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ldentity a first point of interest (Point A)

|

Position Point A in center of fluoroscopic image

Capture image and spatial location data for Point A

|

ldentify a second point of interest (Point B)

|

Position Point B in center of tluoroscopic image

|

Capture image and spatial location data for Point B

|

Calculate physical distance between Point A and B

|

Determine scale factor between physical distances
and fluoroscopic images

FIG. 10
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SYSTEMS AND METHODS FOR
PERFORMING SPINE SURGERY

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application claims priority to U.S. Provisional
Application Ser. No. 61/552,466 filed on Oct. 28, 2011 and
U.S. Provisional Application Ser. No. 61/671,537 filed on

Jul. 13, 2012, the complete disclosures of which are hereby
incorporated by reference into this application as if set forth
tully herein.

FIELD

The present application pertains to spine surgery. More
particularly, the present application pertains to a surgical
tracking system that monitors the locations of surgical
objects and nerves within the body during spine surgery.

BACKGROUND

The spinal column 1s a highly complex system of bones
and connective tissues that provide support for the body and
protect the delicate spinal cord and nerves. The spinal
column includes a series of vertebral bodies stacked atop
one another, each vertebral body including an inner or
central portion of relatively weak cancellous bone and an
outer portion of relatively strong cortical bone. Situated
between each vertebral body 1s an intervertebral disc that
cushions and dampens compressive forces exerted upon the
spinal column. A vertebral canal containing the spinal cord
1s located behind the vertebral bodies. The spine has a
natural curvature (1.e., lordosis in the lumbar and cervical
regions and kyphosis in the thoracic region) such that the
endplates of the upper and lower vertebrae are inclined
towards one another.

There are many types of spinal column disorders 1nclud-
ing scoliosis (abnormal lateral curvature of the spine),
excess kyphosis (abnormal forward curvature of the spine),
excess lordosis (abnormal backward curvature of the spine),
spondylolisthesis (forward displacement of one vertebra
over another), and other disorders caused by abnormalities,
disease, or trauma (such as ruptured or slipped discs, degen-
crative disc disease, fractured vertebrae, and the like).
Patients that suffer from such conditions often experience
extreme and debilitating pain, as well as dimimished nerve
function.

A noteworthy trend 1n the medical community 1s the move
away from performing surgery via traditional “open” tech-
niques 1n favor of so-called “minmimally mvasive™ or “mini-
mal access™ techniques. Open surgical techniques are gen-
crally undesirable in that they typically require large
incisions with high amounts of tissue displacement to gain
access to the surgical target site, which produces concomi-
tantly high amounts of pain, lengthened hospitalization
(increasing health care costs), and high morbidity 1n the
patient population. Less-invasive surgical techniques (in-
cluding minimal access and minimally 1nvasive techniques
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2

are gaining favor due to the fact that they involve accessing
the surgical target site via incisions of substantially smaller

s1ze with greatly reduced tissue displacement requirements.
This, 1n turn, reduces the pain, morbidity, and cost associated
with such procedures.

One disadvantage to performing minimally invasive sur-
gery 1s the increased reliance on radiographic imaging to
“see” the spinal target site, instruments, and implants during
the surgery. While this increased exposure 1s generally
negligible for the patient, over time and over multiple
procedures on different patients, this increased exposure
adds up for the surgeon and other operating room personnel.
Systems and methods have been developed to reduce reli-
ance on radiographic imaging during spine surgery. Once
such system and method involves three-dimensional (3D)
navigation systems that use positional tracking systems to
track the position of implants and instruments relative to the
spinal target site and present the surgeon with a represen-
tative 1image of the mstrument superimposed on an 1mage of
the target site to indicate the position of the implant or
instrument relative to the anatomical structures depicted 1n
the 1mage. (e.g. spinal target site). However, these systems
have the disadvantages of generally requiring that reference
markers be somehow fixed to the patient (e.g. anchoring a
pin or other instrument 1nto the patient’s spine, thus causing
additional trauma to the patient’s anatomy), requiring nput
of pre-operative C'T 1mages into the system before or during
the procedure, and/or requiring large, specialized, and
expensive equipment that may not be available 1n certain
instances or operating rooms. Furthermore, even though 3D
navigation provides spatial information regarding a target
surgical site, mstruments, and implants during surgery, it
does not provide neurophysiologic information regarding
the nerves lying near and around the operative corridor.

A need exists for systems and methods that provide both
information regarding the target spine site, surgical
implants, instruments, and nerves surrounding the operative
corridor during minimally-invasive spine surgeries. The
systems and methods described herein are directed to
addressing the challenges described above, and others, asso-
ciated with various minimally-invasive spine procedures.

SUMMARY

The present invention includes a system and methods for
decreased reliance on fluoroscopic imaging while avoiding
harm to neural tissue during surgery. According to a broad
aspect, the present invention includes a position tracking
system for tracking the location of surgical objects within
the surgical field, a neuromonitoring system for detecting the
existence of (and optionally the distance and/or direction to)
neural structures during a surgical procedure, and a process-
ing system communicatively linked to both the position
tracking system and the neuromonitoring system.

According to another aspect of the present invention, the
position tracking system includes an infrared (IR) position
sensor, an IR-retlective tracking array attached to an intra-
operative 1maging system, and at least one IR-reflective
tracking array attached to at least one surgical object. The
position tracking system 1s communicatively linked to the
processing system such that the processing system may
display position tracking information to a user (e.g., a
surgeon or a medical professional assisting the surgeon).

According to another aspect of the present invention, the
neuromonitoring system includes instruments capable of
stimulating the peripheral nerves of a patient and additional
instruments capable of recording the evoked neuromuscular
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responses. The neuromonitoring system 1s communicatively
linked to the processing system such that the processing unit
1s programmed to measure the response of nerves depolar-
1zed by the stimulation signals to indicate the existence of
(and optionally the distance and/or direction to neural struc-
tures during the surgical procedure.

According to another aspect of the present invention, the
processing system 1s programmed to perform a plurality of
predetermined functions using one or both of the position
tracking system and neuromonitoring system. For example,
the processing system may be programmed to register the
position of a patient, scale virtual fluoroscopic images, track
one or more surgical objects within the patient, determine
the distance between two points of interest within the
surgical field, determine the angle between two points of
interest within the surgical field, recommend the size of one
or more surgical instruments or implants, perform neuro-
physiologic monitoring, map neurophysiologic monitoring,
onto virtual fluoroscopic 1mages, correct for translational
and/or rotational offsets of virtual fluoroscopic images, and
track the movement of one or more reference objects during,
the surgical procedure. The processing system 1s further
configured to display the results of these predetermined
functions to the user 1n a meaningtul way.

According to another aspect of the invention, one or more
surgical procedures may be performed using various
embodiments of the system. According to one embodiment,
the surgical procedure 1s a minimally-invasive lateral lumbar

surgery. According to another embodiment, the surgical
procedure 1s a posterior (open or mimmally mnvasive) lumbar

surgery.

BRIEF DESCRIPTION OF THE DRAWINGS

Many advantages of the present mnvention will be appar-
ent to those skilled 1n the art with a reading of this speci-
fication in conjunction with the attached drawings, wherein
like reference numerals are applied to like elements and
wherein:

FIG. 1 1s an example operating room setup depicting the
components of a surgical tracking system, according to an
example embodiment;

FIG. 2 1s a perspective view of a C-arm fluoroscope
comprising part of the system of FIG. 1;

FIG. 3 1s a perspective view of various surgical objects
that may be tracked with the system of FIG. 1;

FIG. 4 1s a screen shot depicting an example welcome
screen of the system of FIG. 1;

FIG. 5 1s a screen shot depicting an example procedure
information screen of the system of FIG. 1;

FIG. 6 1s a screen shot depicting an example C-arm setup
screen of the system of FIG. 1;

FIG. 7 1s a screen shot depicting an example patient
positioning screen during a first step of a patient positioning,
sequence;

FIG. 8 1s a screen shot depicting the example patient
positioning screen during a second step ol the patient
positioning sequence;

FIG. 9 1s a screen shot depicting an example IR position-
ing sensor setup screen of the system of FIG. 1;

FIG. 10 a flow chart indicating the steps of a patient
registration and scaling sequence of the system of FIG. 1,
according to one example embodiment;

FIG. 11 1s a screen shot depicting an example registration
and scaling screen during a first step 1n the example patient
registration sequence of FIG. 10;
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FIG. 12 1s a screen shot depicting the example registration
and scaling screen during a second step in the example

patient registration sequence of FIG. 10;

FIG. 13 1s a screen shot depicting the example registration
and scaling screen during a third step in the example patient
registration sequence of FIG. 10;

FIG. 14 1s a screen shot depicting the example registration
and scaling screen during a fourth step in the example
patient registration sequence of FIG. 10;

FIG. 15 15 a screen shot depicting the example registration
and scaling screen during a first step in the example scaling
sequence of FIG. 10;

FIG. 16 1s a screen shot depicting the example registration
and scaling screen during a second step in the example
scaling sequence of FIG. 10;

FIG. 17 1s a screen shot depicting the system tracking the
3D location of a surgical tool 1n real time;

FIG. 18 15 a screen shot of the system in nerve mapping,
mode according to a first embodiment showing neurophysi-
ologic recordings at various depth locations as an 1nitial
dilator 1s advanced from the incision site to a target site on
a patient;

FIG. 19 1s a screen shot of the system 1n nerve mapping,
mode according to a first embodiment showing neurophysi-
ologic recordings at various depth locations as the iitial
dilator 1s retreated towards the incision site:

FIGS. 20-23 are screen shots of the system in nerve
mapping mode according to a first embodiment showing
neurophysiologic recordings at various depth locations and
various rotational positions of the electrode as the initial
dilator 1s advanced towards the incision site:

FIG. 24 15 a screen shot of the system in nerve mapping,
mode according to a second embodiment;

FIG. 25 1s a screen shot of the system in nerve mapping,
mode according to a third embodiment; and

FIG. 26 1s a screen shot of the system 1 o
according to a first embodiment.

