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ABSTRACT

The present invention involves systems and related methods

for pe

rforming surgical procedures and assessments, includ-

ing the use of neurophysiology-based monitoring to: (a)
determine nerve proximity and nerve direction to surgical
instruments employed in accessing a surgical target site; (b)
assess the pathology (health or status) of a nerve or nerve
root before, during, or after a surgical procedure; and/or (c)
assess pedicle integrity before, during or after pedicle screw
placement, all in an automated, easy to use, and easy to
interpret fashion so as to provide a surgeon-driven system.
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SYSTEMS AND METHODS FOR
PERFORMING SURGICAL PROCEDURES
AND ASSESSMENTS
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APPLICATION(S)
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BACKGROUND
[0002] 1. Field of the Invention
[0003] The present invention relates to a system and

methods generally aimed at surgery. More particularly, the
present invention is directed at a system and related methods
for performing surgical procedures and assessments involv-
ing the use of neurophysiology.

[0004] 1. Description of Related Art

[0005] A variety of surgeries involve establishing a work-
ing channel to gain access to a surgical target site. Often-
times, based on the anatomical location of the surgical target
site (as well as the approach thereto), the instruments
required to form or create or maintain the working channel
may have to pass near or close to nerve structures which, if
contacted or disturbed, may be problematic to the patient.
Examples of such “nerve sensitive” procedures may include,
but are not necessarily limited to, spine surgery and prostrate
or urology-related surgery.

[0006] Systems and methods exist for monitoring nerves
and nerve muscles. One such system determines when a
needle is approaching a nerve. The system applies a current
to the needle to evoke a muscular response. The muscular
response is visually monitored, typically as a shake or
“twitch.” When such a muscular response is observed by the
user, the needle is considered to be near the nerve coupled
to the responsive muscle. These systems require the user to
observe the muscular response (to determine that the needle

May 25, 2017

has approached the nerve). This may be difficult depending
on the competing tasks of the user. In addition, when general
anesthesia is used during a procedure, muscular response
may be suppressed, limiting the ability of a user to detect the
response.

[0007] While generally effective (although crude) in deter-
mining nerve proximity, such existing systems are incapable
of determining the direction of the nerve to the needle or
instrument passing through tissue or passing by the nerves.
This can be disadvantageous in that, while the surgeon may
appreciate that a nerve is in the general proximity of the
instrument, the inability to determine the direction of the
nerve relative to the instrument can lead to guess work by
the surgeon in advancing the instrument and thereby raise
the specter of inadvertent contact with, and possible damage
to, the nerve.

[0008] Another nerve-related issue in existing surgical
applications involves the use of nerve retractors. A typical
nerve retractor serves to pull or otherwise maintain the nerve
outside the area of surgery, thereby protecting the nerve
from inadvertent damage or contact by the “active” instru-
mentation used to perform the actual surgery. While gener-
ally advantageous in protecting the nerve, it has been
observed that such retraction can cause nerve function to
become impaired or otherwise pathologic over time due to
the retraction. In certain surgical applications, such as spinal
surgery, it is not possible to determine if such retraction is
hurting or damaging the retracted nerve until after the
surgery (generally referred to as a change in “nerve health”
or “nerve status”). There are also no known techniques or
systems for assessing whether a given procedure is having a
beneficial effect on a nerve or nerve root known to be
pathologic (that is, impaired or otherwise unhealthy).
[0009] In spinal surgery, and specifically in spinal fusion
procedures, a still further nerve-related issue exists with
regard to assessing the placement of pedicle screws. More
specifically, it has been found desirable to detect whether the
medial wall of a pedicle has been breached (due to the
formation of the hole designed to receive a pedicle screw or
due to the placement of the pedicle screw into the hole)
while attempting to effect posterior fixation for spinal fusion
through the use of pedicle screws. Various attempts have
been undertaken at assessing the placement of pedicle
screws. X-ray and other imaging systems have been
employed, but these are typically quite expensive and are
oftentimes limited in terms of resolution (such that pedicle
breaches may fail to be detected).

[0010] Still other attempts involve capitalizing on the
insulating characteristics of bone (specifically, that of the
medial wall of the pedicle) and the conductivity of the
exiting nerve roots themselves. That is, if the medial wall of
the pedicle is breached, a stimulation signal (voltage or
current) applied to the pedicle screw and/or the pre-formed
hole (prior to screw introduction) will cause the various
muscle groups coupled to the exiting nerve roots to twitch.
If the pedicle wall has not been breached, the insulating
nature of the medial wall will prevent the stimulation signal
from innervating the given nerve roots such that the muscle
groups will not twitch.

[0011] To overcome this obviously crude technique (rely-
ing on visible muscles twitches), it has been proposed to
employ electromyographic (EMG) monitoring to assess
whether the muscle groups in the leg are innervating in
response to the application of a stimulation signal to the
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pedicle screw and/or the pre-formed hole. This is advanta-
geous in that it detects such evoked muscle action potentials
(EMAPs) in the leg muscles as much lower levels than that
via the “visual inspection” technique described above. How-
ever, the traditional EMG systems employed to date suffer
from various drawbacks. First, traditional EMG systems
used for pedicle screw testing are typically quite expensive.
More importantly, they produce multiple waveforms that
must be interpreted by a neurophysiologist. Even though
performed by specialists, interpreting such multiple EMG
waveforms in this fashion is nonetheless disadvantageously
prone to human error and can be disadvantageously time
consuming, adding to the duration of the operation and
translating into increased health care costs. Even more
costly is the fact that the neurophysiologist is required in
addition to the actual surgeon performing the spinal opera-
tion.

[0012] The present invention is directed at eliminating, or
at least reducing the effects of, the above-described prob-
lems with the prior art.

SUMMARY

[0013] The present invention includes a system and related
methods for performing surgical procedures and assess-
ments, including the use of neurophysiology-based moni-
toring to: (a) determine nerve proximity and nerve direction
to surgical instruments employed in accessing a surgical
target site; (b) assess the pathology (health or status) of a
nerve or nerve root before, during, or after a surgical
procedure; and/or (c) assess pedicle integrity before, during
or after pedicle screw placement, all in an automated, easy
to use, and easy to interpret fashion so as to provide a
surgeon-driven system.

[0014] The present invention accomplishes this by com-
bining neurophysiology monitoring with any of a variety of
instruments used in or in preparation for surgery (referred to
herein as “surgical accessories”). By way of example only,
such surgical accessories may include, but are not necessar-
ily limited to, any number of devices or components for
creating an operative corridor to a surgical target site (such
as K-wires, sequentially dilating cannula systems, distractor
systems, and/or retractor systems), devices or components
for assessing pedicle integrity (such as a pedicle testing
probe), and/or devices or components for retracting or
otherwise protecting a nerve root before, during and/or after
surgery (such as a nerve root retractor). Although described
herein largely in terms of use in spinal surgery, it is to be
readily appreciated that the teachings of the method and
apparatus of the present invention are suitable for use in any
number of additional surgical procedures wherein tissue
having significant neural structures must be passed through
(or near) in order to establish an operative corridor to a
surgical target site, wherein neural structures are located
adjacent bony structures, and/or wherein neural structures
are retracted or otherwise contacted during surgery.

[0015] The fundamental method steps according to the
present invention include: (a) stimulating one or more
electrodes provided on a surgical accessory; (b) measuring
the response of nerves innervated by the stimulation of step
(a); (c) determining a relationship between the surgical
accessory and the nerve based upon the response measured
in step (b); and communicating this relationship to the
surgeon in an easy-to-interpret fashion.
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[0016] The step of stimulating may be accomplished by
applying any of a variety of suitable stimulation signals to
the electrode(s) on the surgical accessory, including voltage
and/or current pulses of varying magnitude and/or fre-
quency. The stimulating step may be performed at different
times depending upon the particular surgical accessory in
question. For example, when employed with a surgical
access system, stimulation may be performed during and/or
after the process of creating an operative corridor to the
surgical target site. When used for pedicle integrity assess-
ments, stimulation may be performed before, during and/or
after the formation of the hole established to receive a
pedicle screw, as well as before, during and/or after the
pedicle screw is introduced into the hole. With regard to
neural pathology monitoring, stimulation may be performed
before, during and/or after retraction of the nerve root.

[0017] The step of measuring the response of nerves
innervated by the stimulation step may be performed in any
number of suitable fashions, including but not limited to the
use of evoked muscle action potential (EMAP) monitoring
techniques (that is, measuring the EMG responses of muscle
groups associated with a particular nerve). According to one
aspect of the present invention, the measuring step is pref-
erably accomplished via monitoring or measuring the EMG
responses of the muscles innervated by the nerve(s) stimu-
lated in step for each of the preferred functions of the present
invention: surgical access, pedicle integrity assessments,
and neural pathology monitoring.

[0018] The step of determining a relationship between the
surgical accessory and the nerve based upon the measure-
ment step may be performed in any number of suitable
fashions depending upon the manner of measuring the
response, and may define the relationship in any of a variety
of fashions (based on any number of suitable parameters
and/or characteristics). By way of example only, the step of
determining a relationship, within the context of a surgical
access system, may involve identifying when (and prefer-
ably the degree to which) the surgical accessory comes into
close proximity with a given nerve (“nerve proximity™)
and/or identifying the relative direction between the surgical
accessory and the nerve (“nerve direction”). For a pedicle
integrity assessment, the relationship between the surgical
accessory (screw test probe) and the nerve is whether
electrical communication is established therebetween. If
electrical communication is established, this indicates that
the medial wall of the pedicle has been cracked, stressed, or
otherwise breached during the steps of hole formation and/or
screw introduction. If not, this indicates that the integrity of
the medial wall of the pedicle has remained intact during
hole formation and/or screw introduction. This characteristic
is based on the insulating properties of bone. For neural
pathology assessments according to the present invention,
the relationship may be, by way of example only, whether
the neurophysiologic response of the nerve has changed over
time. Such neurophysiologic responses may include, but are
not necessarily limited to, the onset stimulation threshold for
the nerve in question, the slope of the response vs. the
stimulation signal for the nerve in question and/or the
saturation level of the nerve in question. Changes in these
parameters will indicate if the health or status of the nerve
is improving or deteriorating, such as may result during
surgery.

[0019] The step of communicating this relationship to the
surgeon in an easy-to-interpret fashion may be accomplished
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in any number of suitable fashions, including but not limited
to the use of visual indicia (such as alpha-numeric charac-
ters, light-emitting elements, and/or graphics) and audio
communications (such as a speaker element). By way of
example only, with regard to surgical access systems, this
step of communicating the relationship may include, but is
not necessarily limited to, visually representing the stimu-
lation threshold of the nerve (indicating relative distance or
proximity to the nerve), providing color coded graphics to
indicate general proximity ranges (i.e. “green” for a range of
stimulation thresholds above a predetermined safe value,
“red” for range of stimulation thresholds below a predeter-
mined unsafe value, and “yellow” for the range of stimula-
tion thresholds in between the predetermined safe and
unsafe values—designating caution), as well as providing an
arrow or other suitable symbol for designating the relative
direction to the nerve. This is an important feature of the
present invention in that, by providing such proximity and
direction information, a user will be kept informed as to
whether a nerve is too close to a given surgical accessory
element during and/or after the operative corridor is estab-
lished to the surgical target site. This is particularly advan-
tageous during the process of accessing the surgical target
site in that it allows the user to actively avoid nerves and
redirect the surgical access components to successfully
create the operative corridor without impinging or otherwise
compromising the nerves. Based on these nerve proximity
and direction features, then, the present invention is capable
of passing through virtually any tissue with minimal (if any)
risk of impinging or otherwise damaging associated neural
structures within the tissue, thereby making the present
invention suitable for a wide variety of surgical applications.

