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for performing neurophysiologic assessments during surgical
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SYSTEMS AND METHODS FOR
PERFORMING NEUROPHYSIOLOGIC
MONITORING DURING SPINE SURGERY

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] This U.S. patent application is a continuation-in-
part of commonly owned and co-pending U.S. Patent Appli-
cation No. 14/073,722 entitled “Systems and Methods for
Performing Neurophysiologic Monitoring During Spine Sur-
gery”, and filed on Nov. 6, 2013 which claims the benefit of
priority under 35 U.S.C. 119(e) from U.S. Provisional Appli-
cation Ser. No. 61/722,923 filed Nov. 6, 2012, the complete
disclosures of which are hereby incorporated by reference
into this application as if set forth fully herein.

FIELD

[0002] The present invention relates to a system and meth-
ods generally aimed at surgery. More particularly, the present
invention is directed at a system and related methods for
performing neurophysiologic assessments during surgical
procedures.

BACKGROUND

[0003] The spinal column is a highly complex system of
bones and connective tissues that provide support for the
body and protect the delicate spinal cord and nerves. The
spinal column includes a series of vertebral bodies stacked
one atop the other, each vertebral body including an inner or
central portion of relatively weak cancellous bone and an
outer portion of relatively strong cortical bone. Situated
between each vertebral body is an intervertebral disc that
cushions and dampens compressive forces exerted upon the
spinal column. A vertebral canal containing the spinal cord is
located behind the vertebral bodies.

[0004] There are many types of spinal column disorders
including scoliosis (abnormal lateral curvature of the spine),
excess kyphosis (abnormal forward curvature of the spine),
excess lordosis (abnormal backward curvature of the spine),
spondylolisthesis (forward displacement of one vertebra over
another), and other disorders caused by abnormalities, dis-
ease or trauma, such as ruptured or slipped discs, degenera-
tive disc disease, fractured vertebrae, and the like. Patients
that suffer from such conditions usually experience extreme
and debilitating pain as well as diminished nerve function.

[0005] A noteworthy trend in the medical community is the
move away from performing surgery via traditional “open”
techniques in favor of minimally invasive or minimal access
techniques. Open surgical techniques are generally undesir-
able in that they typically require large incisions and high
amounts of tissue displacement to gain access to the surgical
target site, which produces concomitantly high amounts of
pain, lengthened hospitalization (increasing health care
costs), and high morbidity in the patient population. Less-
invasive surgical techniques are gaining favor due to the fact
that they involve accessing the surgical target site via inci-
sions of substantially smaller size with greatly reduced tissue
displacement requirements. This, in turn, reduces the pain,
morbidity, and cost associated with such procedures. One
such minimally invasive approach, a lateral trans-psoas
approach to the spine, developed by NuVasive®, Inc., San
Diego, CA (XLIF®) has demonstrated great success in reduc-
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ing patient morbidity, shortening the duration of hospitaliza-
tion, and speeding recovery time if it is employed.

[0006] To create the lateral access corridor to the lumbar
spine, the patient is positioned on his or her spine and a
surgical access system is advanced through an incision, into
the retroperitoneal space, and then through the psoas muscle
until the target spinal site (for example, a disc space between
a pair of adjacent vertebral bodies) is reached. The surgical
access system may include a sequential dilation assembly of
increasing diameter and a tissue retraction assembly. The
sequential dilation assembly is advanced to the surgical target
site and the retractor assembly is then advanced to the target
site over the sequential dilation system. Stimulating elec-
trodes may be provided on the distal tip of one or more
different components of the surgical access system. Neuro-
physiologic monitoring may be performed while advancing
one or more components of the dilation and retraction assem-
blies to the target site to detect the presence of, and thereby
avoid, nerves lying in the trans-psoas path to the target site.
[0007] Once the retractor assembly has been docked at a
target site however, a nerve may become compromised due to
avariety of factors including, but not limited to, compression
of the nerve due to inadvertent contact with the retractor blade
and patient positioning on the surgical table. Stimulating
within the surgical site provides information regarding the
health and status of nearby nerves within the surgical site
during maintenance of the lateral access corridor. However,
the portion of a nerve that is compressed or otherwise affected
may not lie within the surgical site such that information
regarding the health and status of a greater portion of the
motor neural pathway is desirable. Other methods of stimu-
lating the motor neural pathway (e.g., transcranial electric
motor evoked potential monitoring (MEP)) use multi-pulse
trains of stimuli with high stimulus intensities and depolarize
all nerves along the corticospinal pathway and result in
muscle activity of many muscles of the head, upper extremi-
ties, torso, and lower extremities. This whole-body stimula-
tion can sometimes lead to large amounts of patient move-
ment during the procedure. It is generally preferable to
conduct neurophysiologic monitoring with the least amount
of stimulation intensity (and patient movement) as possible.
MEP monitoring is also disadvantageous for monitoring the
lower motor neural pathway in that requires the use of total
intravenous anesthesia (TIVA). TIVA requires close monitor-
ing and is also more expensive than other anesthetic regi-
mens. Furthermore, information regarding each specific
nerve root is also desirable because it provides specific infor-
mation regarding the health and/or status of each nerve root
comprising the lumbar plexus. Therefore, a need exists for
systems and methods of performing neurophysiologic moni-
toring on a greater portion of the motor neural pathway, lower
amounts of stimulation intensity, shorter pulses, well-re-
ceived anesthetic requirements, greater specificity of the at-
risk nerve roots and earlier indications of potential post-
operative complications such that mitigating actions may be
taken.

SUMMARY OF THE INVENTION

[0008] The present invention includes systems and meth-
ods to evaluate the health and status of the lower motor neural
pathway 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
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patient. It is expressly noted that, although described herein
largely in terms of use in lateral lumbar spinal surgery, the
system and methods of the present disclosure are suitable for
use in any number of additional spinal surgeries including
posterior, posterolateral, anterior, anterolateral lumbar spinal
surgeries as well as thoracic and thoracolumbar spinal sur-
geries. Indeed, the invention of the present disclosure is suit-
able 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.

[0009] According to another broad aspect, the present
invention includes a control unit, a patient module, and a
plurality of surgical accessories adapted to couple to the
patient module. The control unit includes a power supply and
is programmed to receive user commands, activate stimula-
tion in a plurality of predetermined modes, process signal
data according to defined algorithms, display received param-
eters and processed data, and monitor system status. The
patient module is in communication with the control unit. The
patient module is within the sterile field. The patient module
includes signal conditioning circuitry, stimulator drive cir-
cuitry. and signal conditioning circuitry required to perform
said stimulation in said predetermined modes. The patient
module includes a processor programmed to perform a plu-
rality of predetermined functions including at least two of
neuromuscular pathway assessment, non-evoked monitoring,
static pedicle integrity testing, dynamic pedicle integrity test-
ing, nerve proximity detection, manual motor evoked poten-
tial monitoring, automatic motor evoked potential monitor-
ing, transcutaneous nerve root testing, manual somatosensory
evoked potential monitoring, automatic somatosensory
evoked potential monitoring, and surgical correction plan-
ning and assessment.

[0010] According to still another broad aspect, the present
invention includes a processing unit programmed to perform
a plurality of predetermined functions using said instrument
including at least two of neuromuscular pathway assessment,
static pedicle integrity testing, dynamic pedicle integrity test-
ing, nerve proximity detection, transcutaneous nerve root
testing, non-evoked monitoring, motor evoked potential
monitoring, somatosensory evoked potential monitoring, and
surgical correction planning and assessment. The processing
system has a pre-established profile for at least one of said
predetermined functions so as to facilitate the initiation of
said at least one predetermined function.

[0011] According to another broad aspect of the present
disclosure, there is provided a method for performing trans-
cutaneous, trans-abdominal stimulation of the lumbar motor
neural pathways superior and inferior to a surgical target site.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] 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:

[0013] FIG.1isablockdiagram of an example neurophysi-
ologic monitoring system capable of conducting multiple
nerve and spinal cord monitoring functions including but not
necessarily limited to neuromuscular pathway, bone integrity,
nerve detection, nerve pathology (evoked or free-run EMG),
lower motor pathway, MEP, and SSEP assessments;
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[0014] FIG. 2 is a perspective view showing examples of
several components of the system of FIG. 1;

[0015] FIG. 3 is a graph illustrating a plot of a single pulse
stimulation current signal capable of producing a neuromus-
cular response (EMG) of the type shown in FIG. 5;

[0016] FIG. 4is a graphillustrating [a] plot of a stimulation
current signal comprising a train of pulses capable of produc-
ing a neuromuscular response (EMG) of the type shown in
FIG. 5;

[0017] FIG. 5is a graph illustrating a plot of the neuromus-
cular response of a given myotome over time based on a
stimulation signal (such as shown in either FI1G. 4 or F1G. 5);
[0018] FIG. 6 is a perspective view of an example of a
control unit forming part of the system of FIG. 1;

[0019] FIGS. 7-9 are perspective, top, and side views,
respectively, of an example of a patient module forming part
of the system of FIG. 1;

[0020] FIG.101satop view of an electrode harness forming
part of the system of FIG. 1;

[0021] FIGS. 11A-11C are side views of various examples
of harness ports forming part of the system of FIG. 1;
[0022] FIG. 12 is a plan view of an example of a label
affixed to an electrode connector forming part of the system of
FIG. 1;

[0023] FIGS. 13A-13B are top views of examples of elec-
trode caps forming part of the system of FIG. 1;

[0024] FIGS. 14A-14B are screenshots of an example
embodiment of an electrode test screen forming part of the
system of FIG. 1;

[0025] FIG. 15 is a perspective view of one embodiment of
a stimulator forming part of the system of FIG. 1;

[0026] FIG. 16 is a perspective view of a second embodi-
ment of a stimulator forming part of the system of FIG. 1;
[0027] FIG. 17 is a perspective view of the stimulators of
FIGS. 15 and 16 coupled together for use;

[0028] FIGS. 18A-18B are perspective views third and
fourth embodiments a stimulators forming part of the system
of FIG. 1;

[0029] FIG. 19 is a perspective view of the stimulators of
FIG. 18A and 16 coupled together for use;

[0030] FIGS. 20-21 are perspective views of an example of
a secondary display forming part of the system of FIG. 1;
[0031] FIG. 21 is a first screenshot of an example embodi-
ment of a TCNR Alert monitoring screen forming part of the
neurophysiology system of FIG. 1;

[0032] FIG. 22 is a screenshot of an example embodiment
of a profile screen forming part of the system of FIG. 1;
[0033] FIG. 23 is a screenshot of an example of a Twitch
Test monitoring screen forming part of the system of FIG. 1,
[0034] FIG. 24 is a screenshot of an example embodiment
of a Basic Stimulation EMG monitoring screen forming part
of the system of FIG. 1;

[0035] FIG. 25 is a screenshot of an example embodiment
of a Dynamic Stimulation EMG monitoring screen forming
part of the system of FIG. 1;

[0036] FIG. 26 is a screenshot of an example embodiment
of aNerve Surveillance EMG monitoring screen forming part
of the system of FIG. 1;

[0037] FIG. 27 is a screenshot of an example embodiment
of a Manual MEP monitoring screen forming part of the
system of FIG. 1,

[0038] FIG. 28 is a screenshot of an example embodiment
of an Automatic MEP monitoring screen forming part of the
system of FIG. 1;
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[0039] FIG. 29 is a screenshot of an example embodiment
of a TCNR setup screen forming part of the system of FIG. 1;
[0040] FIG. 30 is a first screenshot of an example embodi-
ment of a TCNR Alert monitoring screen forming part of the
system of FIG. 1;

[0041] FIG. 31 is a second screenshot of the TCNR Alert
monitoring screen of FIG. 30;

[0042] FIG. 32 is a first screenshot of an example embodi-
ment ofa TCNR Threshold monitoring screen forming part of
the system of FIG. 1;

[0043] FIG.33isasecond screenshot of the TCNR Thresh-
old monitoring screen of F1G. 32; F1G. 34 is a third screenshot
of the TCNR Threshold monitoring screen of FIG. 32;
[0044] FIG. 35 is a screenshot of an example embodiment
of an SSEP Manual monitoring screen forming part of the
system of FIG. 1;

[0045] FIG. 36 is a screenshot of an example embodiment
of an SSEP Automatic monitoring screen form part of the
system of FIG. 1;

[0046] FIG. 37 is a screenshot of an example embodiment
of a first surgical correction planning and assessment screen
forming part of the system of FIG. 1;

[0047] FIG. 38 is a screenshot of an example embodiment
of second surgical correction planning and assessment screen
forming part of the system of FIG. 1;

[0048] FIGS.39A-D are graphs illustrating the fundamen-
tal steps of a rapid current threshold-hunting algorithm
according to one embodiment of the present invention;
[0049] FIG. 40 is ablock diagram illustrating the steps of an
initiation sequence for determining a relevant safety level
prior to determining a precise threshold value according to an
alternate embodiment of the threshold hunting algorithm of
FIGS. 39A-D;

[0050] FIG. 41 is a flowchart illustrating the method by
which a multi-channel hunting algorithm determines whether
to perform or omit a stimulation;

[0051] FIGS. 42A-C are graphs illustrating use of the
threshold hunting algorithm of FIG. 41 and further omitting
stimulations when the likely result is already clear from pre-
vious data;

[0052] FIG. 43A is a flowchart illustrating the sequence
employed by the algorithm to determine and monitor 1,,,,;;
[0053] FIG. 43B is a graph illustrating the confirmation
step employed by the algorithm to determine whether I, .
has changed from a previous determination; and

[0054] FIGS. 44A-44B are flowcharts illustrating the
sequence of a rapid thresholding algorithm according to one
first embodiment.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0055] 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
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features and components that warrant patent protection, both
individually and in combination. It is also expressly noted
that, although described herein largely in terms of use in
lateral surgery in the lumbar spine, the system and methods of
the present disclosure may also be employed in any number of
other spine surgery procedures including posterior, postet-
lateral, anterior, and anterolateral lumbar, thoracic, and/or
cervical spine procedures, all without departing from the
present disclosure. The systems and methods described
herein boast a variety of inventive features and components
that warrant patent protection, both individually and in com-
bination.