"y

'set mode

DESCRIPTION OF THE PREFERRED
EMBODIMENT

[lustrative embodiments of the invention are described
below. In the interest of clarty, not all features of an actual
implementation are described 1n this specification. It will of
course be appreciated that in development of any such actual
embodiment, numerous mplantation-specific decisions
must be made to achieve the developers’ specific goals such
as compliance with system-related and business-related con-
straints, which will vary from one implementation to
another. Moreover, 1t will be appreciated that such a devel-
opment effort might be complex and time-consuming, but
would nevertheless be a routine undertaking for those of
ordinary skill 1n the art having the benefit of this disclosure.
The systems and methods disclosed herein boast a variety of
inventive features and components that warrant patent pro-
tection, both individually and 1in combination.

The present invention includes a surgical tracking system
that monitors the 3D location of objects 1n or near a surgical
field and then conveys the position of these objects to a user
relative to traditional, yet virtual anatomical views. The
system conveys the position of virtualized representations of
these surgical objects over one or more virtual fluoroscopic
images. The virtual surgical objects may be generated with
software (e.g., 3D CAD models) and then superimposed
onto static two-dimensional (2D) images (e.g., 1n lateral and
anterior-posterior (A/P) views). The user may rely on these
images to locate the surgical objects relative to the patient’s
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anatomy 1instead of taking repeated x-ray images. While the
system does not eliminate the need for fluoroscopic imaging
entirely, 1t does limit the number of fluoroscopic 1mages
required during a surgical procedure thereby minimizing the
amount ol 1onizing radiation that the patient and user are
exposed to. Furthermore, the system accomplishes this
reduction 1n radiation exposure without requiring reference
markers fixed to the patient, input ol pre-operative CT
images, or additional large, specialized, and costly equip-
ment.

Various embodiments are described of the surgical track-
ing system and surgical uses thereof for enhancing the safety
and efliciency of surgical procedures. In one example, the
present invention may facilitate monitoring the location and
orientation of surgical access instruments which can aid 1n
both the insertion and positioning of the surgical access
istruments themselves, as well as aiding 1n the later inser-
tion of instruments and/or implants through the surgical
access instruments. In another example, tracking the loca-
tion of surgical instruments within the surgical field may be
accomplished with significantly decreased reliance on 1ntra-
operative 1maging. In yet another example, the present
invention may be used 1n conjunction with, or integrated
into, a neuromonitoring system for assessing one or more of
nerve proximity (and/or nerve directionality) and pedicle
integrity, among other functions. In still another example,
the present invention may facilitate safe and reproducible
pedicle screw placement by monitoring the trajectory of
various surgical mstruments used during pilot hole forma-
tion and/or screw 1nsertion. While the above examples are
described 1n more detail below, 1t 1s expressly noted that they
are set forth by way of example and that the present
invention may be suitable for use 1 any number of addi-
tional surgical actions where tracking the 3D location of
surgical instruments and implants within the surgical field
and decreased exposure to x-ray radiation are desired.
Accordingly, it will be appreciated then that while the
surgical tracking system 1s generally discussed herein as
being attached to istruments such as dilating cannulas,
tissue retractors, C-arms, pedicle access tools, etc., other
instruments may be substituted depending on the surgical
procedure being performed and/or the needs of the surgeon.

With reference now to FIG. 1, there 1s shown, by way of
example, one embodiment of a surgical tracking system 10
including a position tracking system 12 and at least one
surgical object to be tracked. Preferably, the position track-
ing system 12 includes an infrared (IR) position sensor 14
(also referred to as an “IR camera™), an IR-reflective track-
ing array 16 mounted on an intraoperative imaging system
18, an IR-reflective tracking array 20 mountable to each
surgical object to be tracked (e.g. mitial dilator 32) and a
teedback and control device comprising a control unit 22
and a display 24. The control unit 22 has position tracking
software and C-arm video import capabilities and 1s com-
municatively linked to the display 24 so that information
relevant to the surgical procedure may be conveyed to the
user in a meaningiul manner. By way of example, the
relevant information includes, but 1s not limited to, spatial
positioning data (e.g., translational data 1n the x, y, and z
axes and orientation/rotational data) acquired by the IR
position tracking sensor 14.

The intraoperative imaging system 18 may be any com-
mercially available C-arm fluoroscope 26 communicatively
linked to a C-arm display 28 with an IR-reflective tracking
array 16 attached, for example, to the signal receiver. As
illustrated 1n FIG. 2, the IR-reflective tracking array 16 1is
preferably attached to the C-arm 26 by one or more mating,
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points (not shown) on a reticle 30. By way of example,
reticle 30 may be the reticle shown and described 1n PCT
Patent App. No. PCT/US2008/012121, enfitled “Surgical
Trajectory Monitoring System and Related Methods,” and
filed on Oct. 24, 2008, the entire contents of which 1s hereby
incorporated by reference as if set forth fully herein.

As depicted 1n FIG. 3, the surgical objects to be tracked
may be one or more surgical mstruments including nitial
dilator 32, cobb 238, rasp 240, and intervertebral implants
244 (shown 1n FIG. 3 attached to an implant inserter 242).
Though not shown, and by way of example only, other
surgical objects to be tracked may include retractor blades
and intervertebral implant trials, among others. Indeed any
instrument, implant, or device suitable for use in spine
surgery may be outfitted with an IR-retlective tracking array
20 and tracked within the surgical field 1n accordance with
the present disclosure. FIG. 1 1llustrates an IR-reflective
tracking array 16 positioned on an intraoperative imaging
device 18 and an IR-reflective tracking array 20 positioned
on an 1nitial dilator 32. Each IR -reflective tracking array 16,
20 has IR-reflective spheres 34 arranged in a calculated
manner somewhere along 1ts length. Spatial position data
about a surgical object may be acquired 1n 1ts raw form
relative to the IR position tracking sensor’s 14 local coor-
dinate system with each IR-reflective tracking array 16, 20
determining 1ts own coordinate system.

The system 10 further comprises a neuromonitoring sys-
tem 36 communicatively linked to the position tracking
system 12 via the control umit 22. By way of example only,
the neuromonitoring system 36 may be the neuromonitoring
system shown and described U.S. Pat. No. 8,255,043,
entitled “Neurophysiologic Monitoring System” and filed on
Apr. 3, 2008, the entire contents of which 1s hereby 1ncor-
porated by reference as if set forth fully herein. The neuro-
monitoring system 36 may be further configured to perform
neuromonitoring as a surgical access corridor 1s created (e.g.
a lateral access corridor created via a sequential dilation
assembly) and/or maintained (e.g. via a retractor assembly)
and as one or more surgical implants are placed 1nto the body
(e.g. a pedicle screw). The neuromonitoring system 36 may
also be configured to: 1) assess the depth of nearby nerves
relative to a surgical object; 2) localize the relative position
of the nerves once the surgical object reaches the spinal
target site (e.g. a lateral aspect of the spine); 3) couple the
neurophysiology data with the previously-acquired posi-
tional data of the surgical object; and 4) present the com-
bined data to the user via a virtual fluoroscopic image.

Details of the surgical tracking system 10 are discussed 1n
conjunction with a first exemplary use thereol for monitor-
ing a minimally-invasive, lateral trans-psoas approach to the
spine during a lateral lumbar interbody fusion. By way of
example, the system 10 may be used for monitoring the

approach during a lateral trans-psoas procedure shown and
described 1n U.S. Pat. No. 7,905,840, entitled “Surgical

Access System and Related Methods,” and filed on Oct. 18,
2004, the entire contents of which 1s hereby incorporated by
reference as 1f set forth fully herein.

FIGS. 4-26 illustrate, by way of example only, one
embodiment of a screen display 100 of the control umt 22
capable of receiving mput from a user 1 addition to com-
municating feedback information to the user. In this example
(though 1t 1s not a necessity), a graphical user interface
(GUI) 1s utilized to enter data directly from the screen
display 100. FIG. 4 depicts a welcome screen 1n accordance
with one exemplary embodiment. The system 10 1s config-
ured to detect the connection status of each of its required
components. By way of example only, icons 102, 104, 106
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indicate the connection status of the IR position sensor 14,
C-arm reticle 30, and C-arm video output, respectively. If
one or more required components are not connected or are
connected improperly, the display 100 may alert the user to
address the 1ssue before proceeding via textual, audio,
and/or visual means (e.g., textual messages, audible tones,
colored screen, blinking screen, etc.). A separate indicator
may alert the user once all of the required components are
properly connected. For example, an “OK” message below
cach of 1cons 102, 104, and 106 indicates all components are
properly connected. Selecting the “Start” button 108 pro-
ceeds to the next screen.

FIG. 5 illustrates an example procedure mput screen. The
user may use the screen 100 to input information nto one or
more selection fields regarding the patient and procedure.
The selection fields may be drop-down menus or check-
boxes pertaining to patient positioning 110 (e.g., lateral,
prone), spinal levels to be operated on 112 (e.g., L1, L2, L3,
L4, L5, S1), and surgical mstruments to track 114 (e.g.,
dilator, cobb, rasp, inserter, retractor blade, custom/other).
Once the user has provided the requested information,
selecting the “Next” button 116 proceeds to the next screen.

