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NEUROMONITORING SYSTEMS AND
METHODS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/730,202, filed Nov. 27, 2012
which is hereby incorporated by reference herein in its
entirety.

BACKGROUND

[0002] The risk of injury to a nerve is a concern when
performing surgical procedures, including minimally-inva-
sive procedures, within close proximity to the spine or
nerves. Surgeons increasingly rely on neuromonitoring tech-
niques to monitor the nerves during such surgeries in order
to avoid inadvertently injuring or contacting a nerve. Prior
devices have been developed to help surgeons avoid con-
tacting and damaging nerves during these procedures, but
improvements are needed for enhancing the accuracy and
speed of those devices.

[0003] Devices and methods are particularly needed for
providing quick and safe neuromonitoring during surgery.
Such devices should provide precise information regarding
the proximity of nerves to surgical instruments or the
integrity of vertebral bone quickly in order to provide early
warning and avoid damage to the nerves. Both patient safety
and the time required to provide the necessary information
to the surgeon can be improved by reducing the number of
electrical stimulations delivered to a patient or measure-
ments that are required to produce an indication of nerve
proximity or bone integrity.

SUMMARY

[0004] Disclosed herein are systems, devices, and meth-
ods for neuromonitoring, particularly neuromonitoring to
avoid contacting or damaging nerves or causing patient
discomfort during surgical procedures.

[0005] According to some implementations, a method for
neuromonitoring is provided to identify by estimation the
minimum current amplitude necessary to cause a muscle
EMG response in a patient. In general, the method includes
providing a plurality of stimulation pulses to patient
anatomy near a desired surgical site, measuring the patient’s
response (e.g., neuromuscular response) to each of the
pulses, and estimating from those responses the minimum
current or other stimulation amount necessary to cause the
response. In certain embodiments, each of the plurality of
pulses is applied with sufficient energy to cause an EMG
response in the patient. In certain applications that is
achieved by adjusting the current amplitude, pulse width, or
both, so as to deliver energy that exceeds an expected
threshold energy level for the particular nerve or nerves in
the region of the surgical site.

[0006] According to one aspect, a method for neuromoni-
toring includes the steps of (a) delivering a first stimulus
signal having a first amplitude and a second stimulus signal
having a second amplitude to tissue including or adjacent to
a nerve, the first amplitude being different from the second
amplitude; (2) detecting, in muscle tissue, a first neuromus-
cular response in response to the first stimulus signal and a
second neuromuscular response in response to the second
stimulus signal; (3) calculating a stimulation threshold for
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the nerve from the first and second stimulus signal ampli-
tudes and the first and second neuromuscular responses, the
stimulation threshold being an estimate of a minimum
stimulus level required to elicit a neuromuscular response
greater than or equal to a predetermined threshold; and (4)
communicating to a user an indicator of the stimulation
threshold to indicate at least one of nerve proximity and
pedicle integrity. Additional stimulation signals may also be
used.

[0007] In certain implementations, each of the first and
second neuromuscular responses is greater than or equal to
a predetermined threshold, while in other implementations
one of the first and second neuromuscular responses is
greater than or equal to the predetermined threshold, and the
other of the first and second neuromuscular responses is less
than the predetermined threshold. The first and second
neuromuscular responses may be detected using EMG, and
the predetermined threshold may correspond to a voltage
level of detected EMG signals or may correspond to a level
of correlation calculated from detected EMG signals. The
method may include cross-correlating the detected EMG
signals with an EMG response template (e.g., a predeter-
mined template), and the predetermined threshold may be a
level of correlation between the detected EMG signals and
the EMG response template.

[0008] In certain implementations, the calculating step
includes calculating a linear function from the first and
second stimulus signal amplitudes and the first and second
neuromuscular responses and determining the stimulation
threshold from the linear function. In other implementations,
the calculating step includes calculating a curve fit from the
first and second stimulus signal amplitudes and the first and
second neuromuscular responses and determining the stimu-
lation threshold from the curve fit. The curve fit may be a
sigmoid function, or may be another suitable function.
[0009] In certain implementations, the method further
includes delivering a plurality of test stimulus signals to the
tissue and detecting a plurality of test neuromuscular
responses, each of the plurality of test neuromuscular
responses corresponding to one of the plurality of test
stimulus signals. Each of the plurality of test stimulus
signals may have an amplitude that is greater than a pre-
ceding test stimulus signal, and the amplitudes of the test
stimulus signals may increase at a constant increments or
may increase at varying increments. The first and second
stimulus signals may be selected based on the test stimulus
signals and test neuromuscular responses. A curve fit may be
calculated using the test stimulus signals and test neuromus-
cular responses. In certain implementations, the first and
second stimulus signals are selected from test stimulus
signals that elicit test neuromuscular responses that meet the
predetermined threshold. In other implementations, one of
the first and second stimulus signals is selected from test
stimulus signals that elicit test neuromuscular responses that
are greater than or equal to the predetermined threshold, and
the other of the first and second stimulus signals is selected
from test stimulus signals that do not elicit test neuromus-
cular responses that are greater than or equal to the prede-
termined threshold.

[0010] In certain implementations, detecting the first and
second neuromuscular responses includes measuring neuro-
muscular activity in the muscle tissue during predetermined
time windows, and the time windows may be offset from
delivery times of the first and second stimulus signals. The
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predetermined time windows may be offset based on a signal
transit time associated with the nerve and the muscle tissue.
[0011] In certain implementations, the first neuromuscular
response is detected before the second stimulus signal is
delivered, and the amplitude of the second stimulus signal
may be adjusted based on the first neuromuscular response.
In other implementations, the second stimulus signal is
delivered before the first neuromuscular response is
detected, and delivery of the first and second stimulus
signals may be offset by an amount that is greater than or
equal to a refractory period of the nerve and the muscle
tissue. In certain implementations, the amplitude of the
second stimulation signal may be double the amplitude of
the first stimulation signal.

[0012] In certain implementations, the communicating
step includes displaying the indicator for one of nerve
proximity or pedicle integrity. The indicator may include a
color-coded indicator that indicates one range of a plurality
of amplitude ranges, and the stimulation threshold falls
within the indicated range. The color-coded indicator may
include at least three ranges, including at least one safe
region and at least one unsafe region.

[0013] According to one aspect, a system for neuromoni-
toring includes a (1) surgical instrument for delivering
stimulus signals to tissue including or adjacent to a nerve
and (2) a processing system that includes (A) a detection
module configured to detect, in muscle tissue, a first neu-
romuscular response in response to a first stimulus signal
having a first amplitude and to detect a second neuromus-
cular response in response to a second stimulus signal
having a second amplitude; (B) a processing module in
communication with the detection module and configured to
calculate a stimulation threshold for the nerve from the first
and second stimulus signal amplitudes and the first and
second neuromuscular responses, the stimulation threshold
being an estimate of a minimum stimulus level required to
elicit a neuromuscular response greater than or equal to a
predetermined threshold; and (C) a communications module
in communication with the processing module and config-
ured to communicate an indicator of the stimulation thresh-
old to a user to indicate at least one of nerve proximity and
pedicle integrity.

[0014] In certain implementations, the surgical instrument
includes a probe coupled to an electrical source, and a
stimulating electrode may be disposed on a distal end of the
probe. The detection module may include a sensing elec-
trode configured to detect EMG signals, and the sensing
electrode may include a surface EMG electrode or a needle
EMG electrode. In certain implementations, the detection
module is configured to detect neuromuscular responses in
the muscle tissue during predetermined time windows, and
the predetermined time windows may be offset from deliv-
ery times of the first and second stimulus signals. The
predetermined time windows may be offset based on a signal
transit time associated with the nerve and the muscle tissue.
[0015] In certain implementations, the processing module
is configured to calculate a linear function from the first and
second stimulus signal amplitudes and the first and second
neuromuscular responses, and the processing module may
be further configured to determine the threshold stimulation
from the linear function. In other implementations, the
processing module is configured to calculate a curve fit from
the first and second stimulus signal amplitudes and the first
and second neuromuscular responses, and the processing
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module may be further configured to determine the threshold
stimulation from the curve fit. The curve fit may be a
sigmoid function.

[0016] Incertain implementations, the detection module is
configured to apply a voltage level threshold to detected
EMG signals. In other implementations, the detection mod-
ule is configured to cross-correlate detected EMG signals
with an EMG response template, and the detection module
may be configured to apply a correlation level threshold to
the cross-correlation.

[0017] In certain implementations, the processing system
includes a control module configured to select the ampli-
tudes of the first and second stimulus signals, and the control
module may be configured to select the amplitudes from a
curve fit of test stimulus signal amplitudes and test neuro-
muscular responses.

[0018] According to one aspect, a system for neuromoni-
toring includes (1) means for delivering stimulus signals to
tissue including or adjacent to a nerve; (2) means for
detecting, in muscle tissue, a first neuromuscular response in
response to a first stimulus signal having a first amplitude;
(3) means for detecting, in the muscle tissue, a second
neuromuscular response in response to a second stimulus
signal having a second amplitude; (4) means for calculating
a stimulation threshold for the nerve from the first and
second stimulus signal amplitudes and the first and second
neuromuscular responses, the stimulation threshold being an
estimate of a minimum stimulus level required to elicit a
neuromuscular response greater than or equal to a predeter-
mined threshold; and (5) means for communicating an
indicator of the stimulation threshold to a user to indicate at
least one of nerve proximity and pedicle integrity.

[0019] In certain implementations, the means for deliver-
ing stimulus signals includes a probe coupled to an electrical
source means, and a stimulating means may be disposed on
a distal end of the probe. In certain implementations, the
means for detecting includes a means for sensing EMG
signals, and the means for sensing may include a surface
EMG electrode or a needle EMG electrode.

[0020] Incertain implementations, the means for detecting
includes means for detecting neuromuscular responses in the
muscle tissue during predetermined time windows, and the
predetermined time windows may be offset from delivery
times of the first and second stimulus signals. The prede-
termined time windows may be offset based on a signal
transit time associated with the nerve and the muscle tissue.
[0021] In certain implementations, the means for calcu-
lating includes means for calculating a linear function from
the first and second stimulus signal amplitudes and the first
and second neuromuscular responses, and the means for
processing may include means for determining the threshold
stimulation from the linear function. In other implementa-
tions, the means for calculating includes means for calcu-
lating a curve fit from the first and second stimulus signal
amplitudes and the first and second neuromuscular
responses, and the means for processing may include means
for determining the threshold stimulation from the curve fit.
The curve fit may be a sigmoid function.

[0022] Incertain implementations, the means for detecting
includes means for applying a voltage threshold to detected
EMG signals. In other implementations, the means for
detecting includes means for cross-correlating detected
EMG signals with an EMG response template, and the
means for detecting may include means for applying a
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correlation level threshold to the cross-correlation. In certain
implementations, the system includes a means for selecting
the amplitudes of the first and second stimulus signals, and
the means for selecting may include means for selecting the
amplitudes from a curve fit of test stimulus signal ampli-
tudes and test neuromuscular responses.

[0023] According to one aspect, a method for neuromoni-
toring includes the steps of (1) delivering a first stimulus
signal having a first pulse width and a second stimulus signal
having a second pulse width to tissue including or adjacent
to a nerve, the first pulse width being different from the
second pulse width; (2) detecting, in muscle tissue, a first
neuromuscular response in response to the first stimulus
signal and a second neuromuscular response in response to
the second stimulus signal; (3) determining a stimulation
threshold for the nerve from the first and second pulse
widths and the first and second neuromuscular responses,
the stimulation threshold being an estimate of a minimum
pulse width required to elicit a neuromuscular response
greater than or equal to a predetermined threshold; and (4)
communicating to a user an indicator of the stimulation
threshold to indicate at least one of nerve proximity and
pedicle integrity.

[0024] In certain embodiments, the first and second stimu-
lus signals are delivered at a constant current, and the first
and second stimulus signals may be delivered at a constant
voltage.

[0025] In certain implementations, the method includes
delivering a plurality of stimulus signals, each stimulus
signal having a larger pulse width than a preceding stimulus
signal. The pulse width of the stimulus signals in the
plurality of stimulus signals may increase at a constant
increment or may increase at varying increments. Delivering
a plurality of stimulus signals may include delivering stimu-
lus signals until a neuromuscular response greater than or
equal to the predetermined threshold is detected. The second
neuromuscular response may be the first detected neuromus-
cular response greater than or equal to the predetermined
threshold, and communicating an indicator may include
communicating the second pulse width to the user.

[0026] In certain implementations, the first and second
pulse widths define an initial pulse width range, and deter-
mining a stimulation threshold includes delivering stimulus
signals having pulse widths selected from within the initial
pulse width range to determine a minimum pulse width
required to elicit a neuromuscular response greater than or
equal to the predetermined threshold. Delivering stimulus
signals having pulse widths selected from within the initial
pulse width range may include delivering a sequence of
stimulus signals having pulse widths that either increase by
a constant increment or decrease by a constant decrement. In
certain implementations, the sequence of stimulus signals is
delivered from a first stimulus signal near a lower bound of
the initial pulse width range and increasing the pulse width
of subsequent stimulus signals to a value near an upper
bound of the initial pulse width range. In other implemen-
tations, the sequence of stimulus signals is delivered from a
first stimulus signal near an upper bound of the initial pulse
width range and decreasing the pulse width of subsequent
stimulus signals to a value near a lower bound of the initial
pulse width range. In certain implementations, a subsequent
stimulus pulse is delivered having a pulse width equal to a
midpoint of the initial pulse width range.
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[0027] In certain implementations, communicating an
indicator includes displaying an indication of electric
charge, and the indication of electric charge may be dis-
played in coulombs.