[0020] With regard to pedicle integrity assessments, the
step of communicating the relationship may include, but is
not necessarily limited to, visually representing the actual
stimulation threshold of an exiting nerve root alone or in
combination with the stimulation threshold of a bare nerve
root (with or without the difference therebetween), as well as
with providing color coded graphics to indicate general
ranges of pedicle integrity (i.e. “green” for a range of
stimulation thresholds above a predetermined safe value—
indicating “breach unlikely”, “red” for range of stimulation
thresholds below a predetermined unsafe value—indicating
“breach likely”, and “yellow” for the range of stimulation
thresholds between the predetermined safe and unsafe val-
ues—indicating “possible breach”). This is a significant
feature, and advantage over the prior art, in that it provides
a straightforward and easy to interpret representation as to
whether a pedicle has been breached during and/or after the
process of forming the hole and/or introducing the pedicle
screw. Identifying such a potential breach is helpful in that
it prevents or minimizes the chance that a misplaced pedicle
screw (that is, one breaching the medial wall) will be missed
until after the surgery. Instead, any such misplaced pedicle
screws, when stimulated according to the present invention,
will produce an EMG response at a myotome level associ-
ated with the nerve in close proximity to the pedicle screw
that is breaching the pedicle wall. This will indicate to the
surgeon that the pedicle screw needs to be repositioned. But
for this system and technique, patients may be released and
subsequently experience pain due to the contact between the
exiting nerve root and the pedicle screw, which oftentimes
requires another costly and painful surgery.
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[0021] As for neural pathology monitoring, the step of
communicating the relationship may include, but is not
necessarily limited to, visually representing the changes
over time in the onset stimulation threshold of the nerve, the
slope of the response versus the stimulation threshold of the
nerve and/or the saturation level of the nerve. Once again,
these changes may indicate if the health or status of the
nerve is improving or deteriorating, such as may result
during surgery and/or retraction. This feature is important in
that it may provide qualitative feedback on the effect of the
particular surgery. If it appears the health or status (pathol-
ogy) of the nerve is deteriorating over time, the user may be
instructed to stop or lessen the degree of retraction to avoid
such deterioration. If the pathology of the nerve improves
over time, it may indicate the success of the surgery in
restoring or improving nerve function, such as may be the
case in decompressive spinal surgery.

[0022] The present invention also encompasses a variety
of techniques, algorithms, and systems for accomplishing
the steps of (a) stimulating one or more electrodes provided
on a surgical accessory; (b) measuring the response of
nerves innervated by the stimulation of step (a); (c) deter-
mining a relationship between the surgical accessory and the
nerve based upon the response measured in step (b); and/or
communicating this relationship to the surgeon in an easy-
to-interpret fashion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 is a flow chart illustrating the fundamental
steps of the neurophysiology-based surgical system accord-
ing to the present invention;

[0024] FIG. 2 is a perspective view of an exemplary
surgical system 20 capable of determining nerve proximity
and direction to surgical instruments employed in accessing
a surgical target site, assessing pedicle integrity before,
during or after pedicle screw placement, and/or assessing the
pathology (health and/or status) of a nerve or nerve root
before, during, or after a surgical procedure;

[0025] FIG. 3 is a block diagram of the surgical system 20
shown in FIG. 2;

[0026] FIG. 4 is a graph illustrating a plot of a stimulation
current pulse capable of producing a neuromuscular
response (EMG) of the type shown in FIG. 3;

[0027] FIG. 5 is a graph illustrating a plot of the neuro-
muscular response (EMG) of a given myotome over time
based on a current stimulation pulse (such as shown in FIG.
4) applied to a nerve bundle coupled to the given myotome;
[0028] FIG. 6 is an illustrating (graphical and schematic)
of a method of automatically determining the maximum
frequency (F,,,.) of the stimulation current pulses according
to one embodiment of the present invention;

[0029] FIG. 7 is a graph illustrating a plot of EMG
response peak-to-peak voltage (V) for each given stimu-
lation current level (I,,,,) forming a stimulation current
pulse according to the present invention (otherwise known
as a “recruitment curve”);

[0030] FIG. 8 is a graph illustrating a traditional stimula-
tion artifact rejection technique as may be employed in
obtaining each peak-to-peak voltage (V,,) EMG response
according to the present invention;

[0031] FIG. 9 is a graph illustrating the traditional stimu-
lation artifact rejection technique of FIG. 8, wherein a large
artifact rejection causes the EMG response to become com-
promised,
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[0032] FIG. 10 is a graph illustrating an improved stimu-
lation artifact rejection technique according to the present
invention;

[0033] FIG. 11 is a graph illustrating an improved noise
artifact rejection technique according to the present inven-
tion;

[0034] FIG. 12 is a graph illustrating a plot of a neuro-
muscular response (EMG) over time (in response to a
stimulus current pulse) showing the manner in which volt-
age extrema (paz o azin)s (Y agin or aax) OCCUr at times T1 and
T2, respectively;

[0035] FIG. 13 is a graph illustrating a histogram as may
be employed as part of a T1, T2 artifact rejection technique
according to an alternate embodiment of the present inven-
tion;

[0036] FIGS. 14A-14E are graphs illustrating a current
threshold-hunting algorithm according to one embodiment
of the present invention;

[0037] FIG. 15 is a series of graphs illustrating a multi-
channel current threshold-hunting algorithm according to
one embodiment of the present invention;

[0038] FIGS. 16-19 are top views of a neurophysiology-
based surgical access system according to one embodiment
of the present invention in use accessing a surgical target site
in the spine;

[0039] FIG. 20 is an exemplary screen display illustrating
one embodiment of the nerve proximity or detection feature
of the surgical access system of the present invention;
[0040] FIG. 21 is an exemplary screen display illustrating
one embodiment of the nerve detection feature of the
surgical access system of the present invention;

[0041] FIG. 22 is a graph illustrating a method of deter-
mining the direction of a nerve (denoted as an “octagon™)
relative to an instrument having four (4) orthogonally dis-
posed stimulation electrodes (denoted by the “circles™)
according to one embodiment of the present invention;
[0042] FIGS. 23-24 are exemplary screen displays illus-
trating one embodiment of the pedicle integrity assessment
feature of the present invention:

[0043] FIGS. 25-27 are exemplary screen displays illus-
trating another embodiment of the pedicle integrity assess-
ment feature of the present invention;

[0044] FIG. 28 is a graph illustrating recruitment curves
for a generally healthy nerve (denoted “A”) and a generally
unhealthy nerve (denoted “B”) according to the nerve
pathology monitoring feature of the present invention;
[0045] FIGS. 29-30 are perspective and side views,
respectively, of an exemplary nerve root retractor assembly
according to one embodiment of the present invention;
[0046] FIG. 31 is a perspective view of an exemplary
nerve root retractor according to one embodiment of the
present invention;

[0047] FIG. 32 is an exemplary screen display illustrating
one embodiment of the neural pathology monitoring feature
of the present invention, specifically for monitoring change
in nerve function of a healthy nerve due to nerve retraction;
[0048] FIG. 33 is an exemplary screen display illustrating
another embodiment of the neural pathology monitoring
feature of the present invention, specifically for monitoring
change in nerve function of a healthy nerve due to nerve
retraction;

[0049] FIG. 34 is an exemplary screen display illustrating
one embodiment of the neural pathology monitoring feature
of the present invention, specifically for monitoring change
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in nerve function of an unhealthy nerve due to the perfor-
mance of a surgical procedure; and

[0050] FIG. 35 is an exemplary screen display illustrating
another embodiment of the neural pathology monitoring
feature of the present invention, specifically for monitoring
change in nerve function of an unhealthy nerve due to the
performance of a surgical procedure.

DESCRIPTION OF THE SPECIFIC
EMBODIMENTS

[0051] Illustrative embodiments of the invention are
described below. In the interest of clarity, not all features of
an actual implementation are described in this specification.
It will of course be appreciated that in the development of
any such actual embodiment, numerous implementation-
specific decisions must be made to achieve the developers’
specific goals, such as compliance with system-related and
business-related constraints, which will vary from one
implementation to another. Moreover, it will be appreciated
that such a development effort might be complex and
time-consuming, but would nevertheless be a routine under-
taking for those of ordinary skill in the art having the benefit
of this disclosure. The systems disclosed herein boast a
variety of inventive features and components that warrant
patent protection, both individually and in combination.
[0052] The present invention is capable of performing a
variety of surgical procedures and assessments by combin-
ing neurophysiology monitoring with any of a variety of
instruments used in or in preparation for surgery (referred to
herein as “surgical accessories”). By way of example only,
such surgical accessories may include, but are not necessar-
ily limited to, any number of devices or components for
creating an operative corridor to a surgical target site (such
as K-wires, sequentially dilating cannula systems, distractor
systems, and/or retractor systems), for retracting or other-
wise protecting a nerve root before, during and/or after
surgery (such as a nerve root retractor), and/or for assessing
pedicle integrity (such as a pedicle screw test probe).
Although described herein largely in terms of use in spinal
surgery, it is to be readily appreciated that the teachings of
the method and apparatus of the present invention are
suitable for use in any number of additional surgical proce-
dures wherein tissue having significant neural structures
must be passed through (or near) in order to establish an
operative corridor to a surgical target site, wherein neural
structures are refracted, and/or wherein neural structures are
located adjacent bony structures.

[0053] FIG. 1 illustrates the fundamental method steps
according to the present invention, namely: (a) stimulating
one or more electrodes provided on a surgical accessory; (b)
measuring the response of nerves innervated by the stimu-
lation of step (a); (c¢) determining a relationship between the
surgical accessory and the nerve based upon the response
measured in step (b); and (d) communicating this relation-
ship to the surgeon in an easy-to-interpret fashion.

[0054] The step of stimulating may be accomplished by
applying any of a variety of suitable stimulation signals to
the electrode(s) on the surgical accessory, including voltage
and/or current pulses of varying magnitude and/or fre-
quency. The stimulating step may be performed at different
times depending upon the particular surgical accessory in
question. For example, when employed with a surgical
access system, stimulation 10 may be performed during
and/or after the process of creating an operative corridor to
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the surgical target site. When used for pedicle integrity
assessments, stimulation 10 may be performed before, dut-
ing and/or after the formation of the hole established to
receive a pedicle screw, as well as before, during and/or after
the pedicle screw is introduced into the hole. With regard to
neural pathology monitoring, stimulation 10 may be pet-
formed before, during and/or after refraction of the nerve
root.

[0055] The step of measuring the response of nerves
innervated by the stimulation step 10 may be performed in
any number of suitable fashions, including but not limited to
the use of evoked muscle action potential (EMAP) moni-
toring techniques (that is, measuring the EMG responses of
muscle groups associated with a particular nerve). Accord-
ing to one aspect of the present invention, the measuring step
is preferably accomplished via monitoring or measuring the
EMG responses of the muscles innervated by the nerve(s)
stimulated in step (a) for each of the preferred functions of
the present invention: surgical access, pedicle integrity
assessments, and neural pathology monitoring.

