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ABSTRACT

The present invention involves a system and methods for
assessing the state of the neuromuscular pathway to ensure
further nerve tests aimed at detecting at least one of a breach
in a pedicle wall, nerve proximity, nerve direction, and nerve
pathology, are not conducted when neuromuscular blockade
levels may decrease the reliability of the results.
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SYSTEM AND METHODS FOR ASSESSING
THE NEUROMUSCULAR PATHWAY PRIOR
TO NERVE TESTING

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 11/665,038 filed on Apr. 9, 2007 (now
issued as U.S. Pat. No. 8,538,539), which was the national
stage entry of PCT/US05/36089, filed on Oct. 7, 2005, which
claims priority to U.S. Provisional Patent Application Ser.
No. 60/617,412, filed on Oct. 7, 2004, the entire contents of
which are hereby expressly incorporated by reference into
this disclosure as if set forth in their entirety herein.

BACKGROUND OF THE INVENTION

[0002] I.Field of the Invention

[0003] The present invention relates generally to a system
and methods aimed at surgery, and more particularly to sys-
tem and methods for testing the neuromuscular blockade
level in a patient prior to conducting nerve tests aimed at
detecting pedicle breaches, nerve proximity, nerve direction,
and nerve pathology.

[0004] II. Discussion of the Prior Art

[0005] Despite ongoing advances in surgical methods, neu-
rological impairment remains a serious concern during vari-
ous surgical spine procedures. The misplacement of a pedicle
screw or inadvertent contact between a surgical instrument
and nerve during surgery may result in undesirable conse-
quences, including pain, necessitation of revision surgeries,
nerve damage, and a possible loss of muscle function. To
avert such consequences, surgeons are increasingly relying
on systems and methods that capitalize on the knowledge that
electrically stimulating a nerve should result in detectable
muscle activity.

[0006] While these existing EMG systems are significant
advancements within the art, proliferated use of neuromus-
cular blocking agents (muscle relaxants) during surgery
present certain challenges with the use of these systems. More
specifically, surgeons must wait for a period of time to allow
the neuromuscular blocking agents (NMBA) to wear off
before initiating a nerve test, which increases surgery time
and overall cost. NMBAs generally inhibit the neuromuscular
pathway by binding to acetylcholine receptors on the
postsynaptic membrane and hence, decrease neuromuscular
transmission (transfer of a motor nerve impulse into the
muscle) relative to the number of receptors occupied at a
given time. This inhibition of the neuromuscular pathway is
commonly referred to as neuromuscular block or blockade
(NMB). If the neuromuscular pathway is sufficiently blocked,
stimulation ofa nerve will not result in the otherwise expected
contraction of the corresponding muscle. NMB is a necessity
during many surgical procedures in order to maintain a cet-
tain level of muscle relaxation, however, as mentioned it
requires the surgeon to wait for the NMB to wear off prior to
initiating a nerve test. If the nerve test is conducted too soon
the muscle may fail to contract upon stimulation of the nerve
and the stimulation current level at which the nerve is stimu-
lated will appear to be higher than it truly is. This may create,
in effect, a false positive wherein the surgeon may believe, for
example, a pedicle wall has not been breached or a nerve
farther from an instrument than it really is because of the
erroneously high stimulation level detected.
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[0007] The amount and metabolic rate of NMBA may vary
from procedure to procedure and person to person. In addi-
tion, the present systems retain their effectiveness up to a
certain level of NMB. Together this makes it difficult to
determine when precisely nerve testing functions regain their
effectiveness and surgeons must wait longer than necessary to
ensure accurate results, which results in additional surgical
time and increased costs. Being able to assess the neuromus-
cular pathway prior to initiating nerve testing would reduce
the amount of waiting time needed and would thus represent
a savings in time and costs to both the surgeon and patient.
[0008] Neuromuscular pathway testing is currently per-
formed by specialists (neurophysiologists) trained in assess-
ing the neurophysiologic information graphically repre-
sented on traditional EMG systems. While these individuals
are oftentimes exceptionally skilled and highly trained, there
exists the potential for human error on their part in reading
and/or monitoring such traditional EMG systems. Moreover,
the need for the neurophysiologist to assist in a surgical case
adds complexity and challenges in scheduling surgical pro-
cedures, in that the schedules of both individuals need to
coincide for them to work together. This may disadvanta-
geously cause a patient to wait, while experiencing pain and/
or other issues, for the scheduling conflicts of the surgeon and
neurophysiologist to resolve. Because the neurophysiologist
performs the actual neuromuscular pathway testing, there
exists the potential for communication gaps to occur between
the surgeon and the neurophysiologist such that the neuro-
muscular testing may not be conducted as desired by the
surgeon. Also, with the attendant activity in the operating
room (as well as other operating rooms where the neurophysi-
ologist may be working), the possibility exists that the neu-
romuscular pathway testing may not be conducted in the
desired manner based on inattentiveness of the neurophysi-
ologist.

[0009] Based on the foregoing, a need exists for improved
systems and methods for surgeon-directed nerve testing dur-
ing surgery, and in particular a need exits for improved sys-
tems and methods for combining neuromuscular pathway
assessment and nerve testing capabilities, all being performed
by the surgeon. The present invention is directed towards
fulfilling these needs.

SUMMARY OF THE INVENTION

[0010] The present invention includes a system and related
methods for assessing the state of the neuromuscular pathway
prior to and in combination with performing nerve testing
functions aimed at detecting pedicle breaches during screw
implantation, nerve proximity to surgical instruments
employed in accessing a surgical target site, and nerve pathol-
ogy monitoring. Advantageously, the system and methods of
the present invention are surgeon-directed, meaning the sur-
geon is capable of directing all such functionality without the
need for a neurophysiologist.

[0011] According to a broad aspect, the present invention
involves a surgeon-directed surgical system, comprising a
control unit, a surgical instrument, and peripheral nerve
stimulation electrodes. The control unit has at least one of
computer programming software, firmware and hardware
capable of delivering a stimulation signal, receiving and pro-
cessing neuromuscular responses due to the stimulation sig-
nal, and identifving a relationship between the neuromuscu-
lar response and the stimulation signal. The surgical
instrument has at least one stimulation electrode electrically
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coupled to the control unit for transmitting a stimulation
signal within a surgical corridor. Peripheral nerve stimulation
electrodes are also coupled to the control unit for transmitting
a stimulation signal to peripheral nerves outside a surgical
corridor. The control unit is capable of determining the neu-
romuscular blockade level and at least one of pedicle integ-
rity, nerve proximity, nerve direction, and nerve pathology
based on the identified relationship between a stimulation
signal and a corresponding neuromuscular response.

[0012] In a further embodiment of the surgical system of
the present invention, the control unit is further equipped to
communicate at least one of alpha-numeric and graphical
information to a user regarding neuromuscular pathway sta-
tus, and at least one of pedicle integrity, nerve proximity,
nerve direction, and nerve pathology.

[0013] In a further embodiment of the surgical system of
the present invention, the surgical instrument may comprise
at least one of a device for testing screw placement integrity,
a device for accessing a surgical target site, and a device for
maintaining contact with a nerve during surgery.

[0014] In a further embodiment of the surgical system of
the present invention, the surgical instrument comprises a
screw test probe and wherein the control unit determines the
degree of electrical communication between the screw test
probe and an exiting spinal nerve root to assess whether a
pedicle has been breached by at least one of hole formation
and screw placement

[0015] In a further embodiment of the surgical system of
the present invention, the surgical instrument comprises a
nerve root retractor and wherein the control unit determines
nerve pathology based on the identified relationship between
the neuromuscular response and the stimulation signal.

[0016] In a further embodiment of the surgical system of
the present invention, the surgical instrument comprises a
dilating instrument and wherein the control unit determines
the proximity and direction between a nerve and the instru-
ment based on the identified relationship between the neuro-
muscular response and the stimulation signal.

[0017] In a further embodiment of the surgical system of
the present invention, the dilating instrument comprises at
least one of a K-wire, an obturator, a dilating cannula, and a
working cannula.