[0028] In other implementations, communicating an indi-
cator includes displaying a distance between the nerve and
a surgical instrument, and the method may include calcu-
lating the displayed distance from an electric charge corre-
sponding to the stimulation threshold. In other implemen-
tations, communicating an indicator includes displaying a
pulse width corresponding to the stimulation threshold. The
method may also include communicating at least one of a
constant current or constant voltage at which the first and
second stimulus signals are delivered.

[0029] In certain implementations, the first neuromuscular
response is detected before the second stimulus signal is
delivered. In other implementations, the second stimulus
pulse is delivered before the first neuromuscular response is
detected, and an offset time between delivery of the first
stimulus pulse and delivery of the second stimulus pulse
may be greater than or equal to a refractory period associated
with the nerve and the muscle tissue.

[0030] According to one aspect, a system for neuromoni-
toring includes (1) a surgical instrument for delivering
stimulus signals to tissue including or adjacent to a nerve
and a processing system including (A) a detection module
configured to detect, in muscle tissue, a first neuromuscular
response to a first stimulus signal having a first pulse width
and to detect a second neuromuscular response to a second
stimulus signal having a second pulse width; (B) a process-
ing module in communication with the detection module and
configured to determine a stimulation threshold for the nerve
from the first and second stimulus signal pulse widths and
the first and second neuromuscular responses, the stimula-
tion threshold being an estimate of a minimum pulse width
required to elicit a neuromuscular response greater than or
equal to a predetermined threshold; and (C) a communica-
tions module in communication with the processing module
and configured to communicate an indicator of the stimu-
lation threshold to indicate at least one of nerve proximity
and pedicle integrity.

[0031] In certain implementations, the surgical instrument
includes a probe coupled to an electrical source, and a
stimulating electrode may be disposed on a distal end of the
probe. In certain implementations, the detection module
includes a sensing electrode configured to detect EMG
signals, and the sensing electrode may be a surface EMG
electrode or a needle EMG electrode. In certain implemen-
tations, the detection module is configured to detect neuro-
muscular responses in the muscle tissue during predeter-
mined time windows, and the predetermined time windows
may be offset from delivery times of the first and second
stimulus signals. The predetermined time windows may be
offset based on a signal transit time associated with the nerve
and the muscle tissue.

[0032] In certain implementations, the processing system
includes a control module configured to deliver a plurality of
stimulus signals, each stimulus signal having a larger pulse
width than a preceding stimulus signal. The control module
may be configured to increase the pulse width of the
stimulus signals in the plurality of stimulus signals at a
constant increment or at varying increments.

[0033] Incertain implementations, the detection module is
configured to apply a voltage level threshold to detected
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EMG signals. In other implementations, the detection mod-
ule is configured to cross-correlate detected EMG signals
with an EMG response template, and the detection module
may be configured to apply a correlation level threshold to
the cross-correlation.

[0034] In certain implementations, the communications
module includes a display configured to display an indica-
tion of electric charge, and the indication of electric charge
may be displayed in coulombs. In other implementations,
the communications module includes a display configured to
display a distance between the nerve and the surgical instru-
ment, and the processing module may be configured to
calculate the displayed distance from the stimulation thresh-
old. In other implementations, the communications module
includes a display configured to display a pulse width
corresponding to the stimulation threshold. In certain imple-
mentations, the communications module is further config-
ured to communicate at least one of a constant current or a
constant voltage at which the first and second stimulus
signals are delivered.

[0035] According to one aspect, a neuromonitoring system
includes (1) means for delivering stimulus signals to tissue
including or adjacent to a nerve; (2) means for detecting, in
muscle tissue, a first neuromuscular response to a first
stimulus signal having a first pulse width; (3) means for
detecting, in muscle tissue, a second neuromuscular
response to a second stimulus signal having a second pulse
width; (4) means for determining a stimulation threshold for
the nerve from the first and second stimulus signal pulse
widths and the first and second neuromuscular responses,
the stimulation threshold being an estimate of a minimum
pulse width required to elicit a neuromuscular response
greater than or equal to a predetermined threshold; and (5)
means for communicating an indicator of the stimulation
threshold to indicate at least one of nerve proximity and
pedicle integrity.

[0036] In certain implementations, the means for deliver-
ing stimulus signals includes a probe coupled to an electrical
source means, and a stimulating means may be disposed on
a distal end of the probe. In certain implementations, the
means for detecting includes a means for sensing EMG
signals, and the means for sensing may include a surface
EMG electrode or a needle EMG electrode.

[0037] Incertain implementations, the means for detecting
includes a means for detecting neuromuscular responses in
the muscle tissue during predetermined time windows, and
the predetermined time windows are offset from delivery
times of the first and second stimulus signals. The prede-
termined time windows may be offset based on a signal
transit time associated with the nerve and the muscle tissue.
[0038] In certain implementations, the means for deter-
mining includes a control means for delivering a plurality of
stimulus signals, each stimulus signal having a larger pulse
width than a preceding stimulus signal. The control means
may include means for increasing the pulse width of the
stimulus signals in the plurality of stimulus signals at a
constant increment or at varying increments.

[0039] Incertain implementations, the means for detecting
includes means for applying a voltage level threshold to
detected EMG signals. In other implementations, the means
for detecting includes means for cross-correlating detected
EMG signals with an EMG response template, and the
means for detecting may include means for applying a
correlation level threshold to the cross-correlation.
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[0040] 1In certain implementations, the means for commu-
nicating includes means for displaying an indication of
electric charge, and the indication of electric charge may be
displayed in coulombs. In other implementations, the means
for communicating includes means for displaying a distance
between the nerve and the means for delivering stimulus
signals, and the means for processing may include means for
calculating the displayed distance from the stimulation
threshold. In other implementations, the means for commu-
nicating includes means for displaying a pulse width corre-
sponding to the stimulation threshold. In certain implemen-
tations, the means for communicating includes means for
communicating at least one of a constant current or a
constant voltage at which the first and second stimulus
signals are delivered.

[0041] According to one aspect, a system for neuromoni-
toring includes (1) a surgical accessory having at least one
stimulation electrode; (2) a processing system configured to
(A) stimulate the at least one stimulation electrode with an
electrical stimulation signal having pulses, (B) measure a
neuromuscular response caused by nerves depolarized by
the stimulation signal, and (C) automatically determine a
stimulation threshold of the nerves by automatically adjust-
ing a pulse width of the stimulation signal; and (3) a
communication module configured to communicate to a user
an indication of the stimulation threshold to indicate at least
one of nerve proximity and pedicle integrity.

[0042] In certain implementations, the processing system
is configured to automatically adjust the pulse width by
variable amounts, while in other implementations the pro-
cessing system is configured to automatically adjust the
pulse width by constant amounts. In certain implementa-
tions, the processing system is configured to maintain the
stimulation signal at a fixed current amplitude, while in other
implementations the processing system is configured to vary
an amplitude of the stimulation signal by either variable or
constant amounts.

[0043] In certain implementations, the processing system
is configured with a plurality of predetermined ranges and
the communication module is configured to communicate to
the user by indicating which one of the predetermined
ranges the stimulation threshold falls within. The plurality of
predetermined ranges may include ranges of pulse widths, or
the plurality of predetermined ranges may include ranges of
coulombs indicating the total charge delivered by the stimu-
lation electrode.

[0044] In certain implementations, the communication
module is configured to communicate to the user by dis-
playing information on at least first and second display
screens. The communication module may be configured to
display the indicator on the first display screen and an EMG
waveform corresponding to the measurement on the second
display screen.

[0045] In certain implementations, the processing system
is configured to automatically determine the stimulation
threshold by calculating the stimulation threshold from a
plurality of stimulation pulses having variable pulse width
and measured responses corresponding to the plurality of
stimulation pulses.

[0046] According to one aspect, a method for neuromoni-
toring includes the steps of (1) delivering by a stimulating
electrode located on a surgical accessory a plurality of
stimulation signals to tissue including or adjacent to a nerve;
(2) detecting by a sensor associated with muscle tissue
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associated with the nerve a plurality of neuromuscular
responses elicited by the stimulation signals: (3) calculating
a stimulation threshold for the nerve by extrapolation from
the neuromuscular responses; and (4) communicating an
indicator of the stimulation threshold to a user to indicate
one of nerve proximity and pedicle integrity.

[0047] Variations and modifications of these embodiments
will occur to those of skill in the art after reviewing this
disclosure. The foregoing features and aspects may be
implemented, in any combination and subcombination (in-
cluding multiple dependent combinations and subcombina-
tions), with one or more other features described herein. The
various features described or illustrated herein, including
any components thereof, may be combined or integrated in
other systems. Moreover, certain features may be omitted or
not implemented.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] The foregoing and other objects and advantages
will be apparent upon consideration of the following
detailed description, taken in conjunction with the accom-
panying drawings, in which like reference characters refer to
like parts throughout.

[0049] FIG. 1 depicts an illustrative trend of EMG
responses.
[0050] FIG. 2 depicts an illustrative surgical monitoring

system coupled to a surgical instrument and electrode.
[0051] FIG. 3 depicts illustrative detected EMG responses
for multiple stimulus signals.

[0052] FIG. 4 depicts an illustrative amplitude threshold
applied to detected EMG signals.

[0053] FIG. 5 depicts an illustrative cross-correlation of
detected EMG signals and an illustrative threshold of
applied to the cross-correlation.

[0054] FIGS. 6-8 depict illustrative estimations of a
threshold stimulation using linear modeling.

[0055] FIG. 9 depicts an illustrative estimation of a thresh-
old stimulation using curve-fitting modeling.

[0056] FIG. 10 depicts an illustrative sequence of test
stimulus signals and a corresponding illustrative sequence of
detected EMG responses.

[0057] FIGS. 11 and 12 depict illustrative sequences of
stimulus signals and corresponding detected EMG
responses.

[0058] FIG. 13 shows an illustrative comparison of stimu-
lus signals having increasing currents and stimulus signals
having increasing pulse widths.

[0059] FIG. 14 shows an illustrative strength-duration
curve.
[0060] FIGS. 15-19 depict illustrative sequences of stimu-

lus signals and corresponding detected EMG responses.

[0061] FIG. 20 depicts an illustrative surgical monitoring
system.
[0062] FIG. 21 depicts an illustrative display screen hav-

ing various mode windows.

[0063] FIGS. 22-24 depict illustrative display screens hav-
ing mode windows docked to various regions within the
respective display screens.

[0064] FIGS. 25 and 26 depict various illustrative displays
for use with the surgeon view.

[0065] FIGS. 27-30 depict various illustrative dials dis-
plaved during a surgical procedure.

[0066] FIG. 31 depicts an illustrative display for use with
the monitorist view.
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[0067] FIG. 32 depicts an illustrative sub-window indi-
cating the response amplitude threshold.

[0068] FIG. 33 depicts an illustrative sub-window for
artifact rejection.

[0069] FIG. 34 depicts an illustrative interface for adjust-
ing threshold ranges.

DETAILED DESCRIPTION

[0070] To provide an overall understanding of the sys-
tems, devices, and methods described herein, certain illus-
trative embodiments will be described. Although the
embodiments and features described herein are specifically
described for use in connection with spinal surgical proce-
dures, it will be understood that the system components,
connection mechanisms, surgical procedures, and other fea-
tures outlined below may be combined with one another in
any suitable manner and may be adapted and applied to
systems to be used in other surgical procedures performed in
the proximity of neural structures where nerve avoidance,
detection, or mapping is desired, including, but not limited
to spine surgeries, brain surgeries, carotid endarterectomy,
otolaryngology procedures such as acoustic neuroma resec-
tion, parotidectomy, nerve surgery, or any other suitable
surgical procedures.

[0071] The present disclosure relates to systems, devices,
and methods for intraoperative neuromonitoring (IONM) of
any of evoked potential (EP), transcranial electrical motor
evoked potential (TceMEP), electromyography (EMG), and
electroencephalogram (EEG) signals. Intraoperative neuro-
monitoring reduces the risk of permanent injury to neural
structures during surgical procedures. Changes or abnor-
malities in the recorded signals may indicate that the surgical
procedure is affecting the neural structure. The systems,
devices, and methods of the present disclosure measure and
display the electrical signals generated by any of muscles,
the central nervous system, and peripheral nerves and
acquire the data necessary to perform intraoperative moni-
toring of neural pathways to prevent damage to neural
structures during surgical procedures. It will be appreciated
that the systems, devices, and methods of the present dis-
closure can be adapted for use in pre- and post-operative
procedures in addition to or in place of intraoperative
procedures.