[0056] A neurophysiologic monitoring system 10 is
described herein and is capable of performing a number of
neurophysiological and/or guidance assessments at the direc-
tion of the surgeon (and/or other members of the surgical
team). By way of example only, FIGS. 1-2 illustrate the basic
components of the system 10. The system comprises a control
unit 12 (including a main display 34 preferably equipped with
a graphical user interface (GUT) and a processing unit 36 that
collectively contain the essential processing capabilities for
controlling the system 10), a patient module 14, a stimulation
accessory (e.g. a stimulation probe 16, stimulation clip 18 for
connection to various surgical instruments, an inline stimu-
lation hub 20, and stimulation electrodes 22), and a plurality
of recording electrodes 24 for detecting electrical potentials.
[0057] The stimulation accessories may be in the form of
various prove devices that are themselves inserted into the
stimulation site, clips that attach and deliver stimulation sig-
nals to standard instruments that are used at various times
throughout a procedure...and surface electrodes. The stimu-
lation clip 18 may be used to connect any of a variety of
surgical instruments to the system 10, including, but not
necessarily limited to a pedicle access needle 26, k-wire 27,
tap 28, dilator(s) 30, tissue retractor 32, etc. One or more
secondary feedback devices (e.g. secondary display 46 in
FIG. 20-21) may also be provided for additional expression of
output to a user and/or receiving input from the user.

[0058] In one embodiment, the system 10 may be config-
ured to execute any of the functional modes including, butnot
necessarily limited to, neuromuscular pathway assessment
(“Twitch Test”), non-evoked monitoring (“Free-run EMG”),
static pedicle integrity testing (“Basic Stimulated EMG”),
dynamic pedicle integrity testing (“Dynamic Stimulated
EMG™), nerve proximity detection (“XLIF®”), motor evoked
potential monitoring (“MEP Manual” and “MEP Auto-
matic™), transcutaneous nerve root testing (“TCNR Alert”
and “TCNR Threshold”), somatosensory evoked potential
monitoring (“SSEP Manual” and “SSEP Automatic™), and
surgical correction planning and assessment. The system 10
may also be configured for performance in any of the lumbar,
thoracolumbar, and cervical regions of the spine.

[0059] The basis for performing many of these functional
modes (e.g. Twitch Test, Basic Stimulated EMG, Dynamic
Stimulated EMG, XILF, MEP Manual, MEP Automatic,
TCNR Alert, and TCNR Threshold) is the assessment of
evoked responses of the various muscles myotomes moni-
tored by the system 10 in relation to a stimulation signal
transmitted by the system 10 (via patient module 14). The
assessment of the evoked responses can be any suitable means
of sensing physical motion of a muscle, for example via
mechanomyography (MMG) which in one embodiment
entails using an accelerometer or other similar device for
detecting mechanical movement of a muscle or via elec-
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tromyography (EMG) which is described in detail herein.
This is illustrated in FIGS. 3-5, wherein FIG. 5 illustrates the
resulting EMG waveform of a monitored myotome in
response to one of the example stimulation signals repre-
sented in FIG. 3 and FIG. 4. The EMG responses provide a
quantitative measure of the nerve depolarization caused by
the electrical stimulus. One way to characterize the EMG
response is by a peak-to-peak voltage of V,,=V .-V .., as
shown in FIG. 5. Nerve tissues have characteristic threshold
current levels (1,,,,,,;,) at which they will depolarize and result
in a detectable muscle activity. Below this threshold current
level, a stimulation signal will not evoke a significant EMG
response. According to one embodiment, a significant EMG
response may be defined as having a V,, of approximately
100 uV. Thus, the lowest stimulation current necessary to
evoke an EMG response of the threshold voltage (V,,, . ;).
100 uV in this example, may be called I,,,,...,. The greater the
degree of electrical communication between a stimulation
signal and a nerve, the lower 1, , will be. Conversely, the
lower the degree of electrical communication between a
stimulation signal and a nerve, the greater I, ., will be. Thus
determining 1,,,,. ., and/or monitoring changes in 1, over
time, may provide valuable information when nerve tissues
are at risk during a surgical procedure, as will be discussed in
more detail below. By way of example, an excessively high
Lpresp OF an increase over a previous measurement during
MEP testing may indicate a problem in the spinal cord or
other portion of the motor pathway inhibiting transmission
(communication) of the stimulation signal to the nerve.
Meanwhile, during the Basic Stimulated EMG or Dynamic
Stimulated EMG modes and the XLIF mode, a low 1,
value may indicate a breach in the pedicle allowing the elec-
trical signal to transmit through the pedicle, or the close
proximity of a nerve to the stimulation source, respectively.
Armed with the useful information conveyed by I1,,. . the
surgeon may detect a problem or potential problem early and
then act to avoid and/or mitigate the problem. The neuro-
physiology system 10 may quickly and accurately determine
Ljess, Under the direction and operation of the surgeon (if
desired) and convey the useful information L, contains in
asimple and easily comprehensible manner for interpretation
by the surgeon.

[0060] Before further addressing the various functional
modes of the surgical system 10, the hardware components
and features of the system 10 will be describe in further detail.
The control unit 12 of the system 10, illustrated by way of
example only in FIG. 6, includes a main display 34 and a
processing unit 36, which collectively contain the essential
processing capabilities for controlling the system 10. The
main display 34 is preferably equipped with a graphical user
interface (GUI) capable of graphically communicating infor-
mation to the user and receiving instructions from the user.
The processing unit 36 contains computer hardware and soft-
ware that commands the stimulation source (e.g. patient mod-
ule 14, FIGS. 7-9), receives digital and/or analog signals and
other information from the patient module 14, processes
EMG and SSEP response signals, and displays the processed
data to the user via the display 34. The primary functions of
the software within the control unit 12 include receiving user
commands via the touch screen main display 34, activating
stimulation in the appropriate mode (Twitch Test, Basic
Stimulated EMG, Dynamic Stimulated EMG, XLIF, MEP
Manual, MEP Automatic, TCNR Alert, TCNR Threshold,
SSEP Manual, and SSEP Automatic), processing signal data
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according to defined algorithms, displaying received param-
eters and processed data, and monitoring system status.
According to one example embodiment, the main display 34
may comprise a 15" LCD display equipped with suitable
touch screen technology and the processing unit 36 may
comprise a 2 GHz. The processing unit 36 shown in FIG. 6
further includes a powered USB port 38 for connection to the
patient module 14, a media drive 40 (e.g. CD, CD-RW, DVD,
DVD-RW, etc. . . . ), a network port, wireless network card,
and a plurality of additional ports 42 (e.g. USB, IEEE 1394,
infrared, etc. . . .) for attaching additional accessories, such as
for example only, navigated guidance sensors, auxiliary
stimulation anodes, and external devices (e.g. printer, key-
board, mouse, etc. . .. ). Preferably, during use the control unit
12 sits near the surgical table but outside the surgical field,
such as for example, on a table top or a mobile stand. It will be
appreciated, however, that if properly draped and protected,
the controlunit 12 may be located within the surgical (sterile)
field.

[0061] The patient module 14, shown by way of example
only in FIGS. 4-6, is communicatively linked to the control
unit 12. In this embodiment the patient module 14 is commu-
nicatively linked with and receives power from the control
unit 12 via a USB data cable 44. However, it will be appreci-
ated that the patient module 14 may be supplied with its own
power sourceand other known data cables, as well as wireless
technology, may be utilized to establish communication
between the patient module 14 and control unit 12. The
patient module 14 contains a digital communications inter-
face to communicate with the control unit 12, as well as the
electrical connections to all recording and stimulation elec-
trodes, signal conditioning circuitry, stimulator drive and
steering circuitry, and signal conditioning circuitry required
to perform all of the functional modes of the system 10,
including but not necessarily limited to Twitch Test, Free-run
EMG, Basic Stimulated EMG, Dynamic Stimulated EMG,
XLIF, MEP Manual and MEP Automatic, TCNR Alert,
TCNR Threshold, SSEP Manual, and SSEP Automatic. In
one example, the patient module 14 includes thirty-two
recording channels and eleven stimulation channels. A dis-
play (e.g. an LCD screen) may be provided on the face of the
patient module 14, and may be utilized for showing simple
status readouts (for example, results of a power on test, the
electrode harnesses attached, and impedance data, etc. ... ) or
more procedure related data (for example, a stimulation
threshold result, current stimulation level, selected function,
etc. . .. ). The patient module 14 may be positioned near the
patient in the sterile field during surgery. By way of example,
the patient module 14 may be attached to bed rail with the aid
of a hook 48 attached to, or forming a part of, the patient
module 14 casing.

[0062] With reference to FIGS. 7-9, patient module 14
comprises a multitude of ports and indicators for connecting
and verifying connections between the patient module 14 and
other system components. A control unit port 50 is provided
for data and power communication with the control unit 12,
via USB data cable 44 as previously described. There are four
accessory ports 52 provided for connecting up to the same
number of surgical accessories, including, but not necessarily
limited to, stimulation probe 16, stimulation clip 18, inline
stimulation hub 20, and navigated guidance sensor (or tilt
sensor) 54. The accessory ports 52 include a stimulation
cathode and transmit digital communication signals, tri-color
LED drive signals, button status signals, identification sig-
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nals, and power between the patient module 14 and the
attached accessory. A pair of anode ports 56, preferably com-
prising 2 wire DIN connectors, may be used to attach auxil-
iary stimulation anodes should it become desirable or neces-
sary to do so during a procedure. A pair of USB ports 58 are
connected as a USB hub to the control unit 12 and may be
used to make any number of connections, such as for example
only, a portable storage drive.

[0063] As soon as a device is plugged into any one of ports
50, 52, 56, or 58, the system 10 automatically performs a
circuit continuity check to ensure the associated device will
work properly. Each device forms a separate closed circuit
with the patient module such that the devices may be checked
independent of each other. If one device is not working prop-
erly the device may be identified individually while the
remaining devices continue indicate their valid status. An
indicator LED is provided for each port to convey the results
of the continuity check to the user. Thus, according to the
example embodiment of FIGS. 7-9, the patient module 14
includes one control unit indicator 60, four accessory indica-
tors 62, two anode indicators 64, and two USB indicators 66.
According to a preferred embodiment, if the system detects
an incomplete circuit during the continuity check, the appro-
priate indicator will turn red alerting the user that the device
might not work propetly. On the other hand, if a complete
circuit is detected, the indicator will appear green signifying
that the device should work as desired. Additional indicator
LEDs are provided to indicate the status of the system and the
MEP stimulation. The system indicator 68 will appear green
when the system is ready and red when the system is not
ready. The MEP stim indicator 70 lights up when the patient
module is ready to deliver and MEP stimulation signal. In one
embodiment, the MEP stim indicator 68 appears yellow to
indicate a ready status.

[0064] To connect the array of recording electrodes 24 and
stimulation electrodes 22 utilized by the system 10, the
patient module 14 also includes a plurality of electrode har-
ness ports. In the embodiment shown, the patient module 14
includes an EMG/MEP harness port 72, SSEP harness port
74, an Auxiliary harness port 76 (for expansion and/or custom
harnesses; e.g. a TCNR harness). Each harness port 72, 74,
and 76 includes a shaped socket 78 that corresponds to a
matching shaped connector 82 on the appropriate electrode
harness 80. In addition, the system 10 may preferably employ
acolor code system wherein each modality (e.g. EMG, EMG/
MEP, and SSEP) has a unique color associated with it. By way
of example only and as shown herein, EMG monitoring (in-
cluding, screw tests, detection, and nerve retractor) may be
associated with the color green, MEP monitoring with the
color blue, and SSEP monitoring may be associated with the
color orange. Thus, each harness port 72, 74, 76 is marked
with the appropriate color which will also correspond to the
appropriate harness 80. Utilizing the combination of the dedi-
cated color code and the shaped socket/connector interface
simplifies the setup of the system, reduces errors, and can
greatly minimize the amount of pre-operative preparation
necessary. The patient module 14, and especially the configu-
ration of quantity and layout of the various ports and indica-
tors, has been described according to one example embodi-
ment of the present invention. It should be appreciated,
however, that the patient module 14 could be configured with
any number of different arrangements without departing from
the scope of the invention.
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[0065] As mentioned above, to simplify setup of the system
10, all of the recording electrodes 24 and stimulation elec-
trodes 22 that are required to perform one of the various
functional modes (including a common electrode 23 provid-
ing a ground reference to pre-amplifiers in the patient module
14, and an anode electrode 25 providing a return path for the
stimulation current) are bundled together and provided in
single electrode harness 80, as illustrated, by way of example
only, in FIG. 10. Depending on the desired function or func-
tions to be used during a particular procedure, different
groupings of recoding electrodes 24 and stimulation elec-
trodes 22 may be required. By way of example, the SSEP
function requires more stimulating electrodes 22 than either
the EMG or MEP functions, but also requires fewer recording
electrodes than either of the EMG and MEP functions. To
account for the differing electrode needs of the various func-
tional modes, the system 10 may employ different harnesses
80 tailored for the desired modes. According to one embodi-
ment, three different electrode harnesses 80 may be provided
for use with the system 10, an EMG hamness, an EMG/MEP
harness, and an SSEP harness.

[0066] Atoneend of the harness 80 is the shaped connector
82. As described above, the shaped connector 82 interfaces
with the shaped socket 72, 74, or 76 (depending on the func-
tions harness 80 is provided for). Each harness 80 utilizes a
shaped connector 82 that corresponds to the appropriate
shaped socket 72, 74, 76 on the patient module 14. If the
shapes of the socket and connector do not match the harness
80, connection to the patient module 14 cannot be estab-
lished. According to one embodiment, the EMG and the
EMG/MEP harnesses both plug into the EMG/MEP harness
port 72 and thus they both utilize the same shaped connector
82. By way of example only, FIGS. 11A-11C illustrate the
various shape profiles used by the different harness ports 72,
74, 76 and connectors 82. FIG. 11A illustrates the half circu-
lar shape associated with the EMG and EMG/MEP harness
and port 72. FIG. 11B illustrates the rectangular shape uti-
lized by the SSEP harness and port 74. Finally, FIG. 11C
illustrates the triangular shape utilized by the Auxiliary har-
ness and port 76. Each harness connector 82 includes a digital
identification signal that identifies the type of harness 80 to
the patient module 14. At the opposite end of the electrode
harness 80 are a plurality of electrode connectors 102 linked
to the harness connector 82 via a wire lead. Using the elec-
trode connector 102, any of a variety of known electrodes
may be used, such as by way of example only, surface dry gel
electrodes, surface wet gel electrodes, and needle electrodes.