[0018] In a further embodiment of the surgical system of
the present invention, the surgical instrument comprises a
tissue retractor assembly and wherein the control unit deter-
mines the proximity between a nerve and the instrument
based on the identified relationship between the neuromus-
cular response and the stimulation signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] Many advantages of the present invention will be
apparent to those skilled in the art with a reading of this
specification in conjunction with the attached drawings,
wherein like reference numerals are applied to like elements
and wherein:

[0020] FIG. 1 is a perspective view of an exemplary sur-
geon-directed surgical system 10 capable of assessing the
state of the neuromuscular pathway and nerve testing func-
tions aimed at detecting pedicle breaches, nerve proximity
(detection), and nerve pathology;

[0021] FIG. 2 is a block diagram of the surgical system 10
shown in FIG. 1;
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[0022] FIG. 3 is an exemplary screen display illustrating
one embodiment of the of a drop down menu for navigating
between different functions of the system 10 according to the
present invention;

[0023] FIG. 4 is an exemplary screen display illustrating
one embodiment of a general system setup screer;

[0024] FIG. 5 is an exemplary screen display illustrating
one embodiment of a neuromuscular pathway test (ak.a.
“Twitch Test”) setup screen providing for selection between
Peripheral and Direct Stimulation modes according to the
present invention;

[0025] FIG. 6 is a is a graph illustrating a plot of four
electrical stimulation pulses employed during the neuromus-
cular pathway assessment of the present invention;

[0026] FIG. 7is a graph illustrating a method of increasing
stimulation current amplitude to determine a supramaximal
current for use in the neuromuscular pathway (NMP) assess-
ment of the present invention;

[0027] FIG. 8 is a graph illustrating an exemplary EMG
response to the stimulus of FIG. 6 in the presence of little or
no neuromuscular blockade (NMB).

[0028] FIG. 9 is a graph illustrating an exemplary EMG
response to the stimulus of FIG. 6 wherein the fourth response
is present but diminished;

[0029] FIG. 10 is a graph illustrating an exemplary EMG
response to the stimulus of FIG. 6 wherein the fourth response
has disappeared completely;

[0030] FIGS.11-12 are exemplary screen displays illustrat-
ing various embodiments of the NMP test function according
to the present invention;

[0031] FIG. 13 is an exemplary screen display illustrating
one embodiment of a screw test setup screen according to the
present invention;

[0032] FIG. 14-15 are exemplary screen displays illustrat-
ing various embodiments of the Basic Screw Test function
according to the present invention;

[0033] FIG. 16-17 are exemplary screen displays illustrat-
ing various embodiments of the Basic Screw Test function
according to the present invention,;

[0034] FIG. 18-19 are exemplary screen displays illustrat-
ing various embodiments of the Difference Screw Test func-
tion according to the present invention;

[0035] FIG. 20 is an exemplary screen display illustrating
one embodiment of a Detection setup screen according to the
present invention;

[0036] FIG. 21-22 are exemplary screen displays illustrat-
ing various embodiments of the Nerve Detection function
according to the present invention;

[0037] FIG. 23 is an exemplary screen display illustrating
one embodiment of a Nerve Retractor (pathology) setup
screen according to the present invention;

[0038] FIG. 24 is an exemplary screen displays illustrating
one embodiment of the Nerve Retractor function according to
the present invention;

[0039] FIG. 25 is a graph illustrating a plot of the neuro-
muscular response (EMG) of a given myotome over time
based on a current stimulation pulse (similar to that shown in
FIG. 26) applied to a nerve bundle coupled to the given
myotome;

[0040] FIG. 26 is a graph illustrating a plot of a stimulation
current pulse capable of producing a neuromuscular response
(EMG) of the type shown in FIG. 25;

[0041] FIG. 27 is an illustration (graphical and schematic)
of a method of automatically determining the maximum fre-



US 2014/0148796 Al

quency (F,,,.) of the stimulation current pulses according to
one embodiment of the present invention;

[0042] FIG. 28is a graph illustrating a plot of peak-to-peak
voltage (Vpp) for each given stimulation current level (Ig,;,)
forming a stimulation current pulse train according to the
present invention (otherwise known as a “recruitment
curve™);

[0043] FIGS. 29A-29D are graphs illustrating a rapid cur-
rent threshold-hunting algorithm according to one embodi-
ment of the present invention;

[0044] FIG. 30 is a series of graphs illustrating a multi-
channel rapid current threshold-hunting algorithm according
to one embodiment of the present invention;

[0045] FIG.31is a graph illustrating recruitment curves for
a generally healthy nerve (denoted “A”) and a generally
unhealthy nerve (denoted “B”’) according to the nerve pathol-
ogy determination method of the present invention;

[0046] FIGS.32A-32E are exemplary screen displays illus-
trating one method of annotating selected stimulation results
according to one embodiment of the present invention;
[0047] FIG. 33 is an exemplary screen display illustrating a
method of generating a surgical report according to one
embodiment of the present invention;

[0048] FIG. 34 is an exemplary screen display illustrating a
method of selecting between a full surgical report and/or a
summary surgical report according to one embodiment of the
present invention;

[0049] FIGS.35A-35C is an exemplary representation of a
summary report according to one embodiment of the present
invention; and

[0050] FIGS.36A-36F is an exemplary representation of a
full report according to one embodiment of the present inven-
tion.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

[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 devel-
opment effort might be complex and time-consuming, but
would nevertheless be a routine undertaking 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 involves a surgeon-directed
system and methods for assessing the neuromuscular path-
way prior to and in combination with nerve testing procedures
during surgery, including but not limited to pedicle integrity
assessments (screw test), nerve proximity assessments (direc-
tion), and nerve pathology assessments (nerve root retrac-
tion). FIG. 1 illustrates, by way of example only, a surgeon-
directed surgical system 10 capable of assessing the status of
the neuromuscular pathway during a surgical procedure tar-
geted to one of the lumbar, thoracic, or cervical regions of the
spine, where nerve monitoring may be advantageous. The
surgical system 10 is further capable of carrying out nerve
testing functions including, but not necessarily limited to,
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pedicle screw testing, nerve proximity testing and nerve
pathology monitoring. It is expressly noted that, although
described herein largely in terms of use in spinal surgery, the
surgeon-directed surgical system 10 and related methods of
the present invention are suitable for use in any number of
additional surgical procedures where neurological impait-
ment is a concern.

[0053] The surgeon-directed surgical system 10 includes a
control unit 12, a patient module 14, an EMG harness 16
(including eight pairs of EMG electrodes 18 and a return
electrode 22 coupled to the patient module 14), and a host of
various surgical accessories 32 capable of being coupled to
the patient module 14 via one or more accessory cables 30
and/or coupling devices 42. The surgical accessories 32 may
include, but are not necessarily limited to, devices for per-
forming pedicle screw tests (such as a screw test probe 36),
neural pathology monitoring devices (such as a nerve root
retractor 76). coupling devices for electronically coupling
surgical instruments to the system 10 (such as electric cou-
pling devices 42,52 and stimulator driver 68), access compo-
nents (such as a K-wire 62, one or more dilating cannula 64,
a working cannula 66, and a tissue retraction assembly 70),
and pilot hole forming components (such as a tap member 72,
pedicle access probe 74, or other similar device), and devices
for delivering peripheral stimulation signals (such as a pair—
one positive and one negative—of peripheral nerve stimula-
tion (PNS) electrodes 25).

[0054] A block diagram of the surgical system 10 is shown
in FIG. 2, the operation of which is readily apparent in view of
the following description. The control unit 12 includes a
touch screen display 26 and a base 28, which collectively
contain the essential processing capabilities for controlling
the surgical system 10, preferably under the direction of a
surgeon. The touch screen display 26 is preferably equipped
with a graphical user interface (GUI) capable of communi-
cating information to the surgeon and receiving instructions
from the surgeon. The base 28 contains computer hardware
and software that commands the stimulation sources, receives
digitized signals and other information from the patient mod-
ule 14, processes the EMG responses, and displays the pro-
cessed data to the surgeon via the display 26. The primary
functions of the software within the control unit 12 include
receiving commands from the surgeon via the touch screen
display 26, activating stimulation in the requested mode (in-
cluding “Twitch Test” (neuromuscular pathway assessment),
“Basic Screw Test” and/or “Dynamic Screw Test” (pedicle
integrity assessment), “Detection” (nerve proximity), and
“Nerve Retractor” (nerve pathology)), processing signal data
according to defined algorithms (described below), display-
ing received parameters and processed data, and monitoring
system status.