[0056] The step of determining a relationship between the
surgical accessory and the nerve based upon the measure-
ment step (b) may be performed in any number of suitable
fashions depending upon the manner of measuring the
response of step (b), and may define the relationship in any
of a variety of fashions (based on any number of suitable
parameters and/or characteristics). By way of example only,
step (c) of determining a relationship, within the context of
a surgical access system, may involve identifying when (and
preferably the degree to which) the surgical accessory comes
into close proximity with a given nerve (“nerve proximity™)
and/or identifying the relative direction between the surgical
accessory and the nerve (“nerve direction”). For a pedicle
integrity assessment, the relationship between the surgical
accessory (screw test probe) and the nerve is whether
electrical communication is established therebetween. If
electrical communication is established, this indicates that
the medial wall of the pedicle has been cracked, stressed, or
otherwise breached during the steps of hole formation and/or
screw introduction. If not, this indicates that the integrity of
the medial wall of the pedicle has remained intact during
hole formation and/or screw introduction. This characteristic
is based on the insulating properties of bone. For neural
pathology assessments according to the present invention,
the step (c) relationship may be, by way of example only,
whether the neurophysiologic response of the nerve has
changed over time. Such neurophysiologic responses may
include, but are not necessarily limited to, the onset stimu-
lation threshold for the nerve in question, the slope of the
response vs. the stimulation signal for the nerve in question
and/or the saturation level of the nerve in question. Changes
in these parameters will indicate if the health or status of the
nerve is improving or deteriorating, such as may result
during surgery.

[0057] The step of communicating this relationship to the
surgeon in an easy-to-interpret fashion may be accomplished
in any number of suitable fashions, including but not limited
to the use of visual indicia (such as alpha-numeric charac-
ters, light-emitting elements, and/or graphics) and audio
communications (such as a speaker element). By way of
example only, with regard to surgical access systems, step
(d) of communicating the relationship may include, but is
not necessarily limited to, visually representing the stimu-
lation threshold of the nerve (indicating relative distance or
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proximity to the nerve), providing color coded graphics to
indicate general proximity ranges (i.e. “green” for a range of
stimulation thresholds above a predetermined safe value,
“red” for range of stimulation thresholds below a predeter-
mined unsafe value, and “yellow” for the range of stimula-
tion thresholds in between the predetermined safe and
unsafe values—designating caution), as well as providing an
arrow or other suitable symbol for designating the relative
direction to the nerve. This is an important feature of the
present invention in that, by providing such proximity and
direction information, a user will be kept informed as to
whether a nerve is too close to a given surgical accessory
element during and/or after the operative corridor is estab-
lished to the surgical target site. This is particularly advan-
tageous during the process of accessing the surgical target
site in that it allows the user to actively avoid nerves and
redirect the surgical access components to successfully
create the operative corridor without impinging or otherwise
compromising the nerves. Based on these nerve proximity
and direction features, then, the present invention is capable
of passing through virtually any tissue with minimal (if at
all) risk of impinging or otherwise damaging associated
neural structures within the tissue, thereby making the
present invention suitable for a wide variety of surgical
applications.

[0058] With regard to pedicle integrity assessments, step
(d) of communicating the relationship may include, but is
not necessarily limited to, visually representing the actual
stimulation threshold of an exiting nerve root alone or in
combination with the stimulation threshold of a bare nerve
root (with or without the difference therebetween), as well as
with providing color coded graphics to indicate general
ranges of pedicle integrity (i.e. “green” for a range of
stimulation thresholds above a predetermined safe value—
indicating “breach unlikely”, “red” for range of stimulation
thresholds below a predetermined unsafe value—indicating
“breach likely”, and “yellow” for the range of stimulation
thresholds between the predetermined safe and unsafe val-
ues—indicating “possible breach”). This is a significant
feature, and advantage over the prior art, in that it provides
a straightforward and easy to interpret representation as to
whether a pedicle has been breached during and/or after the
process of forming the hole and/or introducing the pedicle
screw. Identifying such a potential breach is helpful in that
it prevents or minimizes the chance that a misplaced pedicle
screw (that is, one breaching a wall of the pedicle, such as,
by way of example, the medial wall) will be missed until
after the surgery. Instead, any such misplaced pedicle
screws, when stimulated according to the present invention,
will produce an EMG response at a myotome level associ-
ated with the nerve in close proximity to the pedicle screw
that is breaching the pedicle wall. This will indicate to the
surgeon that the pedicle screw needs to be repositioned. But
for this system and technique, patients may be released and
subsequently experience pain due to the contact between the
exiting nerve root and the pedicle screw, which oftentimes
requires another costly and painful surgery.

[0059] As for neural pathology monitoring, step (d) of
communicating the relationship may include, but is not
necessarily limited to, visually representing the changes
over time in the onset stimulation threshold of the nerve, the
slope of the response versus the stimulation threshold of the
nerve and/or the saturation level of the nerve. Once again,
these changes may indicate if the health or status of the
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nerve is improving or deteriorating, such as may result
during surgery and/or retraction. This feature is important in
that it may provide qualitative feedback on the effect of the
particular surgery. If it appears the health or status (pathol-
ogy) of the nerve is deteriorating over time, the user may be
instructed to stop or lessen the degree of retraction to avoid
such deterioration. If the pathology of the nerve improves
over time, it may indicate the success of the surgery in
restoring or improving nerve function, such as may be the
case in decompressive spinal surgery.

[0060] FIGS. 2-3 illustrate, by way of example only, a
surgical system 20 provided in accordance with a broad
aspect of the present invention. The surgical system 20
includes a control unit 22, a patient module 24, an EMG
harness 26 and return electrode 28 coupled to the patient
module 24, and a host of surgical accessories 30 capable of
being coupled to the patient module 24 via one or more
accessory cables 32. In the embodiment shown, the surgical
accessories 30 include (by way of example only) a sequen-
tial dilation access system 34, a pedicle testing assembly 36,
and a nerve root retractor assembly 38. The control unit 22
includes a touch screen display 40 and a base 42, which
collectively contain the essential processing capabilities for
controlling the surgical system 20. The patient module 24 is
connected to the control unit 22 via a data cable 44, which
establishes the electrical connections and communications
(digital and/or analog) between the control unit 22 and
patient module 24. The main functions of the control unit 22
include receiving user commands via the touch screen
display 40, activating stimulation in the requested mode
(nerve proximity, nerve direction, screw test, and nerve
pathology), processing signal data according to defined
algorithms (described below), displaying received param-
eters and processed data, and monitoring system status and
report fault conditions. The touch screen display 40 is
preferably equipped with a graphical user interface (GUI)
capable of communicating information to the user and
receiving instructions from the user. The display 40 and/or
base 42 may contain patient module interface circuitry that
commands the stimulation sources, receives digitized sig-
nals and other information from the patient module 24,
processes the EMG responses to extract characteristic infor-
mation for each muscle group, and displays the processed
data to the operator via the display 40.

[0061] As will be described in greater detail below, the
surgical system 20 is capable of performing one or more of
the following functions: (1) determination of nerve proxim-
ity and/or nerve direction relative to the sequential dilation
access system 34 during and following the creation of an
operative corridor to surgical target site; (2) assessment of
pedicle integrity after hole formation and/or after pedicle
screw placement via the pedicle testing assembly 36; and/or
(3) assessment of nerve pathology (health or status) before,
during, and/or after a surgical procedure via the nerve root
retractor assembly 38. Surgical system 20 accomplishes this
by having the control unit 22 and patient module 24 coop-
erate to send stimulation signals to one or more stimulation
electrodes on the various surgical accessories 30. Depending
upon the location of the surgical accessories within a patient,
the stimulation signals may cause nerves adjacent to or in the
general proximity of the surgical accessories 30 to innervate,
which, in turn, can be monitored via the EMG harness 26.
The nerve proximity and direction, pedicle integrity, and
nerve pathology features of the present invention are based
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on assessing the evoked response of the various muscle
myotomes monitored by the surgical system 20 via EMG
harness 26.

[0062] The sequential dilation access system 34 com-
prises, by way of example only, a K-wire 46, one or more
dilating cannula 48, and a working cannula 50. As will be
explained in greater detail below, these components 46-50
are designed to bluntly dissect the tissue between the
patient’s skin and the surgical target site. In an important
aspect of the present invention, the K-wire 46, dilating
cannula 48 and/or working cannula 50 may be equipped
with one or more stimulation electrodes to detect the pres-
ence and/or location of nerves in between the skin of the
patient and the surgical target site. To facilitate this, a
surgical hand-piece 52 is provided for electrically coupling
the surgical accessories 46-50 to the patient module 24 (via
accessory cable 32). In a preferred embodiment, the surgical
hand piece 42 includes one or more buttons for selectively
initiating the stimulation signal (preferably, a current signal)
from the control unit 12 to a particular surgical access
component 46-50. Stimulating the electrode(s) on these
surgical access components 46-50 during passage through
tissue in forming the operative corridor will cause nerves
that come into close or relative proximity to the surgical
access components 46-50 to depolarize, producing a
response in the innervated myotome. By monitoring the
myotomes associated with the nerves (via the EMG harness
26 and recording electrode 27) and assessing the resulting
EMG responses (via the control unit 22), the sequential
dilation access system 34 is capable of detecting the pres-
ence (and optionally direction to) such nerves, thereby
providing the ability to actively negotiate around or past
such nerves to safely and reproducibly form the operative
corridor to a particular surgical target site. In one embodi-
ment, the sequential dilation access system 34 is particularly
suited for establishing an operative corridor to an interver-
tebral target site in a postero-lateral, trans-psoas fashion so
as to avoid the bony posterior elements of the spinal column.

[0063] The pedicle testing assembly 36 includes a surgical
accessory handle assembly 54 and a pedicle probe 56. The
handle assembly 54 includes a cable 55 for establishing
electrical communication with the patient module 24 (via the
accessory cable 32). In a preferred embodiment, the pedicle
probe 56 may be selectively removed from the handle
assembly 54, such as by unscrewing a threaded cap 58
provided on the distal end of the handle assembly 54
(through which the proximal end of the pedicle probe 56
passes). The pedicle probe 56 includes a ball-tipped distal
end 60 suitable for introduction into a pedicle hole (after
hole formation but before screw insertion) and/or for place-
ment on the head of a fully introduced pedicle screw. In both
situations, the user may operate one or more buttons of the
handle assembly 54 to selectively initiate a stimulation
signal (preferably, a current signal) from the patient module
24 to the pedicle probe 56. With the pedicle probe 56
touching the inner wall of the pedicle hole and/or the fully
introduced pedicle screw, applying a stimulation signal in
this fashion serves to test the integrity of the medial wall of
the pedicle. That is, a breach or compromise in the integrity
of the pedicle will allow the stimulation signal to pass
through the pedicle and innervate an adjacent nerve root. By
monitoring the myotomes associated with the nerve roots
(via the EMG harness 26 and recording electrode 27) and
assessing the resulting EMG responses (via the control umt
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22), the surgical system 20 can assess whether a pedicle
breach occurred during hole formation and/or screw intro-
duction. If a breach or potential breach is detected, the user
may simply withdraw the misplaced pedicle screw and
redirect to ensure proper placement.