[0067] To facilitate easy placement of scalp electrodes used
during MEP and SSEP modes, an electrode cap 81, depicted
by way of example only in FIG. 13A may be used. The
electrode cap 81 includes two recording electrodes 23 for
SSEP monitoring, two stimulation electrodes 22 for MEP
stimulation delivery, and an anode 23. Graphic indicators
may be used on the electrode cap 81 to delineate the different
electrodes. By way of example, lightning bolts may be used to
indicate a stimulation electrode, a circle within a circle may
be used to indicate recording electrodes, and a stepped arrow
may be used to indicate the anode electrode. The anode elec-
trode wire is colored white to further distinguish it from the
other electrodes and is significantly longer that the other
electrode wires to allow placement of the anode electrode on
the patient’s shoulder. The shape of the electrode cap 81 may
also be designed to simplify placement. By way of example
only, the cap 81 has a pointed end that may point directly
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toward the patient’s nose when the cap 81 is centered on the
head in the right orientation. A single wire may connect the
electrode cap 81 to the patient module 14 or electrode harness
80, thereby decreasing the wire population around the upper
regions of the patient. Alternatively, the cap 81 may be
equipped with a power supply and a wireless antenna for
communicating with the system 10. FIG. 13B illustrates
another example embodiment of an electrode cap 83 similar
to cap 81. Rather than using graphic indicators to differentiate
the electrodes, colored wires may be employed. By way of
example, the stimulation electrodes 22 are colored yellow, the
recording electrodes 24 are gray, and the anode electrode 23
is white. The anode electrode is seen here configured for
placement on the patient’s forehead. According to an alter-
nate embodiment, the electrode cap (not shown) may com-
prise a strap or set of straps configured to be worn on the head
of the patient. The appropriate scalp recording and stimula-
tion sites may be indicated on the straps. By way of example,
the electrode cap may be imbued with holes overlying each of
the scalp recording sites (for SSEP) and scalp stimulation
sites (for MEP). According to a further example embodiment,
the border around each hole may be color coded to match the
color of an electrode lead wire designated for that site. In this
instance, the recording and stimulation electrodes designated
for the scalp are preferably one of a needle electrode and a
corkscrew electrode that can be placed in the scalp through
the holes in the cap.

[0068] As will be explained in greater detail below, the
electrodes of different sizes and configurations may be pref-
erable for the TCNR mode than for MEP, EMG, and SSEP
modes. According to some implementations, the posterior
cathode is a single use cathode electrode that has a circular
shape (radially symmetric) to simplify positioning (superfi-
cially on the dorsal midline, approximately over the conus
medullaris at the [1-1.2 spinal level). The full contact surface
is a conductive adhesive hydrogel to eliminate the need for
skin prep. The connecting lead is made of insulated radiolu-
cent carbon wire to avoid obscuring fluoroscopic images. The
terminating 1.5 mm female DIN connector is color coded
purple to maintain correct polarity corresponding with the
mating harness connector. The anterior anode is a single use
anode electrode has a square shape (radially symmetric) with
arelatively large surface area to simplify positioning (supet-
ficially on the abdominal midline below the umbilicus) and
increase the positioning location tolerance. The full contact
surface is a conductive adhesive hydrogel to eliminate the
need for skin prep. The connecting lead is made of insulated
radiolucent carbon wire to avoid obscuring fluoroscopic
images. The terminating 1.5 mm female DIN connector is
color coded yellow maintain correct polarity corresponding
with the mating harness connector.

[0069] In addition to or instead of color coding the elec-
trode lead wires to designated intended placement, the end of
each wire lead next to the electrode connector 102 may be
tagged with a label 86 that shows or describes the proper
positioning of the electrode on the patient. The label 86 pref-
erably demonstrates proper electrode placement graphically
and textually. As shown in FIG. 12, the label may include a
graphic image showing the relevant body portion 88 and the
precise electrode position 90. Textually, the label 86 may
indicate the side 100 and muscle (or anatomic location) 96 for
placement, the function of the electrode (e.g. stimulation,
recording channel, anode, and reference—not shown), the
patient surface (e.g. anterior or posterior), the spinal region
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94, and the type of monitoring 92 (e.g. EMG, MEP, SSEP, by
way of example, only). According to one embodiment (set
forth by way of example only), the electrode harmesses 80 are
designed such that the various electrodes may be positioned
about the patient (and preferably labeled accordingly) as
described in Table 1 for Lumbar EMG, Table 2 for Cervical
EMG, Table 3 for Lumbar/Thoracolumbar EMG and MEP,
Table 4 for Cervical EMG and MEP, Table 5 for TCNR, and
Table 6 for SSEP:

TABLE 1

Lumbar EMG
Electrode Type Flectrode Placement Spinal Level
Ground Upper Outer Thigh —
Anode Latissimus Dorsi —
Stimulation Knee —
Recording Left Tibialis Anterior 14,15
Recording Left Gastroc. Medialis S1, 82
Recording Left Vastus Medialis 12,13,14
Recording Left Biceps Femoris L5,81,82
Recording Right Biceps Femoris L5,81,82
Recording Right Vastus Medialis 12,13,14
Recording Right Gastroc. Medialis S1, 82
Recording Right Tibialis Anterior 14,15

TABLE 2

Cervical EMG

Electrode Type Electrode Placement Spinal Level
Ground Shoulder —
Anode Mastoid —
Stimulation Inside Elbow —
Recording Left Triceps C7,C8
Recording Left Flexor Carpi Radialis C6, C7,C8
Recording Left Deltoid C3,C6
Recording Left Trapezius C3,C4
Recording Left Vocal Cord RLN
Recording Right Vocal Cord RLN
Recording Right Trapezius C3,C4
Recording Right Deltoid C5,C6
Recording Right Flexor Carpi Radialis C6, C7,C8
Recording Right Triceps C7,C8

TABLE 3

Lumbar/Thoracolumbar EMG + MEP

Electrode Type Electrode Placement Spinal Level
Ground Upper Outer Thigh —
Anode Latissimus Dorsi —
Stimulation Knee —
Recording Left Tibialis Anterior 14,15
Recording Left Gastroc. Medialis S1, 82
Recording Left Vastus Medialis 12,13,14
Recording Left Biceps Femoris L5, 81,82
Recording Left APB-ADM C6,C7,CR, Tl
Recording Right APB-ADM Cé6,C7,C8, T1
Recording Right Biceps Femoris L5, 81,82
Recording Right Vastus Medialis 12,13,14
Recording Right Gastroc. Medialis S1, 82
Recording Right Tibialis Anterior 14,15
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TABLE 4

Cervical EMG + MEP

Electrode Type Electrode Placement Spinal Level
Ground Shoulder —
Anode Mastoid —
Stimulation Inside Elbow —
Recording Left Tibialis Anterior 14,15
Recording Left Flexor Carpi Radialis C6,C7,C8
Recording Left Deltoid C5,C6
Recording Left Trapezius C3,C4
Recording Left APB-ADM C6, C7,CR, T1
Recording Left Vocal Cord RLN
Recording Right Vocal Cord RLN
Recording Right APB-ADM C6,C7,C8,T1
Recording Right Trapezius C3,C4
Recording Right Deltoid C3,C6
Recording Right Flexor Carpi Radialis C6,C7,C8
Recording Right Tibialis Anterior 14,15
TABLE 5

Transcutaneous Nerve Root Stimulation

Electrode Type Electrode Placement Spinal Level
Ground Hip —
Anode Mid-back —
Stimulation L1-L2 cathode —
Stimulation Umbilicus anode —
Recording Left Adductor Magnus 12,13,L4
Recording Left Vastus Lateralis 13,14
Recording Left Tibialis Anterior 14,15
Recording Left Biceps Femoris 15,81,82
Recording Right Adductor Magnus 12,13, L4
Recording Right Vastus Lateralis 13,14
Recording Right Vastus Medialis 12,13,L4
Recording Right Tibialis Anterior 14,15
Recording Right Biceps Femoris L5,81,82
TABLE 6
SSEP
Electrode Type Electrode Placement Spinal Level
Ground Shoulder —
Stimulation Left Post Tibial Nerve —
Stimulation Left Ulnar Nerve —
Stimulation Right Post Tibial Nerve —
Stimulation Right Ulnar Nerve —
Recording Left Popliteal Fossa —
Recording Left Erb’s Point —
Recording Left Scalp Cp3 —
Recording Right Popliteal Fossa —
Recording Right Erb’s Point —
Recording Right Scalp Cp4 —
Recording Center Scalp Fpz —
Recording Center Scalp Cz —
Recording Center Cervical Spine —
[0070] The patient module 14 is configured such that the

system 10 may conduct an impedance test under the direction
ofthe controlunit 12 of all electrodes once the system is set up
and the electrode harness is connected and applied to the
patient. After choosing the appropriate spinal site upon pro-
gram startup (described below), the user is directed to an
electrode test. FIGS. 14A-14B illustrate, by way of example
only, a graphical implementation capturing the features of an
electrode test[s] as implemented on an electrode test screen
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104. The electrode test screen 104 includes a human figure
depiction with positioned electrodes 108. A harness indicator
109 displays which harness is in use. For each electrode on the
harness 80 in use there is a channel button 110. This includes
the common 25 and anode 23 electrodes which are both
independently checked for impedance. To accomplish this,
the anode 23 and common 25 are both provided as dual
electrodes. At least one of the anode leads on the anode
electrode is reversible. During the impedance check, the
reversible anode lead switches to a cathode such that the
impedance between the leads can be measured. When the
impedance test is complete, the reversible lead switches back
to an anode. The channel button 110 may be labeled with the
muscle or coverage area of the corresponding electrode.
Selecting the channel button 110 will disable the channel.
Disabled channels will not be tested for impedance and they
will not be monitored for responses or errors unless reacti-
vated. Upon selection of a start button 106 (“Run Electrode
Test™), the system tests each electrode individually to deter-
mine the impedance value. If the impedance is determined to
be within acceptable limits, the channel button 110 and elec-
trode depiction on the human FIG. 108 turn green. If the
impedance value for any electrode is not determined to be
acceptable, the associated channel button 110 and electrode
depiction turn red, alerting the user. Once the test is complete,
selecting the “Accept” button 112 will open the main moni-
toring screen 200 of the system 10.

[0071] The system 10 may utilize various stimulation
accessories to deliver stimulation signals to a stimulation
target site such as over the patient’s conus medullaris, a hole
formed or being formed in a pedicle, and/or tissue surround-
ing an access corridor. FIGS. 15-17 illustrate an example
embodiment ofa stimulation accessory in the form ofa stimu-
lation clip 18 that permits the system 10 to deliver stimulation
signals through various surgical instruments already used
during the surgical procedure. By way of example only, the
coupling device 18 may connect the system 10 with instru-
ments including, but not necessarily limited to, a pedicle
access needle 26, a tap 28, dilator 30, tissue retractor 32, and
k-wire 27. The stimulation clip 18 utilizes a spring-loaded
plunger 128 to hold the surgical tool and transmit the stimu-
lation signal thereto. The plunger 128 is composed of a con-
ductive material such as metal. A nonconductive housing 130
partially encases the plunger 128 about its center. Extending
from the housing 130 is an endplate 132 that hooks the sur-
gical instrument. A spring (not shown) is disposed within the
housing 130 such that in a natural or “closed” state, the
plunger 128 is situated in close proximity to the endplate 132.
Exerting a compressive force on the spring (such as by pulling
on the thumb grip 134) causes a gap between the end plate 132
and the plunger 128 to widen to an “open” position (shown in
FIGS. 15-17 thereby allowing insertion of a surgical tool
between the endplate 132 and plunger 128. Releasing the
thumb grip 134 allows the spring to return to a “closed”
position, causing the plunger 132 to move laterally back
towards the endplate such that a force is exerted upon the
surgical instrument and thereby holding it in place between
the endplate 132 and the plunger 128. The clip 18 further
includes a button module 129 containing an activation button
131 for initiating stimulation. The button module 129 is set
apart from the body of the clip 18 and they are linked by an
integrated wire. An accessory port 133 is located next to the
button 131 on the button module 129, thus minimizing the
number of wires connecting back to the patient module 14 and



US 2015/0230749 A1

outside the sterile field. Clip 18 is equipped with three LEDs
135,137, and 139. LED 135 is associated with the accessory
port 133 and LED 137 is associated with the clip 18 to indi-
cate which of the two is stimulating. The LEDs 137 and 137
may appear purple when stimulation is active. When a stimu-
lation result is determined, the associated LED 135 or 137
may appear either red (if the result meets a predetermined
potentially unsafe value), green (if the result meets a prede-
termined safe value), or yellow (if the result is in between the
safe and potentially unsafe values). A third LED 139 is con-
tained within the thumb grip 134, which will appear red,
yellow, or green depending on the threshold result. The clip
18 connects to one of the accessory ports 62 on the patient
module 14 via a connector 136. The connector 136 includes
an identification signal that identifies it to the patient module.

[0072] FIG. 18A illustrates a second example of embodi-
ment of a stimulation accessory in the form of an in-field
activator 330. The activator 330 is preferably a single-use
sterile device and may be designed [as] a stand-alone device
designed to interface with the patient module 14 indepen-
dently or may be part of an assembly as will be explained
below. According to one embodiment, the activator 330 may
plug into an accessory port 133 of the stimulation clip 18 of
FIGS. 15-17 above to provide user control and status indica-
tion of the TCNR mode from inside the sterile field during het
surgical procedure. FIG. 19 shows the activator 330 plugged
into accessory port 133 for in-field use. Itis contemplated that
the activator 330 is compatible with module 129 such that the
activator 330 and clip 18 may be jointly connected to the
system 10 via module 129 without the need for additional
components, additional wires, and the like. The activator 330
includes a top 331, a bottom 332, a housing 333, a first end
334, asecondend 336, a connection plug 338 emanating from
said first end 334, a stimulation button 334 and a multi-color
LED indicator 342 disposed between ends 334, 336. The
connection plug 338 is sized and dimensioned to fit within the
accessory port 133. Activator 330 may include one or more
securing clips 348 (F1G. 18B) for securing the activator 330 to
a surgical implement, such as, for example, an articulating
arm or a retractor (not shown). The activator 330/stimulation
clip 18 assembly may be connected to one of the accessory
ports 62 on the patient module 14 via a connector 136. The
connector 136 includes an identification signal that identifies
it to the patient module. Upon connection of the activator 330,
the system 10 software will enable TCNR mode, placing the
icon for the mode on the test selection tab 204, as well as
enabling configuration and other settings within the profiles
and set up screens.