[0055] The patient module 14 is connected via a data cable
28 to the control unit 12, and contains the electrical connec-
tions to all electrodes, signal conditioning circuitry, stimula-
tor drive and steering circuitry, and a digital communications
interface to the control unit 12. In use, the control unit 12 is
situated outside but close to the surgical field (such as on a cart
adjacent the operating table) such that the display 26 is
directed towards the surgeon for easy visualization. The
patient module 14 should be located between the patient’s
legs or affixed to the end of the operating table at mid-leg level
using a bedrail clamp. The position selected should be such
that the EMG electrodes 18 can reach their farthest desired
location without tension during the surgical procedure.
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[0056] 1In a significant aspect of the present invention, the
information displayed to the surgeon on the display 26 may
include, but is not necessarily limited to, alpha-numeric and/
or graphical information regarding NMP status, screw test-
ing, nerve proximity, nerve pathology, myotome/EMG levels,
stimulation levels, advance or hold instructions, and the
instrument in use. In one embodiment (set forth by way of
example only) the display includes the following components
as set forth in Table 1:
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way of example only, of a general system setup screen. From
the system set up screen the user may adjust the system
volume, adjust the free run EMG volumes, change the EMG
scale, turn different EMG channels on or off, set the date and
time, conduct an impedance test to check the electrical con-
nection between the EMG electrodes and the patients skin,
and shutdown the system 10. The remaining setup screens
will be shown and discussed below in conjunction with their
associated functions.

TABLE 1

Screen Component

Description

Spine Image 100

Myotome & Level

An image of the human body/skeleton showing the electrode
placement on the body, with labeled channel number tabs on each
side (1-4 on the left and right). Left and right labels will show the
patient orientation. The chanmel number tabs may be highlighted
or colored depending on the specific function being performed.

A label to indicate the Myotome name and corresponding Spinal

Names 102 Level(s) associated with the channel of interest.

Menu 104 A drop down navigation component for toggling between
functions.

Display Area 106 Shows procedure-specific information including stimulation results
120.

Color Indication 108 Enhances stimulation results with a color display of green, yellow,

Function

Indicator 110

Stimulation Bar 112

or red corresponding to the relative safety level determined by the
system. In one embodiment, “Advance” or “Hold” instructions
may be optionally displayed also corresponding to the relative
safety level determined by the system in the Detection mode.
Graphics and/or name to indicate the currently active function
(Twitch Test, Basic Screw Test, Dynamic Screw Test, Difference
Screw Test, Detection, Nerve Retractor). In an alternate
embodiment, Graphics and/or name may also be displayed to
indicate the instrument in use, such as the dialator, K-wire,
retractor blades, screw test instruments, and associated size
information (if applicable) of the dilator, with the numeric size. If
10 instrument is in use, then no indicator is displayed.

A graphical stimulation indicator depicting the present stimulation
status (e.g. on/off and stimulation current level)

Sequence Bar 114~ Shows the last seven stimulation results and provides for
annotation of results.
EMG waveforms EMG waveforms may be optionally displayed on screen along with
116 the stimulation results.
[0057] Switching between the various functions of the sur- [0059]

gical system 10 may be accomplished from a drop down
menu 104, which is preferably accessible from all screens on
the GUI display 26. Selecting the menu button 118 labeled, by
way of example only, “Select Mode” expands the drop down
menu 104 as seen in F1G. 3. Using the menu 104 the surgeon
or other qualified user may open any of the functions by
selecting the function tab 110 corresponding to the desired
function. Also from the menu 104, the user may optionally
select to view the actual EMG waveforms 116 alongside the
numerical result coinciding with a particular stimulation.
This is accomplished by selecting an EMG tab 122 associated
corresponding to the desired function. It should be under-
stood that the drop down menu described above is only a
preferred method of navigating between functions and any of
a number of different methods may be used. By way of
example only, a menu bar containing the different function
buttons may be constantly displayed across the top or bottom
of the screen.

[0058] A setup mode provides a simple means for selecting
and/or changing various options and parameters associated
with the functions of the surgical system 10. A setup tab 124
is provided on the GUI display 26 for accessing the setup
mode, which preferably includes a separate setup screen for
each function. FIG. 4 is an exemplary illustration, set forth by

In a preferred embodiment, the surgeon-directed
surgical system 10 detects and monitors muscle activity using
EMG (electromyogram). EMG monitoring is preferably car-
ried out utilizing the same equipment and configuration for all
the functions of the surgical system 10 and will now be
described. EMG response monitoring is accomplished via 8
pairs of EMG electrodes 18 placed on the skin over the major
muscle groups of the legs (four per side), a common electrode
20 providing a ground reference to pre-amplifiers in the
patient module 14, and an anode electrode 20 providing a
return path for the stimulation current. The EMG responses
provide a quantitative measure of the nerve depolarization
caused by the electrical stimulus. Depending on the particular
function, analysis of the EMG responses is used to determine
the status of the neuromuscular pathway (NMP), pedicle
integrity, nerve proximity or nerve pathology. If peripheral
nerve stimulation is chosen for the NMP test according to the
present invention, it is preferably targeted to a nerve inner-
vating one of the muscle groups to be monitored during the
ensuing nerve tests. In doing so, one pair of EMG electrodes
18 is utilized during both NMP testing and the desired nerve
testing, thereby eliminating the need for additional electrodes
and recording channels. By way of example only, the place-
ment of EMG electrodes 18 for spinal surgery may be under-
taken according to the manner described in Table 2 below:
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TABLE 2
Channel
Color D Myotome Nerve Spinal Level
Red Right 1 Right Vastus Medialis  Femoral 12,13,14
Orange Right 2 Right TibialisAnterior ~Peroneal 14,15
Yellow Right 3 Right Biceps Femoris ~ Sciatic 15,81,82

Green Right 4 Right Gastroc. Medial Post Tibialis 81, S2

Blue Leftl  Left Vastus Medialis Femoral 12,13,14
Violet Left2  Left Tibialis Anterior ~ Peroneal 14,15

Gray Left3  Left Biceps Femoris  Sciatic 15,81,82
White Left4  Left Gastroc. Medial ~ Post Tibialis  S1, S2
[0060] Although not shown, it will be appreciated that any

of a variety of electrodes can be employed, including but not
limited to surface pad electrodes and needle electrodes. It
should also be appreciated that EMG electrode placementhas
been shown and described, by way of example only, as it
relates to use of the surgical system 10 during procedures in
the lumbar spine. However, electrode placement depends on
the surgical area and particular nerves at risk, and as such is
not limited to the legs. By way of example, the surgical
system 10 and its various functions may be utilized in the
cervical and thoracic regions as well, wherein, it may be
necessary to deploy the EMG electrodes 18 on the upper or
mid regions of the body, respectively.

[0061] The surgical system 10 may perform NMP assess-
ments by electrically stimulating a peripheral nerve via PNS
electrodes 25 placed on the skin over the nerve and/or by
direct stimulation of a spinal nerve using a surgical accessory
such as screw test probe 36. Evoked responses from the
muscles innervated by the stimulated nerve are detected and
recorded, the results of which are analyzed and a relationship
between at least two responses or a stimulation signal and a
response is identified. The identified relationship provides an
indication of the status of the NMP (e.g. blocked, unblocked,
questionable). As discussed in greater detail below, the iden-
tified relationship may include, but is not necessarily limited
to, one or more of magnitude ratios between multiple evoked
responses and/or the presence or absence of an evoked
response relative to a given stimulation signal or signals.
Details of the test indicating NMP status and the relative
safety of continuing on with nerve testing are conveyed to the
surgeon via the screen display 26.

[0062] According to one embodiment of the present inven-
tion, NMP testing may be carried out utilizing direct stimu-
lation and/or peripheral stimulation. The decision to use the
Direct or Peripheral Stimulation modes should be based on
the particular needs, experience, and preferences of the oper-
ating surgeon. Choosing between the modes is preferably
accomplished on the GUI display 26 from the Twitch Test
setup screen, illustrated in FIG. 5. In direct stimulation mode
asurgical accessory 32, such as screw test probe 36, is used to
stimulate in the direct vicinity of a nerve in the surgical area
of interest while evoked responses are monitored, preferably,
via EMG electrodes 18. In peripheral stimulation mode, NMP
testing may (by way of example only) be conducted on the
Peroneal Nerve with evoked responses monitored from the
Tibialis Anterior muscle. Accordingly, the PNS electrodes 25
are positioned on the skin above the Peroneal Nerve (prefer-
ably at the fibular head) and a corresponding pair of muscle
activity sensors, such as EMG electrodes 18, are situated on
the Tibialis Anterior. The NMP test is administered by deliv-
ering a stimulation signal (by having the surgeon activate a
stimulation button on the hand piece 34), preferably consist-
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ing of four electrical pulses of equal current, through a sur-
gical accessory 32 (direct stimulation mode) or PNS elec-
trodes 25 (peripheral stimulation mode). Under normal body
conditions (i.e., no NMB) the four electrical pulses each
produce one muscle contraction or evoked response. As the
neuromuscular pathway becomes inhibited by the neuromus-
cular blocking agents, the evoked responses diminish, begin-
ning with the loss of the fourth response and continuing until
no evoked responses occur, indicating a complete NMB.