The tracked surgical objects are preferably monitored
with respect to the position of, and displayed onto the
anatomy of one or more virtual tluoroscopic 1mages from the
perspective of, the intraoperative imaging system 18 (not
with respect to the position of, and the perspective of, the IR
position sensor 14). Thus a surgical object 1s referenced ofl
of the location of the C-arm 26 and 1ts positional information
1s determined relative to coordinate system of the tracking
array 16 of the c-arm 26 (the “working coordinate system”).

To track objects with respect to the C-arm 26, the coor-
dinate system of the IR reflective tracking array 16 aflixed
to the C-arm 24 1s oriented 1n the direction of the x-ray beam
according to a preferred embodiment. By way of example,
one of the axes of the IR reflective tracking array’s 16
coordinate system 1s preferably oriented parallel to the beam
axis, and the definition of this orientation 1s known 1n the
position tracking software resident on the control unit 22.
Prior to mstalling the reticle 30, the C-arm 26 1s placed 1n the
traditional lateral position (with the arc of the “C” pointing,
straight down (0°) and the axis representing the x-ray beam
at 90°). Accelerometers (not shown) installed inside the
reticle 30 may be used to generate angular data such that the
reticle 30 can be installed at the 12 o’clock position relative
to the surface of the C-arm signal receiver. Alter properly
installing the reticle 30, the C-arm 26 can be placed 1n a
traditional anterior/posterior (A/P) position. Preferably, the
user moves the C-arm 26 to this position with the aid of the
accelerometer readout of the reticle 30 as described in the
121 application. An exact A/P position 1s achieved when
accelerometer’s x and y axes both read 0°. This will also
verily that the axis of gravity (and the axis of the X-ray
beam) 1s normal to the surface of the C-arm receiver, which
corresponds to the plane of the fluoroscopic 1mage. Once
this position 1s verified, the software establishes the corre-
sponding array 16 position as 0°/0° and that the axis of the
x-ray beam 1s parallel to the desired “working coordinate
system’s” y axis. The system 10 may then report to the user
when the beam/image axis 1s at 90° or the “true” lateral
position.

An exemplary C-arm setup and instruction screen 1s
illustrated 1n FIG. 6. To assist the user in setting up the
working coordinate system of the C-arm 26, the screen 100
may provide helpful instructions for the user for setting up
the C-arm 26 and reticle 30 via, by way of example only,
instruction fields 118, 120, and 122. Once the user has
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acknowledged the movement restrictions and confirmed the
proper reticle 30 setup, selecting the “Next” button 116
advances to the next screen.

Following setup, the user should ensure that the patient 1s
properly positioned. FIGS. 7 and 8 depict exemplary display
screens 100 that may assist the user with patient positioning.
A first step to confirming patient positioning 1s to obtain a
cross-table A/P fluoroscopic image of the patient in the
lateral decubitus position. The screen display 100 may show
the user an 1deal (sample) cross-table AP image 124 and a
C-arm status indicator field 126 to ensure that the C-arm 26
1s 1n the true lateral position. A cross-table A/P image 128 1s
taken (and re-taken as needed) to approximately match the
sample cross-table A/P 1image 124. A virtual center dot 130
1s superimposed on both cross-table A/P images 124, 128.
Once 1mage 128 matches sample 124, the user may be
provided with one or more additional mstructions via mes-
sage box 132. For example, the message box 132 may
remind the user to lock the C-arm wheels before proceeding
to the next step. Selecting the “Next” button 116 advances
the screen display 100 to the next screen.

A second step to confirming patient positioning is to
obtain a patient-lateral fluoroscopic image of the patient 1n
the lateral decubitus position. The screen display 100 may
show the user an i1deal (sample) lateral 1mage 134 and a
C-arm status 1ndicator field 126 to ensure that the C-arm 1s
positioned 90° from the previous cross-table position. A
lateral 1mage 136 1s taken (and retaken as needed) to
approximately match the sample lateral image 134. A virtual
center dot 138 1s superimposed on both lateral images 134,
136. When the user 1s finished confirming this view, the
“Next” button 116 is selected to advance the display screen
100 to the next screen.

After patient positioning 1s complete, the IR position
sensor 14 can be positioned near the surgical field. The IR
position sensor 14 should be positioned so that the C-arm
array 16 can be tracked 1n both the A/P and lateral positions.
Also, the mstrument tracking array 20 should be visible
within the tracking volume of the IR position sensor 14. FIG.
9 1llustrates an exemplary IR position sensor position field
screen. The display screen 100 may present the user with an
exemplary configuration setup and instructions (shown by
way of example only 1n instruction panel 140). Instruction
panel 140 1nstructs the user to position the IR position sensor
14 near the surgical bed so that the IR reflective tracking
array 16 on the C-arm 26 1s 1n view of the IR position sensor
14 and the surgical objects to be tracked within the IR
position sensor’s 14 tracking volume. The user may also
input information regarding the general positioning of the
patient relative to the IR position sensor 14 1n positioning
input ficld 142. By way of example only, the user may be
instructed to select which side of the surgical bed the
patient’s head 1s resting on (e.g., side “A” or side “B”). After
the general position of the IR position sensor 14 has been
inputted, the system 10 may evaluate whether the position of
the IR position sensor 14 relative to the IR reflective tracking
arrays 16, 20 1s optimal for data acquisition. According to
some 1mplementations, the system 10 may provide instruc-
tions as to where to move the IR position sensor 14 to
achieve optimal placement in message box 132 (e.g.,
towards the patient, away from the patient, towards the feet,
towards the head). According to some implementations, the
display screen 100 may present the status of one or more
tracked objects via tracked object status field 144. It 1s to be
appreciated that any visual indicator (textual, graphic, color)
may be used to indicate status of the tracked object or
objects relative to the IR position sensor 14. As shown by
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way of example 1 FIG. 9, the tracked object status field 144
shows three surgical instruments being tracked: the C-arm,
the mitial dilator, and the rasp. The tracked object status field
144 also indicates (via text and/or color indicators) that the
C-arm and the imtial dilator are within view of the IR
position sensor 14 but that the rasp 1s not. Should the user
wish to use the rasp, 1t will be necessary to move it within
the tracking volume of the IR position sensor 14. Once the
optimum IR position sensor 14 placement has been
achieved, the user may then select the next buftton to
continue to the patient registration protocol. Again, various
reminders may be provided to the user via message box 132
(e.g., the user may be reminded not to move the IR position
sensor for the remainder of the procedure).

With the C-arm 26, patient, and IR position sensor 14
properly positioned, a user may proceed to the registration
and scaling process. In some 1implementations, the patient
registration portion of the process mvolves defining two or
more points of interest for each fluoroscopy view. FIG. 10
depicts a flowchart of the patient registration process for a
given view. First, the user identifies a first point of interest
(Point A) at Step 150. Next, the user positions the C-arm 26
such that Point A 1s 1n the center of the fluoroscopic 1mage
at Step 152 using a virtual center marker as will be described
in greater detail below. Once the user indicates that this point
1s satisiactory, the position tracking software captures the
current 1mage, the x, y, z position of the reticle 30, and the
rotational position of the reticle 30 with respect to Point A
at Step 154. At Step 156, the user 1dentifies a second point
of interest (Point B). It 1s to be appreciated that the user may
choose any part of the anatomy for Point B that 1s not Point
A. Next, the user positions the C-arm 26 such that Point B
1s 1n the center of the tluoroscopic image at Step 158. Once
the user indicates that this point 1s satisfactory, the position
tracking software captures the current image, the x, y, and z
positions of the reticle 30, and the rotational position of the
reticle 30 with respect to Point B at Step 164. In some
implementations, points of interest may be acquired in two
or more views (e.g. lateral and A/P views). The steps
described above are repeated for each view and once all
desired views are registered, the images for each view (i.e.
the A/P view’s scale and/or the lateral view’s scale) may be
scaled.

Scaling may be accomplished 1n a number of ways (e.g.,
manually or automatically). In some automatic implemen-
tations, the system 10 lines up the images to create the best
anatomy match via image recognition. In manual implemen-
tations, this may be done, by way of example, by presenting,
a user with a scaling image and a backdrop 1mage and
prompting the user to define where one or more points are
located on a backdrop image (as will be described 1n further
detail below). The system 10 measures the physical distance
between Point A and Point B (Step 188) and determines a
scale factor by correlating the physical distance between
Points A and B with the number of pixels between Points A
and B on the display 24 (Step 190). This “scale” factor may
then be used to calculate the movements of the 3D-generated
virtual instruments and implants against the 2D x-ray image
in that particular view, among other things. With both of the
A/P and lateral views registered and scaled, the surgical
volume 1s defined for the system and the C-arm 26 may then
be articulated to a primary position (e.g., a lateral position).
The C-arm 26, 1n this position, acts as the reference object
for all other objects being tracked. Effectively, the other
tracked objects (1.e. instrumentation, implants, etc.) will be
referenced from the C-Arm array’s 16 local coordinate
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system, thereby allowing the movements of the 3D-gener-
ated instruments and implants against the 2D 1image 1n each
VIEW.