[0073] The activator button 340 allows a user from the
sterile field to both navigate to the TCNR mode and initiate
trans-abdominal, transcutaneous stimulation in TCNR modes
with a single button press. By way of example only, the
activator 330 may allow a user to both access the TCNR mode
and initiate TCNR stimulation with a single button press as
will be described in greater detail below. The activation but-
ton 340 may be circular and is protected from unintended
activation by a raised surrounding border. Finger grips 334
may be provided on the sides of the activator housing 332 near
activation button 340 to stabilize the activator 330 during use.
[0074] The activator 342 is equipped with a multi-color
LED indicator 342. In some embodiments (e.g. that shown in
FIG. 18A), the stimulation button 340 and the LED indicator
342 are two distinct components. In other embodiments (e.g.
that shown in FIG. 18B), the LED indicator 342 is integrated
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into the stimulation button 340. LED indicator 342 provides
feedback to the user of various states of operation of the
TCNR modality. By way of example only, LED indicator 342
will illuminate when the timer has expired, when the stimu-
lator button 340 has been pressed and when the system 10 is
delivering stimulation.

TABLE 7

LED Visual Feedback Indication or Assessment

Off Timer not elapsed, stimulation is inactive, or
modality not selected

Blinking Green Primary timer (default 5 min) has elapsed since

1 Hz rat last stimulation

Blinking Green Secondary timer (default 10 min) has elapsed
2 Hz rate since last stimulation

Blinking Amber Stimulation is active

4 Hz rate

Solid Green Previous result- no significant change from

baseline
Previous result- noteworthy change from baseline
Previous result- significant change from baseline

Steady Yellow
Steady Red

[0075] As mentioned above, the system 10 may include a
secondary display, such as for example only, the secondary
display 46 illustrated in FIGS. 20-21. The secondary display
46 may be configured to display some or all of the information
provided on main display 34. The information displayed to
the user on the secondary display 34 may include, but is not
necessarily limited to, alpha-numeric and/or graphical infor-
mation regarding any of the selected function modes (e.g.
Twitch Test, Free-Run EMG, Basic Stimulated EMG,
Dynamic Stimulated EMG, XLIF, MEP Manual, MEP Auto-
matic, TCNR Alert, TCNR Threshold, SSEP Manual, SSEP
Automatic, and surgical correction planning and assessment),
attached accessories (e.g. stimulation probe 16, stimulation
clip 18, tilt sensor 54), electrode harness or harnesses
attached, impedance test results, myotome/EMG levels,
stimulation levels, history reports, selected parameters, test
results, etc. . .. In one embodiment, secondary display 46 may
be configured to receive user input in addition to its display
function. The secondary display 46 can thus be used as an
alternate control point for the system 10. The control unit 12
and secondary display 46 may be linked such that input may
be received on from one display without changing the output
shown on the other display. This would allow the surgeon to
maintain focus on the patient and test results while still allow-
ing other members of the OR staff to manipulate the system
10 for various purposes (e.g. inputting annotations, viewing
history, etc. . . . ). The secondary display 46 may be battery
powered. Advantageously, the secondary display 46 may be
positioned inside the sterile field as well as outside the sterile
field. For positioning within the sterile field a disposable
sterile case 47 may be provided to house the display. Alter-
natively, the display 46 may be sterile bagged. Both the sterile
case 47 and the secondary display 46 may be mounted to a
pole, bed frame, light fixture, or other apparatus found near
and/or in the surgical field. It is further contemplated that
multiple secondary displays 46 may be linked to the control
unit 12. This may effectively distribute neurophysiology
information and control throughout the operating room. By
way of example, a secondary display 46 may also be provided
for the anesthesiologist. This may be particularly useful in
providing the anesthesiologist with results from the Twitch
Test and providing reminders about the use of paralytics,
which may adversely affect the accuracy of the system 10.
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Wired or wireless technology may be utilized to link the
secondary display 46 to the control unit 12.

[0076] Having described an example embodiment of the
system 10 and the hardware components that comprise it, the
neurophysiological functionality and methodology of the
system 10 will now be described in further detail. Various
parameters and configurations of the system 10 may depend
upon the target location (i.e. spinal region) of the surgical
procedure and/or user preference. In one embodiment, upon
starting the system 10 the software will open to a startup
screen, illustrated by way of example only, in FIG. 33. The
startup screen includes a profile selection window 160 from
which the user may select from one of the standard profiles
(e.g. “Standard Cervical,” “Standard Thoracolumbar,” and
“Standard Lumbar”) or any custom profiles that have been
previously saved to the system. Profiles may be arranged for
selection, alphabetically, by spinal region, or by other suitable
criteria. Profiles may be saved to the control unit hard drive or
to a portable memory device, such as for example, a USB
memory drive, or on a web server.

[0077] Selecting a profile configures the system 10 to the
parameters assigned for the selected profile (standard or cus-
tom). The availability of different function modes may
depend upon the profile selected. By way of example only,
selecting the cervical and thoracolumbar spinal regions may
automatically configure the options to allow selection of the
Twitch Test, SSEP Manual, SSEP Automatic, Basic Stimu-
lated EMG, Dynamic Stimulated EMG, XLIF, MEP Manual,
MEP Automatic, Free-Run EMG modes, while selecting the
lumbar region may automatically configure the options to
allow selection of the Twitch Test, Basic, Difference, and
Dynamic Stimulated EMG Tests, XLIF®, and Nerve Retrac-
tor modes. Default parameters associated with the various
function modes may also depend on the profile selected, for
example, the characteristics of the stimulation signal deliv-
ered by the system 10 may vary depending on the profile. By
way of example, the stimulation signal utilized for the Stimu-
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lated EMG modes may be configured differently when a
lumbar profile is selected versus when one of a thoracolumbar
profile and a cervical profile.

[0078] As previously described above, each of the hard-
ware components includes an identification tag that allows
the control unit 12 to determine which devices are hooked up
and ready for operation. In one embodiment, profiles may
only be available for selection if the appropriate devices (e.g.
proper electrode harness 80 and stimulation accessories) are
connected and/or ready for operation. Alternatively, the soft-
ware could bypass the startup screen and jump straight to one
of the functional modes based on the accessories and/or har-
nesses it knows are plugged in. The ability to select a profile
based on standard parameters, and especially on customized
preferences, may save significant time at the beginning of a
procedure and provides for monitoring availability right from
the start. Moving on from the startup screen, the software
advances directly to an electrode test screen and impedance
tests, which are performed on every electrode as discussed
above. When an acceptable impedance test has been com-
pleted, the system 10 is ready to begin monitoring and the
software advances to a monitoring screen from which the
neurophysiological monitoring functions of the system 10 are
performed.

[0079] Theinformation displayed on the monitoring screen
may include, but is not necessarily limited to, alpha-numeric
and/or graphical information regarding any of the functional
modes (e.g. Twitch Test, Free-Run EMG, Basic Stimulated
EMG, Dynamic Stimulated EMG, XLIF, MEP Manual, MEP
Automatic, TCNR Alert, TCNR Threshold, SSEP Manual,
SSEP Automatic, and surgical correction planning and
assessment), attached accessories (e.g. stimulation probe 16,
stimulation clip 18, tilt sensor 54), electrode harness or har-
nesses attached, impedance test results, myotome/EMG lev-
els, stimulation levels, history reports, selected parameters,
test results, etc. . . . In one embodiment, set forth by way of
example only, this information displayed on a main monitor-
ing screen may include, but is not necessarily limited to, the
following comporents as set forth in Table &:

TABLE 8

Screen
Component

Description

Patient Image/
Electrode layout

Myotome & Level
Names
Test Menu

Device Bar
Display Area
Color Indication
Stimulation Bar

Event Bar

EMG waveforms

An image of the human body or relevant portion thereof 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 channel number tabs may be highlighted or
colored depending on the specific function being performed.

A label to indicate the Myotome name and corresponding Spinal
Level(s) associated with the channel of interest.

A hideable menu bar for selecting between the available functional
modes.

A hideable bar displaying icons and/or names of devices connected to
the patient module.

Shows procedure-specific information including stimulation results.
Erhances stimulation results with a color display of green, yellow, or
red corresponding to the relative safety level determined by the system.
A graphical stimulation indicator depicting the present stimulation
status (i.e. on or off and stimulation current level), as well as providing
for starting and stopping stimulation

A hideable bar that shows the last up to a selected number of previous
stimulation results, provides for annotation of results, and a chat
dialogue box for communicating with remote participants.

EMG waveforms may be optionally displayed on screen along with the
stimulation results.
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[0080] From a profile setting window 160, custom profiles
can be created and saved. Beginning with one of the standard
profiles, parameters may be altered by selecting one of the
various buttons and making the changes until the desired
parameters are set. By way of example only, profiles may be
generated and saved for particular procedures (e.g. ACDF,
XLIF, and decompression), particular individuals, and com-
binations thereof. Clicking on each button will display the
parameter options specific to the selected button in a param-
eter window. The parameter options for the Test Selection
Window are illustrated by way of example in FIG. 22. By way
of example only, by selecting the Test Selection button, ses-
sion tests may be added and viewing options may be changed.
From within the test selection area, function specific param-
eters for all available test functions (based on site selection,
available devices, efc. . . . ) may be accessed and set according
to need. One option (not shown) that is available for multiple
functions under the test selection button is the ability to select
from three different viewing options. The user may choose to
see results displayed in numeric form, ona body panel, and on
a label that reflects the labels associated with each electrode,
or any combination of the three. FIGS. 23-38 illustrate
examples of the test selection tab 204 for each of the test
functions (e.g. Twitch Test, Basic Stimulated EMG, Dynamic
Stimulated EMG, XLIF, TCNR Alert, TCNR Threshold,
Free-Run, MEP Manual, MEP Automatic, SSEP Manual,
SSEP Automatic). Profiles may be saved directly on the con-
trol unit 12, saved to a portable memory device, or uploaded
onto a web-server.

[0081] The functions performed by the system 10 may
include, but are not necessarily limited to, Twitch Test, Basic
Stimulated EMG, Dynamic Stimulated EMG, XLIF®, Nerve
Retractor, TCNR Alert, TCNR Threshold, Free-run EMG,
MEP Manual, MEP Automatic, SSEP Manual, SSEP Auto-
matic, and surgical correction planning and assessment
modes, all of which will be described below. The Twitch Test
modeis designed to assess the neuromuscular pathway via the
so-called “train-of-four-test” to ensure the neuromuscular
pathway is free from muscle relaxants prior to performing
neurophysiology-based testing, such as bone integrity (e.g.
pedicle) testing, nerve detection, and nerve retraction. This is
described in greater detail within PCT Patent App. No. PCT/
US2005/036089, entitled “System and Methods for Assess-
ing the Neuromuscular Pathway Prior to Nerve Testing,” filed
Oct. 7, 2005, the entire contents of which is hereby incorpo-
rated by reference as if set forth fully herein. The Basic
Stimulated EMG Dynamic Stimulated EMG tests are
designed to assess the integrity of bone (e.g. pedicle) during
all aspects of pilot hole formation (e.g., via an awl), pilot hole
preparation (e.g. via a tap), and screw introduction (during
and after). These modes are described in greater detail in PCT
Patent App. No. PCT/US02/35047 entitled “System and
Methods for Performing Percutaneous Pedicle Integrity
Assessments,” filed on Oct. 30, 2002, and PCT Patent App.
No. PCT/US2004/025550, entitled “System and Methods for
Performing Dynamic Pedicle Integrity Assessments,” filed on
Aug. 5, 2004 the entire contents of which are both hereby
incorporated by reference as if set forth fully herein. The
XLIF mode is designed to detect the presence of nerves
during the use of the various surgical access instruments of
the system 10, including the pedicle access needle 26, k-wire
42, dilator 44, and retractor assembly 70. This mode is
described in greater detail within PCT Patent App. No. PCT/
US2002/22247, entitled “System and Methods for Determin-
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ing Nerve Proximity, Direction, and Pathology During Sur-
gery,” filed on Jul. 11, 2002, the entire contents of which is
hereby incorporated by reference as if set forth fully herein.
The Nerve Retractor mode is designed to assess the health or
pathology of a nerve before, during, and after retraction of the
nerve during a surgical procedure. This mode is described in
greater detail within PCT Patent App. No. PCT/US2002/
30617, entitled “System and Methods for Performing Surgi-
cal Procedures and Assessments,” filed on Sep. 25, 2002, the
entire contents of which are hereby incorporated by reference
as if set forth fully herein. The MEP Manual and Automatic
modes are designed to test the motor pathway to detect poten-
tial damage to the spinal cord by stimulating the motor cortex
in the brain and recording the resulting EMG response of
various muscles in the upper and lower extremities. The MEP
Manual and Automatic modes are described in greater detail
within PCT Patent App. No. PCT/US2006/003966, entitled
“System and Methods for Performing Neurophysiologic
Assessments During Spine Surgery,” filed on Feb. 2, 2006, the
entire contents of which is hereby incorporated by reference
as if set forth fully herein. The SSEP Manual and SSEP
Automatic modes are designed to test the sensory pathway to
detect potential damage to the spinal cord by stimulating
peripheral nerves inferior to the target spinal level and record-
ing the action potentials superior to the spinal level. The SSEP
Manual and SSEP Automatic modes are described in greater
detail within PCT Patent App. No. PCT/US2009/05650,
entitled “Neurophysiologic Monitoring System and Related
Methods,” filed on Oct. 15, 2009, the entire contents of which
1s hereby incorporated by reference as if set forth fully herein.
The surgical correction planning and assessment modes are
described in greater detail within PCT Patent Application No.
PCT/US2014/059974, entitled “Systems for Planning, Per-
forming, and Assessing Spinal Correction during Spine Sur-
gery”, the entire contents of which is hereby incorporated by
reference as if set forth fully herein. These functions will be
explained now in brief detail.