[0063] FIG. 6 is a graphical illustration of an exemplary
stimulation signal delivered by the surgeon-directed surgical
system 10 during the NMP test. The electrical pulses may be
delivered at a single frequency selected from a range of, by
way of example only, 0.5 Hz to 5 Hz, and preferably a fre-
quency of 2 Hz (0.5 s intervals) may be employed. Each pulse
should last for an identical period of time (i.¢. have the same
pulse width) selected from a range of, by way of example
only, 100 us to 500 ps, with a preferred pulse width of 200 ps.
The short pulse width is preferable because the Peroneal
Nerve is stimulated in close proximity to the muscle it inner-
vates, making direct stimulation of the muscle a concern in
Peripheral Stimulation mode. However, nerve fibers are
approximately four times more sensitive than muscle fibers
and the short 200 ps pulses will diminish the possibility of
bypassing the nerve and directly stimulating the muscle. This
ensures that any muscle contraction recorded during the
peripheral nerve stimulation is caused by transmission of a
motor nerve impulse across the neuromuscular junction.

[0064] In one embodiment of the present invention, the
stimulation pulses of the NMP test may be delivered at a
supramaximal current, such that all the muscle fibers of the
given muscle contract and the force of contraction is at its
maximum level (in the absence of NMB). The level of current
required to achieve a supramaximal effect varies between
individual patients. Several factors including fluctuations in
skin resistivity during a procedure, fat content, muscle mass,
and muscle contractility, all may affect the current level nec-
essary to achieve a supramaximal effect. Likewise, the volt-
age required to maintain the supramaximal current at the
same level varies in response to the variations in resistance
based on these factors. In one embodiment the surgical sys-
tem 10 therefore determines an optimum current (hereinafter
referred to as the “baseline current”) to be used for each
individual patient. In addition, the current output may be
continually monitored and the voltage output adjusted so as to
maintain the selected baseline current throughout the test.

[0065] FIG. 7 illustrates one manner in which the baseline
current may be determined. A baseline-setting test is initiated
at the beginning of the surgical procedure, prior to the admin-
istration of any NMB. A stimulation pulse of the selected
pulse width (preferably 200 ps) is delivered at an initial cur-
rent (typically 20 mA) and the contraction force is measured
and recorded by the system 10. A second pulse of the same
pulse width but increased current magnitude is then delivered
and the contraction force is again measured and recorded.
This process may continue until the increase in current mag-
nitude results in no additional increase in contraction force.
This current magnitude, where no increase in contraction
force occurs, may preferably be set as the baseline current. In
addition, the surgical system 10 may allow the baseline to be
set or reset manually at any time from the Twitch Test screen
(FIGS. 11-12) on the touch screen display 26, thereby pro-
viding the surgeon or system operator with ultimate control
over the baseline current if needed. In one embodiment, the
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baseline current is manually set by selecting up and down
control arrows 126 to either increase or decrease the current
level. This may be necessary, for example, if the baseline-
setting test was not performed before administration of an
NMB.

[0066] In another embodiment, the baseline current used
for the NMP test may be such that it is slightly larger than the
threshold current level (Iy,..,) at the time the NMP test is
conducted. I, . is the lowest stimulation current necessary
to evoke an EMG response with a peak-to-peak voltage (V)
greater than a predefined threshold voltage (V,;,...;,) which is
typically around 100 uV. To determine the stimulation current
level to employ for the NMP test, the surgical system 10 may
use a threshold-hunting algorithm to quickly and accurately
find 1,,,.,. Preferably, upon selecting the Auto Detect tab
128, the system 10 detects 1, __, using a threshold-hunting
algorithm that applies bracketing and bisection methods
which are described in detail below. Once 1,,,,,;, has been
determined the surgical system 10 may display I,,,,., for the
user and/or select a baseline current that is greater than 1, ;,,
which may similarly be displayed for the surgeon. According
to one embodiment, set forth by way of example only, this
baseline current determination may be accomplished by add-
ing at least 1.0 mA to 1,5,

[0067] After setting a baseline current, the baseline current
may subsequently beused any time the NMP test is conducted
during a surgical procedure (i.e. prior to initiating the nerve
monitoring tests, discussed in detail below) or a new baseline
may be determined each time. As previously mentioned, an
exemplary NMP test consists of four 200 ps electrical
impulses, delivered at a frequency of 2 Hz and at the deter-
mined baseline current. When the test is completed in the
presence of little or no NMB, the muscle activity pattern
contains four clearly defined muscle contractions of approxi-
mately the same amplitude, illustrated, by way of example
only, in FIG. 8. As the NMB level increases, the contractions
diminish in amplitude and disappear in reverse order begin-
ning with the fourth contraction, illustrated, by way of
example only, in FIGS. 9-10.

[0068] According to one embodiment of the present inven-
tion, the surgeon-directed surgical system 10 identifies a
ratiometric relationship between evoked responses to assess
the status of the NMP. The amplitudes of each EMG response
corresponding to the four electrical pulses (described above
with reference to FIG. 6) are monitored and recorded by the
system 10. In one embodiment, the amplitude of the EMG
response is defined by a peak-to-peak voltage ofthe response
as discussed in more detail below. The value T1 equals the
amplitude of the first muscle response, T2 is the amplitude of
the second muscle response, T3 is the amplitude of the third
response, and T4 is the amplitude of the fourth muscle
response. Once values T1 through T4 are measured the sys-
tem calculates the amplitude ratio between T4 and T1. The
T4:T1 ratio provides an indication of the functioning capa-
bility of the NMP.

[0069] FIGS. 11-12 are exemplary screen displays, set
forth by way of example only, of one embodiment of the
twitch test function. The T4:T1 ratio is calculated and dis-
played to the user. In a preferred embodiment the T4:T1 ratio
is displayed to the user in terms of the percentage of T4 to T1,
as illustrated. In addition to the numerical result 120, the
colors Red, Yellow, and Green are preferably displayed to
indicate to the surgeon the level of safety determined by the
system 10 during the NMP test. By way of example only, the
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color red may be displayed when the T4:T1 ratio is deter-
mined to be below a predetermined alert level of, by way of
example, 0.3 or 30%. Green may be displayed when the
T4:T1 ratio is above the predetermined safe level, by way of
example only 0.75 or 75%. Finally, the color yellow may be
displayed when the T4:T1 ratio falls between the predeter-
mined alert level and a predetermined safe level (ie. between
30% and 75%). Also shown in FIG. 11-12 is a bar graph 130
depicting the relative T1 through T4 response levels, which is
preferably displayed to the user along with the numerical
result 120. FIG. 11 is an example of the twitch test display
without the optional EMG waveforms 116 and FIG. 12 shows
the twitch test display with the optional EMG waveforms 116
selected.

[0070] Although use of the system 10 for neuromuscular
pathway assessment is shown and described above within the
context of particular exemplary method of stimulation
response analysis, it will be appreciated by those skilled in the
art that a variety of methods may be employed by the system
10, for stimulating a nerve and analyzing the resultant muscle
response or responses in order to determine the state of the
neuromuscular pathway, and as such, fall within the scope of
the presentinvention. These methods may include, but are not
necessarily limited to the all-or-none and single twitch tech-
niques described below.

[0071] In an alternate embodiment, the disappearance of
each response corresponds to particular level of NMB. By
way of example only, the fourth contraction disappears at a
75% NMB level (meaning that 75% of the acetylcholine
receptors are occupied), the third contraction disappears at
80% NMB (meaning that 80% of the acetylcholine receptors
are occupied), the second disappears at 90% NMB (meaning
that 90% of'the acetylcholine receptors are occupied), and the
first contraction disappears at 100% NMB level (meaning that
100% of the acetylcholine receptors are occupied). In one
embodiment of the present invention, detection of an NMB
level greater than 75%, (i.e. less than four contractions
detected, corresponding to the four electrical impulses) as
depicted in FIG. 10, is considered an unsafe level. An accept-
able NMB level of below 75% is indicated by an EMG
response including all four muscle contractions (FIGS. 8-9).
At this level of NMB, less than 75%, it is unlikely that a
muscle will fail to contract in response to stimulation during
the nerve monitoring tests.