[0072] Electrical nerve assessment can be employed dur-
ing a lateral approach spinal surgery in which instruments
are advanced to the spine in a trans-psoas approach through
a user’s side. Such an approach may be preferred to gain
access to the spine, for example to vertebral pedicles, and to
provide advantageous angles for insertion of pedicle screws.
Instruments approaching the spine laterally must be
advanced with caution, as sensitive nerve roots from the
spinal cord exit the spine in lateral directions, and harm or
unintentional stimulation of these nerve roots can cause pain
or damage. In order to avoid unwanted contact with these
nerves, electrical assessment procedures discussed herein
may be used to determine the proximity of nerves and warn
a surgeon if an instrument is approaching too near to one or
more of the nerve roots. By applyving stimulus currents to the
instruments and measuring the responses in muscles inner-
vated by the nerve roots, such processes can guide a surgeon
through the lateral muscles and to the spine without unin-
tentionally contacting or damaging the nerves.

[0073] These electrical nerve assessment processes may
also be used to evaluate and monitor the integrity of a
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pedicle during tapping, insertion, and final placement of a
spinal screw once instruments are advanced to the spine. The
pedicles of a vertebra form the medial and lateral boundaries
of the canal through the spine that houses the spinal cord,
and lateral nerve roots extend outward from the spinal cord
near the pedicles. Any screw or other instrument advanced
into the pedicle is, preferably, precisely inserted so as to
avoid compromising the walls of the pedicle and exposing
the screw or instrument to the sensitive nerve tissue. In order
to evaluate the integrity of a pedicle during these sensitive
processes, an electrical stimulus and muscle monitoring
approach such as the approaches discussed herein may be
employed. The bone material that forms the pedicle insulates
an interior channel through the pedicle, and instruments
placed into the channel, from the sensitive surrounding
nerves. Thus, an uncompromised pedicle will prevent sur-
rounding nerves from becoming stimulated by an electrical
stimulus applied to the interior channel. However, if the
pedicle walls are compromised or nearly compromised
during drilling or placement of an instrument, the insulation
may be compromised and may result in surrounding nerves
being stimulated from an internal stimulus pulse. During or
after tapping the pedicle and placing a screw, the electrical
assessment procedures discussed herein may be used to
apply stimulus to a pedicle or to a screw placed in the
pedicle, and responses of muscles innervated by local nerves
can be used to identify damaged or compromised pedicles.

[0074] Electrical stimulus applied to a patient’s tissue
should be applied carefully. Application of too much current
can cause damage to tissue and to nerves within the tissue,
and can cause pain to the patient. However, multiple test
stimulations may be needed to accurately detect and assess
the proximity or location of nerves within the tissue being
stimulated. This establishes a trade-off between delivering
enough stimulation and detecting enough muscle responses
to that stimulation in order to accurately provide a surgeon
with precise information on nerve proximity and limiting the
number of stimulations delivered in order to avoid causing
unnecessary harm to a patient. If too few stimulations are
used, the data provided to a surgeon may not be entirely
accurate, and may lead to mistakes made during surgery due
to inadequate nerve proximity information. On the other
hand, if too many stimulations are delivered, the overall
amount of current and electrical energy delivered to the
patient’s tissue may cause unwanted side effects. This trade-
off may be managed by utilizing an estimation technique that
allows adequate information to be calculated for providing
to a surgeon while still limiting or decreasing the number of
stimulations required to obtain that information.

[0075] FIG. 1 depicts a graph 10 showing a standard
neuromuscular EMG response profile of a muscle innervated
by a nerve near the source of a delivered stimulus signal. As
shown in the trend 12 in the graph 10, the magnitude of an
EMG response sensed at the muscle tissue increases as the
stimulus signal level increases near a nerve that innervates
the monitored muscle. The increase in stimulus signal level
may be the result of adjusting one or more of current voltage,
charge, or pulse width of a delivered stimulus. When the
delivered stimulus signal is small, for example, when the
stimulus signal is delivered at a low current or low voltage,
an EMG electrode picks up little or no EMG response, as
shown in a first portion 24 of the trend 12. When the
stimulus signal is increased to a level that begins to activate
innervated muscle, for example, after level stimulus 18 in
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the graph 10, the muscle begins to respond and contract, and
an increased EMG response is picked up by the electrode. As
the stimulus signal level continues to increase, this muscle
response increases as shown by the middle portion 22 of the
trend 12, denoting a zone where one or more muscles is
actively contracting because of the applied stimulation. The
monitored muscle has a maximum response level, for
example a maximum possible contraction and EMG activity
at approximately amplitude 20 in graph 10. As the stimulus
increases beyond level 20, the innervated muscle reaches the
maximum response and begins to plateau, as seen in the
third portion 26 of the trend 12. Also shown in FIG. 1 is
point 16 on the curve 10. Point 16 represents a point where
the EMG response trend 12 transitions from the unrespon-
sive portion 24 to the actively contracting zone 22, or the
transition from sub-threshold to above threshold EMG activ-
ity. This transition point is often sought during neuromoni-
toring. For example, to determine the distance from a probe
to a nerve or to evaluate the integrity of a bone structure, it
is often desirable to locate the stimulus level at or near the
point where the EMG response trend 12 transitions from
portion 24 to portion 22. The stimulus at this transition
indicates the minimum stimulus level needed to elicit a
measurable response from the nerve and the innervated
muscle. In order to differentiate EMG signals from noise and
determine the threshold stimulus, an EMG threshold, such as
threshold 14, can be applied to the EMG response profile in
order to determine the stimulus signal level at which the
trend 12 crosses the threshold 14. Various methods discussed
below can be applied to determine or nearly estimate the
stimulus required to reach point 16 and its corresponding
EMG muscle response. In order to locate various points
along the trend 12 for a given nerve and innervated muscle,
a neuromonitoring system can deliver a variety of stimulus
pulses at different levels and monitor responses from the
muscle in order to analyze the health, proximity, or other
characteristic of the nerve.

[0076] FIG. 2 shows components of a surgical neuromoni-
toring system according to certain embodiments. The sur-
gical monitoring system 300 includes a surgical instrument
302 for delivering stimulation pulses. The stimulating may
be accomplished by applying any of a variety of suitable
stimulus signals to an electrode or electrodes on the surgical
instrument, including voltage and/or current pulses of vary-
ing magnitude and/or frequency. Any suitable surgical
instruments may be employed, including, but not limited to,
any number of devices or components for creating an
operative corridor to a surgical target site (such as K-wires,
sequentially dilating cannula systems, distractor systems,
and/or retractor systems), devices or components for assess-
ing pedicle integrity (such as a pedicle testing probe), and/or
devices or components for retracting or otherwise protecting
a nerve root before, during and/or after surgery (such as a
nerve root retractor).

[0077] Measuring the response of nerves to the stimulation
pulses may be performed in any suitable manner, including
but not limited to the use of compound muscle action
potential (CMAP) monitoring techniques using electrodes
304 coupled to a patient (e.g., measuring the EMG responses
of muscle groups associated with a particular nerve). In
certain embodiments, measuring the response of nerves is
accomplished by monitoring or measuring the EMG
responses of the muscles innervated by the stimulated
nerves. The nerve detection module 306 and/or the processor
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308 may digitize the signals and split the signal into com-
ponents communicated to a display instrument to provide a
surgeon or other user with a visual display of the detected
data.

[0078] A neuromonitoring system such as the system 300
shown in FIG. 2 delivers a plurality of stimulus signals,
senses muscle responses to the stimulus, and processes the
detected responses in order to identify EMG responses, for
example using the threshold determinations discussed
below. This neuromonitoring process uses detection and
processing of EMG responses that are similar to typical
EMG responses to stimulus signals that lie along the known
response trend shown in FIG. 1. For example, the magnitude
of an EMG response detected during surgery can be used to
locate the response long the typical trend in FIG. 1 and then
assess the stimulated nerve based on the location of the
response in the trend. FIG. 3 shows a graph 400 that depicts
some illustrative EMG voltage responses along the trend
shown in FIG. 1 that may be elicited and detected by a
neuromonitoring system, such as the system 300. The trend
422 in graph 400 shows the typical EMG response trend
over a range of stimulus levels. On the trend 422 are five
stimulation points 402, 404, 406, 408 and 410, along with
their respective detected EMG responses 414, 415, 416, 418
and 420. The responses 414, 415, 416, 418, and 420 may be
sensed, for example, by an EMG electrode, such as the
electrode shown in FIG. 2, when the respective stimulus
signals are delivered. The EMG response at point 404 falls
below a threshold 412 along the trend 422, while the EMG
response at points 402, 406, 408 and 410 on/or fall above the
threshold 412. The EMG responses shown in windows 414,
415, 416, 418 and 420 illustrate the corresponding change in
the magnitudes of detected EMG responses as stimulus level
is increased, and the responses pass the EMG response
threshold 412.

[0079] Starting below the threshold 412, when the stimu-
lus is delivered at point 404, little or no EMG response is
sensed by an electrode. As shown in window 415, there is no
movement from the baseline of the sensed EMG signal 429.
The response processing employed detects little or no move-
ment from baseline in the signal 429, and indicates that the
stimulus signal did not elicit an EMG response above the
threshold 412. The next stimulation at point 402 falls right
on the threshold 412, and the corresponding response 430 in
window 414 shows a small EMG response. The response
430 is a deviation having a standard EMG shape, with a low
response magnitude. Because point 402 lies on threshold
412, the processing system recognizes the peak 430 as a
threshold EMG response. After the next stimulus at point
406, the response shown in window 416 again has an
appreciable deviation from baseline in a peak 424 detected
by an electrode. The peak 424 is a significant deviation from
the baseline, and follows the standard trend of an EMG
signal. Post-processing of the signal in window 416 pro-
cesses the peak 424 and identifies the point 406 as a stimulus
and EMG response falling above the cut-off threshold 412.
As the stimulus level is increased to point 408, the corre-
sponding detected EMG response in window 418 also
increases. The response in window 418 exhibits a peak 426
deviating from the baseline EMG detection. The peak 426
has a sharper incline and a higher peak deviation than the
peak 424 detected at point 406. The higher peak 426 shown
in window 418 is the result of a greater EMG response
elicited from the monitored muscle by the stimulus delivered
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at point 408. Continuing further along the trend 422, the
stimulus delivered at point 410 elicits an even greater EMG
response, shown by the peak 428 in window 420. The peak
428 indicates an EMG response shown as a deviation from
baseline typical of an EMG response, as the shape of the
wave in window 420 mimics the waves shown in windows
416 and 418. The peak 428 has a higher deviation from
baseline than both the peaks 426 and 424 as a result of the
EMG response elicited by the greater stimulus level at point
410. Point 410 is located in the plateau region of the trend
422, and thus further increases in the stimulus level, not
shown in the graph 400, would be expected to elicit similar
responses as the response shown in window 420.

[0080] The EMG responses illustrated in windows 414,
415, 416, 418 and 420 in FIG. 3 show the difference between
EMG responses below the threshold 412 and at/or above the
threshold level. In order to determine the precise location of
the stimulation threshold 402, many conventional systems
apply techniques that require using multiple stimulations to
locate a narrow estimate of the location of point 402. Not
only can these approaches take a long time to converge on
the accurate location (and thus provide feedback to the
surgeon), they may endanger patient safety by application of
unnecessary stimulation signals. In addition, such conven-
tional systems are limited in their precision because the
threshold stimulation is necessarily a value at which an
actual stimulation signal was applied. That is, conventional
systems do not display a calculated value as the stimulation
threshold, but rather require that the displayed stimulation
threshold correspond to a value applied to tissue within the
patient. Thus, to provide a precision within 0.1 mA, for
example, such conventional systems employ stimulation
signals at currents that are adjusted by increments of 0.1 mA
until the threshold is determined. According to an aspect of
neuromonitoring device and methods described herein, the
EMG response and associated stimulus level that correspond
to the threshold point 402 are estimated from other stimu-
lation and response information in the graph. In particular,
in order to accurately estimate or determine the stimulus
level corresponding to the point 402, a neuromonitoring
system processes one or more of the EMG responses
detected at other points in the trend 422 that do not,
preferably, correspond to the threshold itself. When a stimu-
lus is delivered and an EMG response is detected, a standard
post-processing system is applied to analyze the detected
signal to determine where along the trend 422 the delivered
stimulus point lies. In one implementation, the post-process-
ing system determines first if there is an appreciable EMG
signal, and second determines the magnitude of the detected
EMG response to determine where along the trend 422 the
stimulus point lies.

[0081] In some implementations, this is done by applying
a straight voltage threshold to detected EMG signals in order
to identify and evaluate the magnitude of potential EMG
responses. Graph 500 shown in FIG. 4 depicts two such
thresholds applied to a detected EMG signal 502—an upper
EMG response threshold 504 and a lower EMG response
threshold 506. Those two thresholds can be selected by the
operator or surgeon to set a preferred level of EMG sensi-
tivity for the EMG detection module, or the thresholds may
be standard thresholds set by the detection system. Also
shown, the detected signal 502 includes four peaks 508, 510,
512 and 514, which may or may not be actual EMG
responses to delivered stimulus signals. In the graph 500, the
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thresholds 504 and 506 are applied to each of the potential
EMG peaks in order to determine both whether the peak is
an actual EMG response or an artifact and also to evaluate
the magnitude of the EMG response when an actual
response is detected. At each peak, the system compares the
EMG signal to the positive magnitude threshold 504 and the
negative magnitude threshold 506 and determines whether
one or both of the thresholds has been exceeded. If neither
threshold is exceeded, the potential response is determined
to be either too small to be an appreciable EMG response or
is determined to be artifact in the signal 502 caused, for
example, by noise in the detection system. Thus, the peak
508 is judged to be either an insignificant EMG response or
noise, as the peak 508 does not cross the threshold 504 or the
threshold 506. At peaks 510, 512 and 514, however, the
signal 502 does exceed the threshold 504 and the threshold
506, and these three peaks are judged as significant EMG
responses. For example, referring back to graph 400 in FIG.
3, the peak 508 may be judged as an EMG response at point
404, falling below the threshold 412 in graph 400, while the
peaks 510, 512 and 514 may be EMG responses elicited by
stimulus signals at points 406, 408 and 410 respectively,
above the threshold 412 in graph 400.