[0082] The system 10 performs neuromuscular pathway
(NMP) assessments, via Twitch Test mode, by electrically
stimulating a peripheral nerve (preferably the Peroneal Nerve
for lumbar and thoracolumbar applications and the Median
Nerve for cervical applications) via stimulation electrodes 22
contained in the applicable electrode harness and placed on
the skin over the nerve or by direct stimulation of a spinal
nerve using a surgical accessory such as the probe 116.
Evoked responses from the muscles innervated by the stimu-
lated 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 identi-
fied relationship provides an indication of the current state of
the NMP. The identified relationship may include, but is not
necessarily limited to, one or more of magnitude ratios
between multiple evoked responses and the presence or
absence of an evoked response relative to a given stimulation
signal or signals. With reference to FIG. 23, details of the test
indicating the state of the NMP and the relative safety of
continuing on with nerve testing are conveyed to the surgeon
via GUI display 34. On the monitoring screen 200 utilized by
the various functions performed by the system 10, function
specific data is displayed in a center result area 201. The
results may be shown as a numeric value 210, a highlighted
label corresponding to the electrode labels 86, or (in the case
of twitch test only) a bar graph of the stimulation results. On
one side of center result area 201 is a collapsible device menu
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202. The device menu displays a graphic representation of
each device connected to the patient module 14. Opposite the
device menu 202 there is a collapsible test menu 204. The test
menu 204 highlights each test that is available under the
operable setup profile and may be used to navigate between
functions. A collapsible stimulation bar 206 indicates the
current stimulation status and provides start and stop stimu-
lation buttons (not shown) to activate and control stimulation.
The collapsible event bar 208 stores all the stimulation test
results obtained throughout a procedure. Clicking on a par-
ticular event will open a note box and annotations may be
entered and saved with the response for later inclusion in a
procedure report. The event bar 208 also houses a chat box
feature when the system 10 is connected to a remote moni-
toring system as described above. Within the result area 202
the twitch test specific results may be displayed.

[0083] It should be appreciated that while FIG. 23 depicts
the monitoring screen 200 while the selected function is the
Twitch Test, the features of monitoring screen 200 apply
equally to all the functions. Result-specific data is displayed
in a center result area 201. A large color saturated numeric
value (not shown) is used to show the threshold result. Three
different options are provided for showing the stimulation
response level. First, the user can view the waveform. Second,
a likeness of the color coded electrode harness label 86 may
be shown on the display. Third, the color coded label 212 may
be integrated with a body image. On one side of center result
area 201 there is a collapsible device menu 202. The device
menu displays a graphic representation of each device con-
nected to the patient module 14. If a device is selected from
the device menu 202, an impedance test may be initiated.
Opposite the device menu 202 there is a collapsible test menu
204. The test menu 204 highlights each test that is available
under the operable setup profile and may be used to navigate
between functions. A collapsible stimulation bar 206 indi-
cates the current stimulation status and provides start and stop
stimulation buttons (not shown) to activate and control stimu-
lation. The collapsible event bar 208 stores all the stimulation
test results obtained throughout a procedure so that the user
may review the entire case history from the monitoring
screen. Clicking on a particular event will open a note box and
annotations may be entered and saved with the response for
later inclusion in a procedure report chronicling all nerve
monitoring functions conducted during the procedure as well
as the results of nerve monitoring. In one embodiment the
report may be printed immediately from one or more printers
located in the operating 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, and/or USB memory stick. The
system 10 may generate either a full report or a summary
report depending on the particular needs of the user. In one
embodiment, the identifiers used to identify the surgical
accessories to the patient module may also be encoded to
identify their lot number or other identifying information. As
soon as the accessory is identified, the lot number may be
automatically added to the report. Alternatively, hand held
scanners can be provided and linked to the control unit 12 or
patient module 14. The accessory packaging may be scanned
and again the information may go directly to the procedure
report. The event bar 208 also houses a chat box feature when
the system 10 is connected to a remote monitoring system to
allow a user in the operating room to contemporaneously
communicate with a person performing the associated neu-
romonitoring in a remote location.
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[0084] The system 10 may also conduct free-run EMG
monitoring while the system is in any of the modes described
herein. Free-run EMG monitoring continuously listens for
spontaneous muscle activity that might be indicative of
potential danger. The system 10 may automatically cycle into
free-run monitoring after 5 seconds of inactivity. Initiating a
stimulation signal in the selected mode will interrupt the
free-run monitoring until the system 10 has again been inac-
tive for five seconds, at which time the free-run begins again.
[0085] Thesystem 10 may test the integrity of pedicle holes
(during and/or after formation) and/or screws (during and/or
after introduction) via the Basic Stimulation EMG and
Dynamic Stimulation EMG tests. To perform the Basic
Stimulation EMG a test probe 116 is placed in the screw hole
prior to screw insertion or placed on the installed screw head
and a stimulation signal is applied. The insulating character of
bone will prevent the stimulation current, up to a certain
amplitude, from communicating with the nerve, thus result-
ing in a relatively high 1, ., as determined via the basic
threshold hunting algorithm described below. However, in the
event the pedicle wall has been breached by the screw or tap,
the current density in the breach area will increase to the point
that the stimulation current will pass through to the adjacent
nerve roots and they will depolarize at a lower stimulation
current, thus I, will be relatively low. The system
described herein may exploit this knowledge to inform the
practitioner of the current 1,,,,,..;, of the tested screw to deter-
mine if the pilot hole or screw has breached the pedicle wall.
[0086] InDynamic Stim EMG mode, test probe 116 may be
replaced with a clip 18 which may be utilized to couple a
surgical tool, such as for example, a tap member 28 or a
pedicle access needle 26, to the system 10. In this manner, a
stimulation signal may be passed through the surgical tool
and pedicle integrity testing can be performed while the tool
is in use. Thus, testing may be performed during pilot hole
formation by coupling the access needle 26 to the system 10,
and during pilot hole preparation by coupling the tap 28 to the
system 10. Likewise, by coupling a pedicle screw to the
system 10 (such as via pedicle screw instrumentation), integ-
rity testing may be performed during screw introduction.
[0087] Inboth Basic Stimulation EMG mode and Dynamic
Stimulation EMG mode, the signal characteristics used for
testing in the lumbar testing may not be effective when moni-
toring in the thoracic and/or cervical levels because of the
proximity of the spinal cord to thoracic and cervical pedicles.
Whereas a breach formed in a pedicle of the lumbar spine
results in stimulation being applied to a nerve root, a breach in
a thoracic or cervical pedicle may result in stimulation of the
spinal cord instead, but the spinal cord may not respond to a
stimulation signal the same way the nerve root would. To
account for this, the surgical system 10 is equipped to deliver
stimulation signals having different characteristics based on
the region selected. By way of example only, when the lumbar
region is selected, stimulation signals for the stimulated EMG
modes comprise single pulse signals. On the other hand,
when the thoracic and cervical regions are selected the stimu-
lation signals may be configured as multipulse signals.
[0088] Stimulation results (including but not necessarily
limited to at least one of the numerical I, value and color
coded safety level indication) and other relevant data are
conveyed to the user on at least main display 34, as illustrated
in FIGS. 24 and 25. FIG. 24 illustrates the monitoring screen
200 with the Basic Stimulation EMG test selected. FIG. 25
illustrates the monitoring screen 200 with the Dynamic
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Stimulation EMG test selected. In one embodiment of the
various screw test functions (e.g. Basic and Dynamic), green
corresponds to a threshold range of greater than 10 milliamps
(mA), a yellow corresponds to a stimulation threshold range
of 7-10 mA, and a red corresponds to a stimulation threshold
range of 6 mA or below. EMG channel tabs may be selected
via the touch screen display 26 to show the 1, of the
corresponding nerves. Additionally, the EMG channel pos-
sessing the lowest [, __, may be automatically highlighted
and/or colored to clearly indicate this fact to the user.

[0089] The system 10 may perform nerve proximity test-
ing, via the XLIF mode, to ensure safe and reproducible
access to surgical target sites. Using the surgical access com-
ponents 26-32, the system 10 detects the existence of 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 access components 26-32 are designed
to bluntly dissect the tissue between the patient’s skin and the
surgical target site. Dilators of increasing diameter, which are
equipped with one or more stimulating electrodes, are
advanced towards the target site until a sufficient operating
corridor is established to advance retractor 32 to the target
site. As the dilators are advanced to the target site electrical
stimulation signals are emitted via the stimulation electrodes.
The stimulation signal will stimulate nerves in close proxim-
ity to the stimulation electrode and the corresponding EMG
response is monitored. As a nerve gets closer to the stimula-
tion electrode, the stimulation current required to evoke a
muscle response decreases because the resistance caused by
human tissue will decrease, and it will take less current to
cause nervous tissue to depolarize. 1., is calculated, using
the basic threshold hunting algorithm described below, pro-
viding a measure of the communication between the stimu-
lation signal and the nerve and thus giving a relative indica-
tion of the proximity between access components and nerves.
An example of the monitoring screen 200 with XLIF mode
active is depicted in FIG. 26. In a preferred embodiment, a
green or safe level corresponds to a stimulation threshold
range of 10 milliamps (mA) or greater, a yellow level denotes
a stimulation threshold range of 5-9 mA, and a red level
denotes a stimulation threshold range of 4 mA or below.

[0090] In MEP modes, stimulation signals are delivered to
the motor cortex via patient module 14 and resulting
responses are detected from various muscles in the upper and
lower extremities. An increase in I, from an earlier test to
alater test may indicate a degradation of spinal cord function.
Likewise, the absence of a significant EMG response to a
given I, ona channel that had previously reported a signifi-
cant response to the same or lesser I, is also indicative of a
degradation in spinal cord function. These indicators are
detected by the system in the MEP modes and reported to the
surgeon. In MEP Manual mode, the user selects the stimula-
tion current level and the system reports whether or not the
stimulation signal evokes a significant response on each chan-
nel. Stimulation results may be shown on the display 34 in the
form of “YES” and “NO” responses, or other equivalent
indicia, as depicted in F1G. 27. In MEP Automatic mode the
system determines the [, baseline for each channel corre-
sponding to the various monitored muscles, preferably early
in the procedure, using the multi-channel algorithm
described. Throughout the procedure subsequent tests may be
conducted to again determine I,,,, for each channel. The
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difference between the resulting 1,,,.., values and the corre-
sponding baseline are computed by the system 10 and com-
pared against predetermined “safe” and “unsafe” difference
values. The I, . baseline and difference values are dis-
played to the user, along with any other indicia of the safety
level determined (such as a red, yellow, green color code), on
the display 34, as illustrated in FIG. 28. Using either mode the
surgeon may thus be alerted to potential complications with
the spinal cord and any corrective actions deemed necessary
may be undertaken at the discretion of the surgeon.

[0091] In Transcutaneous Nerve Root Stimulation modes,
the system 10 is capable of ascertaining the health and/or
status of at-risk nerves along the motor neural pathway supe-
riorand inferior to the surgical site before, during, and/or after
the creation of the operative corridor to the surgical target site.
To accomplish this, stimulation electrodes 22 may be placed
on the skin over the desired spinal nerve roots (such as by way
ofexample only, the .1 and L.2 nerve roots and/or the location
of the conus medullaris of the patient) and recording elec-
trodes 24 are positioned on the recording sites (such as, by
way of example only, the recording sites set forth above in
Table 5). The control unit 12 and patient module 14 cooperate
to transmit electrical stimulation signals to a stimulating cath-
ode placed posteriorly on the patient’s back. These stimula-
tion signals cause nerves deep to the stimulating electrode to
depolarize, evoking activity from muscles innervated by the
nerves below. The system 10 detects and records the neuro-
muscular responses and optionally analyzes their relationship
to the stimulation signal (discussed below ). Resulting record-
ing and/or assessment data is conveyed to the user on screen
200 and/or activator 330 as discussed herein. The TCNR
testing described herein provides the ability to verify that the
patient is positioned in a neutral way and that no neural
structures have been impinged upon after the operative cor-
ridor has been established. In spinal surgery, for example, this
is particularly advantageous in that the system 10 may be
particularly suited for establishing an operative corridor to an
intervertebral target site in a posterolateral, trans-psoas fash-
ion so as to avoid the bony posterior elements of the spinal
column.

[0092] In one implementation, a stimulating cathode is
placed posteriorly and an anode is placed anteriorly at loca-
tions superior to the surgical target site and neuromuscular
responses (transcutaneous nerve root “TCNR” responses ) are
evoked in response to transcutaneous, trans-abdominal motor
pathway stimulation. By way of example only, the stimulat-
ing cathode may be a single cathode adhesive surface elec-
trode placed over the conus medullaris at spinal level L1-2,
preferably with the electrode pair oriented side to side and
symmetrically over the neural foramen. The anode electrode
may be an adhesive surface electrode placed at the anterior
abdominal midline below the umbilicus, preferably with the
electrode pair oriented side to side, symmetrically across the
midline. Implementing a stimulation montage in this way is
beneficial for at least two reasons. First, stimulating trans-
abdominally does not evoke muscle twitching of the head,
upper extremities, or upper torso which leads to less patient
movement than transcranial MEP testing. Second, using a
surface electrode with a larger surface electrode anteriorly
and a smaller surface electrode posteriorly may decrease the
current density travelling trans-abdominally, reducing the
depolarization of the abdominal muscles and thus, further
decreasing the amount of patient movement. Third, stimulat-
ing nerve roots with the TCNR techniques described herein
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can activate the specific area of the motor neural pathway of
interest and elicit significant neuromuscular responses with a
fixed polarity, single pulse stimulation whereas MEP testing
requires multi-pulse trains of stimuli (oftentimes dual polar-
ity stimulation as well) to activate the motor cortex and the
entire corticospinal pathway to elicit clinically significant
neuromuscular responses. This leads to greater specificity,
less patient movement, and less power delivered to the
patient. Recording electrodes may be placed on or in muscles
innervated by one or more nerves of the lumbar plexus. The
electrode haress 80 may be designed such that the various
electrodes may be positioned about the patient as described in
Table 5.

[0093] The steps of performing transcutaneous, trans-ab-
dominal stimulation and recording the resultant evoked
potentials is preferably first performed prior to establishing
the lateral access corridor and subsequently performed peri-
odically during the surgical procedure. In this way, the system
10 is capable of detecting changes to the stimulation thresh-
old intensities of these nerves over time which may be indica-
tive of changes to the health/status of these nerves (e.g. by
compression or patient positioning). According to one
embodiment, the system 10 may perform TCNR 1n either of
two modes: Alert mode and Threshold mode. In Alert mode,
the system 10 evaluates the neuromuscular responses for the
presence/absence of a response. In Threshold mode, the sys-
tem 10 detects changes to the stimulus intensity required to
elicit a significant response. By way of example only, a
change in the health or status of a nerve may be deemed
significant once the stimulus intensity required to elicit a
neuromuscular response from a muscle exceeds pre-deter-
mined criteria (e.g. 200 A greater than the baseline stimula-
tion threshold). The system 10 may quickly and accurately
determine this data and convey the useful information in a
simple and easily comprehensible manner for interpretation
by a surgeon, neurophysiologist, or other medical personnel.
It is contemplated that the control unit 12 of the system 10
may automatically ascertain this information and/or commu-
nicate any of numerical, graphic, audio, and visual feedback
corresponding to one or more of these findings. Armed with
this useful information, the surgeon may detect a problem or
potential problem early and then act to avoid and/or mitigate
the problem.