[0064] The nerve root retractor assembly 38, in a preferred
embodiment, comprises the same style surgical accessory
handle assembly 54 as employed with in the pedicle testing
assembly 36, with a selectively removable nerve root retrac-
tor 62. The nerve root retractor 62 has a generally angled
orientation relative to the longitudinal axis of the handle
assembly 54, and includes a curved distal end 64 having a
generally arcuate nerve engagement surface 66 equipped
with one or more stimulation electrodes (not shown). In use,
the nerve root retractor 62 is introduced into or near a
surgical target site in order to hook and retract a given nerve
out of the way. According to the present invention, the nerve
root may be stimulated (monopolar or bipolar) before,
during, and/or after retraction in order to assess the degree
to which such retraction impairs or otherwise degrades nerve
function over time. To do so, the user may operate one or
more buttons of the handle assembly 54 to selectively
transmit a stimulation signal (preferably, a current signal)
from the patient module 24 to the electrode(s) on the
engagement surface 66 of the nerve root retractor 62. By
monitoring the myotome associated with the nerve root
being refracted (via the EMG harness 26) and assessing the
resulting EMG responses (via the control unit 22), the
surgical system 20 can assess whether (and the degree to
which) such retraction impairs or adversely affects nerve
function over time. With this information, a user may wish
to periodically release the nerve root from retraction to allow
nerve function to recover, thereby preventing or minimizing
the risk of long-term or irreversible nerve impairment. As
will be described in greater detail below, a similar neural
pathology assessment can be undertaken, whereby an
unhealthy nerve may be monitored to determine if nerve
function improves due to a particular surgical procedure,
such as spinal nerve decompression surgery.

[0065] A discussion of the algorithms and principles
behind the neurophysiology for accomplishing these func-
tions will now be undertaken, followed by a detailed
description of the various implementations of these prin-
ciples according to the present invention.

[0066] FIGS. 4 and 5 illustrate a fundamental aspect of the
present invention: a stimulation signal (FIG. 4) and a result-
ing evoked response (FIG. 5). By way of example only, the
stimulation signal is preferably a stimulation current signal
(Is,,) having rectangular monophasic pulses with a fre-
quency and amplitude adjusted by system software. In a still
further preferred embodiment, the stimulation current (I,,,)
may be coupled in any suitable fashion (i.e. AC or DC) and
comprises rectangular monophasic pulses of 200 microsec-
ond duration. The amplitude of the current pulses may be
fixed, but will preferably sweep from current amplitudes of
any suitable range, such as from 2 to 100 mA. For each nerve
and myotome there is a characteristic delay from the stimu-
lation current pulse to the EMG response (typically between
5 to 20 ms). To account for this, the frequency of the current
pulses is set at a suitable level such as, in a preferred
embodiment, 4 Hz to 10 Hz (and most preferably 4.5 Hz),
so as to prevent stimulating the nerve before it has a chance
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to recover from depolarization. The EMG response shown in
FIG. 5 can be characterized by a peak-to-peak voltage of
Voo™V o=V i

[0067] FIG. 6 illustrates an alternate manner of setting the
maximum stimulation frequency, to the extent it is desired to
do so rather than simply selecting a fixed maximum stimu-
lation frequency (such as 4.5 Hz) as described above.
According to this embodiment, the maximum frequency of
the stimulation pulses is automatically adjusted. After each
stimulation, F, . will be computed as: F,  =1/(12+Ts,.,,
wMargin) for the largest value of T2 from each of the active
EMG channels. In one embodiment, the Safety Margin is 5
ms, although it is contemplated that this could be varied
according to any number of suitable durations. Before the
specified number of stimulations, the stimulations will be
performed at intervals of 100-120 ms during the bracketing
state, intervals of 200-240 ms during the bisection state, and
intervals of 400-480 ms during the monitoring state. After
the specified number of stimulations, the stimulations will
be performed at the fastest interval practical (but no faster
than F,,, ) during the bracketing state, the fastest interval
practical (but no faster than Fmax/2) during the bisection
state, and the fastest interval practical (but no faster than
Fmax/4) during the monitoring state. The maximum fre-
quency used until F,,, . is calculated is preferably 10 Hz,
although slower stimulation frequencies may be used during
some acquisition algorithms. The value of F,,,. used is
periodically updated to ensure that it is still appropriate. For
physiological reasons, the maximum frequency for stimula-
tion will be set on a per-patient basis. Readings will be taken
from all myotomes and the one with the slowest frequency
(highest T2) will be recorded.

[0068] A basic premise behind the neurophysiology
employed in the present invention is that each nerve has a
characteristic threshold current level (1,4,,,) at which it will
depolarize. Below this threshold, current stimulation will not
evoke a significant EMG response (V). Once the stimu-
lation threshold (I5y,.,) 1s reached, the evoked response is
reproducible and increases with increasing stimulation until
saturation is reached. This relationship between stimulation
current and EMG response may be represented graphically
via a so-called “recruitment curve,” such as shown in FIG.
7, which includes an onset region, a linear region, and a
saturation region. By way of example only, the present
invention defines a significant EMG response to havea V,,,
of approximately 100 uV. In a preferred embodiment, the
lowest stimulation current that evokes this threshold voltage
(Vgresn) 18 called 1, As will be described in greater
detail below, changes in the current threshold (I,,.,,) over
time may indicate that the relative distance between the
nerve and the stimulation electrode is changing (indicating
nerve migration towards the surgical accessory having the
stimulation electrode and/or movement of the surgical
accessory towards the nerve). This is useful in performing
proximity assessments between the electrode and the nerve
according to an aspect of the present invention. Changes in
the current threshold (I,,.,,) may also be indicative of a
change in the degree of electrical communication between a
stimulation electrode and a nerve. This may be helpful, by
way of example, in assessing if a screw or similar instrument
has inadvertently breached the medial wall of a pedicle.
More specifically, where an initial determination of (I,,,,),
such as by applying a stimulation current to the interior of
a hole created to receive a pedicle screw, is greater than a
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later determination of (I,,,,), such as by applying a stimu-
lation current to the tip of the pedicle screw after insertion,
the decrease in I, ,, if large enough, may indicate elec-
trical communication between the pedicle screw and the
nerve. Based on the insulation properties of bone, such
electrical communication would indicate a breach of the
pedicle. As will also be in greater detail below, changes in
the current threshold (I,.,,), the slope of the linear region,
and the saturation level over time are indicative of changes
in the pathology (that is, health or status) of a given nerve.
This is useful in assessing the effects of surgery on an
unhealthy nerve (such as decompression surgery) as well as
assessing the effects of nerve retraction on a healthy nerve
(so as to prevent or minimize the risk of damage due to
retraction).

[0069] In order to obtain this useful information, the
present invention must first identify the peak-to-peak volt-
age (V,,) of each EMG response corresponding a given
stimulation current (I, ). The existence stimulation and/or
noise artifacts, however, can conspire to create an erroneous
V,,, measurement of the electrically evoked EMG response.
To overcome this challenge, the surgical system 20 of the
present invention may employ any number of suitable
artifact rejection techniques, including the traditional stimu-
lation artifact rejection technique shown in FIG. 8. Under
this technique, stimulation artifact rejection is undertaken by
providing a simple artifact rejection window T1,,,, at the
beginning of the EMG waveform. During this T1 window,
the EMG waveform is ignored and V,, is calculated based
on the max and min values outside this window. (T1 is the
time of the first extremum (min or max) and T2 is the time
of the second extremum.) In one embodiment, the artifact
rejection window T1,,,,may be set to about 7.3 msec. While
generally suitable, there are situations where this stimulation
artifact rejection technique of FIG. 8 is not optimum, such
as in the presence of a large stimulation artifact (see F1G. 9).
The presence of a large stimulation artifact causes the
stimulation artifact to cross over the window T1,,,,, and
blend in with the EMG. Making the stimulation artifact
window larger is not effective, since there is no clear
separation between EMG and stimulation artifact.

[0070] FIG. 10 illustrates a stimulation artifact rejection
technique according to the present invention, which solves
the above-identified problem with traditional stimulation
artifact rejection. Under this technique, a T1 validation
window (T1-V ;) is defined immediately following the T1
window (T1;,p). If the determined V,,, exceeds the thresh-
old for recruiting, but T1 falls within this T1 validation
window, then the stimulation artifact is considered to be
substantial and the EMG is considered to have not recruited.
An operator may be alerted, based on the substantial nature
of the stimulation artifact. This method of stimulation arti-
fact rejection is thus able to identify situations where the
stimulation artifact is large enough to cause the V,, to
exceed the recruit threshold. To account for noise, the T1
validation window (T1-V ;) should be within the range of
0.1 ms to 1 ms wide (preferably about 0.5 ms). The T1
validation window (T1-V ;) should not be so large that the
T1 from an actual EMG waveform could fall within.

[0071] FIG. 11 illustrates a noise artifact rejection tech-
nique according to the present invention. When noise arti-
facts fall in the time window where an EMG response is
expected, their presence can be difficult to identify. Artifacts
outside the expected response window, however, are rela-

May 25, 2017

tively easy to identify. The present invention capitalizes on
this and defines a T2 validation window (12-V ;) analo-
gous to the T1 validation window (T1-V ;) described
above with reference to FIG. 10. As shown, T2 must occur
prior to a defined limit, which, according to one embodiment
of the present invention, may be set having a range of
between 40 ms to 50 ms (preferably about 47 ms). Ifthe V,,,
of the EMG response exceeds the threshold for recruiting,
but T2 falls beyond the T2 validation window (T2-V ;;,),
then the noise artifact is considered to be substantial and the
EMG is considered to have not recruited. An operator may
be alerted, based on the substantial nature of the noise
artifact.

[0072] FIG. 12 illustrates a still further manner of per-
forming stimulation artifact rejection according to an alter-
nate embodiment of the present invention. This artifact
rejection is premised on the characteristic delay from the
stimulation current pulse to the EMG response. For each
stimulation current pulse, the time from the current pulse to
the first extremum (max or min) is T, and to the second
extremum (max or min) is T,. As will be described below,
the values of T,, T, are each compiled into a histogram
period (see FIG. 13). New values of T, T, are acquired for
each stimulation and the histograms are continuously
updated. The value of T, and T, used is the center value of
the largest bin in the histogram. The values of T,, T, are
continuously updated as the histograms change. Initially V,,,
is acquired using a window that contains the entire EMG
response. After 20 samples, the use of T1, T2 windows is
phased in over a period of 200 samples. V,,, and V,,,, are
then acquired only during windows centered around T, T,
with widths of, by way of example only, 5 msec. This
method of acquiring V, automatically rejects the artifact if
T,, T, fall outside of their respective windows.

[0073] Having measured each V,, EMG response (as
facilitated by the stimulation and/or noise artifact rejection
techniques described above), this V,,, information is then
analyzed relative to the stimulation current in order to
determine a relationship between the nerve and the given
surgical accessory transmitting the stimulation current.
More specifically, the present invention determines these
relationships (between nerve and surgical accessory) by
identifying the minimum stimulation current (I, ..)
capable of resulting in a predetermined V,,, EMG response.
According to the present invention, the determination of
1yresn May be accomplished via any of a variety of suitable
algorithms or techniques.

[0074] FIGS. 14A-14E illustrate, by way of example only,
a threshold-hunting algorithm for quickly finding the thresh-
old current (I,,.,) for each nerve being stimulated by a
given stimulation current (I, ). Threshold current (I,,..,),
once again, is the minimum stimulation current (I, ) that
resultsinaV, thatis greater than a known threshold voltage
(V1es)- The value of is adjusted by a bracketing method as
follows. The first bracket is 0.2 mA and 0.3 mA. If the V,,
corresponding to both of these stimulation currents is lower
than V., then the bracket size is doubled to 0.2 mA and
0.4 mA. This doubling of the bracket size continues until the
upper end of the bracket results in a V,, that is above
Ve Lhe size of the brackets is then reduced by a
bisection method. A current stimulation value at the mid-
point of the bracket is used and if this results in a V,,, that
is above V... then the lower half becomes the new
bracket. Likewise, if the midpoint V,, is below V.., then
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the upper half becomes the new bracket. This bisection
method is used until the bracket size has been reduced to
Tppres MA. 1., may be selected as a value falling within
the bracket, but is preferably defined as the midpoint of the
bracket.