The screen display 100 (explained, for illustrative pur-
poses, with reference to FIG. 11) may include various
features for assisting the user with the patient registration
and scaling process. Screen display 100 may include an
image acquisition panel 162, a patient registration task panel
164, and an mstruction panel 166. By way of example only,
the 1image acquisition panel 162 preferably includes the live
fluoroscopic 1mage that i1s mputted nto the system 10 from
the intraoperative imaging system 18 via a C-arm input
cable. This fluoroscopic 1image may be the image that the
user selects to be the anatomical lateral backdrop (1.e. the
virtual lateral fluoroscopic image). By way of further
example, the patient registration task panel 166 may include
a list of the registration steps completed and those yet to be
completed and the 1nstruction panel 166 may include spe-
cific directions to the user for what actions to perform to
complete the first step 1n the acquisition process. The screen
display 100 may also include a plurality of buttons for
navigating through the patient registration process. For
example, selecting the “Capture” button 168 obtains the
position and 1image imformation for the first lateral tfluoros-
copy shot, selecting the “Reset” button 170 restarts the
patient registration process, selecting the “Back™ button
allows the user to see what was captured for a previously-
acquired 1mage, and selecting the “Next” button 174
advances to the next step in the patient registration process.

FIGS. 11-14 depict the screen display 100 during the steps
of the patient registration process according to one exems-
plary embodiment. As shown 1 FIG. 11, Point A 176 1s
defined 1n the anatomical lateral view of the patient with the
C-arm 26 1n the A/P position. By way of example only, the
chosen anatomy for Point A 176 1s the anterior border of the
disc space at the superior vertebra. An 1mage 1s taken with
Point A 176 1n the center of the fluoroscopic image as shown
in 1mage acquisition panel 162. Once the user indicates that
this point 1s satisfactory by selecting the “Capture” button
168, the software captures the following data points: 1) the
current image and 2) the X, y, z, and rotational position of the
reticle 30 with respect to Point A 176. This lateral image will
be used for the “virtual” patient-lateral 3D backdrop 178.
Once the fluoroscopic 1image has been taken and the posi-
tional data captured, the user can select the “Next” button
174 to proceed to the next registration step.

As shown 1n FIG. 12, Point B 180 1s then defined 1n the
anatomical lateral view of the patient with the C-arm 26 1n
the A/P position. It 1s to be appreciated that the user may
choose any part of the anatomy for Point B 180 that 1s not
Point A 176. Preferably, Point B 180 1s any point on the
anatomy that 1s either anterior or posterior to Point A 176.
For convenience, this movement from Point A 176 to Point
B 180 1s constrained to one axis (1.e., the line formed
between Point A 176 and Point B 180 1s parallel to the
anterior-posterior axis). By way of example only, the chosen
anatomy for Point B 180 1s the posterior border of the disc
space at the superior vertebrae. As shown 1n instruction
panel 166, the system 10 may provide the user with nstruc-
tions for taking the second image. An 1mage 1s then taken
with Point B 180 1n the center of the fluoroscopic 1image as
shown 1n 1mage acquisition panel 162. Once the user 1ndi-
cates that Point B 180 is satisfactory by selecting the
“Capture” button 168, the soitware captures the following
data points: 1) the current image and 2) the x, y, z, and
rotational position of the reticle 30 with respect to Point B
180. Once the 1mage has been taken and the positional data
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captured, the user can select the “Next” button 174 to
proceed to the next registration step.

As shown 1n FIG. 13, Point A' 182 1s then defined 1n the
anatomical A/P view of the patient with the C-arm 26 in the
lateral position. By way of example only, the chosen
anatomy for Point A' 182 1s the ipsilateral border of the disc
space. An 1mage 1s taken with Point A' 182 in the center of
the fluoroscopic image as shown 1n 1mage acquisition panel
162. Once the user indicates that this point 1s satisfactory by
selecting the “Capture” button 168, the software captures the
tollowing data points: 1) the current x-ray image and 2) the
X, v, Z, and rotational position of the reticle 30 with respect
to Point A' 182. This A/P mmage will be used for the
patient-lateral 3D backdrop 184 (i.e., the virtual A/P tluo-
roscopic 1mage). Once the 1mage has been taken and the
positional data captured, the user can select the “Next”
button 174 to proceed to the next registration step.

As shown 1n FIG. 14, Point B' 186 1s then defined 1n the
anatomical A/P view of the patient with the C-arm 26 1n the
lateral position. By way of example only, the chosen
anatomy for Point B' 186 1s the contralateral border of the
disc space. An 1mage 1s taken with Point B' 186 1n the center
of the fluoroscopic 1mage as shown 1n 1mage acquisition
panel 162. Once the user indicates that Point B' 186 1s
satisfactory by selecting the “Capture” button 168, the
soltware captures the following data points: 1) the current
image and 2) the X, y, z, and rotational position of the reticle
30 with respect to Point B' 186. Once the image has been
taken and the positional data captured, the user can select the
“Next” button 174 to complete the patient registration
process. In some implementations, the user may be advised
via message box 132 or a pop-up window that the C-arm 26
must be kept 1n this last registration position for the duration
of the surgical procedure. In other implementations, the user
may choose between the first, second, and merged 1mage in
both the A/P and lateral views for display. In yet other
implementations, the 1image may be mampulated to orient
the 1mage according to user preference.

As shown 1n FIG. 15, Point A 176 and Point B 180 are
then chosen and entered into the software and the physical
distance between Point A 176 and Point B 180 1s calculated.
Next, the user specifies where Point B 180 1s located on
backdrop 1mage 178. By way of example only, this can be
done manually (as shown 1n FIG. 15) by presenting the user
with the backdrop 1mage 178 alongside the scaling image
192 and prompting the user to define where Point B 180 1s
on the backdrop 1mage 178 (e.g., using a touch-screen or a
mouse). Next, as shown i FIG. 16, Point A' 182 and Point
B' 186 are then chosen and entered into the software and the
physical distance between Point A' 182 and Point B' 186 1s
calculated. Next, the user specifies where Point B' 186 1s
located on backdrop image 184. By way of example only,
this can be done manually (as shown i FIG. 16) by
presenting the user with the backdrop 1image 184 alongside
the scaling 1mage 194 and prompting to define where Point
B' 186 1s on the backdrop 1image 184. These actions allow the
soltware to correlate the physical distance between points
with pixel distances between points on the x-ray images.
This “scale” factor 1s used to properly calculate the move-
ments of the 3D generated instrumentation against the 2D
x-ray 1image in the A/P and lateral views, respectively. With
both of the A/P and lateral views registered and scaled, the
surgical volume 1s defined for the system 10. Selecting the
“Next” button 174 allows the user to proceed to the main
tracking screen 200.

According to some implementations, the main tracking
screen 200 serves as a starting point for all other available
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features and functions. FIG. 17 depicts a main tracking
screen 200 according to one exemplary embodiment. Main
tracking screen 200 includes left tracking panel 202 and
right tracking panel 204. Left tracking panel 202 includes
backdrop 1image 178, data box 206, and a plurality of image
orientation tabs 208. Right tracking panel 204 includes
backdrop image 184, data box 206, and a plurality of image
orientation tabs 208. Data box 206 preferably includes the
spatial position data acquired regarding the backdrop 1image
178 or 184. The plurality of image manipulation tabs 208
may be three buttons for reorienting the backdrop 1mage 178
or 184 to suit the user’s preference—tor example, selecting
the “Flip Horizontal” button will invert the backdrop 1mage
horizontally, selecting the “Flip Vertical” button will invert
the backdrop 1image vertically, and selecting the “Reset”
button will reset the backdrop 1mage 178 or 184 back to its
original configuration. As shown by way of illustration 1n
FIG. 17, image 184 1s flipped horizontally.

The system 10 may perform various functions that facili-
tate the surgical procedure depending on the user’s prefer-
ences or the patient’s requirements. The main tracking
screen 200 may include numerous features (e.g., represented
by tabs 212, 214, 216, 218, and 220 shown within navigation
panel 210) for use during the surgical procedure. By way of
example only, the system 10 may identily an incision
location on the skin, determine the distance from the skin to
a desired location within the body, project one or more
angles between anatomical points of interest, select the 1deal
direction for directing or docking a surgical object within the
patient, choose the optimal size of implants based on the
patient’s anatomy, and map neurophysiologic data onto
virtual anatomic locations of the patient (each of which will
be explaimned in detail below with reference to a lateral
trans-psoas procedure).

Prior to commencing the surgical procedure, the user may
wish to verily one or more 1deal incision locations. This may
be accomplished using the imtial dilator 32 with an IR-
reflective tracking array 20 attached. To do so, the user
selects the “Loaded Tools” tab 218 from the main tracking
screen 200. Once the “Loaded Tools” tab 218 1s selected, the
display screen 100 displays a surgical object menu table of
pre-loaded 3D CAD renderings of each mstrument and
implant available during the procedure 1n a variety of sizes.
The user may use the display 24 to select the surgical object
to be tracked (here, an 1mitial dilator 32) and selecting the
“Instrument Tracking™ tab 222. Next, the user may place the
distal tip 224 of the imitial dilator 32 laterally over an area
of the patient and maneuver 1t as necessary until a lateral
incision location that 1s substantially lateral to the surgical
target site (e.g., the intervertebral disc space) 1s 1dentified.

