applying the excitation
signal across two terminals of the inductor coil.

In a fourth system embodiment, a method includes depositing an
electrically insulating film on a first portion of a medical instrument configured to
be introduced into the body of a patient; depositing a conductive material on the
electrically insulating film; defining an inductor coil from the conductive material
by removing selected portions of the conductive material, the inductor coil being
wound around the first portion of the medical instrument; and defining a first
terminal and a second terminal suitable for applying a voltage across the
inductor coil, the conductive portion configured to amplify a magnetic field
generated by passing a current through the inductor coil.

In some cases of the fourth system embodiment, the depositing a
conductive material includes depositing a conductive ink on the electrically
insulating film. In some of these cases, defining the inductor coil includes
depositing a mask layer on the conductive material, and exposing the selected
portions of the conductive material by patterning the mask layer, wherein

removing the selected portions includes etching the selected portions by
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exposing the selected portions to an agent corrosive to the conductive material.
In some of these cases, patterning the mask layer includes
photolithographically patterning the mask layer. In some of these cases,
patterning the mask includes rotating the first portion of the medical instrument.

In a fifth system embodiment, a method includes generating a first
current in a first inductor coil wound around a first core by applying a first
excitation signal to the first inductor colil, the first excitation signal having a first
frequency less than 10,000 Hz. The first inductor coil and the first core are
disposed on a medical instrument positioned in a body of a patient. The
method further includes generating a magnetic field in the first core based on
the first current, sensing the magnetic field with a sensor, generating a sensor
signal based on the magnetic field, and calculating a position of the medical
instrument within the body of the patient based on the sensor signal.

In a sixth system embodiment, a method includes applying an
excitation signal to an inductor coil disposed on a medical instrument positioned
within a body of a patient and receiving a sensor signal from a sensor, the
sensor signal based on a magnetic field from the first inductor coil and the core.
The method also includes calculating a position of the medical instrument within
the body of the patient based on the sensor signal and outputting position data
indicating the position of the medical instrument.

In a seventh system embodiment, a method includes depositing
an electrically insulating film on a first portion of a medical instrument
configured to be introduced into the body of a patient and depositing a
conductive material on the electrically insulating film. The method also includes
defining an inductor coil from the conductive material by removing selected
portions of the conductive material. The inductor coil is wound around the first
portion of the medical instrument. The method further includes defining a first
terminal and a second terminal suitable for applying a voltage across the
inductor coil. The conductive material is configured to become magnetized

when a current is passed through the inductor coil.
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In eighth system embodiment, a device includes a sensor housing
and a plurality of sensors disposed within the sensor housing. The plurality of
sensors are configured to collectively sense three orthogonal components of a
magnetic field generated by an electromagnet disposed on a medical
instrument positioned within a body of a patient and driven by an excitation
signal having a frequency less than 10,000 Hz. The sensors are configured to
output a plurality of respective sensor signals based on the magnetic field. The
sensors signals are collectively indicative of a position of the medical instrument
within the body of the patient.

In some cases of the eighth system embodiment, the device
includes a control circuit disposed within the sensor housing and configured to
receive the sensor signals and to calculate the position of the medical
instrument within the body of the patient based on the sensor signals. In some
of these cases, the control circuit is configured to apply the excitation signal
across the electromagnet. In some of these cases, the control circuit is
configured to output position data indicating the position of the medical
instrument within the body of the patient relative to the sensor housing. In
some of these cases, the device includes output circuitry configured to output
one or more of the sensor signals to a control circuit external to the sensor
housing. In some of these cases, the sensor signals are analog signals. In
some of these cases, the sensor signals are digital signals.