[0075] The threshold-hunting algorithm of this embodi-
ment will support three states: bracketing, bisection, and
monitoring. A stimulation current bracket is a range of
stimulation currents that bracket the stimulation current
threshold 1,.,. The width of a bracket is the upper
boundary value minus the lower boundary value. If the
stimulation current threshold I, ., of a channel exceeds the
maximum stimulation current, that threshold is considered
out-of-range. During the bracketing state, threshold hunting
will employ the method below to select stimulation currents
and identify stimulation current brackets for each EMG
channel in range.

[0076] The method for finding the minimum stimulation
current uses the methods of bracketing and bisection. The
“root” is identified for a function that has the value -1 for
stimulation currents that do not evoke adequate response;
the function has the value +1 for stimulation currents that
evoke a response. The root occurs when the function jumps
from -1 to +1 as stimulation current is increased: the
function never has the value of precisely zero. The root will
not be known exactly, but only with a level of precision
related to the minimum bracket width. The root is found by
identifying a range that must contain the root. The upper
bound of this range is the lowest stimulation current 1.,
where the function returns the value +1, i.e. the minimum
stimulation current that evokes response. The lower bound
of this range is the highest stimulation current I, where
the function returns the value -1, i.e. the maximum stimu-
lation current that does not evoke a response.

[0077] The proximity function begins by adjusting the
stimulation current until the root is bracketed (FIG. 14B).
The initial bracketing range may be provided in any number
of suitable ranges. In one embodiment, the initial bracketing
range is 0.2 to 0.3 mA. If the upper stimulation current does
not evoke a response, the upper end of the range should be
increased. The range scale factor is 2. The stimulation
current should preferably not be increased by more than 10
mA in one iteration. The stimulation current should prefer-
ably never exceed the programmed maximum stimulation
current. For each stimulation, the algorithm will examine the
response of each active channel to determine whether it falls
within that bracket. Once the stimulation current threshold
of each channel has been bracketed, the algorithm transitions
to the bisection state.

[0078] During the bisection state (FIGS. 14C and 14D),
threshold hunting will employ the method described below
to select stimulation currents and narrow the bracket to a
selected width (for example, 0.1 mA) for each EMG channel
with an in-range threshold. After the minimum stimulation
current has been bracketed (FIG. 14B), the range containing
the root is refined until the root is known with a specified
accuracy. The bisection method is used to refine the range
containing the root. In one embodiment, the root should be
found to a precision of 0.1 mA. During the bisection method,
the stimulation current at the midpoint of the bracket is used.
If the stimulation evokes a response, the bracket shrinks to
the lower half of the previous range. If the stimulation fails
to evoke a response, the bracket shrinks to the upper half of
the previous range. The proximity algorithm is locked on the
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electrode position when the response threshold is bracketed
by stimulation currents separated by the selected width (i.e.
0.1 mA). The process is repeated for each of the active
channels until all thresholds are precisely known. At that
time, the algorithm enters the monitoring state.

[0079] During the monitoring state (FIG. 14E), threshold
hunting will employ the method described below to select
stimulation currents and identify whether stimulation cur-
rent thresholds are changing. In the monitoring state, the
stimulation current level is decremented or incremented by
0.1 mA, depending on the response of a specific channel. If
the threshold has not changed then the lower end of the
bracket should not evoke a response, while the upper end of
the bracket should. If either of these conditions fail, the
bracket is adjusted accordingly. The process is repeated for
each of the active channels to continue to assure that each
threshold is bracketed. If stimulations fail to evoke the
expected response three times in a row, then the algorithm
may transition back to the bracketing state in order to
reestablish the bracket.

[0080] When it is necessary to determine the stimulation
current thresholds (Iy,..,) for more than one channel, they
will be obtained by time-multiplexing the threshold-hunting
algorithm as shown in FIG. 15. During the bracketing state,
the algorithm will start with a stimulation current bracket of
0.2 mA and increase the size of the bracket. With each
bracket, the algorithm will measure the V,,,, of all channels
to determine which bracket they fall into. After this first
pass, the algorithm will determine which bracket contains
the I;,,.,, for each channel. Next, during the bisection state,
the algorithm will start with the lowest bracket that contains
an I, ., and bisect it until I, ., is found within 0.1 mA.
If there are more than one 1., within a bracket, they will
be separated out during the bisection process, and the one
with the lowest value will be found first. During the moni-
toring state, the algorithm will monitor the upper and lower
boundaries of the brackets for each I, starting with the
lowest. If the 1., for one or more channels is not found
in it’s bracket, then the algorithm goes back to the brack-
eting state to reestablish the bracket for those channels.
[0081] A still further manner of performing multi-channel
threshold hunting is described as follows, with reference to
FIGS. 14-15. This technique monitors multiple channels but
reports the result for a single channel. The user chooses one
of two channel selection modes: auto or manual. In the
manual channel selection mode, the system will track the
stimulation threshold I, for a single EMG channel, as
shown in FIG. 14. In the auto channel selection mode, the
system will monitor responses on a set of channels and track
to the lowest responding channel. The auto mode permits the
user to select the set of channels to track. Individual chan-
nels can be added or subtracted from the set at any time.
Tracking to the lowest responding channel is performed in
this fashion. First, after stimulation, if no channels in the
selected set respond, then the stimulation current is below
the lowest responding channel. If any channels respond, then
the stimulation current is above the lowest responding
channel. Coupling this logic with the bracketing, bisection,
and monitoring technique described above allows the system
to track to the lowest responding channel, and do so in a
quick and accurate fashion.

[0082] If during monitoring, the tracked channel falls out
of the bracket, or if any channel responds at the low end of
the bracket, then the bracket will be expanded again, as
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before, until the lowest responding channel is bracketed
again. However, unlike the embodiments shown in FIGS. 14
and 15, the bracket is expanded in situ rather than beginning
again from the start. For example, a bracket of 4.5 to 4.6 mA
that fails to recruit at both levels is expanded to higher
currents. First, the bracket width is doubled from 0.1 mA to
0.2 mA, resulting in stimulation current at 4.7 mA. If this
fails to recruit, the bracket is again doubled to 0.4 mA, with
stimulation current at 4.9 mA. The pattern continues with
stimulations at 5.3, 6.1, and 9.3 mA, corresponding to
bracket sizes of 0.8, 1.6, and 3.2 mA, until the threshold is
bracketed. If a response is evoked at both ends of the original
bracket, the same bracket-doubling technique is used mov-
ing toward lower stimulation currents.

[0083] The reason for doubling the bracket size each time
is to identify the threshold current with as few stimulations
as practical. The reason for starting the bracket doubling in
situ rather than starting over from zero is twofold: (1) to take
advantage of threshold information that is already known,
and (2) it is more likely that the current threshold has not
moved far from where it was previously bracketed. The
advantage of tracking only to the lowest channel is that it
provides the most relevant nerve proximity information with
fewer stimulation pulses than multi-channel detection as
with that shown in FIG. 15. This is an advantage because
fewer stimulation pulses means a faster responding system,
with the goal being to be able to track movement of the
stimulation electrode in real time.

[0084] After identifying the threshold current 1, this
information may be employed to determine any of a variety
of relationships between the surgical accessory and the
nerve. For example, as will be described in greater detail
below, determining the current threshold Iy, of a nerve
while using a surgical access system (such as the sequential
dilation system 34 of FIG. 2) may involve determining when
(and preferably the degree to which) the surgical accessory
comes into close proximity with a given nerve (“nerve
proximity”) and/or identifying the relative direction between
the surgical accessory and the nerve (“nerve direction™). For
a pedicle integrity assessment, the relationship between the
pedicle testing assembly 36 and the nerve is whether elec-
trical communication is established therebetween. If elec-
trical communication 1s established, this indicates that the
medial wall of the pedicle has been cracked, stressed, or
otherwise breached during the steps of hole formation and/or
screw introduction. If not, this indicates that the integrity of
the medial wall of the pedicle has remained intact during
hole formation and/or screw introduction. This characteristic
is based on the insulating properties of bone. For neural
pathology assessments according to the present invention,
the relationship may be, by way of example only, whether
the neurophysiologic response of the nerve has changed over
time. Such neurophysiologic responses may include, but are
not necessarily limited to, the onset stimulation threshold for
the nerve in question, the slope of the response vs. the
stimulation signal for the nerve in question and/or the
saturation level of the nerve in question. Changes in these
parameters will indicate if the health or status of the nerve
is improving or deteriorating, such as may result during
surgery or nerve retraction.

[0085] In a significant aspect of the present invention, the
relationships determined above based on the current thresh-
old determination may be communicated to the user in an
easy to use format, including but not limited to, alpha-
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numeric and/or graphical information regarding mode of
operation, nerve proximity, nerve direction, nerve pathol-
ogy, pedicle integrity assessments, stimulation level, EMG
responses, advance or hold instructions, instrument in use,
set-up, and related instructions for the user. This advanta-
geously provides the ability to present simplified yet mean-
ingful data to the user, as opposed to the actual EMG
waveforms that are displayed to the users in traditional EMG
systems. Due to the complexity in interpreting EMG wave-
forms, such prior art systems typically require an additional
person specifically trained in such matters which, in turn,
can be disadvantageous in that it translates into extra
expense (having yet another highly trained person in atten-
dance) and oftentimes presents scheduling challenges
because most hospitals do not retain such personnel.
[0086] Having described the fundamental aspects of the
neurophysiology principles and algorithms of the present
invention, various implementations according to the present
invention will now be described.

[0087]

[0088] FIGS. 2-3 illustrate an exemplary embodiment of
the surgical system 20 of the present invention, including the
sequential dilation access system 34. The sequential dilation
access system 34 of the present invention is capable of
accomplishing safe and reproducible access to a surgical
target site. It does so by detecting the existence of (and
optionally the distance and/or direction to) neural structures
before, during, and after the establishment of an operative
corridor through (or near) any of a variety of tissues having
such neural structures, which, if contacted or impinged, may
otherwise result in neural impairment for the patient. The
surgical system 20 does so by electrically stimulating nerves
via one or more stimulation electrodes at the distal end of the
surgical access components 46-50 while monitoring the
EMG responses of the muscle groups innervated by the
nerves.

[0089] In one embodiment, the surgical system 20 accom-
plishes this through the use of the surgical hand-piece 52,
which may be electrically coupled to the K-wire 46 via a first
cable connector 51a, 515 and to either the dilating cannula
48 or the working cannula 50 via a second cable connector
53a, 53b. For the K-wire 46 and working cannula 50, cables
are directly connected between these accessories and the
respective cable connectors 51a, 53« for establishing elec-
trical connection to the stimulation electrode(s). In one
embodiment, a pincher or clamp-type device 57 is provided
to selectively establish electrical communication between
the surgical hand-piece 52 and the stimulation electrode(s)
on the distal end of the cannula 48. This is accomplished by
providing electrical contacts on the inner surface of the
opposing arms forming the clamp-type device 57, wherein
the contacts are dimensioned to be engaged with electrical
contacts (preferably in a male-female engagement scenario)
provided on the dilating cannula 48 and working cannula 50.
The surgical hand-piece 52 includes one or more buttons
such that a user may selectively direct a stimulation current
signal from the control unit 22 to the electrode(s) on the
distal ends of the surgical access components 46-50. In an
important aspect, each surgical access component 46-50 is
insulated along its entire length, with the exception of the
electrode(s) at their distal end (and, in the case of the dilating
cannula 48 and working cannula 50, the electrical contacts
at their proximal ends for engagement with the clamp 57).
The EMG responses corresponding to such stimulation may

1. Surgical Access: Nerve Proximity and Direction
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be monitored and assessed according to the present inven-
tion in order to provide nerve proximity and/or nerve
direction information to the user.