The user may also wish to determine the distance between
the 1ncision site at the skin to a spinal target site (e.g., the
intervertebral disc). The user may select the “Distance™ tab
212 from the navigation panel 210 on the main tracking
screen 200. The screen 200 will then instruct the user to
place the distal tip 224 of the mitial dilator 32 on the
patient’s skin and select a point of interest (e.g. the 1psilat-
eral annulus of the intervertebral disc) and indicate the
distance as the distance from the distal tip 228 of the virtual
initial dilator 226 to the 1psilateral annulus 1dentified on the
virtual fluoroscopic image(s)). This allows the user to know,
for example, the length of retractor blades required for a
particular patient. This feature has the added benefit of
decreasing surgical time because a surgical assistant may
assemble the retractor with the correct length of retractor
blades while the user-surgeon proceeds with the surgical
procedure. It 1s to be appreciated that the “Distance” func-
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tion 1s not limited to the implementation explained above.
Indeed, using the “Distance” tab 212, the system 10 can
determine the distance from the tip of any actively tracked
surgical object to any user-selected location on the virtual
fluoroscopic 1mage.

According to other implementations, the screen 200 may
instruct the user to select clinically significant boundaries for
the surgical procedure on the virtual fluoroscopic images. By
way of example, the user may select the lateral borders of the
superior and inferior endplates 1n the A/P view and the
anterior and posterior aspects of the vertebral body 1n the
lateral view. The system 10 will provide the user the distance
between the x, vy, and z coordinates between these locations
via the screen 200. Based on these clinical boundaries, the
system 10 may also provide the user with an 1dealized axial
view (not shown) of the disc space via an appropriately-
scaled 3D rendering of a disc space. Armed with this view,
the user may track instruments within the disc space and
redirect them as necessary based on this third projected
plane.

The user may also wish to determine the angle between
two anatomical points on the patient. The user may select the
“Angle” tab 214 from the navigation panel 210 on the main
tracking screen 200. The screen 200 will nstruct the user to
place the distal tip 224 of the imitial dilator 32 on the
patient’s skin and select a point of interest on the patient
(c.g. the 1liac crest at L4-5). Via the screen 200, the system
10 will then project the angle between the virtual nitial
dilator 226 to the patient’s 1liac crest at L4-5. This allows the
user to know whether the patient’s anatomy will accommo-
date a substantially lateral, retroperitoneal approach to the
spine prior to making an incision. This feature has the added
benefit of decreasing surgical time and/or preparing for
contingency procedures necessitated by challenging
anatomy (e.g. a high 1liac crest). It 1s to be appreciated that
the Angle function 1s not limited to the implementation
explained above. Indeed, using the “Angle” tab 214, the
system 10 can determine the angle between the tip of any
actively tracked surgical object to any user-selected location
on the virtual fluoroscopic 1image.

The user may also wish to determine the appropriate size
of one or more surgical instruments to be used during the
procedure and/or spinal implants to be implanted. The user
may select the “Sizing” tab 216 from the navigation panel on
the main tracking screen 200. Based on the climically sig-
nificant boundary information explained above, the change
in distance along the v axis may indicate implant width, the
change 1n distance along the x axis may indicate implant
height, and the change 1n distance along the z axis may
indicate the implant depth as well as instrument depth. The
system 10 may provide the user with suggestions for nstru-
ment size, implant size, etc. prior to commencing the sur-
gical procedure based on patient size, pathology, and the
like.

A scalpel or other mstrument 1s used to make an i1ncision
ol suflicient size to receive a distal end 224 of the mitial
dilator 32 at a lateral incision location. The distal end 224 of
the 1nitial dilator 32 may be guided through the retroperi-
toneal space toward the psoas muscle using a fingertip (for
example), to protect the peritoneum. The distal end of the
initial dilator 1s then advanced 1n a substantially lateral
direction through the psoas muscle toward the intervertebral
disc space at or near the surgical target site. The fibers of the
psoas muscle are split using blunt dissection until the spinal
target site 1s reached.

According to some embodiments, the user may track the
path of the mitial dilator 32 1n real time from the incision site
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to the target spinal site via the instrument tracking mode of
the system 10 from the main tracking screen 200. As shown
in FIG. 17, the main tracking screen 200 will track the A/P
and lateral views of the virtual mitial dilator 226 as 1t
advances through the patient to ensure the mnitial dilator 32
will dock on an ideal location of the psoas muscle prior
psoas muscle splitting. In such embodiments, 1t 1s to be
appreciated that the user need not vernily the location of the
distal tip of the mitial dilator 224 using fluoroscopic 1mag-
ing, thereby decreasing the exposure to x-ray radiation.

According to some embodiments, the neuromonitoring
system 36 may be used to allow for safe passage of the initial
dilator 32 through the psoas muscle to the spinal target site.
In such embodiments, 1nitial dilator 32 has a proximal end
configured to attach to a stimulation connector (e.g. a clip
cable) 1n electrical communication with the neuromonitor-
ing system (not shown) and at least one electrode (not
shown) at the distal tip 224 of the initial dilator 32. The
stimulation connector 1s coupled to both the mitial dilator 32
and the neuromonitoring system 36 to provide a stimulation
signal as the initial dilator 32 1s advanced through the psoas
muscle.

As the mitial dilator 32 1s advanced through the psoas
muscle to the surgical target site, the electrode located at the
distal tip 224 the initial dilator 32 emits one or more
stimulation pulses and recording electrodes positioned over
muscles innervated by nerves traversing through the psoas
registers the presence or absence of a significant EMG
response. The neuromonitoring system will continuously
search for the stimulus threshold that elicits an EMG
response 1n the myotomes monitored and then reports such
thresholds on the display 24. According to preferred
embodiments, this may be done with a hunting algorithm
that quickly and automatically determines stimulation
thresholds. As the 1mitial dilator 32 1s advanced through the
psoas muscle, the stimulus necessary (1.e. the threshold
intensity) to elicit an EMG response will vary with distance
from one or more nerves. The neuromonitoring system 36
may then report the relative nerve distance indicated by
these threshold intensities to the user by any number of
color, graphic, or alpha-numeric indicia. By way of example,
the user may be presented with the threshold intensity in
units of mA and/or a color associated with the predetermined
range 1n which the determined threshold lies. By way of
example only, threshold intensities between 1 mA and 6 mA
may also display a red color, threshold intensities between 7
mA and 10 mA may also display a vyellow color, and
threshold intensities greater than 10 mA may display a green
color.

According to one or more preferred embodiments, the
system 10 1s configured simultaneously track the movement
of the mitial dilator 32 via virtual initial dilator 226 and
display neurophysiologic data as the initial dilator 32 1is
being advanced through the psoas muscle to the spinal target
site. For any given position and orientation of the initial
dilator 32, EMG threshold intensity information can be
captured and displayed on the virtual fluoroscopic 1images
178, 184 corresponding to the position and orientation the
initial dilator 32 occupied when said threshold intensity was
clicited. Thus, the system can map out the location of nearby
nerves as the initial dilator 32 1s advanced through the psoas
muscle to the spinal target site. This may be accomplished
by selecting the “Show Nerve Mapping” tab 220 on the main
tracking screen 200. Various illustrative embodiments are
explained 1n detail below.

In some implementations (1llustrated by way of example,
in FIG. 18), the position of the initial dilator 32 within the
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surgical corridor may be tracked as the relative distance of
nearby nerves 1s monitored within the surgical corridor
relative to the presence of and indicated via a color (e.g.
red/yellow/green) and a number based on the threshold
intensities required to elicit a significant threshold response
as the 1mitial dilator 32 1s advanced to the surgical site. At the
same time, the location of the 1nmitial dilator 32 (preferably,
the distal tip 224) may be tracked on the virtual fluoroscopic
images 178, 184 as set forth above (via the virtual distal tip
228 of the virtual mmtial dilator 226). The system 10 may
then map each neurophysiologic response to the precise
spatial orientation where each neurophysiologic response
was obtained onto the virtual fluoroscopic 1mages 178, 184
as the 1nitial dilator 32 moves towards the spinal target site.
As 1llustrated in FIG. 18, the main tracking screen 200
shows that the neuromonitoring system 36 registered a
significant EMG response with 19 mA as the virtual initial
dilator 226 was positioned at location 230 (depicted as green
on the screen 200), a significant EMG response at 8 mA as
the virtual imitial dilator 226 advanced to location 232
(depicted as yellow the screen 200), a significant EMG
response at 4 mA as the virtual mitial 226 dilator advanced
to location 234 (depicted as red on the screen 200), and a
significant EMG response at 22 mA as the virtual initial
dilator 226 advanced to location 236 which 1s the spinal
target site (depicted as green on the screen 200). Armed with
this information, the user knows that at least one nerve lies
near location 234.

According to one or more implementations, the system 10
not only possesses the capability to register spatial position-
ing and neurophysiologic responses during advancement of
the mitial dilator 32, but also spatial positioning and neu-
rophysiologic responses during retreat and/or repositioning,
of the 1mitial dilator 32. As illustrated 1n FIG. 19, the main
tracking screen 200 shows the virtual initial dilator 226
retreating from the spinal target site (location 236). As the
virtual 1mitial dilator 226 retreats, the neurophysiologic
responses obtained at locations 236, 234, and 232 are
removed (as shown 1n FIG. 20, the numeric results may be
grayed-out and/or with dashed lines). From here, the mitial
dilator 32 may be repositioned and the repositioned path will
be shown with virtual mitial dilator 226 along with new
neurophysiologic responses as the initial dilator 32 1s
advanced again.

Neurophysiologic data may also be used to track the
orientation of one or more nerves relative to the distal tip
224 of the imitial dilator 32. Preferably once the depth of the
nerves has been ascertained (as explained above with respect
to FI1G. 19), the user can track the radial position of the distal
clectrode (not shown) with neurophysiologic data indicative
of the relative radial position of one or more nearby nerves
mapped onto the virtual fluoroscopic 1images 178, 164.