[0082] In addition to determining whether or not the peaks
in the signal 502 are significant EMG responses, the neu-
romonitoring system processes each detected response to
determine where along the typical EMG response trend, for
example trend 422 in graph 400, each EMG response lies.
This determination may be performed, for example, by
determining the degree to which each peak surpasses one of
the thresholds 504 and 506. In FIG. 4, the peaks 510, 512
and 514 each surpass the upper threshold 504 by increasing
amounts shown by offsets 516, 518 and 520, respectively.
The offset 516 of the peak 510 from the threshold 504 is a
relatively small offset and indicates that the peak 510, as
well as its corresponding stimulus level, likely lies near the
threshold in a typical EMG response trend, for example the
trend shown in FIG. 1. The higher offset 518 of peak 512 and
the higher offset 520 of peak 514 indicate that the stimulus
level corresponding to those two peaks lie further along the
typical EMG response trend. Using this information, a
processing system can take the four peaks 508, 510, 512 and
514, and their corresponding stimulus levels, and estimate
where along a typical EMG response each peak and stimulus
lies. The corresponding positions of the stimulus levels that
elicit the peaks can then be used in a determination or
modeling estimation approach to determine the minimum
stimulus level that is required to produce an EMG response
in signal 502 that peaks right at one of the thresholds 504 and
506.

[0083] An EMG signal threshold such as that depicted in
graph 500 may be sufficient for identifying when EMG
responses are present in detected EMG signals, but such
approaches may also be vulnerable to inaccuracies or false
positives due to signal noise. For example, if a noise
interruption is great enough, it may cause the baseline EMG
signal to quickly jump either above an upper threshold or
below a lower threshold, thus triggering a threshold detector
to indicate an EMG response. While the EMG signal may
exceed one of the thresholds, the shape and pattern of the
signal may make it quite clear that the detected increase or
decrease from the baseline is simply noise and not an actual
EMG response to a stimulus pulse. In the case of manual
EMG review, a physician would recognize that the quick
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sharp peaks caused by signal noise do not look like an EMG
response, and a physician viewing the signals can dismiss
such a signal as an insignificant deviation. The straight
threshold detector, however, is not capable of making this
comparison, and incorporating a check or an alternate trigger
that is based on the shape and orientation of the EMG signal
may produce better EMG response detection.

[0084] FIG. 5 shows an illustrative graph 600 that depicts
a correlation approach that uses the shape and pattern of a
typical EMG response to improve EMG detection and
processing detected signals, thus providing a more robust
detection mechanism. It is understood that while the corre-
lation approach described below may reduce susceptibility
to noise and thus improve the reliability of the overall
detection, the straight threshold detector discussed above
may be used where the signal-to-noise ratio is sufficiently
low. Therefore, the methods and system disclosed herein are
not limited to use of a correlation-based detector. Shown in
the graph 600 is a detected EMG signal 602 and a correlation
signal 628 produced by processing the EMG signal 602. In
order to produce the correlation signal 628, the EMG signal
602 is processed by comparing portions of the signal 602 to
a template 612 that is indicative of a typical size and shape
of an EMG response. The template 612 shows an EMG
signal over a time window 614 that exhibits the expected
EMG response profile from a muscle in which a contraction
1s triggered by a stimulus signal. In order to determine when
EMG responses are present in the detected signal 602, the
template 612 is frequently, or continuously, compared to
portions of the signal 602 to identify patterns in the signal
that match or closely mimic the template 612. A correlation
function programmed into the processor compares the tem-
plate 612 and the EMG signal 602. The correlation function
shifts the template 612 to multiple points along the time axis
of the EMG signal 602 and performs a mathematical cal-
culation that compares the similarity of the template 612 and
the signal 602 over several pre-selected time windows along
the graph. For example, three template peaks 622, 624 and
626 are shown over three time windows 616, 618 and 620
respectively. At each of these time windows 616, 618 and
620, the correlation algorithm compares the shape and
magnitude of the corresponding template peak 622, 624 and
626 to a corresponding time window portion of the EMG
signal 602. The output of the correlation function is a
number that indicates the similarity between the respective
template and the EMG signal 602 at a given time window.

[0085] The correlation signal 628 shows the results of
comparing the template 612 to the EMG signal 602 in a
continuous manner along the time domain of EMG signal
602. The EMG signal 602 includes four peaks 604, 606, 608
and 610 that may or may not be elicited EMG responses
detected by an EMG electrode. As the template 612 is
shifted across the EMG signal 602, the similarity between
the template 612 and each of the peaks 604, 606, 608 and
610 results in corresponding peaks 630, 634, 638 and 642 in
the correlation signal 628. Each of the correlation peaks 630,
634, 638 and 642 indicates a period of similarity between the
template 612 and the EMG signal 602. For example, the
small correlation peak 630 corresponds to the similarity
between the template 612 and the EMG signal 602 over the
time window 632, which is equal to the time window 614 of
the template 612. Likewise, each of the peaks 634, 638 and
642 correspond to the similarity between the magnitude and
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trends of EMG signal 602 and the template 612 detected
over each of the time windows 636, 640 and 644, respec-
tively.

[0086] While each of the EMG signal peaks 604, 606, 608
and 610 bears some similarity to the template peak 612, not
all the EMG signal peaks are actual EMG responses. For
example, while the peak 604 is a deviation from the baseline
of the EMG signal 602, it is only a minor deviation and does
not have the pronounced shape and features of the template
612. Thus, the correlation peak 630 detected at the EMG
signal peak 604 is minor, while the later peaks 634, 638 and
642 are more pronounced, as their corresponding EMG
peaks 606, 608 and 610 more closely mimic the shape and
size of the EMG template 612. In order to differentiate the
deviations in EMG signal 602 that represent actual EMG
responses and those which are noise or minor deviations, a
threshold 646 is applied to the correlation signal 628.
[0087] The true neuromuscular responses in the EMG
signal 602 are detected by identifying the points at which the
correlation signal 628 exceeds the threshold 646. Similar to
the EMG voltage threshold shown in graph 500, a deviation
of the correlation 628 beyond the threshold 646 indicates a
feature in the EMG signal 602 that should be considered a
legitimate EMG response. As with the EMG threshold, the
degree to which each identified peak exceeds the threshold
646 can be used as an indicator of the location along the
typical EMG response curve that each peak falls. For
example, each of peaks 634, 638 and 642 exceeds the
threshold 646, but the three peaks exceed the threshold by
differing degrees, increasing from offset 648 for peak 634 to
offset 650 for peak 638 and offset 652 for peak 642. Using
these correlation peaks and their offsets above the threshold
646, the processing system may place each of the EMG
peaks 606, 608 and 610, and the corresponding stimulus
levels that elicited each of the peaks, along the typical EMG
response curve in order to calculate linear functions or other
curve-fitting models for determining the minimum stimulus
level required to elicit an EMG response. That is, the
processor determines the minimum level required to produce
a signal in the EMG signal 602 that leads to a correlation
peak in the correlation signal 628 that rises just to the level
of the threshold 646.

[0088] This is done, for example, by applying a voltage
threshold or correlating the EMG signal, and processing the
signals and responses to locate or estimate a minimum
stimulus threshold. By relating detected EMG responses to
a typical EMG response profile, for example the EMG trend
shown in FIG. 1, the neuromonitoring system can reduce the
number of stimuli and responses, and thus the time required,
to locate the threshold within an acceptable resolution.
Rather than continuously applying varied stimulus until a
very narrow range of stimuli is determined within which the
threshold lies, the standard trend profile can be applied to
estimate the threshold stimulus level within an acceptable
degree of accuracy. In some implementations, the trend
profile is determined by performing an initial test on the
patient, or the trend profile may be empirically determined.
[0089] FIG. 6 depicts an illustrative approach for deliver-
ing stimulus pulses and calculating an estimated minimum
threshold stimulus level based on neuromuscular responses
elicited by the delivered stimulus pulses. The calculated
threshold stimulation may be determined and communicated
as a current, voltage, pulse width, charge or any other
suitable stimulus level measurement. Graph 100 in FIG. 6
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shows trend 102 in neuromuscular responses, for example
voltages measured by EMG electrodes placed in or over
muscle tissue, versus the level of stimulus signals, for
example the current, voltage, pulse width, or charge deliv-
ered from a stimulus source. Trend 102 follows the typical
shape of EMG response in a muscle innervated by a par-
ticular nerve when stimulus signals of increasing current are
delivered to an area proximal that nerve. As shown, the trend
102 includes three portions: a first portion 128 over a range
of stimulus levels that do not elicit any appreciable or
detectable response from the muscle tissue; a second portion
130 over which an increasing EMG response is seen to the
increasing stimulus levels; and a third portion 132 during
which the EMG response levels off into a plateau over
increasing stimulus levels. When a threshold level of EMG
response, such as threshold 104, is applied to the trend 102,
the point 106 may be used for a nerve proximity calculation.
Alternatively, the point 108 at the transition between por-
tions 128 and 130 may be used.

[0090] In order to accurately estimate the stimulation
threshold 112 corresponding to point 106 or stimulus level
110 corresponding to point 108, multiple stimulus signals
and corresponding EMG responses may be delivered and
measured in order to locate a stimulus that produces an EMG
response at or near the threshold point 106 or transition point
108 of the trend 102. This approach, however, may require
delivering a large number of stimuli to a patient. In order to
improve the efficiency of the threshold detection system and
to improve patient safety, fewer stimulations may be deliv-
ered, and the estimation shown in FIG. 6 can be applied to
estimate a point that is adequately close to the point 106 or
point 108 for neuromonitoring purposes. In the example
shown in graph 100, no stimulation is actually delivered at
stimulus levels 110 or 112. Rather, two stimulations, at
levels 116 and 120, are delivered to a patient, and EMG
responses are detected corresponding to each stimulation
signal. The detected EMG at point 114 for stimulus 116 and
at point 118 for stimulus 120 provide enough data for the
processing system to estimate the desired stimulation thresh-
old. In certain implementations, the system may use the
threshold 104 to estimate point 122 and stimulus level 124
as the threshold. In other implementations, the system may
use the zero level of the EMG in portion 128 to estimate
point 123 and stimulus level 125 as the threshold. The point
122 or 123 may coincide precisely with the mininum
threshold value 106 or transition point 108, thereby provid-
ing the precise minimum stimulus that corresponds to the
stimulation threshold. However, such precision may not be
necessary in all applications. Thus, in some implementa-
tions, the estimated threshold stimulation level 124 provided
by point 122 or 125 provided by point 123 is a short distance
from the actual threshold 112 and may be sufficiently
accurate information to avoid nerve injury. In some imple-
mentations, a confirmatory electrical stimulation signal may
be delivered at the calculated threshold in order to confirm
the calculation, if desired.

[0091] Using the points 114 and 118, a slope is determined
and a linear function model 126 is calculated. Using the
linear model 126, the processing system can calculate the
estimated threshold stimulus 124 at which the model 126
crosses the threshold 104, or can calculate the point 123 at
which model 126 crosses the EMG zero level. Because the
EMG trend increases in a nearly linear manner in portion
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130 of the trend, the model 126 provides an adequate
estimator of the threshold stimulus 112 whether point 122 or
123 is calculated.

[0092] In addition to points 114 and 118 used to create the
linear model 126, a third stimulus point, for example point
108, can be factored in to improve or verify the accuracy of
the estimated threshold stimulus. In certain embodiments,
three points may be used to perform a linear regression, and
can include calculating and reporting a reliability factor that
indicates the expected accuracy of the model. The linear
regression may make use of two above-threshold points,
such as points 114 and 118, and one below-threshold point,
such as 108, to include the desired threshold within the range
of detected EMG response points. A third point may also be
used to create additional linear models, for example a linear
model between point 108 and 114 or between point 108 and
118, to calculate additional threshold estimations. The addi-
tional estimations can be used to verify the precision of the
linear models by detecting whether the multiple estimations
are clustered or spread over a wide range of stimulus levels.
[0093] In order to obtain the two EMG responses at points
114 and 118 after delivering respective stimulus signals at
levels 116 and 120, multiple approaches may be employed.
For example, the delivered stimulus pulses at levels 116 and
120 may be part of a sequence of stimulus pulses that are
delivered until two EMG responses are detected above the
threshold 104. A first stimulus may be delivered at stimulus
level 110, and the EMG response may be detected at point
108 in trend 102. The neuromonitoring system determines
that the point 108 lies below the threshold 104 and increases
the level of the delivered stimulus to level 116. When the
EMG response to level 116 is detected at point 114, the
stimulating and monitoring system can determine that the
point 114 lies above the threshold 104 and deliver a final
stimulus at level 120 to obtain a second EMG response, at
point 118, that is above the threshold 104. Additional points
may also be obtained along the curve by stimulating and
monitoring the EMG response. The system then ends stimu-
lus delivery and creates the model 126 using the two points
114 and 118, which are above the threshold 104.