[0094] FIGS. 29-34 are example screen displays of the
TCNR mode according to one embodiment of the system 10.
FIG. 29 illustrates an intraoperative monitoring (IOM) setup
screen from which various features and parameters of the
TCNR mode may be controlled and/or adjusted by the user as
desired. It is contemplated that there are any number of ways
that the TCNR mode and TCNR testing may be activated by
the user. For example, the user may select the TCNR mode
from the test selection tab 204. The user may plug the activa-
tor 330 into accessory port 133 as described above. The user
may press stimulation button 340 on activator 330 which will
automatically toggle the system 10 from the mode it was
performing prior to TCNR mode selection to TCNR mode
(e.g. XLIF mode). According to some implementations,
pressing stimulation button 340 in this manner 340 not only
toggles the system 10 to TCNR mode, but also immediately
initiates a TCNR stimulation test as well giving the user rapid
flexibility in assessing the health and status of various aspects
of the lower motor neural pathway. As shown in FIG. 29, the
devices tab 202 indicates to the user an activator icon 350 and
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a TCNR/EMG icon 350 indicating that the activator 330 and
TCNR/EMG harness 80 are properly connected to the system
10.

[0095] Selecting the TCNR button from the test selection
tab 204 brings up a TCNR Menu window 354. The user may
toggle between Alert mode and Threshold mode in TCNR
Mode field 356, and change one or more profile settings (e.g.
timer, waveform scaling, response threshold maximum
stimulation). As will be explained in detail below, in some
implementations, a user may wish to know when a predeter-
mined period of time has elapsed between TCNR stimula-
tions. According to one or more embodiments, there is pro-
vided a timer to address such a need. The timer setting may be
adjusted in timer field 358. The timer may be turned on or off
and the time may be selected from a range between 0 and 30
minutes, with a default value of 5 minutes. The timer setting
may be increased or decreased in increments of 5 minutes
using the timer selection buttons labeled (by way of example
only) “+5” and “-5”. Waveform scaling may be accom-
plished by increasing or decreasing the gain by using the
buttons labeled (by way of example only) “Zoom In” and
“Zoom Out” in waveform scaling field 360. According to one
example, the gain has a range of 10 pV and 10,000 pV with a
default gain setting is 200 uV. Fach adjustment increases or
decreases the gain by a fixed increment (e.g. 10 pV). The
minimum threshold setting for which a given response quali-
fies as a response may be displayed and adjusted in response
threshold field 362. The selected response threshold setting
may be increased or decreased in increments of 10 1V using
the buttons labeled “+10” and “-10”. According to one
example, the threshold setting may be selected from a range
of 10 uV to 300 uV with a default value of 30 uV. The
maximum stimulation intensity that may be delivered in
TCNR Threshold mode may also be selected in Threshold
maximum stimulation field 364. According to one example,
the maximum threshold may be selected from a range
between 50 mA and 1500 mA with a starting value of 100
mA. The threshold setting may be increased or decreased in
increments of 50 A using buttons labeled (by way of example
only) “+50” and “~50". As shown by way of example in FIG.
29, the maximum threshold is shown at 900 mA, that is to say
the maximum threshold that may be delivered to the patient is
900 mA.

[0096] FIGS. 30-31 depict example screen displays for the
Alert mode of the TCNR monitoring function. These screen
displays are intended to communicate information to the sur-
geon or other personnel in an easy-to-interpret fashion. This
information may include, but is not necessarily limited to, a
display of the test mode 212, channels 10 for each myotome
[indicating]: spinal levels monitored (e.g. L. Add. Mag.);
waveforms of the evoked responses, voltages of the evoked
responses; a stimulation bar 206 to display particulars of the
stimulation (e.g. stimulation parameters, the stimulation
intensity required to elicit a response, and the stimulation
intensity required to elicit a response. This information may
be communicated in any number of suitable fashions, includ-
ing but not limited to, the use of visual indicia (such as
alpha-numeric characters, light-emitting elements, and/or
graphics) and audio communication (such as a speaker ele-
ment).

[0097] In TCNR Alert mode, the underlying neurophysi-
ologic principle of operation is to assess the health and status
of the lower motor neural pathway via the presence/absence
of evoked neuromuscular responses for each muscle moni-
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tored. To perform TCNR monitoring in Alert mode, the user
first manually selects the stimulation intensity to be delivered
to the stimulation electrodes. The stimulation intensity that
may be delivered in TCNR Alert mode may also be selected in
Alert stimulation field 366. According to one example, the
simulation intensity may be selected from a range between 50
mA and 1500 mA with a starting value of 100 mA. The setting
may be increased or decreased in increments of 50 mA with a
starting value of 100 mA. The setting may be increased or
decreased in increments of 50 mA using buttons labeled (by
way of example only) “+50” and “~50”. As shown by way of
example in FIG. 30, the stimulation intensity to be delivered
is 500 mA.

[0098] According to one or more implementations, for a
given stimulation intensity (mA) the presence of a significant
EMG response for a particular muscle is presented to the user
via a green color indicator and the absence of a significant
EMG response for a particular muscle is presented to the user
via a red color indicator. As shown in F1G. 30, responses were
obtained in all 10 channels for all muscles with 500 mA
stimulation. As such. a green color indicator is shown in each
channel 110. Referring now to FIG. 31, responses were
obtained in all channels except the left and right vastus media-
lis channels with 250 mA stimulation. As such, red color
indicators are shown in the left and right vastus medialis
channels and green color indicators are shown in the remain-
ing channels in which a significant response was recorded.
According to some embodiments, the system 10 provides
visual and audible alerts when the responses are absent. By
way of example, the system 10 may flash a warning on screen
200, or an audible tone.

[0099] In TCNR Alert mode, periodic testing for the pres-
ence/absence of TCNR responses are made to monitor the
health and status of the lower motor neural pathways. As
indicated above, a user may which to know when a predeter-
mined period of time has elapsed between TCNR tests.
Armed with such information, the user may perform another
TCNR test or wait until a later time in the surgical procedure
to do so. The timer interval may be set as described above.
After each TCNR test, the system 10 will initiate a timer
corresponding to the selected time interval and, when the time
has elapsed, the system 10 will activate a reminder alert. The
reminder alert may include, by way of example only, any one
of, or combination of, an audible tone, voice recording, screen
flash, pop up window, scrolling message, or any other such
alert to remind the user to perform a TCNR test again. The
alerts may be displayed on screen 200 (for example, in the
stimulation bar), on the activator (for example via LED indi-
cator 342), or both screen 200 and activator 330 simulta-
neously.

[0100] For optimal consistency of TCNR testing and the
information it provides, the TCNR stimulations are prefer-
ably conducted at a set time interval throughout the surgical
procedure (e.g., every 5 minutes). According to one embodi-
ment, after 5 minutes have elapsed, the LED indicator 342
and/or the on-screen stimulator bar 206 blinks green ata 1 Hz
rate. The user may decide to perform another TCNR test
either by pressing button 340 or “Start Stim” button 370 or the
user may decide to wait until a later time in the surgical
procedure. After 10 minutes have elapsed, LED indicator 342
(and/or the on-screen stimulator bar 206) continues to blink
green but at a 2 Hz rate. When the user decides to stimulate,
he/she presses the activator stimulator button 340 or the “Start
Stim” button 370 to run the TCNR test and the timer function
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restarts. While described herein with respect to the TCNR
Alert mode, it is contemplated that the timer function may be
implemented in TCNR Threshold mode as well.

[0101] FIGS. 32-34 depict example screen displays for the
Threshold mode of the TCNR monitoring function. In TCNR
Threshold mode, the underlying neurophysiologic principle
is that, in order to monitor the health of the lumbar motor
neural pathway, the user must be able to determine if the
evoked responses are changing with respect to the stimulation
signal. To monitor for this change, baseline TCNR responses
are established for all muscles of interest (preferably prior to
surgical manipulation) and then compared to subsequent
TCNR responses periodically throughout the procedure.

[0102] The baseline feature of the TCNR Threshold mode
will now be described with respect to FIG. 32. Selecting the
“Find Baseline” button 368 on the screen 200 or pressing the
stimulation button 340 on the activator 330 starts the baseline
stimulation sequence. The system 10 then delivers one or
more stimulation pulses and/or trains of pulses until a base-
line TCNR response is evoked in one or all muscle channels.
By way of example only, the system 10 may be configured to
determine the stimulus response threshold (I,,,,.,) via one or
more of the threshold hunting and thresholding algorithms
described below. F1G. 32 depicts an example set of responses
in which baseline TCNR responses and baseline response
thresholds (1,55 545) Were found in all 10 muscle channels
(shown for each channel as 200 mA in results field 372).
According to some embodiments, baseline TCNR response
waveforms remain in the waveform windows for comparison
to subsequent stimulation trials. This allows for more detailed
comparison of the response waveform amplitudes and mor-
phologies. The peak to peak amplitude measurements (in
microvolts) of both the baseline and subsequent results are
displayed in the waveform window. In some implementa-
tions, the baseline waveforms and subsequent waveforms bay
be indicated differently, by way of example the baseline
waveform may be depicted as purple and the current wave-
form may be depicted as white.

[0103] Inthe event the system detects a significant increase
in the amount of stimulus intensity required to elicit a neuro-
muscular response (I5,,..4,), or if no neuromuscular response
is obtained at the maximum stimulus intensity permitted, the
associated window may preferably be highlighted with a
predetermined color (e.g. red) to indicate the potential danger
to the surgeon. Preferably, the stimulation results are dis-
played to the surgeon along with a color code so that he/she
may easily comprehend the danger, diagnose, and take cor-
rective measures to avoid or mitigate such danger. This may,
for example, more readily permit TCNR monitoring results to
be interpreted by the surgeon or assistant without necessarily
requiring dedicated monitoring personnel. By way of
example only, red is used when the increase in threshold
stimulus intensity is within a predetermined safe level. Yellow
is used when the increase in threshold stimulus intensity is
between the predetermined safe and unsafe levels. By way of
example only, the system 10 may also notify the user of
potential danger through the use of a warning which may be
communicated to the user by any one of, or combination of, a
pop-up window, an audible tone, voice recording, screen
flash, scrolling message, or any other such alert to notify the
user of potential danger. According to one embodiment, the
system 10 may notify the user according to the following
scenario:
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TABLE 9
Change inIg,,, from Audio Neurophysiologic
Baseline Color  Feedback Assessment
0-100 mA Green  Slow, No significant change
Low Pitch from baseline

>100 mA to <200 mA Yellow Faster, Noteworthy change

Higher Pitch  from baseline
200 mA ormore  Red Fastest, Significant change
Highest Pitch  from baseline

[0104] FIGS. 33-34 depict example TCNR responses
obtained subsequent to the baseline TCNR responses of FIG.
32. The baseline 1, , response results move from results
field 372 to baseline field 374. As shown in FIG. 33, responses
in a subsequent test were obtained in all channels 110 with
200 mA stimulation (I, subsequens)s indicating no signifi-
cant changes in neurophysiologic recordings from baseline.
Theseresults are displayed in results field 372. As such, green
color indicators shown for each of these channels in accor-
dance with the embodiment shown and described above in
Table 9. Referring now to FIG. 34, responses in another
subsequent trial were obtained in all channels, 200 mA of
stimulation intensity was required to elicit a significant neu-
romuscular response in the bilateral vastus lateralis, tibialis
anterior, biceps femoris, and adductor magnus channels indi-
cating no significant changes in neurophysiologic recordings
from baseline. Green color indicators are shown for each
channel. However, 600 mA of stimulation intensity was
required to elicit a significant neuromuscular response in the
bilateral vastus medialis channels which is a 400 mA increase
from the baseline requirement of 200 mA. Red color indica-
tors are shown for each of these channels. It is to be appreci-
ated that the predetermined safety levels, colors, audio feed-
back, and neurophysiologic interpretation set forth above are
merely for illustrative purposes only and are not meant to be
limiting in any way.

[0105] In some surgical procedures, it may be advanta-
geous to perform more than one type of neurophysiologic
testing during a surgical procedure. Oftentimes, it is advan-
tageous to perform multiple types of neurophysiologic testing
and monitoring modes intermittently during a procedure.
Constantly switching between modes and initiating/re-initi-
ating testing in each mode can be cumbersome, time-consum-
ing, and frustrating for users. They may become impatient
with the system 10. In accordance with the present invention,
the system 10 includes functionality to toggle or switch
between two or more neurophysiologic monitoring modes
quickly and seamlessly as will be discussed below.

[0106] For illustrative purposes only, in a minimally-inva-
sive lateral approach spine procedure (e.g., XLIF®), it may
be desirable to perform both nerve proximity testing and
transcutaneous nerve root testing intermittently, but at differ-
ent times from one another throughout the surgical procedure.
The control unit 12 possesses the requisite functionality to
toggle or switch between XLIF and TCNR modes as directed
by the user. In some embodiments, the toggling or switching
is effectuated by the stimulation clip 18/activator 330 assem-
bly described above. According to some implementations, if
the user has selected XLIF mode, the system 10 will stay in
XLIF mode until an indication from the user. This indication
may be pressing the stimulation button 340 on the activator
330. Pressing the stimulation button 340 one time will simul-
taneously toggle to the appropriate TCNR mode screen and
perform a stimulation trial in TCNR mode. To toggle or
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switch back to XLIF mode, the user may press activation
button 131 on button module 129 to simultaneously toggle to
the XLIF mode screen and perform a stimulation trial in XLIF
mode or, if a stimulation trial in XLIF mode is not desired at
that time, the user can do nothing. The TCNR screen may time
out (for example, 1 minute after the last TCNR stimulation
trial) and the system 10 will toggle or switch back to the XLIF
mode screen 200. However, the TCNR timer function will
still be active and will remind the user to perform another
stimulation when the timer has lapsed as set forth above.
Thus, according to such embodiments, the user is able to
perform more than one neurophysiologic monitoring modes
intermittently without having to does not need to make/or
instruct hospital personnel to make changes on the screen 200
to switch between modes.