[0090] When employed in spinal procedures, for example,
such EMG monitoring would preferably be accomplished by
connecting the EMG harness 26 to the myotomes in the
patient’s legs corresponding to the exiting nerve roots asso-
ciated with the particular spinal operation level. In a pre-
ferred embodiment, this is accomplished via 8 pairs of EMG
electrodes 27 placed on the skin over the major muscle
groups on the legs (four per side), an anode electrode 29
providing a return path for the stimulation current, and a
common electrode 31 providing a ground reference to
pre-amplifiers in the patient module 24. Although not
shown, it will be appreciated that any of a variety of
electrodes can be employed, including but not limited to
needle electrodes. The EMG responses measured via the
EMG harness 26 provide a quantitative measure of the nerve
depolarization caused by the electrical stimulus. By way of
example, the placement of EMG electrodes 27 may be
undertaken according to the manner shown in Table 1 below
for spinal surgery:

TABLE 1

Color  Chamnel ID Myotome Spinal Level
Blue Right 1 Right Vastus Medialis 12,13, 14
Violet  Right 2 Right Tibialis Anterior 14, LS

Grey Right 3 Right Biceps Femoris 15,81, 82
White  Right 4 Right Gastroc. Medial 81, 82

Red Left 1 Left Vastus Medialis 12,13, 14
Orange Left 2 Left Tibialis Anterior 14,15
Yellow Left 3 Left Biceps Femoris L5, S1, S2
Green  Left 4 Left Gastroc. Medial S1, S2

[0091] FIGS.16-19 illustrate the sequential dilation access

system 34 of the present invention in use creating an
operative corridor to an intervertebral disk. As shown in
FIG. 16, an initial dilating cannula 48 is advanced towards
the target site with the K-wire 46 disposed within an inner
lumen within the dilating cannula 48. This may be facilitated
by first aligning the K-wire 46 and initial dilating cannula 48
using any number of commercially available surgical guide
frames. In one embodiment, as best shown in the expanded
insets A and B, the K-wire 46 and initial dilating cannula 48
are each equipped with a single stimulation electrode 70 to
detect the presence and/or location of nerves in between the
skin of the patient and the surgical target site. More specifi-
cally, each electrode 70 is positioned at an angle relative to
the longitudinal axis of the K-wire 46 and dilator 48 (and
working cannula 50). In one embodiment, this angle may
range from 5 to 85 degrees from the longitudinal axis of
these surgical access components 46-50. By providing each
stimulation electrode 70 in this fashion, the stimulation
current will be directed angularly from the distal tip of the
respective accessory 46, 48. This electrode configuration is
advantageous in determining proximity, as well as direction,
according to the present invention in that a user may simply
rotate the K-wire 46 and/or dilating cannula 48 while
stimulating the electrode 70. This may be done continuously
or step-wise, and preferably while in a fixed axial position.
In either case, the user will be able to determine the location
of nerves by viewing the proximity information on the
display screen 40 and observing changes as the electrode 70
is rotated. This may be facilitated by placing a reference
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mark (not shown) on the K-wire 46 and/or dilator 48 (or a
control element coupled thereto), indicating the orientation
of the electrode 70 to the user.

[0092] In the embodiment shown, the trajectory of the
K-wire 46 and initial dilator 48 is such that they progress
towards an intervertebral target site in a postero-lateral,
trans-psoas fashion so as to avoid the bony posterior ele-
ments of the spinal column. Once the K-wire 46 is docked
against the annulus of the particular intervertebral disk,
cannulae of increasing diameter may then be guided over the
previously installed cannula 48 until a desired lumen diam-
eter is installed, as shown in FIG. 17. By way of example
only, the dilating cannulae 26 may range in diameter from 6
mm to 30 mm, with length generally decreasing with
increasing diameter size. Depth indicia 72 may be optionally
provided along the length of each dilating cannula 48 to aid
the user in gauging the depth between the skin of the patient
and the surgical target site. As shown in FIG. 18, the
working cannula 50 may be slideably advanced over the last
dilating cannula 48 after a desired level of tissue dilation has
been achieved. As shown in FIG. 19, the last dilating
cannula 48 and then all the dilating cannulae 26 may then be
removed from inside the inner lumen of the working cannula
50 to establish the operative corridor therethrough.

[0093] During the advancement of the K-wire 46, each
dilating cannula 48, and the working cannula 50, the surgical
system 20 will perform (under the direction of a user) the
nerve proximity and optionally nerve direction assessments
according to the present invention. By way of example, this
may be explained with reference to FIGS. 20 and 21, which
illustrate exemplary graphic user interface (GUI) screens
provided on the screen display 40 for the purpose of allow-
ing the user to control the surgical system 20 to access a
surgical target site according to the present invention. In one
embodiment, the surgical system 20 initially operates in a
“DETECTION” mode, as shown in FIG. 20, wherein a mode
label 80 will preferably show the word “DETECTION”
highlighted to denote the nerve proximity function of the
present invention. A spine image 81 will preferably be
provided showing electrode placement on the body, with
labeled EMG channel number tabs 82 on each side (1-4 on
left and right) capable of being highlighted or colored
depending on the specific function being performed. A
myotome label 83 is provided indicating the myotome
associated with each EMG channel tab 81, including (op-
tionally) the corresponding spinal level(s) associated with
the channel of interest. A surgical accessory label 84 is
provided indicating the particular surgical accessory 30
being employed at any given time (i.e. “Dilating Cannula”
to denote use of the sequential dilation access system 34), as
well as a “Dilator in Use” display 85 showing (graphically
and numerically) the particular diameter of the dilating
cannula 48 in use. A threshold label 86 is also provided
indicating the stimulation threshold required to elicit a
measurable EMG response for a given myotome. In one
embodiment, this is situated, by way of example only, within
a cannula graphic 87 denoting a cross-section of the dilating
cannula in use). A horizontal bar-chart 88 may also be
provided indicating the stimulation level being emitted from
the particular surgical accessory in use.

[0094] Any number of the above-identified indicia (such
as the threshold label 86 and EMG channel tabs 82) may be
color-coded to indicate general proximity ranges (i.e.
“green” for a range of stimulation thresholds above a
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predetermined safe value, “red” for range of stimulation
thresholds below a predetermined unsafe value, and “yel-
low” for the range of stimulation thresholds in between the
predetermined safe and unsafe values—designating cau-
tion). In one embodiment, “green” denotes a stimulation
threshold range of 9 milliamps (mA) or greater, “yellow”
denotes a stimulation threshold range of 6-8 mA, and “red”
denotes a stimulation threshold range of 6 mA or below. An
“Advance-or-Hold” display 89 may also be provided to aid
the user in progressing safely through the tissue required to
create the operative corridor. ADVANCE may be high-
lighted indicating it is safe to advance the cannula (such as
where the stimulation threshold is within the safe or “green”
range). HOLD may be highlighted indicating to the user that
the particular surgical accessory may be too close to a nerve
(such as where the stimulation threshold is within the
“yellow” or “red” ranges) and/or that the surgical system 20
is in the process of determining proximity and/or direction.
In one embodiment, ADVANCE may be omitted, leaving it
to the discretion of the user to advance the dilating cannula
as soon as the HOLD is no longer illuminated or highlighted.

[0095] Insertion and advancement of the access instru-
ments 46-50 should be performed at a rate sufficiently slow
to allow the surgical system 20 to provide real-time indica-
tion of the presence of nerves that may lie in the path of the
tip. To facilitate this, the threshold current I, ., may be
displayed such that it will indicate when the computation is
finished and the data is accurate. For example, when the
DETECTION information is up to date and the instrument
such that it is now ready to be advanced by the surgeon, it
is contemplated to have the color display show up as
saturated to communicate this fact to the surgeon. During
advancement of the instrument, if an EMG channel’s color
range changes from green to yellow, advancement should
proceed more slowly, with careful observation of the detec-
tion level. If the channel color stays yellow or turns green
after further advancement, it is a possible indication that the
instrument tip has passed, and is moving farther away from
the nerve. If after further advancement, however, the chan-
nel color turns red, then it is a possible indication that the
instrument tip has moved closer to a nerve. At this point the
display will show the value of the stimulation current
threshold in mA. Further advancement should be attempted
only with extreme caution, while observing the threshold
values, and only if the clinician deems it safe. If the clinician
decides to advance the instrument tip further, an increase in
threshold value (e.g. from 3 mA to 4 mA) may indicate the
Instrument tip has safely passed the nerve. It may also be an
indication that the instrument tip has encountered and is
compressing the nerve. The latter may be detected by
listening for sporadic outbursts, or “pops”, of nerve activity
on a free running EMG audio output forming part of the
surgical system 20.

[0096] Once a nerve is detected using the K-wire 46,
dilating cannula 48, or the working cannula 50, the surgeon
may select the DIRECTION function to determine the
angular direction to the nerve relative to a reference mark on
the access components 46-50, as shown in FIG. 21. In one
embodiment, a directional arrow 90 is provided, by way of
example only, disposed around the cannula graphic 87 for
the purpose of graphically indicating to the user what
direction the nerve is relative to the access components
46-50. This information helps the surgeon avoid the nerve as
he or she advances the cannula. In one embodiment, this
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directional capability is accomplished by equipping the
dilators 48 and working cannula 50 with four (4) stimulation
electrodes disposed orthogonally on their distal tip. These
electrodes are preferably scanned in a monopolar configu-
ration (that is, using each of the 4 electrodes as the stimu-
lation source). The threshold current (I,,.,) is found for
each of the electrodes by measuring the muscle evoked
potential response V,, , and comparing it to a known thresh-
old V,, .. From this information, the direction from a
stimulation electrode to a nerve may be determined accord-
ing to the algorithm and technique set forth below and with
immediate reference to FIG. 22. The four (4) electrodes are
placed on the x and y axes of a two dimensional coordinate
system at radius R from the origin. A vector is drawn from
the origin along the axis corresponding to each electrode that
has a length equal to 1, , for that electrode. The vector
from the origin to a direction pointing toward the nerve is
then computed. Using the geometry shown, the (X,y) coor-
dinates of the nerve, taken as a single point, can be deter-
mined as a function of the distance from the nerve to each
of four electrodes. This can be expressly mathematically as
follows:

[0097] Where the “circles” denote the position of the
electrode respective to the origin or center of the cannula and
the “octagon” denotes the position of a nerve, and d,, d,, d;,
and d,, denote the distance between the nerve and electrodes
1-4 respectively, it can be shown that:

_ dzz —d42
—4R 7T 4R

[0098] Where R is the cannula radius, standardized to 1,
since angles and not absolute values are measured.