[0094] In other implementations, the first stimulus, for
example at level 116, may be a set initial stimulus level that
is delivered to the patient. When the stimulus 116 is deliv-
ered and the EMG response is measured at the first stimulus
point 114, the second stimulus level 120 may be set based on
the magnitude of the EMG response at the first stimulus
point 114. For example, when the point 114 lies within the
second portion 130, the stimulating and monitoring system
may slightly increase the stimulus to level 120 in order to
obtain the second point 118. However, if the first stimulation
fell below the threshold 104, for example at stimulation level
108, the neuromonitoring system may use a greater increase
in stimulus in order to obtain a second point that would fall
within the second portion 130 or the third portion 132. By
contrast, if the first stimulation fell within the third portion
132 or towards the upper end of portion 130, the neuro-
monitoring system may decrease the stimulus level to obtain
a second stimulation and response point falling within either
the first portion 128 or the second portion 130.

[0095] Once an initial determination of the stimulation
threshold is made, subsequent determinations may start with
stimulation levels that are selected in situ based on the prior
value of the stimulation threshold. Stimulus levels may also
be selected from a model of stimulus signals and EMG
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responses for a particular nerve, or a general nerve stimu-
lation model. In some implementations, the model used to
select the stimulus signals may be specific to the nerve being
monitored and may be created from a series of test stimulus
signals and detected test neuromuscular responses. A series
of stimulus signals having increasing levels, for example
increasing current, voltage, pulse width, charge, or a com-
bination thereof, can be delivered at or near the modeled
nerve, and EMG responses for each delivered stimulus can
be recorded and plotted. A curve or other model is then fit
to the data, and the curve is used in further modeling of the
nerve to select the stimulus level or levels from desired
sections of the model, for example at or before the nearly
linearly increasing portion of the trend shown in FIG. 1 and
discussed above.

[0096] The model 126 uses two points, 114 and 118, that
fall on the trend 102 above the threshold 104 and within the
second portion 130. Other stimulation levels may be used
that fall either outside of the second portion 130 or that fall
below the threshold 104 while still maintaining an adequate
estimation of the stimulus 112 that produces the threshold
response at point 106 or stimulus 110 at transition point 108.
Locating the stimulus 112 to a very precise degree often
requires the delivery of a large number of stimulations in
order to narrow to a small range of stimuli, from one
stimulus that does not evoke an EMG response to a second
stimulus that does evoke the response. In the interest of
providing a surgeon with a quick indication of nerve prox-
imity or bone integrity, the estimation approach may allow
for a wider resolution in order to reduce stimulations and
increase speed. Thus, the small distance between the esti-
mated stimuli 124 or 125 and the actual thresholds 112 or
110 may be an acceptable range, and the stimuli 124 or 125
an adequate estimation for the purposes of neuromonitoring
during surgery.

[0097] FIG. 7 shows a graph 140 that illustrates an esti-
mation approach that utilizes a first EMG response at point
142, below the threshold 104, and a second EMG response
at point 146 that lies above the threshold 104 to obtain an
estimate of the threshold stimulus 112 or 110 that produces
the threshold response at point 106 or 108 along the trend
102. As shown in the graph 140, the linear function model
154 is created by calculating a slope between the point 146
and the point 142. The model 154 can be used to provide an
adequate estimated stimulation threshold 152 that would
produce a threshold response at point 150 along the model
154 or can be used to estimate a threshold stimulus 144
where model 154 crosses the EMG zero, at/or near point
142. Although the point 142, corresponding to the first
delivered stimulus level 144, falls below the threshold 104,
an acceptable estimated threshold stimulus level 152 or 144
can still be calculated. Thus, when stimulation is delivered
at two levels 144 and 148 that do not both produce EMG
responses that lie on the nearly linear portion of the trend
102, the linear estimating model 154 can still be sufficient to
provide an estimated stimulation threshold while requiring
only two stimulation signals to be delivered to a patient. In
some implementations, the calculation may use three stimu-
lation signals and three neuromuscular responses—one
stimulation signal that does not produce an above-threshold
response and two stimulation signals that produce above-
threshold responses in the nearly linear portion of the trend
curve.
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[0098] FIG. 8 shows a graph 160 illustrating an estimation
approach that uses a first EMG response at point 162 in the
nearly linear portion of the trend 102 and a second EMG
response at point 166 in the plateau region of the trend 102.
The point 162 corresponds to a delivered stimulus level 164,
while the point 166 corresponds to a delivered stimulus level
168. From the two EMG responses at points 162 and 166, a
slope is calculated, similar to the approaches in FIGS. 6 and
7, and a linear function model 174 is used to approximate the
trend 102. From the model 174, the threshold stimulus level
112 can be estimated as level 172 producing the EMG
response at point 170 on the model 174 or can be estimated
as level 175 producing an EMG response at point 173 at the
zero EMG level of model 174.

[0099] While linear estimation approaches such as those
shown in the FIG. 6-8 may provide accurate estimations of
threshold stimulus levels, other approaches may use the
generally known sigmoidal shape of the typical trend 102 to
apply a curve-fitting approach that may produce more accu-
rate estimations, particularly more accurate estimations over
a wider range of delivered stimulus levels. Graph 200 in
FIG. 9 shows an example of a curve-fitting estimation
approach using more than two stimulations. In this
approach, four stimulation signals are delivered at levels
202, 204, 206 and 208. The delivered stimuli elicit four
EMG responses detected at points 212, 214, 216 and 218. As
shown in the graph 200, the first point 212 falls below the
threshold 224 while the other three points 214, 216 and 218
fall above the threshold 224. This indicates that the desired
threshold stimulus level falls somewhere between the deliv-
ered stimuli at 202 and 204.

[0100] In order to estimate the minimum threshold stimu-
lus, the four detected EMG responses 212, 214, 216 and 218
are input into a sigmoid function modeling process that uses
the four detected responses to estimate a model 222 that
mimics the known typical EMG response pattern. From the
model 222, an estimated minimum threshold stimulus level
210 can be calculated from the point 220 that falls on the
threshold 224 in the model 222. The curve-fitting approach
may thus provide estimations of the minimum threshold
while still limiting the number of delivered stimulations that
measure EMG responses to as few as three or four stimu-
lations.

[0101] In order to create the curve fit model 222 shown in
FIG. 9 to assess baseline excitability for a particular nerve
or to select future testing stimulus levels, data for a series of
pulses and corresponding EMG responses is obtained for the
nerve. FIG. 10 shows a sequence of stimulus signals in graph
700 and corresponding EMG responses in graph 750. In
particular, FIG. 10 shows eight pulses 702-709 and their
respective EMG responses 752-759. The stimulus level of
each of the pulses 702-709 is increased relative to the
previous pulse. In particular, the level of each subsequent
pulse is increased by a constant increment 762, shown
between pulses 702 and 703. The increase may be the result
of adjusting current, voltage, pulse width. charge, pulse
shape, any other suitable characteristic, or a combination
thereof. As a result of the increased level of each successive
stimulus pulse, the magnitude of the sensed EMG responses
in graph 750 increases with each subsequent pulse. For
example, responses 752 and 753 show little, if any, deviation
from the EMG base line in response to pulses 702 to 703,
while pulses 758 and 759 show large deviations from the
EMG baseline in response to the larger pulses 708 and 709.
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[0102] The pulses and responses shown in graphs 700 and
750 depict a stimulation and monitoring approach useful for
measuring one or more responses that may be plugged into
the extrapolation or estimation technique discussed above
with respect to FIGS. 6-9. For example, the train of pulses
shown in graph 700 may continue with constant increment
762 between each pulse until two EMG thresholds are
detected in graph 750. Once the two pulses above the
threshold are detected, the system can stop delivering the
stimulation pulses and use the last two above-threshold
EMG responses and the corresponding stimulus levels to use
as input to the estimation or curve-fitting calculations used
to estimate the threshold stimulus. The stimulus train shown
in graph 700 may start at a low level, as shown for pulse 702,
and increase until the two above-threshold responses are
detected, or may start at a higher level that is known to be
at or near the threshold level.

[0103] The pulses delivered in graph 700 not only increase
in level by the increment 762, but are temporally spaced
apart by a constant time period 764. The period 764 between
each pulse is set such that the muscle innervated by the
monitored nerve may recover after a contraction or EMG
response. The time period 764 can be set such that it is
greater than or equal to the known refractory period of the
monitored nerve and the innervated muscle. For example,
the time period 764 is set to be greater than the amount of
time that a muscle is known to have a refractory period
during which it recovers before another full stimulation and
response is possible. In addition, the time period 764 can
take into account the signal transit time that is required for
a nerve signal to travel from the point of stimulation to the
innervated muscle before contraction begins. This signal
transit time is shown by time period 760 between the
beginning of the pulse 704 and the beginning of the sensed
EMG response 754 corresponding to that pulse. In addition
to taking into account the time that the neuron stimulated by
pulse 704 and the muscle responding at peak 754 need in
order to recover from the stimulus, the time period 764 can
also take into account the time period 760 required for the
transit of the stimulation signal from nerve to muscle.

[0104] The transit period 760 may also be used to time
EMG monitoring and eliminate noise from the sensed EMG
signal shown in graph 750. For example, the known signal
transit delay between stimulus pulse and EMG response can
be used to create predetermined monitoring windows during
which the system monitors for EMG responses, as shown in
graphs 770 and 780 in FIG. 11. Graph 770 shows a series of
three stimulus pulses 772, 774 and 776, while graph 780
shows a series of corresponding EMG responses 782, 784
and 786. Each of the EMG responses is offset from its
corresponding stimulus pulse by a time period. For example,
the EMG response 782 trails its corresponding stimulus
signal 772 by a time period 790. As discussed above, this
time period 790 arises due to the transit time required for the
stimulus signal to travel from the point of stimulation to the
innervated muscle and for the innervated muscle to begin the
contraction that produces the EMG response 782.

[0105] The transit time period 790 is generally known for
a given pair of nerve and innervated muscle. This known
time value can improve the EMG monitoring used to pro-
duce the graph 780 by only detecting or analyzing responses
in a time window during which EMG responses are
expected. For example, a sensing module is configured to
apply a sensing window 794 to an EMG response curve
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indicative of the time window in which an EMG response is
expected. After a stimulus pulse 774, the neuromonitoring
system ignores EMG signals outside of the sensing window
794. The sensing window 794 is a period of time that is
predetermined and is offset from its corresponding stimula-
tion pulse 774 by a time period 791 that is shorter than
period 790, the known transit time between the nerve and the
muscle. The window 794 is created by starting the window
794 at the time period 791, at the left boundary 793 of the
window. The window 794 then continues for the set time
width of the window, ending at right boundary 795. By
detecting and analyzing only EMG signals received within
the sensing window 794, the system may cut out any noise
detected before the left boundary 793 of the sensing window
794 or after the right boundary 795 of the sensing window
794. This eliminates the possibility of detecting any false
positives caused by noise outside of the sensing window 794
during which the true EMG response occurs. Likewise, a
predetermined sensing window 796 may be set in response
to the stimulation signal 776. Like the sensing window 794,
the sensing window 796 is offset from the stimulation pulse
776 by the time period 791 and has a width that is equal to
the sensing window 794. Programming the system to use
this window can eliminate false positives from noise
detected outside of the sensing window 796 and help iden-
tify the true EMG response 786 in response to the stimula-
tion 776.

[0106] In addition to using the known transit time between
nerve and muscle to cut out noise outside of sensed EMG
windows, the transit time may also be used to decrease the
amount of time required for the delivery of sequential
stimulation pulses and the detection of subsequent EMG
responses. While FIG. 11 shows a sequence in which a
single pulse 772 is delivered followed by detection of an
EMG response 782 before the next stimulation pulse 774 is
delivered, the use of time windows may compress the
stimulation signals shown in graph 770 such that two or
more stimulation signals may be delivered before any EMG
response is detected in response to the first stimulation. The
known transit time between each stimulation and EMG
response is then used to relate each sensed EMG response to
its corresponding stimulation pulse, as shown in FIG. 12.

[0107] Graph 800 shows three stimulation pulses 802, 804
and 806, each of which is delivered before any EMG
response is detected in the corresponding EMG response
graph 850. As shown, each of the three stimulus signals 8§02,
804 and 806 is delivered before the first EMG response 852
is detected in response to the stimulus signal 802. The time
period 860 shown in FIG. 12 between the beginning of the
stimulus pulse 802 and the corresponding EMG response
852 is long enough that the three stimulation pulses can be
delivered within the time 860 while still allowing both the
nerve and innervated muscle to recover from each subse-
quent pulse. The time period 862 between each stimulus
pulse, for example between pulse 802 and 804, is set so that
the time between the pulses is at least as long as the
refractory period of the nerve and muscle. After the three
pulses 802, 804 and 806 are delivered, a sensing module
may detect EMG responses during a sensing window 864
that starts at time period 860, before the time of the expected
EMG response for the pulse 802 and ends after the expected
time of the corresponding EMG response for pulse 806.
Within the sensing window 864 in which the three responses
852, 854 and 856 are detected, each individual response is
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related to its corresponding stimulus pulse by using the
known transit time between the monitored nerve and
muscle. The delivery of pulses and sensed EMG responses
shown in graphs 800 and 850 can be compressed in time
relative to the stimulus pulses and EMG responses shown in
graphs 770 and 780 of FIG. 11. This approach eliminates the
need to wait the full signal transit time after each pulse
before delivering a next pulse, and thus may allow for
quicker and more eflicient localization and distance calcu-
lations in neural monitoring.