[0107] In the SSEP Manual and Automatic modes, stimu-
lation signals are delivered to peripheral sensory electrodes
placed over the desired peripheral nerve (such as, by way of
example only, the Posterior Tibial nerve and/or the Ulnar
nerve) and recording electrodes 23 are positioned on or over
the recording sites (such as, by way of example only, over the
C2 vertebra, scalp, Erb’s Point, and Popliteal Fossa), and
stimulation signals are delivered from the patient modulel4.
Damage in the spinal cord may disrupt the transmission of the
signal up the spinal cord resulting in a weakened or delayed
signal at the recording site. In SSEP Manual mode, the signal
response waveforms and latency values associated with those
waveforms are displayed for the user. The user then makes a
comparison between a baseline signal response and a signal
response, as depicted in FIG. 35. In SSEP Automatic mode,
the system 10 compares the difference between the amplitude
and latency of the signal response vs. the amplitude and
latency of a baseline signal response. These differences are
compared against the predetermined “safe” and “unsafe” lev-
els and the results are displayed on display 34. The results are
displayed to the user along with any other indicia of the safety
level determined (such as a red, yellow, green color code), on
the display 34, as illustrated in FIG. 36). According to some
embodiments, the system 10 may employ one or more algo-
rithms to quickly select the optimal stimulus parameters for
conducting SSEP testing on each active stimulation channel.
This can be done according to any number of algorithms that
automatically adjust various parameters until a combination
resulting in the most desirable result is achieved.

[0108] In the surgical correction planning and assessment
mode, the system 10 aids the user in planning and assessing
the degree to which he/she has achieved the surgical goals
during a spinal procedure. As illustrated, by way of example
only, in FIG. 37, there may be included a feature in which the
system 10 is capable of digitizing implanted screw positions,
outputting bend instructions for a rod, and previewing the
shape of the rod on screen 200. In some implementations, the
rod bending instructions are for a rod shaped to custom-fit
within the implanted screw locations. In other implementa-
tions, the system 10 is further capable of accepting correction
inputs via one or more advanced option features for viewing
bend instructions fora rod shaped to fit at locations apart from
those implanted screw locations. Installing a rod shaped in
this manner could correct a curvature deformity in the
patient’s spine according to a user’s prescribed surgical plan.
In some spinal procedures, restoring a patient’s spine to a
balanced position may be a desired surgical outcome. As
shown in FIG. 38, there may also be included a feature in
which the system 10 is configured to receive and assess 1)
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preoperative spinal parameter inputs; 2) target spinal param-
eter inputs; 3) intraoperative spinal parameter inputs; and/or
postoperative spine parameter inputs via screen 200. Spinal
parameters may comprise the patient’s Pelvic Incidence (PI),
Pelvic Tilt (PT), Sacral Slope (SS), Lumbar Lordosis (LL),
Superior Lumbar Lordosis ({LL), Inferior Lumbar Lordosis
(JLL), C7 Plumb Line Offset (C7PL), Thoracic Kyphosis
(TK), T1 Tilt, and Sagittal, Vertical Axis (SVA) measure-
ments. One or more of these inputs may be tracked and/or
compared against other inputs to assess how the surgical
correction is progressing toward a surgical plan and utilized
to develop/refine an operative plan to achieve the desired
surgical correction.

[0109] To obtain 1, _, and take advantage of the useful
information it provides, the system 10 identifies and measures
the peak-to-peak voltage (V) of each EMG response corre-
sponding to a given stimulation current (I, ). Identifying the
trueV,, of aresponse may be complicated by the existence of
stimulation and/or noise artifacts which may create an erro-
neous V,,, measurement. To overcome this challenge, the
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 co-pending and
commonly assigned PCT App. Ser. No. PCT/US2004/
025550, entitled “System and Methods for Performing
Dynamic Pedicle Integrity Assessments,” filed on Aug. 5,
2004, the entire contents of which are incorporated by refer-
ence into this disclosure as if set forth fully herein. Upon
measuring V, foreachEMG response, the V,,, information is
analyzed relative to the corresponding stimulation current
(L) 1n order to identify the minimum stimulation current
(I7,res) capable of resulting in a predetermined V,, EMG
response. According to the present invention, the determina-
tion of Iy, may be accomplished via any of a variety of
suitable algorithms or techniques.

[0110] FIGS.39A-Dillustrate, by way of example only, the
principles of a threshold hunting algorithm of the present
invention used to quickly find I,,,,. . The method for finding
Lj,resp, Utilizes a bracketing method and a bisection method.
The bracketing method quickly finds a range (bracket) of
stimulation currents that must contain I, ., and the bisection
method narrows the bracket until I,., is known within a
specified accuracy. If the stimulation current threshold,
1,7,esn OF @ channel exceeds a maximum stimulation current,
that threshold is considered out of range.

[0111] FIGS. 39 A-Dillustrate the bracketing feature of the
threshold hunting algorithm of the present invention. Stimu-
lation begins at a minimum stimulation current, such as (by
way of example only) 1 mA. It will be appreciated that the
relevant current values depend in part on the function per-
formed (e.g. high currents are used for MEP and low currents
are generally used for other functions) and the current values
described here are for purposes of example only and may in
actuality be adjusted to any scale. The level of each subse-
quent stimulation is doubled from the preceding stimulation
level until a stimulation current recruits (i.e. results in an
EMG response withaV,, greaterorequalto V. ;). The first
stimulation current to recruit (8 mA in FIG. 39 B), together
with the last stimulation current to have not recruited (4 mA
in FIG. 39 B), forms the initial bracket.

[0112] FIGS. 39 C-D illustrate the bisection feature of the
threshold hunting algorithm of the present invention. After
the threshold current I, has been bracketed (FIG. 39 B),
the initial bracket is successively reduced via bisection to a
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predetermined width, such as (by way of example only) 0.25
mA. This is accomplished by applying a first bisection stimu-
lation current that bisects (i.e. forms the midpoint of) the
initial bracket (6 mA in FIG. 39 C). If this first bisection
stimulation current recruits, the bracket is reduced to the
lower half of the initial bracket (e.g. 4 mA and 6 mA in FIG.
39 C). If this first bisection stimulation current does not
recruit, the bracket is reduced to the upper half of the initial
bracket (e.g. 6 mA and 8 mA in FIG. 39 C). This process is
continued for each successive bracket until I,,,,,;, is bracketed
by stimulation currents separated by the predetermined width
(which, in this case, is 0.25 mA). In this example shown, this
would be accomplished by applying a second bisection
stimulation current (forming the midpoint of the second
bracket, or 5 mA in this example). Because this second bisec-
tion stimulation current is below 1, _,, it will not recruit. As
such, the second bracket will be reduced to the upper half
thereof (5 mA to 6 mA), forming a third bracket. A third
bisection stimulation current forming the mid-point of the
third bracket (5.50 mA in this case) will then be applied.
Because this third bisection stimulation current is below
Lyresne 1t Will not recruit. As such, the third bracket will be
reduced to the upper half thereof (5.50 mA to 6 mA), forming
a fourth bracket. A fourth bisection stimulation current form-
ing the mid-point of the fourth bracket (5.75 mA in this case)
will then be applied. Because the fourth bisection stimulation
current is above 1., it will recruit. The final bracket is
therefore between 5.50 mA and 5.75 mA. Due to the
“response” or recruitment at 5.50 mA and “no response” or
lack of recruitment at 5.75 mA, it can be inferred that I, is
within this range. In one embodiment, the midpoint of this
final bracket may be defined as 1,,,,,,, however, any value
falling within the final bracket may be selected as I,
without departing from the scope of the present invention.
Depending on the active mode, the algorithm may stop after
finding L., for the first responding channel (i.e. the channel
with the lowest I, ) or the bracketing and bisection steps
may be repeated for each channel to determine I, ;, for each
channel. In one embodiment, this multiple channel I,
determination may be accomplished by employing the addi-
tional steps of the multi-channel threshold detection algo-
rithm, described below.

[0113] Additionally, in the “dynamic” functional modes,
including, but not necessarily limited to Dynamic Stimulation
EMG and XLIF, the system may continuously update the
stimulation threshold level and indicate that level to the user.
To do so, the threshold hunting algorithm does not repeatedly
determine the 1,,,,, level anew, but rather, it determines
whether stimulation current thresholds are changing. This is
accomplished, as illustrated in FIG. 39 D, by a monitoring
phase that involves switching between stimulations at lower
and upper ends of the final bracket. If the threshold has not
changed then the lower stimulation current should not evoke
aresponse, 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 stimu-
lations fail to evoke the expected response three times in a
row, then the algorithm transitions back to the bracketing state
in order to reestablish the bracket. In the event a change in
Lyjresy 18 detected during the monitoring phase, the user may
be alerted immediately via the screen display and/or audio
feedback. By way of example only, the color shown on the
display corresponding to the previous I, can be altered to
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aneutral color (e.g. black, grey, etc. . . . ) as soon as the change
in I, ., is detected but before the new I, __, value is deter-
mined. If an audio tone is used to represent a particular safety
level, the tone can ceased as soon as the change in detected.
Once the new I, ., value is determined the color and/or
audio tone can be altered again to signify the value.

[0114] Inanalternative embodiment, rather than beginning
by entering the bracketing phase at the minimum stimulation
current and bracketing upwards until I, s bracketed, the
threshold hunting algorithm may begin by immediately deter-
mining the appropriate safety level and then entering the
bracketing phase. The algorithm may accomplish this by
initiating stimulation at one or more of the boundary current
levels. By way of example only, and with reference to FIG.
40, the algorithm may begin by delivering a stimulation signal
at the boundary between the unsafe (e.g. red) and caution (e.g.
yellow) levels. If the safety level is not apparent after the first
stimulation, the algorithm may stimulate again at the bound-
ary between the caution (e.g. yellow) and safe (e.g. green)
levels. Once the safety level is known (i.e. after the first
stimulation if the safety level is red, or, after the second
stimulation if the safety level is yellow or green) the screen
display may be updated to the appropriate color and/or coded
audio signals may be emitted. As the screen display is
updated, the algorithm may transition to the bracketing and
bisection phases to determine the actual 1,,,,,;, value. When
the I, value is determined the display may be updated
again to reflect the additional information. In dynamic modes,
if the monitoring phase detects a change in I, ., the algo-
rithm will again stimulate at the boundary level(s) as neces-
sary and update the color and/or audio signals before transi-
tioning to the bracketing and bisection phases to determine
the new [,

[0115] For some functions, such as (by way of example)
MEP, it may be desirable to obtain I,,,,., for each active
channel each time the function is performed. This is particu-
larly advantageous when assessing changes in I, over
time as a means to detect potential problems (as opposed to
detectingan 1, .., below a predetermined level determined to
be safe, such as in the Stimulated EMG modes). While 1.,
can be found for each active channel using the algorithm as
described above, it requires a potentially large number of
stimulations, each of which is associated with a specific time
delay, which can add significantly to the response time. Done
repeatedly, it could also add significantly to the overall time
required to complete the surgical procedure, which may
present added risk to the patient and added costs. To overcome
this drawback, a preferred embodiment of the system 10
boasts a multi-channel threshold hunting algorithm so as to
quickly determine [, __, for each channel while minimizing
the number of stimulations and thus reduce the time required
to perform such determinations.

[0116] The multi-channel threshold hunting algorithm
reduces the number stimulations required to complete the
bracketing and bisection steps when I,,,,.;, is being found for
multiple channels. The multi-channel algorithm does so by
omitting stimulations for which the result is predictable from
the data already acquired. When a stimulation signal is omit-
ted, the algorithm proceeds as if the stimulation had taken
place. However, instead of reporting an actual recruitment
result, the reported result is inferred from previous data. This
permits the algorithm to proceed to the next step immediately,
without the time delay associated with a stimulation signal.
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[0117] Regardless of what channel is being processed for
L;,.sn: cach stimulation signal elicits a response from all
active channels. Thatis to say, every channel either recruits or
does not recruit in response to a stimulation signal (again, a
channel is said to have recruited if a stimulation signal evokes
an EMG response deemed to be significant on that channel,
such as V,,, of approximately 100 uV). These recruitment
results are recorded and saved for each channel. Later, when
a different channel is processed for 1., the saved data can
be accessed and, based on that data, the algorithm may omit a
stimulation signal and infer whether or not the channel would
recruit at the given stimulation current.

[0118] There are two reasons the algorithm may omit a
stimulation signal and report previous recruitment results. A
stimulation signal may be omitted if the selected stimulation
current would be a repeat of a previous stimulation. By way of
example only, if a stimulation current of 1 mA was applied to
determine I, for one channel, and a stimulation at 1 mA is
later required to determine I, for another channel, the
algorithm may omit the stimulation and report the previous
results. If the specific stimulation current required has not
previously been used, a stimulation signal may still be omit-
ted if the results are already clear from the previous data. By
way of example only, if a stimulation current of 2 mA was
applied to determine I, for a previous channel and the
present channel did not recruit, when a stimulation at 1 mA is
later required to determine 1, for the present channel, the
algorithm may infer from the previous stimulation that the
present channel will not recruit at 1 mA because it did not
recruit at 2 mA. The algorithm may therefore omit the stimu-
lation and report the previous result.

[0119] FIG. 41 illustrates (in flowchart form) a method by
which the multi-channel threshold hunting algorithm deter-
mines whether to stimulate, or not stimulate and simply report
previous results. The algorithm first determines if the selected
stimulation current has already been used (step 302). If the
stimulation current has been used, the stimulation is omitted
and the results of the previous stimulation are reported for the
present channel (step 304). If the stimulation current has not
been used, the algorithm determines 1 ,,;, (step 306) and
Lo recras (Step 308) for the present channel. 1., ., 1s the lowest
stimulation current that has recruited on the present channel.
L., oonas 15 the highest stimulation current that has failed to
recruit on the present channel. The algorithm next determines
whether I __ . is greaterthanl . (step310). Anl__ .
that is not greater than [, ..., 1 an indication that changes
have occurred to 1,,,,,.,, on that channel. Thus, previous results
may not be reflective of the present threshold state and the
algorithm will not use them to infer the response to a given
stimulation current. The algorithm will stimulate at the
selected current and report the results for the present channel
(step 312). If I_,,,, 1s greater than I .. the algorithm
determines whether the selected stimulation current is higher
than Irecruin IOWeI' than Inorecruit? or between Irecruit and Inore’
craz (step 314). If the selected stimulation current is higher
than I,,,,,,, the algorithm omits the stimulation and reports
that the present channel recruits at the specified current (step
316). If the selected stimulation current is lowerthan[, . ..
the algorithm infers that the present channel will not recruit at
the selected current and reports that result (step 318). If the
selected stimulation current falls between 1, ,,and], ...
the result of the stimulation cannot be inferred and the algo-
rithm stimulates at the selected current and reports the results
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for the present channel (step 312). This method may be
repeated until I, __, has been determined for every active
channel.