In some 1mplementations, once the depth has been ascer-
tained (a first discrete position), the surgeon may then rotate
the mnitial dilator 32 (shown as virtual 1mitial dilator 226)
about 1ts longitudinal axis through any number of discrete
positions and allow the neuromonitoring system 36 to cap-
ture neurophysiologic data for each discrete point. FIGS.
20-23 1llustrate this concept at one discrete position, two
discrete positions, and four discrete positions, respectively.
FIG. 20 shows the neurophysiologic data at one discrete
point (with no rotation of the mitial dilator 32, a first
significant neurophysiologic response was obtained at 27
mA (depicted as green on screen 200) which may convey to
the user that no nerve lies close to the electrode on the 1nitial
dilator 32 at the first discrete position. As shown 1n FIG. 21,
as the user rotates the 1nitial dilator 32 about 1ts longitudinal
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axis to a second radial position (shown here as 180 degrees
from the first discrete point), a second significant neuro-
physiologic response was obtained at 4 mA (depicted as red
on the screen 200) which may convey to the user that at least
one nerve lies close to the second discrete position. FIG. 22
shows the 1n1tial dilator 32 rotated about 1ts longitudinal axis
to four radial positions. Here, as the user rotates the initial
dilator 32 about its longitudinal axis approximately 90
degrees from the first discrete position, a second neurophysi-
ologic response was obtained at 7 mA (depicted as yellow on
screen 200). As the user rotates the 1nitial dilator 32 about 1ts
longitudinal axis approximately 90 degrees from 1ts second
discrete position, a third neurophysiologic response was
obtained at 4 mA (depicted as red on screen 200). As the user
rotates the 1nitial dilator 32 about 1ts longitudinal axis
approximately another 90 degrees from its third discrete
position, a fourth neurophysiologic response was obtained at
9 mA (depicted as yellow on screen 200). As the user rotates
the mitial dilator 32 to more radial positions, more refined
information as to the exact position ol a nearby nerve may
be ascertained. It 1s to be appreciated that the system may be
used as frequently as the surgeon wants to allow the system
to give the discrete position discrete neurophysiologic data
(e.g., minimum of two discrete points, maximum of surgeon
preference. Additionally, 1t 1s to be appreciated that the
system may give the orientation data at multiple depth
locations as shown 1n FIG. 23.

The examples set forth above are illustrative and the
system 10 may represent the data differently (e.g. an inten-
sity chart over anatomy (FIG. 24) or a color map (FI1G. 25),
etc. . . .). Furthermore, the system 10 may incorporate more
data points (e.g., time of the data capture, trend data) that
assist the user 1n integrating the positioning and neurophysi-
ologic mapping into the surgical procedure. While the
foregoing was explained with respect to an 1nitial dilator 32,
it 1s contemplated that the virtual image/mapping may be
used for subsequent dilators, one or more retractor blades,
etc.).

After the mitial dilator 32 has docked at the spinal target
site, the position of the distal end of the dilator may be
confirmed by selecting the “Instrument Tracking™ tab 222
and verilying the position of the distal tip 224 of the mitial
dilator 32 (via the distal tip 228 of the virtual initial dilator
226) 1s at the spinal target site (thereby obviating the need
to confirm this position using fluoroscopic i1maging). A
K-wire of the initial dilator 32 1s then introduced into the
targeted disc space after the mitial dilator 32 1s passed
through the psoas muscle. A sequential dilation system
including one or more supplemental dilators may be guided
over the 1imitial dilator for the purpose of further dilating the
tissue down to the surgical target site. It 1s to be appreciated
that each component of the sequential dilation system may
be outfitted with an IR-reflective array 16 and 1ts location
mapped onto the virtual fluoroscopic image. Also, each
component may be outfitted with one or more electrodes
such that i1t neurophysiologic data obtained while each
component 1s advanced to the spinal target site may be
mapped onto the virtual fluoroscopic 1mage as well.

The retractor blades of the access system are 1ntroduced
over the supplemental dilator (or the mnitial dilator if the
sequential dilation system 1s not employed) toward the disc
space. Again, the neuromonitoring system 36 may be used to
perform neuromonitoring as the blades are positioned helps
provide safe passage through the psoas muscle. In some
embodiments, a posterior shim element and/or retractor
extenders (not shown) are engaged with the retractor blades.
After the retractor blades are introduced along the distrac-
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tion corridor, the surgical tracking system 10 may be used to
coniirm the position of the blades proximal to the disc space
(again, thereby obviating the need to confirm the position of
the blades with fluoroscopic 1maging). Once the retractor
assembly 1s fully assembled, the blades may be used to
retract the distraction corridor so as to form an operative
corridor. Tracking may be used to verily the position of the
distal ends of the blades without the need for fluoroscopic
imaging.

Various 1struments may be inserted through the operative
corridor to prepare the targeted disc space. At least one
preparation tool such as a disc cutter, pituitary, scrapper,
curette, or the like 1s mserted through the operative corridor
to prepare the disc space. Any one of these may be outlitted
with an IR-reflective tracking array 20 and 1ts location
tracked during the procedure, to verily for the user, for
example, the extent of discectomy completed and the extent
of discectomy left to be done. Following disc preparation,
one or more sizers are mserted nto the disc space to provide
appropriate disc height restoration. This can also be moni-

tored via position tracking obviating the need for fluoros-
Copy.

An appropriately-sized implant (preferably determined by
using the “Sizing” tab 216 as set forth above) 1s then
advanced into the disc space with an inserter tool. The
implant 1s releasably secured to the inserter tool such that the
surgeon may release the implant when 1t 1s properly posi-
tioned 1n the disc space.

Particularly in surgical procedures in which more than
one spinal level 1s being operated on, additional fluoroscopic
images are traditionally needed to localize the next spinal
level (e.g. the superior or inferior spinal level) and to align
subsequent fluoroscopic 1mages used in tracking surgical
instruments. The system 10 of the present invention may
decrease the need for additional fluoroscopic images when
transitioning from one spinal level to the next. According to
one embodiment, the system 10 may allow the C-arm 26 to
be moved during the procedure. As the C-arm 1s moved from
one spinal level to another, the virtual marker (e.g. dot 130)
captures the C-arm’s 26 current position as 1t moves up and
down or left and right relative to the virtual A/P and lateral
fluoroscopic 1mages. The user may then manipulate the
C-arm 26 such that the dot 130 aligns with a point of 1nterest
at the next spinal level. It 1s to be appreciated that while this
may not obviate the need for 1onizing radiation entirely, it
allows the user a close approximation of the location of the
C-arm 26 without the use of localizing fluoroscopy.

It may also be advantageous for a user to verily that the
C-arm 26 1s displaying images accurately (1.e. the images are
not rotated clockwise or counterclockwise) such that they
are mputted into the system 10 accurately. Thus, the system
10 also provides an 1mage rotation feature which verifies
and/or corrects the 1images displayed so that they are accu-
rately displayed with respect to gravity. First, the user takes
a fluoroscopic image with an instrument that 1s known to be
positioned vertically with respect to gravity (e.g., a plumb
bob, a probe, or instrument with an attached ornentation
sensor, etc.) which 1s imported 1nto the system 10. Next, the
user takes a fluoroscopic image of the instrument with
angular feedback (e.g. a plumb bob, a probe, or an instru-
ment with an attached orientation sensor, etc.) registering at
0°/0° which 1s also imported into the system 10. If the
second 1mage does not appear properly positioned, the
image on the system 10 may need to be rotated relative to the
screen 100 until the image with the mstrument 1n 1t does
appear properly positioned.
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The system 10 of present invention also provides manners
in which a user may verily the virtual surgical objects are
tracking “true” to the actual surgical object. In some
instances, a virtual surgical object may not track “true” if the
patient has moved on the surgical table or the image 1s
distorted due to external factors.

According to a first implementation, the user may select
the “Offset” mode 230 from the main tracking screen 200
and take a fluoroscopic 1image with a surgical object posi-
tioned within the disc space and compare the fluoroscopic
image with the virtual mstrument overlaid onto the same
fluoroscopic 1mage. It the position of the actual and virtual
surgical objects do not align adequately, modifications may
be made to the position of the virtual surgical object on the
display screen 100. As shown by way of example in FIG. 26,
a fluoroscopic 1mage may be taken with the 1nitial dilator 32
positioned within the disc space and the virtual mnitial dilator
226 projected onto the fluoroscopic image. In this 1llustra-
tion, it can be seen that the two struments do not line up
exactly. The user may 1nstruct the system 10 to make
adjustments to the x and y position of the virtual initial
dilator 226 to align the virtual tip 228 of the virtual initial
dilator 226 with the actual tip 224 of the actual 1nitial dilator
32 using the x and y position adjustment fields 230, 232. In
this example, an upward correction in the y direction and a
correction to the right 1n the x direction would realign the
virtual initial dilator 226 to the actual imitial dilator 32.