[0108] The approaches discussed above utilize increasing
levels of stimulus signals in order to detect and locate
multiple points along an EMG response curve, for example
the typical response curve shown in FIG. 1. In addition to (or
in lieu of) the current of a stimulus signal, other stimulus
characteristics, for example voltage or pulse width, may be
used to produce the different stimulus levels and locate
various points along the EMG response trend and determine
stimulation characteristics that may be used to guide a
surgical tool. FIG. 13 shows examples of using varying
current and varying pulse width to produce a neuromoni-
toring approach similar to the monitoring and detection
approaches discussed above. In a first graph 900, three
stimulus pulses 908, 910 and 912 are shown with a constant
pulse width but varying current, while graph 920 shows
three stimulus pulses 928, 930 and 932 that are delivered at
constant current but varying pulse width. In graph 900, the
level of each successive stimulus signal increases as the
current is increased by a constant increment 914 between
each pulse. For example, stimulus 908 is delivered at a
current 902 while the next stimulus 910 is delivered at a
higher current 904, and finally stimulus 912 is delivered at
the higher current 906. Each of the stimulus pulses 908, 910
and 912 has the same pulse width 916, and thus the
increasing current from 908 to pulse 912 increases the
amount of charge delivered for each subsequent stimulus
pulse. Graph 920, on the other hand, depicts the three
stimulus pulses 912, 930 and 932 delivered at a single
constant current 922 that does not increase from pulse to
pulse. The pulse widths of the pulses 928, 930 and 932,
however, do increase for each subsequent pulse, from the
pulse width 934 for stimulus 928 to the pulse width 936 for
pulse 930 and finally the pulse width 938 for stimulus 932.

[0109] Both the increasing current in the pulses of graph
900 and the increasing pulse width of the pulses in graph 920
provide a larger stimulus (or higher total coulombs) to the
nerve for each subsequent delivered pulse. Though the pulse
width does not change in graph 900 and the current does not
change in graph 920, each of the three pulses shown in each
graph may elicit increasing responses in an innervated
muscle as a result of the charge delivered to the tissue. For
example, stimulus 908 has a total charge that is depicted by
the area 909 of the pulse, while the stimulus 928 has a
corresponding area 929 that depicts the quantitative amount
of charge delivered during that pulse. Because the pulses
908 and 928 are delivered at substantially the same currents
902 and 922 and have substantially the same pulse width 916
and 934, these pulses are essentially equivalent and would
elicit the same response in an innervated muscle. The second
pulses 910 and 930 have differing shapes, however, they
deliver a similar cumulative amount of charge to the nerve
during the pulses, as the area 911 of pulse 910 is and the area
931 of the pulse 930 are similar. In pulse 910, the current of
the pulse is approximately doubled relative to the pulse 908,
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and thus the area 911 is double the area of 909 of stimulus
908 and the amount of charge delivered by stimulus 910 is
doubled. For stimulus 930, the current 922 is the same as the
pulse 928, but the pulse width 936 is double the pulse width
934 of the stimulus 928. Thus, the charge, or area 931 of the
stimulus 930, is approximately doubled relative to the stimu-
lus 928. As a result, the pulses 910 and 930 deliver charges
to a nerve and that would both elicit a response from the
innervated muscle. Finally, the pulse 912 is increased again
by the current increment 914 relative to stimulus 910 and has
a level that is three times the level of the first pulse 908, an
increase by 50% over the stimulus 910. This results in an
area 913 of the pulse 912 that is approximately three times
the area of the original pulse 908. Likewise, in graph 920,
the pulse 932 has a pulse width 938 that is three times the
original pulse width 934 and 50% larger than the pulse width
936. The resulting area 933, or the quantitative charge
delivered by the pulse 932, is approximately three times that
of the original pulse 928. Thus, the pulses 932 and 912
would also be expected to elicit EMG responses from the
innervated muscle.

[0110] The varying pulse width approach shown in FIG.
13 may be used to navigate the typical EMG response curve
shown in FIG. 1 and locate multiple points along the curve
that can be used to determine or estimate a threshold
stimulation. The varying pulse width approach can be used
if a constant current, for example current 922 shown in FIG.
13, is desired for stimulus pulses rather than an increasing
current that may reach levels that can cause discomfort for
a patient. Constant current is not required, and pulse width
may be varied along with current, but may be preferred to
keep current at a known constant for delivered stimulations.
In addition, lower current can be used in a varying pulse
width approach to reduce a power demand on a system,
which may be useful in decreasing energy demands of a
neuromonitoring device, particularly in the case of battery-
powered devices. For battery powered or wireless stimulus
devices, the reduction in power consumption provided by
the varying pulse width can provide for a longer device life
or longer battery life between charges.

[0111] Stimulation signals allow an operator to control
multiple characteristics of stimulus pulses to control the
level of stimulus delivered to a patient. For example, the
voltage, current, pulse width, charge, shape, or other char-
acteristic of a pulse can be programmed for a particular
application in order to achieve the desired stimulus level.
Changes in one or more of these characteristics can increase
the stimulus level and adjust stimulus signals to identify a
combination of the stimulus characteristics that stimulates a
nerve. An example showing the effect of changing one of
multiple characteristics can be shown by the relationship
between a signal strength, for example current amplitude or
voltage, and signal duration, for example pulse width.

[0112] The relationship between stimulus strength, for
example current amplitude or voltage, and stimulus dura-
tion, for example pulse width, is shown as one example of
adjusting multiple stimulus characteristics in a threshold
curve for a given nerve, for example the curve 952 shown in
the graph 950 of FIG. 14. Curve 952 depicts the relation
between stimulus strength and duration required for stimu-
lation of a particular nerve. The curve for a particular nerve
varies from nerve to nerve based on the excitability of the
nerve. The curve 952 depicts the minimum proportion
between stimulus level and duration of stimulus pulse that
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will cause stimulation of a nerve and contraction of a muscle
innervated by the nerve. For example, a stimulus pulse
delivered with a pulse width 958 and a level at point 954 lies
below the curve 952 and thus would not cause stimulation of
the nerve depicted by the curve. If the stimulus pulse was
increased up to point 956 but remained at pulse width 958,
the resulting stimulus would cause stimulation of the nerve
and corresponding muscle, as point 956 lies above the curve
952. The second curve 953 in graph 950 depicts a second
nerve that is less excitable than the nerve depicted by curve
952, and the second nerve 953 still would not be stimulated
by the pulse delivered at point 956, as that point lies below
the curve 953. If, however, the stimulus level was again
increased to point 960, that point lies above both curves 952
and 953, and thus a pulse delivered at point 960 having the
pulse width 958 would stimulate either of the nerves shown
by the two curves.

[0113] With respect to pulse width variation, the stimulus
delivered at point 962 in the graph 950 at level 966 would
not stimulate the nerve because that point lies below the
curve 952. If, however, the pulse width was increased to
point 964, the stimulus delivered at 964 would stimulate the
nerve and muscle, as that point now lies above the curve
952. The charge delivered at each of points 962 and 964 is
depicted by areas 963 and 965, respectively. This area under
the curve shows a quantitative amount of charge at point 964
that is larger than the charge at point 962. The charge shown
by area 963 is not sufficient to stimulate the nerve, while the
larger charge at point 964 is sufficient and triggers the nerve.
Thus, by varying at least one of stimulus level and duration,
a neuromonitoring system can be employed to find at least
one point that lies below the curve and one point that lies
above the curve either at constant voltage, constant current
or constant pulse width.

[0114] The EMG responses detected by varying pulse
widths of stimuli held at a constant current is shown in the
graphs 1000 and 1050 in FIG. 15. Three stimulus pulses
1002, 1004 and 1006 are delivered to a nerve at a constant
level 1008. In response to the stimulus pulses, three EMG
responses 1052, 1054 and 1056 are detected in a muscle
innervated by the stimulated nerve. As shown, the magni-
tude of each successive EMG response increases as the pulse
width of each stimulus pulse increases, from a width 1001
for pulse 1002 to a width 1003 for pulse 1004 and a width
1005 for pulse 1006. The increase in pulse width at constant
level creates a larger charge delivered to the nerve for each
suiccessive pulse, and thus the magnitude of EMG responses
increases from response 1052 to responses 1054 and 1056.
The pulse width of successive stimuli may be increased until
a EMG response greater than or equal to an EMG threshold
is detected. The threshold, for example threshold 1058, may
be applied to the EMG detected signal to determine whether
a threshold response is present, as discussed above. As
shown in graph 1050, pulses 1002 and 1004 elicit below-
threshold responses 1052 and 1054 while a third pulse 1006
elicits an above-threshold response 1056 from the muscle.
Using this increasing pulse width approach, a neuromoni-
toring system is able to determine pulse widths both below
and above the desired EMG threshold, for example pulse
widths 1001 and 1003 below the threshold and pulse width
1005 above the threshold for the constant level 1008.

[0115] The above-threshold pulse width 1006 determined
in FIG. 15 may be reported, or may be used to calculate the
total charge in coulombs required to elicit the above-thresh-
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old response. As an alternative, the pulse width may also be
plugged into an estimation calculator, such as the extrapo-
lation and estimation or curve-fitting approaches discussed
above, in order to estimate the minimum pulse width
required to elicit a threshold response without actually
delivering any stimuli at the calculated pulse width. While
the stimuli and corresponding responses shown in FIG. 15
alternate between stimulus and EMG detection, multiple
pulses may be delivered before any EMG response is
detected, as discussed above with respect to increasing
current pulses in FIG. 12. For example, depending on the
width of each pulse and the delay between a pulse and the
corresponding muscle reaction, the three stimulus pulses
1002, 1004, and 1006 may be delivered before the first EMG
response 1052 is detected.

[0116] EMG responses and corresponding stimulus pulse
widths can be used to determine an estimate of the minimum
stimulus level. For example in terms of pulse width for a
given constant current, required to elicit a threshold neuro-
muscular response from the monitored nerve and muscle
pair. The increasing pulse width stimuli and corresponding
EMG responses can be located along the EMG response
curve shown in FIG. 1 and used to create linear or curve fit
models to calculate an estimated minimum pulse stimulus
strength, in terms of pulse width, as discussed above with
respect to FIGS. 6-9. In other implementations, rather than
modeling and estimating the threshold, a neuromonitoring
system may apply additional stimuli at additional pulse
widths to narrow a range within which the minimum thresh-
old may lie until a range having a width less than or equal
to a desired resolution is determined. This approach is
illustrated in FIGS. 16-19.

[0117] In FIG. 16, a sequence of stimulus signals having
increasing pulse widths is shown in graph 1100, and corre-
sponding detected EMG responses to the delivered stimuli
are shown in graph 1120. The first stimulus 1102, having a
pulse width X, delivered in the vicinity of a nerve results in
a detected EMG response 1122 trailing the stimulus. A
neuromonitoring system applies an upper EMG threshold
1130 and a lower EMG threshold 1132 defining deviations
from the EMG baseline 1134 that are great enough for EMG
signals to be considered true EMG responses, and the system
determines whether the response 1122 is greater than or
equal to either of the thresholds. Certain neuromonitoring
systems and methods may use correlation, for example the
correlation approach discussed above with respect to FIG. 5,
rather than EMG signal voltage to differentiate above-
threshold and below-threshold EMG responses. When the
system determines that response 1122 is does not meet either
of the thresholds 1130 and 1132, a second stimulus 1104 is
applied having a pulse larger than the pulse width of
stimulus 1102.

[0118] The pulse width of the second stimulus 1104 is
increased by an increment X, resulting in a pulse width of
2X for the stimulus. The larger pulse width delivers more
charge in the vicinity of the monitored nerve, and thus is
expected to elicit a greater EMG response from the moni-
tored muscle. This is shown in graph 1120 by the response
1124, which trails the stimulus 1104 and deviates from the
EMG baseline 1134 to a larger degree than the previous
response 1122. The response 1124, however, does not meet
either of the threshold 1130 or 1132, so a third stimulus 1106
is scheduled. The stimulus 1106 has a pulse width that is
increased by X relative to the pulse width of stimulus 1104,
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making the pulse width of stimulus 1106 3X. A response
1126, which is larger than the responses 1122 and 1124, is
then detected, but does not meet either of the thresholds
1130 or 1132. A fourth stimulus 1108 having a pulse width
increased by X relative to stimulus 1106 to 4X is then
delivered, and a fourth response 1128 is detected in response
to the stimulus. Following the fourth response 1128, the
neuromonitoring system is able to determine that the pulse
width of stimulus 1108 has elicited a threshold EMG
response 1128 from the monitored muscle, and thus the
pulse width of stimulus 1108 is either greater than or equal
to the pulse width required to elicit a response that equals the
threshold.