[0072] In still another embodiment, the surgeon-directed
surgical system 10 may employ a “single twitch” method for
assessing the neuromuscular pathway. A baseline supramaxi-
mal current is again determined by the method set forth and
described above. After determining the baseline and still prior
to the administration of NMB, a single 100 ps-300 ps (pref-
erably 200 ps) electrical pulse of the baseline current is deliv-
ered to the patient via the surgical system 10 and the muscle
response is measured. The amplitude of the measured
response is the control value or TO for subsequent NMP tests.
NMP tests are later initiated in the selected mode (Direct or
Peripheral stimulation) with a single electrical impulse iden-
tical to the pulse used to obtain TO and the evoked muscle
response is measured. The measured amplitude of the
response becomes T1. The system 10 calculates the ampli-
tude ratio between TO and T1 (T1:T0) and compares it to
predetermined safe and unsafe levels. By way of example
only, when T1:T0 is greater than or equal to 0.9 (T1:T0>0.9)
the NMP test is acceptable and the display 26 indicates the
safe result. When the T1:TO ratio is less than 0.9 (T1:T0<0.9)
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the NMP is determined to unsafe (blocked) and the result is
again indicated on the display 26, thereby alerting the surgeon
to the unsafe NMP status.

[0073] While the NMP functionhas been described accord-
ing to a preferred embodiment in which evoked muscle
responses are detected using EMG, it is contemplated that
other methods of detecting and measuring evoked responses
may also be employed. In an alternate embodiment, set forth
by way of example only, the surgical system 10 may use
pressure sensors (not shown) communicatively linked to the
system, to monitor muscle activity. An increase in pressure
detected by the pressure sensors deployed over various
muscles or myotomes indicates a muscle response. The mag-
nitude of the response is reflected by the degree of pressure
change detected. The evoked responses may then be analyzed
to identify a relationship between them according to one or
more of the methods described above thereby providing an
indication of the NMP status.

[0074] The surgeon-directed surgical system 10 is capable
of performing pedicle integrity tests, preferably after an NMP
testhas been conducted and deemed acceptable and safe. This
functionality includes a “Basic” screw test and a “Dynamic
Screw Test.” The basic, or static, screw test function is per-
forming using screw test probe 36. The screw test probe 36 is
used to test the integrity of pedicle holes (during and/or after
formation) and/or screws (during and/or after introduction).
The screw test probe 36 includes a stimulation handpiece 34
and a probe member 38 having a generally ball-tipped end 40.
The handpiece 34 may be equipped with one or more buttons
for selectively applying the electrical stimulation to the ball-
tipped end 40 at the end of the probe member 38. The ball tip
40 of the screw test probe 36 is placed in the screw hole prior
to screw insertion or placed on the installed screw head. The
insulating character of bone will prevent the stimulation cur-
rent, up to a certain amplitude, from communicating with the
nerve. However, in the event the pedicle wall has been
breached by the screw or tap, the stimulation current will pass
through to the adjacent nerve roots and they will depolarize at
a lower stimulation current.

[0075] The “Dynamic” screw test function may use at least
one of an electric coupling device 42 and 52. The probe
member 38 and the ball-tipped end 40 of screw test probe 36
may be removed from the stimulation handpiece 34 and
replaced with an electric coupling device 42, 52. The electric
coupling devices 42, 52 may be utilized to couple a surgical
instrument, such as for example only, a tap member 72,
pedicle access probe 74, or other similar instrument, to the
surgical system 10. By this means, a stimulation signal may
be passed through the surgical instrument and screw testing
can be performed while the tool is in use. Thus, screw testing
may be performed during pilot hole formation by coupling
the tap member 72 or pedicle probe 74 to the surgical system
10. Likewise, by coupling a pedicle screw to the surgical
system 10, screw testing may be performed during screw
introduction.

[0076] The electric coupling device may comprise a num-
ber of possible embodiments which permit the device to
attach and hold a surgical instrument while allowing trans-
mission of a stimulation signal to the tool. One such electric
coupling device 42 utilizes a spring-loaded plunger to hold
the surgical tool and transmit the stimulation signal. The
plunger 44 is composed of a conductive material such as
metal. A nonconductive housing 46 partially encases the
plunger 44 about its center. Extending from the housing 46 is
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an end plate 48. An electrical cable 50 connects the electric
coupling device 42 to the stimulation handpiece 34. A spring
(not shown) is disposed within the housing 46 such that in a
natural or “closed” state the plunger 44 is situated in close
proximity to the endplate 42. Exerting a compressive force on
the spring (such as by pulling the cable 50 while holding the
housing 46) causes a gap between the end plate 48 and the
plunger 44 to widen to an “open” position, thereby allowing
insertion of a surgical tool between the end plate 48 and
plunger 44. Releasing the cable 50 allows the spring to return
to a “closed” position, causing the plunger 44 to move later-
ally back towards the endplate such that a force is exerted
upon the surgical instrument and thereby holds it in place
between the endplate 48 and the plunger 44. Thereafter the
electrical stimulus may be passed from the handpiece 34
through the cable 50 and plunger 44 to the surgical instru-
ment.

[0077] Alternatively, the electrical coupling device may be
embodied in the form of aclip 52. The clip 52 is comprised of
two prongs hingedly coupled at a coupling point 54 such that
the clip 52 includes an attachment end 56 and a non-attach-
ment end 58. A stimulation electrode 60 is disposed on the
attachment end 56 and communicates with electric cable 50
extending from the non-attachment end 56 to the handle 34.
In a“closed” position the prong ends at the attachment end 56
touch. Depressing the prongs at the non-attachment end 58 in
a direction towards each other causes a gap to form between
the prong ends at the attachment end 56. Positioning the
“opened” attachment end 56 over a desired surgical instru-
ment and releasing the force on the non-attachment end 58
causes the attachment end 56 to pinch tight on the surgical
instrument and thereby allow the electrical stimulus to pass
from the screw test handle 34, through the stimulation elec-
trode 60, to the surgical instrument.

[0078] FIG. 13 depicts an exemplary setup screen for the
screw test functions. From the setup screen the user may
select to have stimulation signals stop on the first response or
to continue until a maximum current level is reached. The
maximum stimulation current may also be changed using the
“up” and “down” control arrows 126 to increase or decrease
the current level. In addition, the user may turn different EMG
channels on or off, set the date and time, conduct an imped-
ance test to check the electrical connection between the EMG
electrodes and the patient’s skin, and shutdown the system 10.

[0079] Upon pressing the button on the stimulation hand-
piece 34, the software will execute an algorithm (discussed
below) that results in all channel tabs 132 being color-coded
to indicate the detection status of the corresponding nerve.
The algorithm preferably determines the depolarization
(stimulation threshold current, 1,,,,,) current for all § EMG
channels. The channel with the “worst” (lowest 1, . ) level
will be highlighted (enlarged) and that myotome name will be
displayed 102, as well as graphically depicted on the spine
diagram 100 and the numerical stimulation result (I, ) 120
for that channel is displayed, as illustrated in FIGS. 14-19.
EMG channel tabs 132 may also be selected via the touch
screen display 26 to show the 1., of the corresponding
nerves. A vertical stimulation bar chart 112 is shown, to depict
the stimulation current required for nerve depolarization in
mA for the selected channel. The handpiece 34 may be
equipped with amechanism (via hardware and/or software) to
identify itself to the system when it is attached. In one
embodiment, the probe member 38 is disposable and the
handpiece 34 is reusable and autoclavable.
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[0080] FIGS. 14-15 depict screen displays, shown by way
of example only, for the Basic Screw Test function, one with-
outoptional EMG waveforms 116 (FIG. 14) and one with the
optional EMG waveforms 116 (FIG. 15). FIGS. 16-17 depict
screen displays shown by way of example only, for the
Dynamic Screw Test function, again, one without optional
EMG waveforms 116 (FIG. 16) and one with the optional
EMG waveforms 116 (FIG. 17). Finally, FIGS. 18-19 depict
screen displays, shown by way of example only, for the Dif-
ference Screw Test function, one without optional EMG
waveforms 116 (FIG. 18) and one with the optional EMG
waveforms 116 (FIG. 19). For the Difference Screw Test, the
surgeon sets a baseline threshold 134 current by stimulating a
nerve root directly with the screw test probe 36. The actual
threshold current 136 is then determined and displayed rela-
tive to the baseline providing a difference threshold 138. In
one embodiment, the stimulation result is displayed to the
surgeon along with a color code so that the surgeon may easily
comprehend the situation and avoid neurological impairment
to the patient. The colors Red, Yellow, and Green are prefer-
ably displayed to indicate to the surgeon the level of safety
determined by the system 10. Red is used to indicateanl,,,,,
level below a predetermined unsafe level. Yellow indicates an
Lres, that falls in between predetermined safe and unsafe
levels. Green represents an [, _, within the range predeter-
mined as safe. By way of example only, a green display
denotes a stimulation threshold range of 9 milliamps (mA) or
greater, a yellow display denotes a stimulation threshold
range of 6-8 mA, and a red display denotes a stimulation
threshold range of 6 mA or below.