[0099] After conversion from (x,y) to polar coordinates
(r,0), then 0 is the angular direction to the nerve. This
angular direction may then be displayed to the user, by way
of example only, as the arrow 91 shown in FIG. 21 pointing
towards the nerve. In this fashion, the surgeon can actively
avoid the nerve, thereby increasing patient safety while
accessing the surgical target site. The surgeon may select
any one of the 4 channels available to perform the Direction
Function. The surgeon should preferably not move or rotate
the instrument while using the Direction Function, but rather
should return to the Detection Function to continue advanc-
ing the instrument.
[0100] After establishing an operative corridor to a surgi-
cal target site via the surgical access system 34 of the present
invention, any number of suitable instruments and/or
implants may be introduced into the surgical target site
depending upon the particular type of surgery and surgical
need. By way of example only, in spinal applications, any
number of implants and/or instruments may be introduced
through the working cannula 50, including but not limited to
spinal fusion constructs (such as allograft implants, ceramic
implants, cages, mesh, etc. . . . ), fixation devices (such as
pedicle and/or facet screws and related tension bands or rod
systems), and any number of motion-preserving devices
(including but not limited to total disc replacement systems).
[0101] II Pedicle Integrity Assessment
[0102] With reference again to FIGS. 2-3, the surgical
system 20 can also be employed to perform pedicle integrity
assessments via the use of pedicle testing assembly 36. More
specifically, The pedicle testing assembly 36 of the present
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invention is used to test the integrity of pedicle holes (after
formation) and/or screws (after introduction). The pedicle
testing assembly 36 includes a handle assembly 54 and a
probe member 56 having a generally ball-tipped end 60. The
handle 54 may be equipped with a mechanism (via hardware
and/or software) to identify itself to the surgical system 20
when it is attached. In one embodiment, the probe member
56 is disposable and the handle 54 is reusable and steriliz-
able. The handle 54 may be equipped with one or more
buttons for selectively applying the electrical stimulation to
the ball-tipped end 60 at the end of the probe member 56. In
use, the ball tip 60 of the probe member 56 is placed in the
screw hole prior to screw insertion or placed on the installed
screw head and then stimulated to initiate the pedicle
integrity assessment function of the present invention. As
will be explained in greater detail below, it may also applied
directly to a nerve to obtain a baseline current threshold level
before testing either the screw hole or screw. If the pedicle
wall has been breached by the screw or tap or other device
employed to form the screw hole, the stimulation current
will pass through the bone to the adjacent nerve roots such
that they will depolarize at a lower stimulation current.

[0103] Upon pressing the button on the screw test handle
54, the software will execute a testing algorithm to apply a
stimulation current to the particular target (i.e. screw hole,
inserted pedicle screw, or bare nerve), setting in motion the
pedicle integrity assessment function of the present inven-
tion. The pedicle integrity assessment features of the present
invention may include, by way of example only, an “Actual”
mode (FIGS. 23-24) for displaying the actual stimulation
threshold 91 measured for a given myotome, as well as a
“Relative” mode (FIGS. 25-27) for displaying the difference
92 between a baseline stimulation threshold assessment 93
of a bare nerve root and an actual stimulation threshold
assessment 91 for a given myotome. In either case, the
surgical accessory label 84 displays the word “SCREW
TEST” to denote use of the pedicle testing assembly 36 for
performing pedicle integrity assessments. The screw test
algorithm according to the present invention preferably
determines the depolarization (threshold) current for all
responding EMG channels. In one embodiment, the EMG
channel tabs 82 may be configured such that the EMG
channel having the lowest stimulation threshold will be
automatically enlarged and/or highlighted and/or colored
(EMG channel tab R3 as shown in FIG. 23) to clearly
indicate this fact to the user. As shown in FIG. 24, this
feature may be overridden by manually selecting another
EMG channel tab (such as EMG channel tab R1 in FIG. 24)
by touching the particular EMG channel tab 82 on the touch
screen display 40. In this instance, a warning symbol 94 may
be provided next to the EMG channel tab having the lowest
stimulation threshold (once again, EMG channel tab R3 in
FIG. 23) to inform the user that the stimulation threshold 91
is not the lowest stimulation threshold.

[0104] Any number of the above-identified indicia (such
as the baseline stimulation 93, actual stimulation 91, differ-
ence 92, and EMG channel tabs 82) may be color-coded to
indicate general safety ranges (i.e. “green” for a range of
stimulation thresholds above a predetermined safe value,
“red” for range of stimulation thresholds below a predeter-
mined unsafe value, and “yellow” for the range of stimula-
tion thresholds in between the predetermined safe and
unsafe values—designating caution). In one embodiment,
“green” denotes a stimulation threshold range of 9 milliamps
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(mA) or greater, “yellow” denotes a stimulation threshold
range of 6-8 mA, and “red” denotes a stimulation threshold
range of 6 mA or below. By providing this information
graphically, a surgeon may quickly and easily test to deter-
mine if the integrity of a pedicle has been breached or
otherwise compromised, such as may result due to the
formation of a pedicle screw hole and/or introduction of a
pedicle screw. More specifically, if after stimulating the
screw hole and/or pedicle screw itself the stimulation thresh-
old is: (a) at or below 6 mA, the threshold display 40 will
illuminate “red” and thus indicate to the surgeon that a
breach is likely; (b) between 6 and 8 mA, the threshold
display 40 will illuminate “yellow” and thus indicate to the
surgeon that a breach is possible; and/or (c) at or above 8
mA, the threshold display 40 will illuminate “green” and
thus indicate to the surgeon that a breach is unlikely. If a
breach is possible or likely (that is, “yellow” or “red”), the
surgeon may choose to withdraw the pedicle screw and
redirect it along a different trajectory to ensure the pedicle
screw no longer breaches (or comes close to breaching) the
medial wall of the pedicle.

[0105]

[0106] The surgical system 20 may also be employed to
perform neural pathology monitoring. As used herein, “neu-
ral pathology monitoring” is defined to include monitoring
the effect of nerve retraction over time (“nerve retraction
monitoring”), as well as monitoring the effect of a surgery on
a particular unhealthy nerve (“surgical effect monitoring”™).
The former—nerve retraction monitoring-—is advanta-
geous in that it informs the surgeon if, and the extent to
which, such retraction is degrading or damaging an other-
wise healthy nerve under retraction. The latter—surgical
effect monitoring—is advantageous in that it informs the
surgeon if, and the extent to which, the given surgical
procedure is improving or aiding a previously unhealthy
nerve. In both cases, the qualitative assessment of improve-
ment or degradation of nerve function may be defined, by
way of example, based on one or more of the stimulation
threshold (Iy,..,), the slope of the EMG response (uV)
versus the corresponding stimulation threshold (I,..4),
and/or the saturation or maximum EMG response (V) for
a given nerve root being monitored.

[0107] FIG. 28 illustrates this important aspect of the
present invention, noting the differences between a healthy
nerve (A) and an unhealthy nerve (B). The inventors have
found through experimentation that information regarding
nerve pathology (or “health” or “status”) can be extracted
from recruitment curves generated according to the present
invention. In particular, it has been found that a healthy
nerve or nerve bundle will produce a recruitment curve
having a generally low current threshold (I5,..,), @ linear
region having a relatively steep slope, and a relatively high
saturation region (similar to those shown on recruitment
curve “A” in FIG. 28). On the contrary, a nerve or nerve
bundle that is unhealthy or whose function is otherwise
compromised or impaired (such as being impinged by spinal
structures or by prolonged retraction) will produce recruit-
ment curve having a generally higher threshold, a linear
region of reduced slope, and a relatively low saturation
region (similar to those shown on recruitment curve “B” in
FIG. 28). By recognizing these characteristics, one can
monitor a nerve root being retracted during a procedure to
determine if its pathology or health is affected (i.e. nega-
tively) by such retraction. Moreover, one can monitor a

III. Neural Pathology Monitoring
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nerve root that has already been deemed pathologic or
unhealthy before the procedure (such as may be caused by
being impinged by bony structures or a bulging annulus) to
determine if its pathology or health is affected (i.e. posi-
tively) by the procedure.

[0108] The nerve root retractor assembly 38 shown in
FIG. 2 is capable of performing both types of neural
pathology monitoring. However, based on its particular
shape and configuration (being bent and suitably shaped to
hook and thereafter move a nerve root out of a surgical target
site), it is better suited to perform “nerve retraction moni-
toring.” With combined reference to FIGS. 2 and 29-31, the
nerve root retractor assembly 38 includes the same style
surgical accessory handle assembly 54 as employed with in
the pedicle testing assembly 36. The nerve root retractor 62
has a generally angled orientation relative to the longitudinal
axis of the handle assembly 54. The distal end 64 is
generally curved and includes an arcuate nerve engagement
surface 66 equipped with, by way of example only, two
stimulation electrodes 100. As best shown in FIG. 31, the
nerve root retractor 62 is preferably removable from the
handle assembly 36. To accomplish this, the handle assem-
bly 54 includes a detachable cap member 102. Threads 104
are provided on the proximal end of the nerve root retractor
62 to allow a threaded coupling engagement between the
handle assembly 54 and the nerve root retractor 62. During
such engagement, electrical contacts 106 on the nerve root
retractor 62 becomes electrically coupled to the handle
assembly 54 such that, upon activation of one or more of the
buttons 108, 110, a stimulation current signal will be trans-
mitted from the control unit 22 and/or patient module 24 and
delivered to the stimulation electrodes 100 on the nerve root
retractor 62 for the purpose of performing neural pathology
monitoring according to the present invention. The nerve
root retractor 62 is preferably disposable and, as described
above, the handle assembly 54 is reusable and sterilizable.

[0109] In use, the nerve root retractor 62 is introduced into
or near a surgical target site in order to hook and retract a
given nerve out of the way. According to the present
invention, the nerve root may be stimulated (monopolar or
bipolar) before, during, and/or after retraction in order to
assess the degree to which such retraction impairs or oth-
erwise degrades nerve function over time. To do so, the user
may operate one or more buttons 108, 110 of the handle
assembly 54 to selectively transmit a stimulation signal
(preferably, a current signal) from the patient module 24 to
the electrode(s) on the engagement surface 66 of the nerve
root retractor 62. By monitoring the myotome associated
with the nerve root being retracted (via the EMG harness 26)
and assessing the resulting EMG responses (via the control
unit 22), the surgical system 20 can assess whether (and the
degree to which) such retraction impairs or adversely affects
nerve function over time. With this information, a user may
wish to periodically release the nerve root from retraction to
allow nerve function to recover, thereby preventing or
minimizing the risk of long-term or irreversible nerve
impairment. As will be described in greater detail below, a
similar neural pathology assessment can be undertaken,
whereby an unhealthy nerve may be monitored to determine
if nerve function improves due to a particular surgical
procedure, such as spinal nerve decompression surgery.

[0110] The nerve retraction monitoring feature of the
present invention is best viewed with regard to FIGS. 32 and
33. The neural pathology screen display 40 may include any

May 25, 2017

of a variety of indicia capable of communicating parameters
associated with the nerve retraction monitoring feature of
the present invention to a surgeon, including but not limited
to (in FIG. 32) a pre-operative recruitment curve graph 120,
an intra-operative recruitment curve graph 122, and a dif-
ferential display 124 indicating the relative difference
between the stimulation threshold, slope, and saturation
before the surgery and during the surgery. In this manner, the
surgeon may intra-operatively assess if the retracted nerve is
being damaged or otherwise compromised (such as due to a
prolonged surgery), such that it can be temporarily released
to allow it to recover before returning to retraction to
continue with the surgery. It’s believed that releasing the
nerve root in this fashion will prevent or reduce the adverse
effects (nerve function compromise) that may otherwise
result from prolonged retraction.

[0111] FIG. 33 shows an alternate screen display including
a stimulation threshold vs. time graph 130, slope vs. time
graph 132, and saturation vs. time graph 134 for a given
healthy nerve (as measured at a particular myotome) during
nerve retraction monitoring. As will be appreciated, the start
of nerve retraction initiates a progressive increase in stimu-
lation threshold 130 and a concomitant progressive decrease
in slope 132 and saturation 134, all of which cease and
reverse at or close to the point the retraction is stopped. By
monitoring this information, a surgeon can effectively deter-
mine when the nerve is in need of being released and, after
that point, when it is generally safe to resume retraction.