According to another implementation, the Offset feature
of the surgical tracking system 10 may be used without
having to take additional fluoroscopic images during the
procedure. By way of example, the user may repeatedly
touch a tracked surgical object to a home position (located
within the surgical corridor) that is easily identified both by
visual 1denftification and on the wvirtual fluoroscopic and
comparing the offset (1if any) that the virtual surgical object
has relative to the home location. I, for example, the virtual
instrument tracks “true”, the position of the distal end of the
tracked surgical object will appear directly on top of the
home position. If however, the virtual instrument no longer
tracks “true,” the position of the distal end of the tracked
instrument may appear oilset from the home position. In that
case, the user may make adjustments to the virtual surgical
object 1n the x and y directions using the x and y position
adjustment fields 230, 232 as explained above. The user can
come back to the recorded “home position™ as the surgery
progresses and verily accurate tracking through the same
virtual to real-world comparison multiple times during the
surgery 1f so desired. The home position may be an ana-
tomical landmark (e.g., an 1psilateral osteophyte), a radio-
lucent marker positioned within the surgical corridor (e.g., a
radiolucent sphere) such that a tracked surgical object can be
rotated around the sphere’s surface and the user can confirm
that the movements correlate to the sphere’s location and
diameter; and a radiodense marker that can be used to
produce a definite mark on the virtual fluoroscopic image to
confirm that the location of the instrument 1s on the “home
position.”

According to yet another implementation, the Offset fea-
ture may detect patient movement using accelerometers
(such as those disclosed 1n the 121 application). By way of
example, a two- or three-axis accelerometer athixed to the
patient 1n a known position and orientation can be used to
alert the user and system 10 of possible patient movement.
The accelerometers’ measurement of static acceleration pro-
vides tilt and orientation information and the accelerom-
cters’ measurement ol dynamic acceleration provides vibra-
tion and other movement information. If significant changes
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in patient positioning are detected by the accelerometers, the
system 10 may display a warning that the tracking accuracy
may be decreased such that re-registration and scaling may
be advisable.

Details of the surgical tracking system 10 are now dis-
cussed 1n conjunction with a second exemplary use thereof
for monitoring the trajectory of a surgical instrument used
during pedicle fixation to ensure proper placement of pedicle
screws. According to one embodiment, the system 10 may
be used in conjunction with, or further integrated with, the
surgical trajectory monitoring system of the 121 applica-
tion.

Prior to forming a pedicle pilot hole or placing pedicle
screws (preferably prior to starting the surgical procedure),
it may be of interest to capture the starting point and
stopping point of the pedicle cannulation using the surgical
tracking system 10. With the IR tracking array 16 positioned
on the reticle 30, the control umit 22 captures the spatial
information of the C-arm 26 at a first spinal level of interest
via the IR position sensor 14. A first lateral fluoroscopic
image 1s taken with the lateral start points centered in the
center of the image. A second lateral fluoroscopic 1image 1s
then taken with the lateral stopping points centered in the
center of the image. The first lateral 1mage may be used as
the lateral virtual backdrop 1mage for that spinal level and
scaled as set forth above, with reference to the Points A and
B 1n the lateral, trans-psoas access procedure. According to
some 1implementations, a virtual protractor may be projected
ofl of this lateral backdrop image such that the cramal-
caudal angles may be measured and inputted 1nto the system
10 as set forth i the *121 application. Next, a first A/P
fluoroscopic 1mage 1s taken with the left start point centered
in the 1mage (for example, the lateral border of the leit
pedicle). A second A/P fluoroscopic image 1s taken with the
right start point centered in the image (for example, the
lateral border of the right pedicle). The first A/P image may
be used as the A/P virtual backdrop 1mage for that spinal
level and scaled as set forth above, with reference to the
Points A' and B' 1n the lateral, trans-psoas access procedure.
It 1s to be appreciated that selecting the 1deal start and stop
points for pedicle cannulation 1n this way 1s advantageous
for at least two reasons. First, fluoroscopic radiation to
transition to this spinal level during the procedure 1s elimi-
nated because the system 10 will alert the user when the
C-arm 26 has been brought into the correct position. Second,
fluoroscopic radiation 1s reduced when transitioning
between lateral and A/P images. Aside from acquiring the
starting points, no further 1maging 1s required.

During the procedure, a surgical imstrument may be
advanced to the target site and positioned on the lateral
margin of the pedicle, the preferred starting point according,
to the embodiment set forth above. By way of example only,
the surgical instrument 1s the pedicle access probe including,
the orientation sensor described in the 121 application and
turther outfitted with an IR trackmg array 20. As the depth
of the pedicle access probe 1s penetrated deeper into the
pedicle, 1ts location does not need to be checked via tluo-
roscopic radiation. Instead, the location of the pedicle access
probe may be projected onto the screen 100 1n both the
lateral and A/P views via a virtual pedicle access probe (not
shown). According to some 1mplementations, the neuro-
monitoring system 36 may provide neurophysiologic data
and/or mapping during pedicle cannulation. Thus, the sys-
tem 10 can show the dynamic relation of the distal tip of the
pedicle access probe relative to the medial pedicle wall and
the depth within the vertebral body via the virtual pedicle
access probe instead of relying on fluoroscopic imaging.
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While the invention 1s susceptible to various modifica-
tions and alternative forms, specific embodiments thereof
have been shown, by way of example only, in the drawings
and are herein described 1n detail. It should be understood,
however, that the description herein of specific embodiments
1s not mtended to limit the mnvention to the particular forms
disclosed. On the contrary, the mnvention i1s to cover all
modifications, equivalents, and alternatives falling within
the spirit and scope of the invention as defined herein.
What 1s claimed 1s:
1. A method for tracking a position of an mstrument
relative to a surgical target site, said method comprising the
steps of:
using an 1imaging device to take a first image of a patient’s
body 1n a first anatomical view, wherein said 1imaging
device displays a virtual center location when taking
said first image and said {irst image has a user defined
first point location at said virtual center location, and
wherein said imaging device 1s 1n a first position;

obtaining three-dimensional positional data of the loca-
tion of said 1imaging device 1n said {first position while
taking said first 1image;
using said imaging device to take a second 1mage of said
patient’s body 1n said first anatomical view, wherein
said 1maging device displays a second virtual center
location when taking said second 1mage and said sec-
ond 1image has a user defined second point location at
sald second virtual center location, and wherein said
imaging device 1s 1 a second position, and wherein
movement between said first and second positions of
said 1maging device 1s constrained to one axis;

obtaining three-dimensional positional data of the loca-
tion ol said imaging device 1n said second position
while taking said second 1mage;

scaling the first and second images to create a virtual

backdrop 1image 1n said first anatomical view for view-
ing on a display unit, wherein said scaling comprises
selecting the user defined first and second point loca-
tions to calculate a physical distance between said user
defined first and second point locations and selecting at
least one said user defined first and second point
locations from at least one of said first and second
images to correlate said physical distance between said
user defined first and second point locations on said
patient’s body and a number of pixels between said
user defined first and second point locations as repre-
sented on said display unit; and

monitoring three-dimensional position data of at least one

surgical instrument via said display unit as said surgical
mstrument 1s moved within said patient’s body by
tracking a virtual representation of said surgical instru-
ment overlaid onto said virtual backdrop 1mage.

2. The method of claim 1, wherein said imaging device 1s
a c-arm fluoroscope.

3. The method of claim 1, wherein said user defined first
point location 1s on the spine of said patient.

4. The method of claim 1, wherein said first anatomical
view 1s at least one of a lateral view and an anterior-posterior
VIEW.

5. The method of claim 1, wherein said three-dimensional
positional data of the first and second positions of the
imaging device 1s registered using an infrared position
tracking system.

6. The method of claam 1, wherein said user defined
second point location 1s on the spine of said patient.

7. The method of claim 1, wherein the scaling 1s accom-
plished manually.
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8. The method of claim 1, wherein the at least one surgical
instrument comprises at least one of a cannula, a dilator, a
retractor blade, a k-wire, a cobb, a rasp, a drill, a tap, and a
screw driver.
9. The method of claim 1, wherein the position of said at
least one surgical instrument 1s monitored during a spine
surgery procedure.
10. The method of claim 9, wherein the spinal surgery
procedure 1s a lateral lumbar spinal surgery procedure.
11. A method for tracking a position of a surgical instru-
ment during a surgical procedure, said method comprising,
the steps of:
using an intraoperative imaging device in a first position
to generate a first radiographic 1mage of a patient’s
body 1 a first anatomical view, wherein said first
radiographic 1mage displays a first user defined point
location 1n the center of the first image;
using said 1ntraoperative immaging device i a second
position to generate a second radiographic image of the
patient’s body 1n said first anatomical view, wherein
said second radiographic image displays a second user
defined point location in the center of the second
1mage;
obtaining three-dimensional positional data of said first
position of said imaging device during generation of
said first image and said second position of said imag-
ing device during generation of said second 1mage;

scaling the first and second 1mages to create a first virtual
backdrop 1mage 1n said first anatomical view for view-
ing on a display unit, said scaling step comprising
correlating a physical distance between the first and
second user defined point locations on said patient’s
body and a number of pixels between said first and
second user defined point locations as represented on
said display unait;
using said 1imaging device 1n a third position to generate
a third radiographic 1mage of the patient’s body 1n a
second anatomical view, wherein said third radio-
graphic image displays a third user defined point loca-
tion in the center of the third image;
using said imaging device 1n a fourth position to generate
a fourth radiographic image of the patient’s body 1n
said second anatomical view, wherein said fourth radio-
graphic 1mage displays a fourth user defined point
location 1n the center of the fourth image;
obtaining three-dimensional positional data of said third
position of said imaging device during generation of
said third image and said fourth position of said imag-
ing device during generation of said fourth image;

scaling the third and fourth images to create a second
virtual backdrop 1image in said second anatomical view
for viewing on said display unit, said scaling the third
and fourth 1images step comprising correlating a physi-
cal distance between the third and fourth user defined
point locations on said patient’s body and a number of
pixels between said third and fourth user defined point
locations as represented on said display unit; and

tracking a virtual representation of a surgical instrument
against said first and second virtual backdrop images as
the actual surgical mstrument 1s moved within said
patient’s body.