In a ninth system embodiment, a system includes at least one
processor and at least one memory coupled to the at least one processor. The
at least one memory has stored therein instructions which, when executed by
any set of the one or more processors, perform a process. The process
includes applying an excitation signal across an inductor coil disposed on a
medical instrument positioned within a body of a patient, the excitation signal
having a frequency less than 10,000 Hz. The process further includes receiving
a sensor signal from a sensor, the sensor signal based on a magnetic field from
the inductor coil and the core and calculating a position of the medical

instrument within the body of the patient based on the sensor signal. The
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process further includes outputting position data indicating the position of the
medical instrument.

In some cases of the ninth system embodiment, outputting
position data includes outputting a video signal to a display, the video signal
configured to cause the display to display a graphical representation of the
position of the medical instrument within the body of the patient. In some of
these cases, applying an excitation signal across an inductor coil includes
applying the excitation signal across two terminals of the inductor coil. In some
of these cases, the frequency is less than 500 Hz. In some of these cases, the
frequency is about 330 Hz. In some of these cases, the system further includes
outputting position data indicating the position of the medical instrument within
the body of the patient. In some of these cases, applying an excitation signal to
an inductor coil includes applying a low-frequency AC voltage across the
inductor coil. In some of these cases, the low-frequency AC voltage includes a
square wave.

Referring to the embodiments described in the present disclosure,
the selection of various parameters in a low-frequency electromagnetic tracking
system is generally directed by the environment where the trackable structure
will be placed and the environment where a magnetic field sensing device will
be operated. The various parameters include the material composition of the
physical parts to be tracked (i.e., the core, the conductor, the trackable
structure, and the like), the size and shape of the physical parts to be tracked,
the configuration and relative positions of the physical parts to be tracked, the
excitation voltage, the excitation current, the excitation frequency, and other
such parameters.

Low-frequency excitation signals described in the present
disclosure provide benefits with respect to real-time tracking of a medical
device having an associated electromagnet structure. Since the excitation
signal forces the low-frequency electromagnetic apparatus to change polarity at
a trackable, predictable frequency or pattern, the tracking system is more

immune to magnetic interference such as those generated from the earth’s
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magnetic field, electronic devices, nearby metallic objects, and other generally
interference-causing sources.

In the embodiments discussed herein, sensors such as magnetic
field sensing devices generate and provide or otherwise direct the generation
and provision of an excitation signal to the inductor coil of a low-frequency
electromagnetic apparatus. The sensor (e.g., magnetic field sensing device)
can thereby synchronize detected magnetic field measurements and predictive
magnetic field calculations with the known polarity and expected magnetic flux
density B produced when the excitation signal is provided to the low-frequency
electromagnetic apparatus.

Producing the excitation signal using the sensor (e.g., magnetic
field sensing device), or producing the excitation signal with some other source
in association with the operations of the sensor provides additional benefits.
For example, in some cases, a plurality of low-frequency electromagnetic
apparatuses can all be concurrently tracked. A separate excitation signal may
be applied to each different apparatus, and each different apparatus may be
separately detected. The excitation signals may be multiplexed, they may be
provided using a time division multiple access (TDMA) scheme, a frequency
shift keying scheme, or they may be provided in some other way.

The low-frequency excitation signals in the embodiments
described herein may be around 300 Hz (e.g., 330 Hz). Other embodiments
may apply excitation signals to electromagnetic apparatus embodiments at
frequencies between about 50 Hz and about 10,000 Hz. Different frequencies
and ranges of frequencies are also contemplated. In some embodiments, a
plurality of electromagnetic apparatus embodiments located in the same
general vicinity of each other may be cooperatively operated using excitation
signals having different frequencies, phases, signatures, or other different
characteristics. In this way, each different electromagnetic apparatus will
generate a different magnetic profile (e.g., “signature”) when detected and
tracked by a sensor (e.g., magnetic field sensing device). In some

embodiments, the number of concurrently trackable electromagnetic
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apparatuses is limited by the processing speed of the sensor, the refresh rate of
the sensor, the selected excitation frequencies, or other such parameters.