[0119] Stimulus 1106, having a pulse width of 3X, elicits
aresponse 1126 that does not exceed the thresholds 1130 and
1132, while stimulus 1108, having a pulse width of 4X,
elicits a response 1128 that exceeds the thresholds 1130 and
1132. Thus, the minimum pulse width required to elicit a
threshold EMG response falls within the range of pulse
widths greater than 3X and less than or equal to 4X. In some
implementations, the desired resolution may be greater than
the range 3X-4X, and the neuromonitoring system may
output 4X as the estimated stimulation threshold pulse
width. In other implementations, however, the desired reso-
lution may be less than the range 3X-4X, and further
stimulation and monitoring is needed to narrow this range.
In such cases, the neuromonitoring system may deliver
further stimulus signals having pulse widths between 3X and
4X and determine which signals elicit threshold responses
until a smaller range having a lower bound that does not
elicit a threshold response and an upper bound that does
elicit a threshold response is determined and is smaller than
the desired resolution. FIGS. 17-19 depict three illustrative
approaches for narrowing the 3X-4X pulse width window
until it is within a desired resolution of 0.25X, smaller than
the 1X initial pulse width range from 3X-4X.

[0120] FIG. 17 shows a graph 1140 of stimulus signals and
a graph 1150 of corresponding EMG responses used to
narrow the 3X-4X pulse width range until it is less than or
equal to the desired 0.25X resolution. Following the pulse
1108 and corresponding response 1128, the neuromonitoring
system delivers a stimulus 1142 at a pulse width of 3.5X,
cutting the 3X-4X range in half. If a threshold EMG
response is detected following the stimulus 1142, then the
desired minimum pulse width is determined to lie within the
narrower range 3X-3.5X, while a lack of an EMG response
following the stimulus 1142 narrows the range to 3.5X-4X.
The detected response 1152 following the stimulus 1142
exceeds the thresholds 1130 and 1132, and thus the range
containing the minimum threshold is narrowed to 3X-3.5X.
The neuromonitoring system again cuts this range in half,
and a following stimulus 1144 having a pulse width of 3.25X
is delivered. The EMG response 1154 then determines the
final range containing the minimum threshold, as a threshold
EMG response narrows the range to 3X-3.25X, and lack of
a threshold EMG response narrows the range to 3.25X-3.5X.
Both of these ranges are equal to the desired threshold, and
thus the neuromonitoring system communicates a threshold
of 3.25X if the EMG response exceeds the EMG thresholds
1130 and 1132 or communicates a threshold of 3.5X if the
EMG response does not exceed the EMG thresholds. As
shown in graph 1150, the response 1154 exceeds the EMG
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thresholds 1130 and 1132, and thus the neuromonitoring
system reports a determined minimum threshold pulse width
of 3.25X.

[0121] Rather than cutting the 3X-4X pulse width range in
half, sometimes referred to as bisection, until a suitable
range is determined, a neuromonitoring system may deliver
stimuli within the range that decrease or increase by an
amount equal to the desired resolution until a range is
determined that is equal to the resolution, has a lower bound
that does not elicit a threshold EMG response, and has an
upper bound that elicits a threshold EMG response. F1G. 18
shows a narrowing approach that begins with the 4X stimu-
lus 1108 in graph 1160, which elicits the threshold EMG
response 1128 in graph 1170, and decreases the stimulus
pulse width by 0.25X, the desired resolution, until a final
range is determined. After the stimulus 1108, the pulse width
of the next stimulus 1162 is decreased by 0.25X to 3.75X.
A subsequent response 1172 meets the EMG thresholds 1130
and 1132, and the range of pulse widths containing the
minimum threshold is narrowed to 3X-3.75X, which is still
larger than the 0.25X resolution. The next stimulus 1164 has
a pulse width that is again decreased by the 0.25X decrement
to 3.5X, and the resulting response 1174 again exceeds the
thresholds 1130 and 1132.

[0122] Following the stimulus 1164, stimulus 1166 is
delivered having a pulse width of 3.25X. The stimulus 1166
1s the last stimulus needed to narrow the range containing the
threshold to a width of 0.25X, and thus a maximum of three
subsequent pulses is required to narrow the range to the
desired resolution after the threshold EMG response 1128 is
detected. As shown in graph 1170, the subsequent response
1176 exceeds the thresholds 1130 and 1132, and thus the
neuromonitoring system reports 3.25X as the determined
minimum pulse width threshold.

[0123] While FIG. 18 illustrates an approach that begins at
the upper bound of the initial pulse width range and
decreases by an amount equal to the desired resolution, the
final range can also be determined by starting at the lower
bound of the initial range. This approach is shown in FIG.
19, which depicts stimulus signals in graph 1180 and cor-
responding EMG responses in graph 1190. After the stimu-
lus 1108 and threshold EMG response 1128, the neuromoni-
toring system begins at the lower bound of the initial range,
3X, and increments by the resolution, 0.25X, delivering a
stimulus 1182 having a pulse width of 3.25X. The resulting
EMG response 1192 exceeds the threshold 1130 and 1132,
and thus the pulse width range of 3X-3.25X is determined to
include the minimum threshold pulse width range. As a
result, a minimum of one subsequent stimulus pulse may
result in determining the threshold within an acceptable
resolution in either the decrementing approach of FIG. 18 or
incrementing approach of FIG. 19. If however, the response
to stimulus 1182 was not a threshold EMG response, sub-
sequent stimuli 1184 and 1186 are delivered having pulse
widths of 3.5X and 3.75X until a threshold EMG response
is detected, and the stimulus eliciting that response is
reported as the minimum threshold. If no threshold EMG
response has been detected following the 3.75X stimulus,
the neuromonitoring system reports 4X as the minimum
threshold pulse width.

[0124] During neuromonitoring, determined thresholds
and underlying EMG and stimulus data are continuously
presented to a Surgeon. The displays used can provide a
customizable interface for a Surgeon or other Professional to
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control the displayed data. Illustrative examples of such
displays are shown in FIGS. 20-34.

[0125] FIG. 20 shows a surgical monitoring system 2010
according to certain embodiments. The surgical monitoring
system 2010 includes a display device 2012 having a
monitor or display 2014 and a user interface 2016 for
receiving user commands, although in certain embodiments
the display 2014 includes a touch-screen interface for
receiving user inputs. The display device 2012 is commu-
nicatively coupled to a second display device 2022 using a
data link 2020 that may be a physical connection or a
wireless connection. For example, the display devices 2012,
2022 may be connected to each other by a communication
medium, such as a USB port, serial port cable, a coaxial
cable, an Ethernet type cable, a telephone line, a radio
frequency transceiver or other similar wireless or wired
medium or combination of the foregoing. The communica-
tion between the display devices 2012, 2022, and any of the
other components in FIG. 20, can follow various known
communication protocols, such as TCP/IP, cellular protocols
including GSM, Wi-Fi, Wi-Max, or other wireless commu-
nications technologies or combination of wired or wireless
channels. The second display device 2022 includes a moni-
tor or display 2024 that may be configured with a touch-
screen interface for receiving user inputs or, alternatively or
additionally, may be provided with a user interface similar
to the user interface 2016 shown for the first display device
2012. In certain embodiments, the display 2024 of the
second display device 2022 need not include a user input
interface.

[0126] The display device 2012 is coupled to a base unit
2030, and one or more of a remote amplifier 2032, 16-chan-
nel external amplifier 2034, and stimulator splitter 2036
(e.g., a EX-IX stimulator) for measuring and displaying the
electrical signals generated by muscles, the central nervous
system, and/or the peripheral nerves.

[0127] FIG. 21 shows an illustrative display screen 2050
according to certain embodiments. As discussed above,
certain display screens can be integrated to include both the
monitorist views and the surgeon views. The display screen
2050 includes various windows that display physiological
data for a patient according to different modes, including a
surgeon window 2060, technician or monitorist window
2070, and right and left EMG windows 2080, and further
includes an event timeline 2090 along the bottom of the
screen. The event timeline 2090 includes a right and left
arrow 2092 for moving between each of the events 2094
along the timeline. Each of the windows 2060, 2070, 2080
has a window title bar 2062, 2072, 2082 across the top of the
respective window that allows the windows to be docked
and undocked from the display screen 2050 and placed in
any position on a monitor controlled by the monitoring
system 2010. For example, docking and undocking the
surgeon window 2060 allows that window to be displayed
for the surgeon on a separate monitor such as that provided
by the second display device 2022 of FIG. 20. The windows
may be undocked by grabbing the window title bar using a
cursor controlled by a mouse or other input device, including
user touch-screen commands, and then moving the window
to any position on a monitor controlled by the monitoring
system 2010.

[0128] In certain embodiments, to dock an undocked
window into a particular region on the display screen, a
docking tool is provided that includes a set of arrows that
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appear when the title bar for that window is selected with the
cursor. The potential docking regions for that window will
be shadowed in the display screen, and hovering the cursor
over different arrows of the docking tool allows the user to
see the different docking regions that are available. When a
desired docking location is identified, the user releases the
title bar and the window becomes docked at the desired
docking position. For example, as shown in FIG. 22, a
display screen 2100 includes a left region 2102 and blank
right region 2104 into which the mode window 2110 may be
docked. When the cursor is positioned over the right arrow
of the docking tool 2101 and the window title bar 2112 is
released, the mode window 2110 is docked into the right
region 2104 of the display screen 2100. Similarly, as shown
in FIG. 23, a display screen 2120 includes a bottom region
2122 and a blank top region 2124 into which the mode
window 2130 may be docked. When the cursor is positioned
over the top arrow of the docking tool 2121 and the window
title bar 2132 is released, the mode window 2130 is docked
into the top region 2124 of the display screen 2120. As
shown in FIG. 24, a mode window can be docked along the
top of a display screen 2140 having multiple windows. The
display screen 2140 includes left and right bottom regions
2142, 2144 and a blank top region 2146 into which the mode
window 2150 may be docked. When the cursor is positioned
over the top arrow of the docking tool 2141 and the window
title bar 2152 is released, the mode window 2150 is docked
into the top region 2146 of the display screen 2140.

[0129] As discussed above, the surgical monitoring sys-
tem allows for simultaneous surgeon and monitorist views
of data that is recorded by a nerve detection algorithm. In
certain embodiments, this dual-view feature can be imple-
mented by undocking the surgeon window 2060 from the
integrated view of display screen 2050 of FIG. 21 and
placing the surgeon window 2060 into a second, surgeon-
facing, monitor on the second display device 2022. It will be
understood that any suitable technique may be used to cause
the first and second display devices 2012, 2022 to display
the surgeon and monitorist views and that docking and
undocking the windows is merely exemplary. In particular,
any technique for modifying or otherwise customizing the
displays to provide different but simultaneous presentation
of a neuromuscular response on different screens may be
used. In certain embodiments, the nature of the information
displayed in the two (or more) displays depends on a
user-selected indication (or automatically determined des-
ignation) of the type of user (e.g., monitorist or surgeon).

[0130] The surgeon view displays information in a rela-
tively simple and easy-to-read manner. For example, as
discussed above, the monitorist view may include the wave-
form responses to the current stimulus while the surgeon
view does not; instead including numeric and/or graphical
indicators of distance and or current amplitude based on the
same waveform responses. In certain embodiments, the
surgeon view 2200 displays information to the surgeon in
two respects. First, as shown in FIG. 25, the surgeon view
includes a dial 2201 that indicates the lowest current thresh-
old value for any sensed muscle at that given point in time.
The dial 2201 includes the threshold value in large text 2202
and a gauge arrow 2204 that points to the threshold value on
a semi-circular scale 2206. The background color 2208 of
the dial 2201 may change according to predetermined range
definitions. In certain embodiments, the predetermined
range definitions may be configured in a setup screen
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discussed in detail in FIG. 34. Second, as shown in FIG. 26,
the surgeon view 2200 displays the individual muscle
thresholds via horizontal bar graphs 2220, 2222, 2224 on the
left and right sides (or on any other suitable side) of the dial
2201. As the threshold for activating a muscle response
decreases, the bar increases in size along the direction A
shown by the decreasing threshold arrow. In certain embodi-
ments, the bar 2220, 2222, 2224 changes from green to
yellow to red (or any other suitable color), as the threshold
decreases through the threshold ranges. In certain embodi-
ments, the surgeon dial windows are user-configurable to
change the relative size of the respective windows.

[0131] In certain embodiments, the dial 2201 can be used
to indicate to the surgeon the absolute distance to a proximal
nerve. Similar to the manner in which the dial 2201 indicates
the lowest threshold for any sensed muscle, the dial 2201
may include the distance value in large text 2202 and a
gauge arrow 2204 that points to the distance value on a
semi-circular scale 2206. The background color 2208 of the
dial 2201 may change according to predetermined range
definitions. In certain embodiments, the predetermined
range definitions may be configured in a setup screen.
[0132] Furthermore, in certain embodiments, the dial 2201
can be used to indicate to the surgeon the direction of a
proximal nerve. For example, a directional indicator 2210
may be displayed with the dial 2201 to indicate the relative
direction of the proximal nerve with respect to the travel of
the probe in three-dimensions including superior (a), inferior
(b), medial (c), lateral (d), anterior (e), and posterior (f)
directional indicators. Any suitable technique may be used
for determining the location of a nerve. Mapping the loca-
tion of nerves is discussed in detail in Cadwell U.S. Patent
Application Publication No. 2012/0109004, filed Oct. 27,
2010, the disclosure of which is hereby incorporated by
reference herein in its entirety.