[0112] The surgical effect nerve monitoring of the present
invention is best viewed with regard to FIGS. 34 and 35. The
neural pathology screen display 40 may include any of a
variety of indicia capable of communicating parameters
associated with the surgical effect nerve monitoring feature
of the present invention to a surgeon, including but not
limited to (in FIG. 34) a pre-operative recruitment curve
graph 140, a post-operative recruitment curve graph 142,
and a differential display 144 indicating the relative differ-
ence between the stimulation threshold, slope, and saturation
before the surgery and after the surgery. In this manner, the
surgeon may determine whether a previously unhealthy
nerve has been positively affected by the surgery. This is
particularly advantageous in assessing the effectiveness of
spinal decompression surgery, wherein the effectiveness of
the decompression may be determined by identifying
whether the health of the compressed nerve root improves as
aresult of the surgery. This determination may also be made,
by way of example, by (see FIG. 35) displaying various
graphs to the user, such as a stimulation threshold vs. time
graph 150, a slope vs. time graph 152, and saturation vs.
time graph 154 for a given unhealthy nerve (as measured at
a particular myotome) before, during, and after surgery. As
can be seen, an improvement in nerve function due to
surgery will cause the stimulation threshold to decrease
post-operatively and the slope and saturation to increase
post-operatively.

[0113] Although not shown, it is to be readily appreciated
that the nerve retraction monitoring and surgical effect nerve
monitoring techniques described above (both of which form
part of the neural pathology monitoring feature of the
present invention), should preferably be performed on dif-
ferent myotomes in that the former technique is particularly
suited for assessing a healthy nerve and the latter is particu-
larly suited for assessing an unhealthy nerve. Moreover,
although not shown in FIGS. 32-35, the various graphs may
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be formed based on a compilation of EMG responses from
more than one myotome without departing from the scope of
the present invention.

[0114] While this invention has been described in terms of
a best mode for achieving this invention’s objectives, it will
be appreciated by those skilled in the art that variations may
be accomplished in view of these teachings without deviat-
ing from the spirit or scope of the present invention. For
example, the present invention may be implemented using
any combination of computer programming software, firm-
ware or hardware. As a preparatory step to practicing the
invention or constructing an apparatus according to the
invention, the computer programming code (whether soft-
ware or firmware) according to the invention will typically
be stored in one or more machine readable storage mediums
such as fixed (hard) drives, diskettes, optical disks, magnetic
tape, semiconductor memories such as ROMs, PROMs, etc.,
thereby making an article of manufacture in accordance with
the invention. The article of manufacture containing the
computer programming code is used by either executing the
code directly from the storage device, by copying the code
from the storage device into another storage device such as
a hard disk, RAM, etc. or by transmitting the code on a
network for remote execution. As can be envisioned by one
of skill in the art, many different combinations of the above
may be used and accordingly the present invention is not
limited by the scope of the appended claims.

1. (canceled)

2. A method of inserting a spinal implant through a
trans-psoas operative corridor to an intervertebral disc of a
spine in a patient, the patient having an anterior aspect, a
posterior aspect and two lateral aspects, the method com-
prising:

using a control unit operable to provide a stimulation

signal and including a graphical user interface to
receive user input and to display neuromuscular
response information in response to signals from a
plurality of sensors mounted on the patient;

inserting an initial dilator into the patient from one lateral

aspect of the two lateral aspects of the patient toward a
lateral aspect of the spine, and advancing the initial
dilator along a trans-psoas path through bodily tissue
toward the lateral aspect of the spine;

using an elongate stimulation instrument disposed within

an inner lumen of the initial dilator to deliver the
stimulation signal proximate to a distal end of the initial
dilator while the initial dilator is inserted into the
trans-psoas path toward the spine;

monitoring the neuromuscular response information dis-

played by the control unit in response to delivery of the
stimulation signal while the initial dilator is inserted
into the trans-psoas path toward the spine;

sequentially advancing a first sequential dilator and a

second sequential dilator along the trans-psoas path
toward the spine, the first sequential dilator having a
diameter smaller than that of the second sequential
dilator;

advancing a working corridor instrument over the second

sequential dilator along the trans-psoas path toward the
spine;

establishing the trans-psoas operative corridor to the

intervertebral disc of the spine using the working
corridor instrument; and
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delivering a spinal fusion implant through the trans-psoas

operative corridor toward the spine.

3. The method of claim 2, wherein the plurality of sensors
comprises a plurality of EMG electrodes.

4. The method of claim 2, wherein the trans-psoas path
extends along a trajectory which exits a second lateral aspect
of the two lateral aspects of the patient.

5. The method of claim 2, wherein using the control unit
comprises using a neurophysiology monitoring unit config-
ured to: measure the response of nerves innervated by the
stimulation signal, determine a relationship between the
elongate stimulation instrument and a nerve based on the
measured response, and communicate the relationship via a
display device.

6. The method of claim 5, wherein the stimulation signal
delivered by the elongate stimulation instrument comprises
stimulation current pulses, and the neuromuscular response
information displayed by the control unit comprises a
numeric stimulation threshold current level.

7. The method of claim 6, wherein the numeric stimula-
tion threshold current level displayed by the control unit
indicates an amplitude of the stimulation current pulses that
evokes an EMG response having an amplitude value greater
than a predetermined voltage value.

8. The method of claim 6, wherein the stimulation current
pulses of the signal delivered by the elongate stimulation
instrument comprises rectangular monophasic current pulses
output from the elongate stimulation instrument while the
initial dilator and the elongate stimulation instrument are
inserted into the trans-psoas path.

9. The method of claim 2, wherein the trans-psoas path is
oriented at 90 degrees rotational offset relative to a midline
of the patient.

10. The method of claim 2, wherein the trans-psoas path
passes through a lateral portion of a psoas muscle.

11. The method of claim 2, wherein both the elongate
stimulation instrument and the initial dilator are each
equipped with a single stimulation electrode.

12. The method of claim 11, wherein the single stimula-
tion electrode of the elongate stimulation dilator is oriented
at an angle within a range of 5 degrees to 85 degrees relative
to a longitudinal axis of the elongate stimulation instrument,
and the single stimulation electrode of the initial dilator is
oriented at an angle within a range of 5 degrees to 85 degrees
relative to a longitudinal axis of the initial dilator.

13. The method of claim 2, further comprising rotating the
initial dilator while advancing the initial dilator along the
trans-psoas path and performing at least one of (1) deliver-
ing the stimulation signal while the initial dilator is in a
rotated position, and (2) monitoring the neuromuscular
response information while rotating the initial dilator.

14. The method of claim 2, further comprising advancing
the elongate stimulation instrument along the trans-psoas
path to negotiate around nerves in a psoas muscle of the
patient based on monitoring the neuromuscular response
information.

15. The method of claim 2, further comprising detecting
proximity, in response to delivery of the stimulation signal,
of a nerve in a psoas muscle of the patient while advancing
of the elongate stimulation instrument along the trans-psoas
path.

16. The method of claim 2, further comprising determin-
ing direction of a nerve in a psoas muscle of the patient while
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advancing of the elongate stimulation instrument along the
trans-psoas path, in response to delivery of the stimulation
signal.
17. A method of inserting a spinal implant through a
trans-psoas operative corridor to an intervertebral disc of a
spine in a patient, comprising:
using a control unit operable to provide a stimulation
signal and including a graphical user interface to
receive user input and to display neuromuscular
response information in response to signals from a
plurality of sensors mounted on the patient;
inserting an initial dilator into the patient from an ana-
tomically lateral aspect of the patient toward a lateral
aspect of the spine, and advancing the initial dilator
along an anatomically lateral trans-psoas path through
bodily tissue toward the lateral aspect of the spine;

using an elongate stimulation instrument disposed within
an inner lumen of the initial dilator to deliver the
stimulation signal proximate to a distal end of the initial
dilator while the initial dilator is inserted into the
anatomically lateral trans-psoas path toward the spine;

monitoring the neuromuscular response information dis-
played by the control unit in response to delivery of the
stimulation signal while the initial dilator is inserted
into the anatomically lateral trans-psoas path toward
the spine;

sequentially advancing a first sequential dilator and a

second sequential dilator along the anatomically lateral
trans-psoas path toward the spine, the first sequential
dilator having a diameter smaller than that of the
second sequential dilator;

advancing a working corridor instrument over the second

sequential dilator along the anatomically lateral trans-
psoas path toward the spine;

establishing the trans-psoas operative corridor to the

intervertebral disc of the spine using the working
corridor instrument; and

delivering a spinal fusion implant through the trans-psoas

operative corridor toward the spine.

18. The method of claim 17, wherein the plurality of
sensors comprises a plurality of EMG electrodes.

19. The method of claim 17, wherein the anatomically
lateral trans-psoas path extends along a trajectory which
exits a second lateral aspect of the two lateral aspects of the
patient.

20. The method of claim 17, wherein using the control
unit comprises using a neurophysiology monitoring unit
configured to: measure the response of nerves innervated by
the stimulation signal, determine a relationship between the
elongate stimulation instrument and a nerve based on the
measured response, and communicate the relationship via a
display device.

21. The method of claim 20, wherein the stimulation
signal delivered by the elongate stimulation instrument
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comprises stimulation current pulses, and the neuromuscular
response information displayed by the control unit com-
prises a numeric stimulation threshold current level.

22. The method of claim 20, wherein the numeric stimu-
lation threshold current level displayed by the control unit
indicates an amplitude of the stimulation current pulses that
evokes an EMG response having an amplitude value greater
than a predetermined voltage value.

23. The method of claim 20, wherein the stimulation
current pulses of the signal delivered by the elongate stimu-
lation instrument comprises rectangular monophasic current
pulses output from the elongate stimulation instrument
while the initial dilator and the elongate stimulation instru-
ment are inserted into the anatomically lateral trans-psoas
path.

24. The method of claim 17, wherein the anatomically
lateral trans-psoas path is oriented at 90 degrees rotational
offset relative to a midline of the patient.

25. The method of claim 17, wherein the anatomically
lateral trans-psoas path passes through a lateral portion of a
psoas muscle.

26. The method of claim 17, wherein both the elongate
stimulation instrument and the initial dilator are each
equipped with a single stimulation electrode.

27. The method of claim 26, wherein the single stimula-
tion electrode of the elongate stimulation dilator is oriented
at an angle within a range of 5 degrees to 85 degrees relative
to a longitudinal axis of the elongate stimulation instrument,
and the single stimulation electrode of the initial dilator is
oriented at an angle within a range of 5 degrees to 85 degrees
relative to a longitudinal axis of the initial dilator.

28. The method of claim 17, further comprising rotating
the initial dilator while advancing the initial dilator along the
anatomically lateral trans-psoas path and performing at least
one of (1) delivering the stimulation signal while the initial
dilator is in a rotated position, and (2) monitoring the
neuromuscular response information while rotating the ini-
tial dilator.

29. The method of claim 17, further comprising advanc-
ing the elongate stimulation instrument along the anatomi-
cally lateral trans-psoas path to negotiate around nerves in a
psoas muscle of the patient based on monitoring the neuro-
muscular response information.

30. The method of claim 17, further comprising detecting
proximity, in response to delivery of the stimulation signal,
of a nerve in a psoas muscle of the patient while advancing
of the elongate stimulation instrument along the anatomi-
cally lateral trans-psoas path.

31. The method of claim 17, further comprising deter-
mining direction of a nerve in a psoas muscle of the patient
while advancing of the elongate stimulation instrument
along the anatomically lateral trans-psoas path, in response
to delivery of the stimulation signal.
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