In some cases, the lower end of the acceptable frequency range
for an exemplary electromagnetic apparatus is determined by electronics noise,
update rate, and other factors. In some cases, the upper end of the acceptable
frequency range for an exemplary electromagnetic apparatus is based at least
in part on the size of the core. For example, a smaller core may permit a higher
frequency. At least one other factor that may contribute to an acceptable
frequency range is a size, shape, and placement of a ground plane in the
sensor (e.g., magnetic field sensing device).

A trackable structure, as the term is used herein (e.g., medical
instrument 102), is a medical device arranged to bear, carry, or otherwise
include an integrated or coupled low-frequency electromagnetic apparatus
(e.g., electromagnet structure 200). A medical device (e.g., medical instrument)
refers to an instrument, apparatus, constructed element or composition,
machine, implement, or similar or related article that can be utilized to
diagnose, prevent, treat or manage a disease or other condition(s). The
medical devices provided herein may, depending on the device and the
embodiment, be implanted within a patient, utilized to deliver a device to a
patient, or utilized externally on a patient. In many embodiments the medical
devices provided herein are sterile and subject to regulatory requirements
relating to their sale and use.

In the present disclosure, the tracking of medical instruments or
portions thereof (e.g., electromagnet structures) is performed to an acceptable
accuracy. As used in the present disclosure, “acceptable accuracy” is any level
of accuracy determined to be acceptable by a medical practitioner performing a
respective medical procedure. For example, in the placement of a
cardiovascular medical instrument, acceptable accuracy may be within one
centimeter (1 cm), within one millimeter (1 mm), within 100 microns, or within
some other measurement. In other medical procedures, for example in the

placement of a feeding tube (e.g., a percutaneous endoscopic gastrostomy
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(PEG) tube), the acceptable accuracy may be within five centimeters (5 cm),
within two centimeters (2 cm), or within some other measurement. In some
cases, acceptable accuracy is determined linearly within two dimensions. In
other cases, acceptable accuracy is determined in three dimensions. In some
cases, acceptable accuracy includes a time parameter such that information
associated with distance and positional tracking of a medical instrument is
associated with a measure of time. For example, acceptable accuracy in some
cases may include a first position of a medical instrument at a first time and a
second position of the medical instrument at a second time. Time parameters,
when associated with an acceptable accuracy, may include linear time, rate,
rate of change, or any other such time parameter.

Certain words and phrases used in the specification are set forth
as follows. The terms “include” and “comprise,” as well as derivatives thereof,
mean inclusion without limitation. The term “or,” is inclusive, meaning and/or.
The phrases “associated with” and “associated therewith,” as well as
derivatives thereof, may mean to include, be included within, interconnect with,
contain, be contained within, connect to or with, couple to or with, be
communicable with, cooperate with, interleave, juxtapose, be proximate to, be
bound to orwith, have, have a property of, or the like. The term “controller”
means any device, system, or part thereof that controls at least one operation,
such a device may be implemented in hardware, firmware, or software, or some
combination of at least two of the same. The functionality associated with any
particular controller may be centralized or distributed, whether locally or
remotely. Other definitions of certain words and phrases may be provided
within this patent document. Those of ordinary skill in the art will understand
that in many, if not most instances, such definitions apply to prior as well as
future uses of such defined words and phrases.

A processor (i.e., a processing unit), as used in the present
disclosure, refers to one or more processing units individually, shared, orin a
group, having one or more processing cores (e.g., execution units), including

central processing units (CPUSs), digital signal processors (DSPs),
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microprocessors, micro controllers, state machines, and the like that execute
instructions. In the present disclosure, memory may be used in one
configuration or another. The memory may be configured to store data. In the
alternative or in addition, the memory may be a non-transitory computer
readable medium (CRM) wherein the CRM is configured to store instructions
executable by a processor. The instructions may be stored individually or as
groups of instructions in files.