[0120] In the interest of clarity, FIGS. 42 A-C demonstrate
use of the multi-channel threshold hunting algorithm to deter-
mine 1., on only two channels. It should be appreciated,
however, that the multi-channel algorithm is not limited to
finding 1,,,,..5, for two channels, but rather it may be used to
find I,,,.,;, for any number of channels, such as (for example)
eight channels according to a preferred embodiment of the
system 10. With reference to FIG. 42 A, channel 1 has an
Liresn to be found of 6.25 mA and channel 2hasan1,,,,, to be
found of 4.25 mA. Ithresh for channel 1 is found first as
illustrated in FIG. 38 B, using the bracketing and bisection
methods discussed above. Bracketing begins at the minimum
stimulation current (for the purposes of example only) of 1
mA. As this is the first channel processed and no previous
recruitment results exist, no stimulations are omitted. The
stimulation current is doubled with each successive stimula-
tion until a significant EMG response is evoked at 8 mA. The
initial bracket of 4-8 mA is bisected, using the bisection
method described above, until the stimulation threshold,
Lipresns 18 contained within a final bracket separated by the
selected width or resolution (again 0.25 mA). In this example,
the final bracket is 6 mA-6.25 mA. Ithresh may be defined as
any point within the final bracket or as the midpoint of the
final bracket (6.125 mA in this case). In either event, I, _, is
selected and reported as 1., for channel 1.

[0121] Once L, is found for channel 1, the algorithm
turns to channel 2. as illustrated in FIG. 42 C. The algorithm
begins to process channel 2 by determining the initial bracket,
which is again 4-8 mA. All the stimulation currents required
in the bracketing state were used in determining I, for
channel 1. The algorithm refers back to the saved data to
determine how channel 1 responded to the previous stimula-
tions. From the saved data, the algorithm may infer that
channel 2 will not recruit at stimulation currents of 1, 2, and
4 mA, and will recruit at 8 mA. These stimulations are omit-
ted and the inferred results are displayed. The first bisection
stimulation current selected in the bisection process (6 mA in
this case), was previously used and, as such, the algorithm
may omit the stimulation and report that channel 2 recruits at
that stimulation current. The next bisection stimulation cur-
rent selected (5 mA in this case) has not been previously used
and, as such, the algorithm must determine whether the result
of a stimulation at 5 mA may still be inferred. In the example
shown, I, ,and L . aredeterminedto be 6 mA and 4
mA, respectively. Because 5 mA falls in betweenI,,_,,,;, and
Lorecruirs the algorithm may not infer the result from the
previous data and, as such, the stimulation may not be omit-
ted. The algorithm then stimulates at 5 mA and reports that the
channel recruits. The bracket is reduced to the lower half
(making 4.50 mA the next bisection stimulation current). A
stimulation current of 4.5 mA has not previously been used
and, as such, the algorithm again determines [ ,_,,;,and T -
erar (5 mA and 4 mA in this case). The selected stimulation
current (4.5 mA) falls in between [, ,an [ ___ . and, as
such, the algorithm stimulates at 4.5 mA and reports the
results. The bracket now stands at its final width of 0.25 mA
(for the purposes of example only). I,,,.., may be defined as
any point within the final bracket or as the midpoint of the
final bracket (4.125 mA in this case). In either event, I ;. 1s
selected and reported as 1, for channel 2.
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[0122] Although the multi-channel threshold hunting algo-
rithm is described above as processing channels in numerical
order, it will be understood that the actual order in which
channels are processed is immaterial. The channel processing
order may be biased to yield the highest or lowest threshold
first (discussed below) or an arbitrary processing order may
be used. Furthermore, it will be understood that it is not
necessary to complete the algorithm for one channel before
beginning to process the next channel, provided that the inter-
mediate state of the algorithm is retained for each channel.
Channels are still processed one at a time. However, the
algorithm may cycle between one or more channels, process-
ing as few as one stimulation current for that channel before
moving on to the next channel. By way of example only, the
algorithm may stimulate at 10 mA while processing a first
channel for 1, . Before stimulating at 20 mA (the next
stimulation current in the bracketing phase), the algorithm
may cycle to any other channel and process it for the 10 mA
stimulation current (omitting the stimulation if applicable).
Any or all of the channels may be processed this way before
returning to the first channel to apply the next stimulation
Likewise, the algorithm need not return to the first channel to
stimulate at 20 mA, but instead may select a different channel
to process first at the 20 mA level. In this manner, the algo-
rithm may advance all channels essentially together and bias
the order to find the lower threshold channels first or the
higher threshold channels first. By way of example only, the
algorithm may stimulate at one current level and process each
channel in turn at that level before advancing to the next
stimulation current level. The algorithm may continue in this
pattern until the channel with the lowest 1,,,,,,, 1s bracketed.
The algorithm may then process that channel exclusively
until I;,,., 1s determined, and then return to processing the
other channels one stimulation current level at a time until the
channel with the next lowest 1,,,,,.;, 1s bracketed. This process
may be repeated until I, , is determined for each channel in
order of lowest to highest L;,,,..;- If 15,...;, for more than one
channel falls within the same bracket, the bracket may be
bisected, processing each channel within that bracket in turn
until it becomes clear which one has the lowest ;.. If it
becomes more advantageous to determine the highest I, .,
first, the algorithm may continue in the bracketing state until
the bracket is found for every channel and then bisect each
channel in descending order.

[0123] FIGS. 43 A-B illustrates a further feature of the
threshold hunting algorithm of the present invention, which
advantageously provides the ability to further reduce the
number of stimulations required to find I,,,,., whenan 1, .,
value has previously been determined for a specific channel.
In the event that a previous I, , determination exists for a
specific channel, the algorithm may begin by merely confirm-
ing the previous 1, , rather than beginning anew with the
bracketing and bisection methods. The algorithm first deter-
mines whether it is conducting the initial threshold determi-
nation for the channel or whether there is a previous 1.,
determination (step 320). Ifit is not the initial determination,
the algorithm confirms the previous determination (step 322)
as described below. If the previous threshold is confirmed, the
algorithm reports that value as the present 1, __, (step 324). If
it is the initial I, determination, or if the previous thresh-
old cannot be confirmed, then the algorithm performs the
bracketing function (step 326) and bisection function (step
328) to determine I;,,,.;, and then reports the value (step 324).
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[0124] Although the hunting algorithm is discussed herein
in terms of finding I,,,,,..;, (the lowest stimulation current that
evokes a predetermined EMG response), it is contemplated
that alternative stimulation thresholds may be useful in
assessing the health of the spinal cord or nerve monitoring
functions and may be determined by the hunting algorithm.
By way of example only, the hunting algorithm may be
employed by the system 10 to determine a stimulation voltage
threshold. This is the lowest stimulation voltage necessary to
evoke a significant EMG response. Bracketing, bisection and
monitoring states are conducted as described above for each
active channel, with brackets based on voltage being substi-
tuted for the current based brackets previously described.
Moreover, although described above within the context of
MEP monitoring, it will be appreciated that the algorithms
described herein may also be used for determining the stimu-
lation threshold (current or voltage) for any other EMG
related functions, including but not limited to pedicle integ-
rity (screw test), nerve detection, and nerve root retraction.
[0125] FIGS. 44 A-B depict, by way of example only, the
principles of a focused linear thresholding algorithm of the
present invention used to quickly elicit a significant evoked
neuromuscular response. The method for finding the evoked
neuromuscular response utilizes a baseline ramping method
and a subsequent ramping method to find I, ,,. The baseline
ramping method quickly finds stimulation intensity that gen-
erates a significant evoked neuromuscular response in each
channel within a specified accuracy. The subsequent ramping
method uses the baseline ramping results to find the minimum
stimulation current threshold intensity that generates a sig-
nificant neuromuscular response in each channel within a
specified accuracy.

[0126] The baseline linear ramping method quickly finds a
minimum stimulation intensity that generates responses by
increasing I, in alinear fashion until I, is known within
a specified accuracy for each channel. Stimulation begins at a
starting stimulation current, such as (by way of example only)
100 mA (step 376). It will be appreciated that the relevant
current values depend in part on the function performed (e.g.
high currents are used for TCNR and MEP and low currents
are generally used for other functions) and the current values
described here are for purposes of example only and may in
actuality be adjusted to any scale.

[0127] The algorithm will increment each stimulation
[level] from the preceding stimulation level by a fixed amount
(e.g. 50 mA) until a stimulation level recruits a baseline
neuromuscular response (1. paseime) for €ach channel
(step 382). The lowest stimulation level to recruit a baseline
neuromuscular response in at least one channel is saved for
recall in the subsequent focused linear ramping algorithm
(step 378). Once baseline 1,,,,,., values for all channels have
been defined, the results are reported (step 380) to the control
unit 12.

[0128] According to some neurophysiologic monitoring
modalities (e.g. MEP), it may be desirable to obtain baseline
response in dual polarity stimulation configurations. In some
implementations, the baseline linear ramping method
includes the optional step of switching the polarity of stimu-
lation at each stimulation intensity level and reporting the
results of I, ., and the associated polarity at step 380.

[0129] While I, can be found for each channel as
described above with respect to the linear ramping method
every time, it requires a potentially large number of stimula-

tions, each of which is associated with a specific time delay,
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which can add significantly to the response time. Done
repeatedly, it could also add significantly to the overall time
required to compete the surgical procedure, which may
present added risk to the patient and added costs. To overcome
this drawback, the focused linear thresholding algorithm
includes a subsequent focused ramping method so as to
quickly determine I, for each channel while minimizing
the total number of stimulations, lowering the total energy
delivered, and reducing the time required to perform such
determinations.

[0130] The subsequent focused linear ramping method
may reduce the number of stimulations required to find 1,,,,,.,,
during subsequent stimulations after baseline, particularly
when I, ., is being found for multiple channels. The algo-
rithm does so by omitting stimulations for which the result is
predictable from the baseline data already acquired. This
permits the algorithm to proceed to the next step immediately,
without the time delay associated with an unnecessary stimu-
lation signal. The algorithm may then quickly find 1,
subsequent DY Using the lowest 1, ,. . (i.e. threshold
stimulus intensity of the first channel to recruit at baseline)
and increasing the stimulus intensity in a linear fashion until
Ljsresh-subsequen: 15 known within a specified accuracy for each
channel.

[0131] Referring back to the flowchart of FIG. 44B, in a
subsequent TCNR test, the algorithm confirms the lowest
baseline I, to recruit a response in at least one channel by
stimulating at that I_, . (step 376). In those implementations
including a switching of polarity, the algorithm confirms the
baseline at polarity in which the lowest I, , was obtained. If
the 1,,,, at step 376 results in a response in all channels, the
sequence stops and the results are reported to the control unit
12 (step 380). If the I, . at step 380 does not result in a
response in all channels, the stimulation is increased a prede-
termined amount (step 382) and the sequence is repeated until
a response is repeated in each channel. Once subsequent
11,055, Values for all channels have been defined, the results are
reported (step 380) to the control unit 12.

[0132] Although the focused linear thresholding algorithm
is discussed herein in terms of finding I, ., (the lowest
threshold stimulation intensity that evokes a predetermined
EMG response), itis contemplated that alternative thresholds
may be useful in assessing the health of the lumbar motor
neural pathways, spinal cord, or nerve monitoring functions
and may be determined by the algorithm. By way of example
only, the algorithm may be employed by the system 10 do
determined a stimulation voltage threshold Vstim,,,,;,. This
is the lowest stimulation voltage (as opposed to the lowest
stimulation current) necessary to evoke a significant EMG
response, V.-

[0133] It will be appreciated that the focused linear thresh-
olding algorithms described herein may also be used for
determining the stimulation threshold (current or voltage) for
any EMG-related functions, including but not limited to
TCNR testing and MEP monitoring. Furthermore, it is to be
understood that each neurophysiologic testing mode may
include its own optimized stimulation profile, such that the
term “stimulation” may comprise multiple meanings. By way
of example only, TCNR stimulation may be a single pulse,
such that the term “stimulation” may refer to a single pulse of
stimulation energy whereas MEP stimulation may be a train
of three to eight stimulation pulses such that the term “stimu-
lation” may refer to a multiple train stimulation.
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[0134] According to another broad aspect of the present
disclosure, there is provided a method for monitoring the
status of the motor neural pathway that includes the steps of:
(a) stimulating the motor pathways in a transcutaneous and
trans-abdominal fashion from a location superior (caudal,
above) to the surgical site; (b) recording neurophysiologic
responses evoked by that transcutaneous, trans-abdominal
stimulation from one or more locations inferior (caudal,
below) to the surgical site; and (c) comparing evoked
responses over time to assess the health and status of the lower
motor neural pathway. This particular method is useful in
lumbar (as well as thoracic and thoracolumbar) spinal surget-
ies, where motor function may be at risk, to monitor and
verify lumbar motor neural function throughout the proce-
dure.

[0135] 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
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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.
[0136] Any combination of the nerve monitoring methods
described herein may be employed at any one time without
departing from the scope of the present disclosure. For
example, the transcutaneous, trans-abdominal nerve root
stimulation method described herein may be used in conjunc-
tion with the monitoring method described above during sur-
gical access with a surgical access system.

What is claimed is:

1. A computer-implemented method of monitoring the
health of the lower motor neural pathway during a spinal
procedure, said method comprising the steps of?

delivering a first transcutaneous, trans-abdominal stimula-

tion signal to a spinal nerve root superior to a surgical
target site; and

determining a first neuromuscular response data set based

on transmission of said stimulation signal to a muscle
located inferior to said surgical target site.

2. The method of claim 1, further comprising the steps of:

delivering a second transcutaneous, trans-abdominal

stimulation signal to the spinal nerve root superior to the
surgical target site; and

determining a second neuromuscular response data set

based on transmission of said stimulation signal to a
muscle inferior to said surgical target site.

3. The method of claim 3, further comprising making a
comparison of the first and second neuromuscular response
data sets.
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