[0081] The surgeon-directed surgical system 10 may pro-
vide safe and reproducible access to a surgical target site by
detecting the existence of (and optionally the distance) 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 10 does so, preferably after an
acceptable NMP test has been completed, by electrically
stimulating nerves via one or more stimulation electrodes at
the distal end of the surgical access components 62-66 while
monitoring the EMG responses of the muscle groups inner-
vated by the nerves. In a preferred embodiment the access
components are coupled to the surgical system 10 using elec-
trical coupling device 42 or 52 in the same manner described
above. Alternatively, a stimulator driver 68 is provided to
electrically couple the surgical access components 62-66 to
the patient module 14 (via accessory cable 30). The stimula-
tor driver 68 preferably includes one or more buttons for
selectively activating the stimulation current and/or directing
it to a particular surgical access comporent.

[0082] The surgical access components 62-66 (FIG. 1) are
designed to bluntly dissect the tissue between the patient’s
skin and the surgical target site. An initial dilating cannula 64
is advanced towards the target site, preferably after having
been aligned using any number of commercially available
surgical guide frames. An obturator (not shown) may be
included inside the initial dilator 64 and may similarly be
equipped with one or more stimulating electrodes. Once the
proper location is achieved, the obturator (not shown) may be
removed and the K-wire 62 inserted down the center of the
initial dilating cannula 64 and docked to the given surgical
target site, such as the annulus of an intervertebral disc. Can-
nulae of increasing diameter are then guided over the previ-
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ously installed cannula 64 until the desired lumen is installed.
By way of example only, the dilating cannulae 64 may range
in diameter from 6 mm to 30 mm. The working cannula 66 is
installed over the last dilating cannula 64 and then all the
dilating cannulae 64 are removed from inside the inner lumen
of the working cannula 66 to establish the operative corridor
therethrough.

[0083] Additional and/or alternative surgical access com-
ponents such as, by way of example only, a tissue retraction
assembly 70 (FIG. 1) may be coupled to the system 10 and
employed to provide safe and reproducible access to a surgi-
cal target site. Tissue retraction assembly 70 and various
embodiments and uses thereof have been shown and
described in the above referenced co-pending and commonly
assigned U.S. patent application Ser. No. 10/967,668, entitled
“Surgical Access System and Related Methods,” filed on Oct.
18, 2004, the entire contents of which are expressly incorpo-
rated by reference as if set forth herein in their entirety.

[0084] FIG. 20 depicts, by way of example only, a setup
screen for nerve detection. Using this screen the operator may
change the maximum stimulation current using up and down
control arrows 126 to increase or decrease the current level,
turn different EMG channels on or off, set the date and time,
conduct an impedance test to check the electrical connection
between the EMG electrodes and the patients skin, and shut-
down the system 10. FIGS. 21-22 depict exemplary screen
displays of the detection function. The function indicator tab
110 indicates that detection is the selected function. The
EMG channel possessing the lowest stimulation result 120
may be automatically highlighted and/or colored to clearly
indicate this fact to the surgeon. Additionally, EMG channel
tabs 132 may be selected via the touch screen display 26 to
show the result 120 of the corresponding nerves. As with the
NMP and Screw Tests, the stimulation results are displayed to
the surgeon with the Red, Yellow, Green color code wherein
Red, Yellow, and Green are preferably displayed to indicate to
the surgeon the level of safety determined by the system 10. In
one embodiment of nerve detection, set forth by way of
example only, a green display corresponds to a stimulation
threshold range of 10 milliamps (mA) or greater, a yellow
display denotes a stimulation threshold range of 5-9 mA, and
ared display denotes a stimulation threshold range of 4 mA or
below. FIG. 21 illustrates the detection function without
EMG waveforms 116 and FIG. 22 illustrates the detection
function with the EMG waveforms 116 displayed.

[0085] The surgical system 10 accomplishes neural pathol-
ogy monitoring, preferably after conducting a neuromuscular
pathway test, by electrically stimulating a retracted nerve root
via one or more stimulation electrodes at the distal end of the
nerve root retractor 76 while monitoring the EMG responses
of the muscle group innervated by the particular nerve. The
EMG responses provide a quantitative measure of the nerve
depolarization caused by the electrical stimulus. Analysis of
the EMG responses may then be used to assess the degree to
which retraction of a nerve or neural structure affects the
nerve function over time, as will be described with greater
particularity below. One advantage of such monitoring, by
way of example only, is that the conduction of the nerve may
be monitored during the procedure to determine whether the
neurophysiology and/or function of the nerve changes (for
the better or worse) as the result of the particular surgical
procedure. For example, it may be observed that the nerve
conduction increases as the result of the operation, indicating
that the previously inhibited nerve has been positively
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affected by the operation. The nerve root retractor 76 (FIG. 1)
may comprise any number of suitable devices capable of
maintaining contact with a nerve or nerve root. The nerve root
retractor 76 may be dimensioned in any number of different
fashions, including having a generally curved distal region
(shown as a side view in FIG. 1 to illustrate the concave region
where the nerve will be positioned while retracted), and of
sufficient dimension (width and/or length) and rigidity to
maintain the retracted nerve in a desired position during sur-
gery. The nerve root retractor 76 may also be equipped with a
stimulation handle 78 (similar to the stimulation handpiece
34 described above) having one or more buttons for selec-
tively applying the electrical stimulation to the stimulation
electrode(s) at the end of the nerve root retractor 76. In one
embodiment, the nerve root retractor 76 is disposable and the
stimulation handle 78 is reusable and autoclavable.

[0086] In a preferred embodiment, nerve pathology is
monitored via the Nerve Retractor function specifically by
determining a baseline stimulation threshold with direct con-
tact between the nerve retractor 76 and the nerve but prior to
retraction. Subsequently, additional stimulation thresholds
are determined during retraction and they are compared to the
baseline threshold. Significant changes in the stimulation
threshold may indicate potential trauma to the nerve caused
by the retraction. The information regarding nerve pathology
is conveyed to the surgeon via the nerve retractor screen
display, shown by way of example only in FIG. 24. The
function indicator 110 shows that Nerve Retractor is the
active function and stimulation bar 112 graphically depicts
the stimulation current level. A channel window 144 is pro-
vided for each EMG channel. Included in the channel window
is information including the channel number, myotome name
and associated spinal level, the EMG waveform 116, the
baseline threshold, current detected threshold, and the previ-
ous detected threshold. Site selection buttons 146 allow the
surgeon to quickly annotate a threshold response with the
spinal level stimulated. The EMG sensitivity and Free-Run
status are also displayed 148 on the screen. In the event the
system 10 detects a significant difference between the base-
line threshold and the current threshold on a particular chan-
nel, the associated channel window may preferably be high-
lighted to indicate the potential danger to the surgeon. The
maximum allowable stimulation currents for both the base-
line and retractor stimulations may be set or changed manu-
ally using the up and down control arrows 126 on the nerve
retractor setup screen, shown by way of example only in FIG.
23. In addition the user may turn different channels on or off,
set the date and time, conduct an impedance test to check the
electrical connection between the EMG electrodes and the
patient’s skin, and shutdown the system 10, all from the same
setup screen.