The files may include functions, services, libraries, and the like.
The files may include one or more computer programs or may be part of a
larger computer program. Alternatively, or in addition, each file may include
data or other computational support material useful to carry out the computing
functions of the systems, methods, and apparatus described in the present
disclosure. Some or all of the stored contents of a memory may include
software instructions executable by a processing device to carry out one or
more particular acts.

In the present disclosure, certain features may be implemented
with one or more computing devices. For brevity, the computing devices are
not shown in detail in the present figures because one of skill in the art will
recognize that a computing device includes a plurality of computing circuits
such as at least one processor communicatively coupled to at least one
memory and arranged to execute instructions that are stored in the memory to
implement various features (e.g., FIG. 13) of a system for detecting the position
of a medical instrument within the body of a patient. The control circuit 108
(FIG. 1), for example, may include one or more computing devices that direct
the generation of excitation signals, that direct the detection and capture of
magnetic field signals, that produce position information, that present the
position information through an input/output device, and that perform other
tasks. Resources of such computing devices may be shared to implement one
or more of the features, or the resources of such computing devices may be
dedicated to implementing certain ones of the features. Resources of such

computing devices are in some cases located exclusively in the control circuit
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108. In other cases, however, portions of computing resources may be located
in a sensor, an input/output device, a medical device, a handheld device, a
network-connected remote device, or some other device.

The terms “real-time” or “real time,” as used herein and in the
claims that follow, are not intended to imply instantaneous processing,
transmission, reception, or otherwise as the case may be. Instead, the terms,
‘real-time” and “real time” imply that the activity occurs over an acceptably short
period of time (e.g., over a period of microseconds or milliseconds), and that
the activity may be performed on an ongoing basis. An example of an activity
that is not real-time is one that occurs over an extended period of time (e.g.,
hours or days) or that occurs based on intervention or direction by a person or
other activity, such as each magnetic sense measurement occurring at the
press of abutton. In the foregoing description, certain specific details are set
forth to provide a thorough understanding of various disclosed embodiments.
However, one skilled in the relevant art will recognize that embodiments may be
practiced without one or more of these specific details, or with other methods,
components, materials, etc. In other instances, well-known structures
associated with electronic and computing systems including client and server
computing systems, as well as networks have not been shown or described in
detail to avoid unnecessarily obscuring descriptions of the embodiments.
Unless the context requires otherwise, throughout the specification and claims
which follow, the word “comprise” and variations thereof, such as “comprises”
and “comprising,” are to be construed in an open, inclusive sense, e.g.,
‘including, but not limited to.”

Reference throughout this specification to “one embodiment” or
“an embodiment” and variations thereof means that a particular feature,
structure, or characteristic described in connection with the embodiment is
included in atleast one embodiment. Thus, the appearances of the phrases “in
one embodiment” or “in an embodiment” in various places throughout this
specification are not necessarily all referring to the same embodiment.

Furthermore, the particular features, structures, or characteristics may be
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combined in any suitable mannerin one or more embodiments. As used in this

” o

specification and the appended claims, the singular forms “a,” “an,” and “the”
include plural referents unless the content and context clearly dictates
otherwise. It should also be noted that the conjunctive terms, “and” and “or” are
generally employed in the broadest sense to include “and/or” unless the content
and context clearly dictates inclusivity or exclusivity as the case may be. In
addition, the composition of “and” and “or” when recited herein as “and/or” is
intended to encompass an embodiment that includes all of the associated items
or ideas and one or more other alternative embodiments that include fewer than
all of the associated items or ideas.

The headings and Abstract of the Disclosure provided herein are
for convenience only and do not limit or interpret the scope or meaning of the
embodiments.

The various embodiments described above can be combined to
provide further embodiments. Aspects of the embodiments can be modified, if
necessary to employ concepts of the various patents, applications and
publications to provide yet further embodiments.