[0133] Various surgeon views 2260, 2270, 2280, 2290 are
depicted in FIGS. 27-30 to illustrate exemplary changes to
the dial that can occur during a surgical procedure. As shown
in FIG. 27, when the selected surgical mode is running but
the stimulus loop is not closed (e.g., the probe or other
instrument is not touching the patient), the dial indicates “No
Stim.” As shown in FIG. 28, when the stimulus loop is
closed, but the algorithm has not yet identified a threshold,
the dial indicates “Searching.” As shown in FIG. 29, when
the algorithm reaches its maximum stimulus level without
identifying a threshold, the dials indicates “>MAX,” where
MAX is the maximum stimulus level for the mode, depicted
as 20 mA in the figure. As shown in FIG. 30, when the
algorithm has detected the minimum level required to pro-
duce a threshold crossing, that level is displayed and the
background color of the dial may be adjusted as necessary.
[0134] The monitorist view displays detailed information
to the technician or monitorist, including the raw waveform
responses for each sensed muscle. As discussed above, the
monitorist view may include the waveform responses to the
current stimulus while the surgeon view does not; instead
including numeric and/or graphical indicators of distance
and or current amplitude based on the same waveform
responses. The detailed information provided to the moni-
torist allows the monitorist to determine, for example,
whether the information is reliable (e.g., by checking for
artifacts or other signal noise) and adjust the settings of the
monitoring system pre, post, or intraoperatively. As shown
in FIG. 31, for example, the monitorist view 2300 includes
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waveform responses and each sensed muscle has its own
sub-window in the monitorist view. Fight sub-windows
2301-2308 are shown in the figure, one for each sensed
muscle of the right and left leg, although any suitable
number of sub-windows may be used. Responses within the
monitorist view 2300 are updated approximately once per
second. The stimulus level associated with each waveform is
displayed via a colored watermark 2310 in the background
of the window 2305 for that muscle. The waveforms dis-
played in each window (e.g., waveform 2312 of window
2305) may be determined based on a “threshold crossing™ or
a “response to last stimulus.” A threshold crossing occurs if
the corresponding muscle evoked a suprathreshold response,
and in such cases the response at the threshold value is
displayed. A response to last stimulus occurs if the corre-
sponding muscle did not evoke a suprathreshold response,
and in such cases the response at the highest stimulus level
is displayed. As an example, assume that the algorithm
stimulated at 5, 6, 7, 8, and 9 mA during the one second
period. The left quadriceps crossed the threshold at 6 mA,
but none of the other muscles responded to any of the
stimulus pulses. The left quad window would display its
response at 6 mA, while the other muscle windows would
display their responses at 9 mA. It is understood that
displays are referred to as “monitorist views” or “surgeon
views” in order to simplify the discussion and that any
specific display may be viewed by a monitorist, surgeon, or
other personnel associated with the surgical procedure.

[0135] Within the windows 2301-2308 for each muscle,
there is a pair of horizontal dashed lines (e.g., lines 2314 and
2316 of window 2306) that represent the response amplitude
threshold for that muscle. Responses that cross this dashed
line in either the positive or negative direction will be
counted by the algorithm as threshold responses. In certain
embodiments, each channel has an independent response
amplitude threshold. The response amplitude threshold can
be adjusted by selecting one of the horizontal dashed lines
and moving it up or down. The new response amplitude
threshold level is indicated by the decorator in the top-right
corner of that window. As shown in FIG. 32, the dashed lines
2402, 2404 of a given sub-window 2400 can be moved up
or down along the directions of arrow B.

[0136] Within the windows 2301-2308 for each muscle,
there is also a pair of vertical dashed lines (e.g., lines 2318
and 2320 of window 2306) that represent periods of time
that are ignored by the algorithm. Specifically, any threshold
crossings that occur before the left-most dashed line 2318
are considered stimulus artifact and not a true muscle
response. Any threshold crossings that occur after the right-
most dashed line 2320 are considered baseline drift artifact
and not a true muscle response. As shown in FIG. 33, the
dashed lines 2452, 2454 of a given sub-window 2450 can be
moved along the directions of arrows C and D.

[0137] In certain embodiments, threshold ranges are used
to determine the colors displayed on the surgeon dial view
and the audio tones that are played during the surgical
procedure. These ranges can be adjusted by the monitorist or
the surgeon. Any suitable threshold ranges may be used. For
example, in certain embodiments where the maximum
stimulus level is set at 20 mA, default threshold ranges of
0-5mA, 5-10 mA, and greater than 10 mA may be used for
color indications that are red, yellow, and green, respec-
tively. Audio tones may accompany the procedure, and in
certain embodiments a green threshold results in a single
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tone that repeats once every two seconds. For the yellow
threshold, a single tone is produced at a relatively higher
pitch, level, and repetition rate than the green tone. For the
red threshold, a single tone is produced at a high pitch, level,
and repetition rate than the yellow tone. It will be understood
that any suitable color and/or audio scheme can be used to
provide feedback to the surgeon during the surgical
approach. As shown in FIG. 34, a threshold display screen
2500 may be displayed that allows the user to change the
threshold ranges for the red 2502, yellow 2504, and green
2506 zones. In certain embodiments, the user can slide the
respective threshold values up or down along the directions
of arrow E. In certain embodiments, the user can change the
threshold values by manually entering the desired threshold
values (e.g., using the user interface 2016 of FIG. 20).
[0138] The foregoing is merely illustrative of the prin-
ciples of the disclosure, and the systems, devices, and
methods can be practiced by other than the described
embodiments, which are presented for purposes of illustra-
tion and not of limitation. It is to be understood that the
systems, devices, and methods disclosed herein, while
shown for use in spinal surgical procedures, may be applied
to systems, devices, and methods to be used in other surgical
procedures performed in the proximity of neural structures
where nerve avoidance, detection, or mapping is desired,
including, but not limited to selected brain surgeries, carotid
endarterectomy, otolaryngology procedures such as acoustic
neuroma resection, parotidectomy, nerve surgery, or any
other surgical procedures.
[0139] Variations and modifications will occur to those of
skill in the art after reviewing this disclosure. The disclosed
features may be implemented, in any combination and
subcombination (including multiple dependent combina-
tions and subcombinations), with one or more other features
described herein. The various features described or illus-
trated above, including any components thereof, may be
combined or integrated in other systems. Moreover, certain
features may be omitted or not implemented.
[0140] Examples of changes, substitutions, and alterations
are ascertainable by one skilled in the art and could be made
without departing from the scope of the information dis-
closed herein. All references cited herein are incorporated by
reference in their entirety and made part of this application.

What is claimed is:

1. A system for neuromonitoring, comprising:

a surgical instrument for delivering stimulus signals to

tissue including or adjacent to a nerve; and

a processing system comprising:

a detection module configured to detect, in muscle
tissue, a first neuromuscular response in response to
a first stimulus signal having a first pulse width and
to detect a second neuromuscular response in
response to a second stimulus signal having a second
pulse width;

a processing module in communication with the detec-
tion module and configured to determine a stimula-
tion threshold for the nerve from the first and second
stimulus signal pulse widths and the first and second
neuromuscular responses, the stimulation threshold
being an estimate of a minimum pulse width required
to elicit a neuromuscular response greater than or
equal to a predetermined threshold, wherein the
stimulation threshold is different from the first and
second pulse widths; and
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a communications module in communication with the
processing module and configured to communicate
an indicator of the stimulation threshold to indicate
at least one of nerve proximity and pedicle integrity.

2. The system of claim 1, wherein the surgical instrument
comprises a probe coupled to an electrical source.

3. The system of claim 2, further comprising a stimulating
electrode disposed on a distal end of the probe.

4. The system of claim 1, wherein the detection module
comprises a sensing electrode configured to detect EMG
signals.

5. The system of 4, wherein the sensing electrode com-
prises a surface EMG electrode.

6. The system of claim 4, wherein the sensing electrode
comprises a needle EMG electrode.

7. The system of claim 1, wherein the detection module is
configured to detect neuromuscular responses in the muscle
tissue during predetermined time windows.

8. The system of claim 7, wherein the predetermined time
windows are offset from delivery times of the first and
second stimulus signals.

9. The system of claim 7, wherein the predetermined time
windows are offset based on a signal transit time associated
with the nerve and the muscle tissue.

10. The system of claim 1, wherein the processing system
further comprises a control module configured to deliver a
plurality of stimulus signals, each stimulus signal having a
larger pulse width than a preceding stimulus signal.

11. The system of claim 10, wherein the control module
is further configured to increase the pulse width of the
stimulus signals in the plurality of stimulus signals at a
constant increment.

12. The system of claim 10, wherein the control module
is further configured to increase the pulse width of the
stimulus signals in the plurality of stimulus signals at
varying increments.

13. The system of claim 1, wherein the detection module
is further configured to apply a voltage level threshold to
detected EMG signals.

14. The system of claim 13, wherein the detection module
is further configured to cross-correlate detected EMG sig-
nals with an EMG response template.

15. The system of claim 13, wherein the detection module
is further configured to apply a correlation level threshold to
the cross-correlation.

16. The system of claim 1, wherein the communications
module comprises a display configured to display an indi-
cation of electric charge.

17. The system of claim 16, wherein the indication of
electric charge is displayed in coulombs.

18. The system of claim 1, wherein the communications
module comprises a display configured to display a distance
between the nerve and the surgical instrument.

19. The system of claim 18, wherein the processing
module is configured to calculate the displayed distance
from the stimulation threshold.

20. The system of claim 1, wherein the communications
module comprises a display configured to display a pulse
width corresponding to the stimulation threshold.

21. The system of claim 1, wherein the communications
module is further configured to communicate at least one of
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a constant current or a constant voltage at which the first and
second stimulus signals are delivered.

22. A system for neuromonitoring, comprising:

a surgical accessory having at least one stimulation elec-

trode;

a processing system configured to:

stimulate the at least one stimulation electrode with a
first and second electrical stimulation signals having
pulses;

measure respective first and second neuromuscular
responses caused by nerves depolarized by the first
and second electrical stimulation signals; and

automatically determine a stimulation threshold of the
nerves by automatically adjusting a pulse width of
the first and second electrical stimulation signals,
wherein the stimulation threshold is different from
the first and second electrical stimulation signals;
and

a communication module configured to communicate to a

user an indication of the stimulation threshold to indi-

cate at least one of nerve proximity and pedicle integ-
rity.

23. The system of claim 22, wherein the processing
system is configured to automatically adjust the pulse width
by variable amounts.

24. The system of claim 22, wherein the processing
system is configured to automatically adjust the pulse width
by constant amounts.

25. The system of claim 22 wherein the processing system
is further configured to maintain the first and second stimu-
lation signals at a fixed current amplitude.

26. The system of claim 22 wherein the processing system
is further configured to vary an amplitude of the first and
second stimulation signals by either variable or constant
amounts.

27. The system of claim 22 wherein the processing system
is configured with a plurality of predetermined ranges and
the communication module is configured to communicate to
the user by indicating which one of the predetermined
ranges the stimulation threshold falls within.

28. The system of claim 27, wherein the plurality of
predetermined ranges comprise ranges of pulse widths.

29. The system of claim 27, wherein the plurality of
predetermined ranges comprise ranges of coulombs indicat-
ing the total charge delivered by the stimulation electrode.

30. The system of claim 22, wherein the communication
module is configured to communicate to the user by dis-
playing information on at least first and second display
screens.

31. The system of claim 30, wherein the communication
module is configured to display the indicator on the first
display screen and an EMG waveform corresponding to the
measurement on the second display screen.

32. The system of claim 22 wherein the processing system
is further configured to automatically determine the stimu-
lation threshold by calculating the stimulation threshold
from a plurality of stimulation pulses having variable pulse
width and measured responses corresponding to the plurality
of stimulation pulses, wherein the stimulation threshold is
different from the plurality of stimulation pulses.

I S S T



THMBW(EF)

[FRIER 1 (TR A (i)
B (E RN A (i)

54 B R (BRI A (F)
[FRIRE A

LTI\

IPCHEF

CPCH¥S

L%
S EREESE

BEG®)

BRTRATHREENNRE , ®REMNGE. BEMALEERBESH
U AL PR 4R 43 o (9 4 22 L PR R R SR E 5| R BB 49 2 AL P R BLFT R B Bk
PRIBES. EENRHESHEERTLN , SINBLBETESHE
RIBESPOPRE |, 7 BSIMBSRNEMGESKNBMAWE, RE
158 PR P33 325 B9 SRR R A8 B Y e R SR B8 TE R (. RUBUSIE T AR T8
THEBONESRTEBEPNED -1,

MAENREMSE

US20190133476A1 ACIIOUN =]
US16/026989 Fi5 A
FEFH/RLAB

FEFREEE | INC.
FEFRERE | INC.
CADWELL JOHN

CADWELL, JOHN

A61B5/04 A61B5/053 A61B5/0488 A61B5/00 A61N1/20 A61B5/0492

patsnap

2019-05-09

2018-07-03

A61B5/04001 A61N1/20 A61B5/742 A61B5/7278 A61B5/7246 A61B5/053 A61B5/0492 A61B5/4893

A61B5/4041 A61B5/0488 A61B2505/05
61/730202 2012-11-27 US

Espacenet USPTO

A0



https://share-analytics.zhihuiya.com/view/66d419fe-7612-4674-ad5c-04f52aec8e04
https://worldwide.espacenet.com/patent/search/family/050773871/publication/US2019133476A1?q=US2019133476A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220190133476%22.PGNR.&OS=DN/20190133476&RS=DN/20190133476