[0087] Thenerve testing functions mentioned above (screw
test, nerve proximity, nerve pathology) are based on assessing
the evoked response of the various muscles myotomes moni-
tored by the surgical system 10, preferably via the EMG
electrodes 18. This 1s best shown in F1G. 25-26, wherein FI1G.
25 illustrates the EMG of'a monitored myotome to the stimu-
lation current pulse shown in FIG. 26. The EMG response can
be characterized by a peak-to-peak voltage of V=V, .~
V ... The stimulation current may be coupled in any suitable
fashion (i.e. AC or DC) and comprises monophasic pulses of
200 us duration, with an amplitude and frequency that is
controlled and adjusted by the software. For each nerve and
myotome there is a characteristic delay from the stimulation
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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 to recover from
depolarization.

[0088] FIG. 27 illustrates an alternate manner of setting the
maximum stimulation frequency (F,,,.), to the extent it is
desired to do so rather than simply selecting a fixed maximum
stimulation 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/(T2+Tg ...
Margin) for the largest value of T2 from each of the active EMG
channels. In one embodiment, the Safety Margin is 5 ms,
although itis 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 (bracketing, bisec-
tion and monitoring states are discussed in detail below).
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 (butno faster than F,_ /2) during the bisection state,
and the fastest interval practical (but no faster than F, /4)
during the monitoring state. The maximum frequency 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 stimulation 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.

[0089] A basic premise behind the neurophysiology
employed for nerve testing in the present invention is that
each nerve has a characteristic threshold currentlevel (Iy,,..;)
at which it will depolarize. Below this threshold, current
stimulation will not evoke a significant EMG response (V).
Consequently, it is this premise that makes NMP testing a
valuable step in nerve testing because I, __, may be signifi-
cantly altered in the presence of high levels of NMB. Once the
stimulation threshold (I,,.;,) 1s reached, the evoked response
is reproducible and increases with increasing stimulation
until saturation is reached as shown in FIG. 28. This is known
as a “recruitment curve.” In one embodiment, a significant
EMG response is defined to have a V,,, of approximately 100
uV. The lowest stimulation current that evokes this threshold
voltage (Vy,,.q.) 18 called 1o, 14,.., decreases as the
degree of electrical communication between a stimulation
impulse and a nerve increases. Thus, monitoring I,,,.,, can
provide the surgeon with useful information. For example,
obtaining a lower than expected 1, __, when applyinga stimu-
lation impulse to the tip of a pedicle screw (or the interior of
a pilot hole) may indicate electrical communication between
the stimulation element and the nerve, such communication
being indicative of a breach in the pedicle. Monitoring 1,,,..;,
may also be employed to provide the surgeon with a relative
indication of distance from the stimulation electrode to a
nerve.

[0090] In order to obtain I,,,., and take advantage of the
useful information it provides, the peak-to-peak voltage (V)
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of each EMG response corresponding a given stimulation
current (I,;,,,) must be identified. This may be complicated by
the existence of stimulation and/or noise artifacts which may
create an erroneous V, measurement of the electrically
evoked EMG response. To overcome this challenge, the sur-
gical system 10 of the present invention may employ any
number of suitable artifact rejection techniques such as those
shown and described in full in the above referenced PCT App.
Ser. No. PCT/US2004/025550, entitled “System and Meth-
ods for Performing Dynamic Pedicle Integrity Assessments,”
filed on Aug. 5, 2004, the contents of which are hereby incor-
porated by reference into this disclosure as if set forth herein
in their entireties.

[0091] Having measured each V,,, EMG response, the V,,,
information is analyzed relative to the stimulation current in
order to determine a relationship between the nerve and the
given stimulation element transmitting the stimulation cur-
rent. More specifically, the present invention determines
these relationships (between nerve and the stimulation ele-
ment) by identifying the minimum stimulation current
(L resn) capable of resulting in a predetermined V,, EMG
response. According to the present invention, the determina-
tion of 1., may be accomplished via any of a variety of
suitable algorithms or techniques.

[0092] FIGS. 29A-29D illustrate, by way of example only,
a threshold-hunting algorithm that employs a series of
monopolar electrical stimulations to determine the stimula-
tion current threshold I, for each EMG channel in range.
The nerve is stimulated using current pulses with amplitude
of I,,,.. The muscle groups respond with an evoked potential
that has a peak-to-peak voltage of V,, . The object of this
algorithm is to quickly find I,,,..,, Which once again, is the
minimum [, thatresultsinaV,, thatis greater thanaknown
threshold voltage V... The value of 1, is adjusted by a
bracketing method as follows. The first bracket is 0.2 mA and
0.3 mA. Ifthe V,,, corresponding to both of these stimulation
currents is lower than 'V, then the bracket size is doubled
to 0.2 mA and 04 mA. This exponential doubling of the
bracket size continues until the upper end of the bracket
results ina 'V, thatis above V,, .. The size of the brackets
is then reduced by a bisection method. A current stimulation
value at the midpoint of the bracket is used and if this results
inaV,, thatisaboveV, . then the lower half becomes the
new bracket. Likewise, if the midpointV_, is below V.,
then the upper half becomes the new bracket. This bisection
method is used until the bracket size has been reduced to Ires
mA. I, 15 the value of 1, that is the higher end of the
bracket.

[0093] The threshold hunting will support three states:
bracketing, bisection, and monitoring. A stimulation current
bracket is a range of stimulation currents that bracket the
stimulation current threshold I, ...,- The upper and/or lower
boundaries of a bracket may be indeterminate. The width of a
bracket is the upper boundary value minus the lower bound-
ary 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.

[0094] 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
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function has the value +1 for stimulation currents that evoke
aresponse. 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
precisely, but only with some level of accuracy. The root is
found by identifying a range that must contain the root. The
upper bound of this range is the lowest stimulation current
1esi Where the function returns the value +1 (i.e. the mini-
mum stimulation current that evokes response).

[0095] Both the screw test function and the proximity func-
tion, as well as the optional NMP basline setting method
utilizing 1,,,.,, (described above), begin by adjusting the
stimulation current from the surgical accessory until the root
is bracketed (FIG. 29B). The initial bracketing range may be
provided in any number of suitable ranges. In one embodi-
ment, 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 never be increased by more
than 10 mA in one iteration. The stimulation current should
never exceed the programmed maximum stimulation current.
Foreach 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 chan-
nel has been bracketed, the algorithm transitions to the bisec-
tion state.

[0096] During the bisection state (FIG. 29C), threshold
hunting will employ the method described below to select
stimulation currents and narrow the bracket to a width of 0.1
mA for each EMG channel with an in-range threshold. After
the minimum stimulation current has been bracketed (FIG.
29C), 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 embodi-
ment, 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 algorithm
is locked on the electrode position when the response thresh-
old is bracketed by stimulation currents separated by 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.

[0097] During the monitoring state (FIG. 29D), threshold
hunting will employ the method described below to select
stimulation currents and identify whether stimulation current
thresholds are changing. In the monitoring state, the stimula-
tion current level is decremented or incremented by 0.1 mA,
depending on the response of a specific channel. If the thresh-
old 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 tines in a row, then the algorithm transitions back to the
bracketing state in order to reestablish the bracket.

[0098] When it is necessary to determine the stimulation
current thresholds (1,,,.,,) for more than one channel, they
may be obtained by time-multiplexing the threshold-hunting
algorithm as shown in FIG. 30. During the bracketing state,
the algorithm will start with a stimulation current bracket of
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0.2 mA and increase the size of the bracket exponentially.
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 know which exponential bracket
contains the 1, for each channel. Next, during the bisec-
tion state, the algorithm will start with the lowest exponential
bracket that containsanl,,,, and bisectituntil T, is found
within 0.1 mA. If there are more than one 1, within an
exponential bracket, they will be separated out during the
bisection process, and the one with the lowest value will be
found first. During the monitoring state, the algorithm will
monitor the upper and lower boundaries of the brackets for
each [, . 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 bracketing state to re-establish the bracket for
those channels.

[0099] Insertion and advancement of the access instru-
ments 62-66, 70 should be performed at a rate sufficiently
slow to allow the surgical system 10 to provide real-time
indication of the presence of nerves that may lie in the path of
the tip. To facilitate this, the threshold current 1;,,,, 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 a channel’s color range changes from green
to yellow, advancement should proceed more slowly, with
careful observation of the detection 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 advance-
ment, however, the channel color turns red, then it is a pos-
sible 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 observ-
ing the threshold values, and only if the surgeon deems it safe.
Ifthe surgeon 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
ona free running EMG audio output (as mentioned below). If,
upon further advancement of the instrument, the alarm level
decreases (e.g., from4 mA to 3 mA), then it is very likely that
the instrument tip is extremely close to the spinal nerve, and
to avoid neural damage, extreme caution should be exercised
during further manipulation of the instrument. Under such
circumstances, the decision to withdraw, reposition, or oth-
erwise maneuver the instrument is at the sole discretion of the
clinician based upon available information and experience.
Further radiographic imaging may be deemed appropriate to
establish the best course of action.