12. The method of claim 11, wherein said imaging device
1s a c-arm tluoroscope.

13. The method of claim 11, wherein said three-dimen-
sional positional data of the first, second, third, and fourth
positions of the imaging device 1s registered using an
infrared position tracking system.
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14. The method of claim 11, wherein said first and second
anatomical views are anterior-posterior and lateral views.

15. The method of claim 11, wherein the surgical instru-
ment 1s at least one of an intervertebral implant, an 1interver-
tebral trial, a rasp, a cobb, a retractor, a dilator, a cannula, a
k-wire, a drill, a tap, and a screw driver.

16. The method of claim 11, wherein each said scaling
step 1s accomplished manually.

17. The method of claim 11, wherein the position of said
surgical instrument 1s monitored during a spine surgery
procedure.

18. The method of claim 17, wherein the spinal surgery
procedure 1s a lateral lumbar spinal surgery procedure.

19. A method comprising, with one or more processors:

receiving movement data of an instrument as the instvu-

ment is advanced to a surgical target site;
receiving neurophysiological data, whervein the neuro-
physiological data corresponds to the movement data;,

determining a virtual location on an image of the surgical
target site corresponding to a location of the instrument
relative to the surgical target site when a neurophysi-
ological vesponse was elicited by the instrument, the
determining being based on the movement data and the
neurophysiological data; and

overlaying a graphic vepresentative of the neurophysi-

ological data onto the image of the surgical target site
in association with the determined virtual location.

20. The method of claim 19, wherein the neurophysiologi-
cal data comprises one or more electromyography responses
received at a distal end of the instrument.

21. The method of claim 20, further comprising:

determining one ov movre threshold vanges based on a

plurality  of  predetermined  electromyography
responses,; and

based on an electromyography response of the neuro-

physiological data being within a vange of the one or
movre threshold ranges, determining at least one or
movre visual effects associated with the graphic to be
displaved on the image of the surgical target site.

22. The method of claim 19, further comprising:

overlaving a virtual vepresentation of the instrument onto

the image of the surgical target site as the instrument
is advanced to the surgical target site.

23. The method of claim 19, wherein the image of the
surgical target site comprises at least one of an anterior-
posterior view and a lateral view,

24. The method of claim 19, wherein the instrument
comprises at least one of a cannula, a dilator, a retractor
blade, a k-wire, a cobb, a rvasp, a drill, a tap, and a screw
driver.

25. The method of claim 19, wherein the instrument is
advanced through the psoas muscle to the surgical target
site.

26. The method of claim 19, wherein overlaying the
graphic rvepresentative of the neurophysiological data at the
determined virtual location includes:

providing, as part of the graphic representation, a number

based on a threshold intensity required to elicit the
neurophysiological response.

27. The method of claim 19, wherein overlaying the
graphic rvepresentative of the neurophysiological data at the
determined virtual location includes:

providing, as part of the graphic, a color associated with

a relative distance to nearby nerve tissue.

28. The method of claim 19, wherein overlaying the
graphic rvepresentative of the neuvophysiological data at the
determined virtual location includes:
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providing, as part of the graphic, an indication of a radial
position of the instrument corresponding to the neuro-
physiological response.

29. The method of claim 19, further comprising:

causing a neuromonitoring system to provide an electrical
stimulation signal to tissue of a patient having the
surgical target site via at least one electrode of the
initial dilator.

30. The method of claim 19, further comprising:

simultaneously displaving onto the image each rvespective
graphic of a plurality of graphics at a vespective virtual
location of where a respective neurophysiological
response was detected while the instrument was at that
respective virtual location.

31. The method of claim 30, further comprising:

as the instrument is vetreated ov repositioned, modifying
one or morve of the plurality of graphics.

32. A method comprising:

receiving movement data of a dilator as the dilator is
advanced through a patient’s psoas muscle to a surgi-
cal target site;

overlaving a virtual representation of the dilator onto an
image of the surgical target site as the dilator is
advanced to the surgical target site;

receiving neurophysiological data, wherein the neuro-
physiological data corresponds to the movement data;,

determining a virtual location on an image of the surgical
target site corresponding to a location of the instrument
relative to the surgical target site when a neurophysi-
ological response was elicited by the instrument, the
determining being based on the movement data and the
neurophysiological data; and

overlaving a graphic representative of the neurophysi-
ological data onto the image of the surgical target site
in association with the determined virtual location,

wherein overlaying the graphic rvepresentative of the
neurophysiological data at the determined virtual loca-
tion includes:

providing, as part of the graphic vepresentation, a number
based on a threshold intensity required to elicit the
neurophysiological vesponse;

providing, as part of the graphic, a color associated with
a relative distance to nearby nerve tissue; or

providing, as part of the graphic, an indication of a radial
position of the instrument corresponding to the neuro-
physiological response.

33. The method of claim 30, wherein overlaying the
graphic representative of the neurophysiological response at
the determined virtual location includes:

providing, as part of the graphic vepresentation, a number
based on a threshold intensity required to elicit the
neurophysiological vesponse;

providing, as part of the graphic, a color associated with
a relative distance to nearby nerve tissue; and

providing, as part of the graphic, an indication of a radial
position of the instrument corresponding to the neuro-
physiological response.

34. A system comprising:

a position tracking system capable of tracking one or
more movements of an instrument during a surgical
procedure;

a display unit;, and

a control unit in communication with the position tracking
system and the display unit, wherein the control unit is
configured to:

24

receive, from the position tracking system, movement
data of the instrument as the instrument is advanced
to a surgical target site;
receive neurophysiological data, wherein the neuro-
5 phvysiological data corresponds to the movement
data;
determine a virtual location on an image of the surgical
target site corresponding to a location of the instru-
ment when a neurophysiological vesponse was elic-
ited, the determining being based on the neuvophysi-
ological data and the movement data,
overlay a graphic representative of the neurophysi-
ological vesponse onto the image of the surgical
target site in association with the determined virtual
location; and
display the overlaid graphic via the display unit.

35. The system of claim 34, wherein the neurophysiologi-
cal data comprises one ov more electromyography vesponses
received at a distal end of the instrument.

36. The system of claim 35, wherein the control unit is
further configured to:

determine one or move threshold ranges based on a

plurality  of  predetermined  electromyography
responses; and

based on an electromyography response of the neuro-

physiological data being within a range of the one or
morve threshold ranges, determine at least one or more
visual effects associated with the graphic to be dis-
plaved on the image of the surgical target site.

37. The system of claim 34, wherein the control unit is
further configured to:

overlay a virtual representation of the instrument onto the

image of the surgical target site as the instrument is
advanced to the surgical target site; and

display the overlaid virtual representation onto the image

via the display unit.

38. The system of claim 34, wherein the image of the
surgical target site comprises at least one of an anterior-
posterior view and a lateral view,

39. The system of claim 34, whervein the instrument
comprises at least one of a cannula, a dilator, a retractor
blade, a k~wire, a cobb, a rvasp, a drill, a tap, and a screw
driver.

40. The system of claim 34, wherein the instrument is
advanced through the psoas muscle to the surgical target
site.

41. A computer-implemented method comprising:

receiving a first neurophysiological response associated

with an instrument being in a first position at a surgical
target site;

receiving a second neurvophysiological vesponse associ-

ated with the instrument being in a second position at
the surgical target site;
determining first and second virtual locations corre-
sponding to the first and second positions; and

overlaving a first graphic rvepresentative of the first neu-
rophvsiological response at the first virtual location
onto the image of the surgical target site;

overlaying a second graphic vepresentative of the second

neurophysiological response at the second virtual loca-
tion onto the image of the surgical target site; and

displaving the overlaid first and second graphics.

42. The method of claim 41, wherein the second position
is based on a given rotational movement of the instrument.

43. The method of claim 41, wherein the first and second
neurophysiological vesponses comprise electromyography
responses, the method further comprising:
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determining one ov morvre threshold ranges based on a providing, as part of the first graphic, a first number
plurality  of  predetermined  electromyography based on a threshold intensity required to elicit the first
responses, and neurophyvsiological vesponse; and

based on a given electromyography response being within
a given range of the one or more threshold ranges, 5
determining at least one or move visual effects associ-
ated with at least one of the first or second graphic to
be displaved on the image of the surgical target site.
44. The method of claim 41, further comprising:
overlaving a virtual vepresentation of the instrument onto 10
the image of the surgical target site. _ _ _
45. The method of claim 41, wherein the image of the 49. The metnod of claim 41, wherein the overlaying

surgical target site comprises at least one of an anterior- fnclude;‘ - ofth ) . [ g
posterior view and a lateral view. providing, as part of the first graphic, a first indication of

46. The method of claim 41, wherein the instrument 15 a radial position of the instrument corresponding to the

comprises at least one of a cannula, a dilator, a retractor J rst neurop hysiological response; an-d e
blade, a k-wire, a cobb, a rasp, a dvill, a tap, and a screw providing, as part of the second graphic, a second indi-
driver cation of a radial position of the instrument corre-

47. The method of claim 41, wherein the overlaving sponding to the second neurophysiological vesponse.

includes: %k ok k%

providing, as part of the second graphic, a second number
based on a threshold intensity required to elicit the
second neurophysiological response.

48. The method of claim 41, wherein the overlaving
includes:

providing, as part of the first graphic, a color associated
with a relative distance to nearby nerve tissue.
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