These and other changes can be made to the embodiments in
light of the above-detailed description. In general, in the following claims, the
terms used should not be construed to limit the claims to the specific
embodiments disclosed in the specification and the claims, but should be
construed to include all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly, the claims are not

limited by the disclosure.
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CLAIMS

1. A system, comprising:

a medical instrument configured to be inserted in a body of a
patient, the medical instrument including:

a core; and
an inductor coil wound around the core;

a control circuit configured to pass a current through the inductor
coil by applying an excitation signal to the inductor coil, the excitation signal
having a frequency below 10,000 Hz, the inductor coil and the core being
configured to generate a magnetic field based in part on the current; and

a sensor configured to sense the magnetic field and to output to
the control circuit a sensor signal based on the magnetic field, the control circuit
further configured to calculate position information associated with the medical

instrument within the body of the patient based on the sensor signal.

2. The system of claim 1, wherein the frequency is less than
500 Hz.

3. The system of claim 2, wherein the frequency is about 330
Hz.

4. The system of claim 1, wherein the medical instrument

includes a tube.

. The system of claim 4, wherein the tube is a catheter.

6. The system of claim 1, wherein the medical instrument

includes a medical implant configured to be permanently implanted within the

patient.
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7. The system of claim 1, wherein the position information
includes information representing a three-dimensional position of the medical
instrument, an orientation of the medical instrument, and motion of the medical

instrument.

8. The system of claim 7, wherein the control circuit is further
configured to generate a video signal and to output the video signal to a

display, the video signal including a representation of the position information.

9. The system of claim 1, wherein the inductor coil includes a

wire coated in an insulator material.

10.  The system of claim 1, wherein the core has a thickness

less than 0.020 inches.

11.  Alow-frequency electromagnetic trackable structure,
comprising:

a medical instrument having a core formed on a distal end of the
medical instrument, wherein at least the distal end of the medical instrument is
arranged for insertion into a body of a patient; and

an inductor coil wound around the core, wherein the inductor coil
IS arranged to receive an excitation signal having a frequency below 10,000 Hz,
the low-frequency electromagnetic trackable structure arranged to generate a

trackable magnetic field when the excitation signal is received.

12.  The low-frequency electromagnetic trackable structure of

claim 11, wherein the frequency of the excitation signal is about 330 Hz.
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13.  The low-frequency electromagnetic trackable structure of
claim 11, wherein the medical instrument is a peripherally inserted central
catheter (PICC).

14.  The low-frequency electromagnetic trackable structure of
claim 11, comprising:

a surface coating arranged on at least part of the low-frequency
electromagnetic trackable structure, the surface coating including a bio-

compatible material.

15.  The low-frequency electromagnetic trackable structure of
claim 11, wherein the medical instrument is arranged as a needle having a first
portion of a first material and a second portion of a second material, the first
material and the second material having different elemental compositions,

wherein the core is integrated in the first portion of the needle.

16.  The low-frequency electromagnetic trackable structure of

claim 15, wherein the first material is a ferromagnetic material.

17. A method to track a low-frequency electromagnetic
trackable structure, comprising:
advancing a medical device into a body of a patient, the medical
device having a low-frequency electromagnetic apparatus affixed thereto, the
low-frequency electromagnetic apparatus including:
at least one ferromagnetic core; and
at least one conductor having a first portion and a second
portion, the first portion arranged as a plurality of coils wound around the at
least one ferromagnetic core and the second portion arranged as a set of first

and second conductive leads;
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applying a low-frequency excitation signal to the set of first and
second conductive leads;

detecting in real time, from outside the body of the patient, at least
one magnetic field produced by the low-frequency electromagnetic apparatus;
and

presenting visual information that tracks motion of the medical
device inside the body of the patient based on the detection of the at least one

magnetic field.

18. The method of claim 17, wherein the low-frequency

excitation signal is below 500 Hz.

19.  The method of claim 17, wherein the at least one
ferromagnetic core has a cross-section diameter of between about 0.005 inches
and 0.250 inches.

20.  The method of claim 17, wherein the at least one
ferromagnetic core has a cross-section diameter of between about 0.00025

inches and 0.05 inches.
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