[0100] As noted above, the surgical system 10 accom-
plishes neural pathology monitoring by electrically stimulat-
ing a retracted nerve root via one or more stimulation elec-
trodes at the distal end of the nerve root retractor 76 while
monitoring the EMG responses of the muscle group inner-
vated by the particular nerve. FIG. 31 shows the differences
between a healthy nerve (A) and a pathologic or unhealthy
nerve (B). The inventors have found through experimentation
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that information regarding nerve pathology (or “health” of
“status”) can be extracted from the recruitment curves gen-
erated according to the present invention (see, e.g., discussion
accompanying FIGS. 25-28). In particular, it has been found
that a healthy nerve or nerve bundle will produce a recruit-
ment curve having a generally low threshold or “hanging
point” (in terms of both the y-axis or V,,, value and the x-axis
or I, value), alinear region having a relatively steep slope,
and a relatively high saturation region (similar to those shown
onrecruitment curve “A” in FIG. 31). On the contrary, a nerve
or nerve bundle that is unhealthy or whose function is other-
wise compromised or impaired (such as being impinged by
spinal structures or by prolonged retraction) will produce
recruitment curve having a generally higher threshold (again,
in terms of'both the y-axis or V,,, value and the x-axis or I,
value), a linear region of reduced slope, and a relatively low
saturation region (similar to those shown on recruitment
curve “B” in FIG. 31). By recognizing these characteristics,
one can monitor nerve root being retracted during a procedure
to determine if its pathology or health is affected (i.c. nega-
tively) by such retraction. Moreover, one can monitor a 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 deter-
mine if its pathology or health is affected (i.e. positively) by
the procedure.

[0101] In addition to the directed nerve testing functions
described above, the surgical system 10 also preferably per-
forms passive monitoring via free run EMG conducted con-
tinuously from the EMG electrodes 18 when other functions
are not active. In doing so, the operating user may be alerted
to any nerve activity occurring unexpectedly. An audio pick-
up (not shown) may also be provided as an optional feature
according to the present invention. In some cases, when a
nerve is stretched or compressed, it will emit a burst or train
of spontaneous nerve activity. The audio pick-up is capable of
transmitting sounds representative of such activity such that
the surgeon can monitor this response on audio to help him
determine if there has been stress to the nerve.

[0102] To facilitate record keeping, results from the various
functions described above are preferably saved by the system
10 throughout the surgical procedure and a report may be
generated containing all of the stimulation results. To
enhance the clarity and usefulness of the reported data the
surgical system 10 provides a method for quickly and easily
annotating each stimulation result with additional relevant
information including, but not necessarily limited to, the side
and level where the stimulation occurred as well as the struc-
ture stintulated (e.g. nerve, screw, or pilot hole). FIGS. 32A-
32E illustrate one method of annotating stimulation
responses according to a preferred embodiment of the present
invention. With reference to FIG. 32A a sequence bar 114
may be included on the various result screens described
above. The sequence bar may preferably display up to the last
seven stimulation results in chronological order beginning
with the most recent result. Annotations may be added to any
or all of the results by selecting the desired result using the
GUI display 26. The selected result will appear on the screen
along with a time indicator 140 showing the precise time at
which the result was obtained. Again using the GUI display
26 at least one of the side, spinal level, and structure stimu-
lated may be selected, as shown in FIGS. 32B, 32C, and 32C,
respectively. The annotated data is saved along with the
stimulation result 120 and may be reproduced in a subsequent
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surgical report. Annotated results may preferably be demar-
cated with a suitable icon 142 representing that it includes
annotated information, as shown in FIG. 32E. It should be
understood that although the annotation feature is demon-
strated with respect to the screw test function, stimulation
results for all of the functions described may be annotated
using this method.

[0103] With reference to FIG. 33, the stimulation results,
including annotations, may be compiled in a surgical report
chronicling all nerve monitoring functions conducted during
the procedure. In one embodiment, the report may be printed
immediately from one or more printers located in the operat-
ing room or copied to any of a variety of memory devices
known in the prior art, such as, by way of example only, a
floppy disk, USB memory stick and/or transferred via infra-
red transmission technology to a handheld device such as a
personal digital assistant (PDA). The system 10 may generate
either a full report or a summary report depending the par-
ticular needs ofthe user, who may select one or both using the
GUI screen display 26, as illustrated in FIG. 34. FIGS. 35A-
35C are an exemplary representation of a summary report
generated by system 10. The summary report includes space
for patient, physician, and procedural information and sur-
geon operative notes along with the stimulation results. The
stimulation results, including any annotated data, are prefer-
ably displayed in chronological order for each function.
FIGS. 36A-36F are an exemplary representation of a full
report generated by the system 10. The full report also
includes space for patient and physician information and
surgeon operative notes. The full stimulation results are dis-
played in chronological order regardless of the particular
function.

[0104] The control unit 12 is configured to monitor the
system status throughout its use. In the event the control unit
12 detects an aberration, an error log is created in which the
details of the error are described and stored to assist in later
troubleshooting and system correction. To service the system
10, the error logs may be accessed directly from the control
unit 12 hardware and software. In addition, error logs may be
downloaded onto any of a number of suitable media to facili-
tate data transfer between remote locations. By way of
example only, the error logs may be downloaded to a USB
memory device, floppy disk, CD, or DVD. By way of further
example, the error logs may be downloaded onto a network
and transmitted to remote locations via the Internet or other
data transfer systems.

[0105] The surgeon-directed surgical system 10 of the
present invention overcomes the drawbacks of the prior art
and answers the previously unmet need in the prior art. The
surgical system 10 boasts a number of techniques for per-
forming neuromuscular pathway testing prior to nerve test-
ing, such as pedicle integrity testing, nerve detection, and
nerve pathology assessment, which advantageously mini-
mizes the likelihood that the surgeon will obtain false positive
assessments when performing such nerve testing procedures.
Moreover, the surgical system 10 is capable of being con-
trolled and interpreted by a surgeon without the assistance of
a neurophysiologist (hence the term “surgeon-directed”).
[0106] The complex task of EMG analysis is performed by
the reliable and objective processing techniques of the present
invention, which eliminates or at least reduces the potential
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for human error that is present with neurophysiologists. The
surgeon-directed system 10 is quickly conveys the informa-
tion in a straightforward and easy to understand (yet mean-
ingful) manner, and does so under the command of the sur-
geon based on their immediate need (saving valuable surgery
time). It also reduces the challenges involved in scheduling a
neurophysiologist to assist with the surgery, as well as avoids
the issue of making a patient wait (in pain) while the sched-
ules of the surgeon and neurophysiologist coincide. Finally,
the surgeon-directed system 10 combines the functional
capability to perform nerve monitoring functions and the
ability to ensure the safety and accuracy of those functions by
assessing the neuromuscular pathway together in one easy to
use, surgeon-directed system.
[0107] The surgical system 10 and related methods have
been described above according to one embodiment of the
present invention. It will be readily appreciated that various
modifications may be undertaken, or certain steps or algo-
rithms omitted or substituted, without departing from the
scope of the present invention. By way of example only,
certain of these alternate embodiments or methods will be
described below. Moreover, although described with refer-
ence to the surgical system 10, it will particularly be appre-
ciated as within the scope of the invention to perform the
neuromuscular pathway test described herein with any num-
ber of different neurophysiology based testing systems.
[0108] 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 deviating
from the spirit or scope of the present invention. For example,
the present invention may be implemented using any combi-
nation of computer programming software, firmware or hard-
ware. As a preparatory step to practicing the invention or
constructing an apparatus according to the invention, the
computer programming code (whether software 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 specified scope.
What is claimed is:
1. A surgical system, comprising:
acontrol unit under the direction of a surgeon configured to
(a) transmit via an accessory a stimulation signal to a
nerve forming part of a neuromuscular pathway includ-
ing a muscle associated with the nerve, (b) monitor
evoked responses from a sensor associated with the
muscle, (c) identify a relationship between the stimula-
tion signal and the evoked responses, and (d) determine
at least one of pedicle integrity, nerve proximity, nerve
pathology, and status of the neuromuscular pathway.
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