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Description
TECHNICAL FIELD

[0001] The present disclosure relates generally to a
sensing device used with a surgical diagnostic system
for detecting artificially induced neuromuscular activity.

BACKGROUND

[0002] Traditional surgical practices emphasize theim-
portance of recognizing or verifying the location of nerves
to avoid injuring them. Advances in surgical techniques
include development of techniques including ever small-
er exposures, such as minimally invasive surgical proce-
dures, and the insertion of ever more complex medical
devices. With these advances in surgical techniques,
there is a corresponding need for improvements in meth-
ods of detecting and/or avoiding nerves.

[0003] Inmany surgical procedures, it may be common
to include ancillary monitoring devices or therapeutic de-
vices provided around limbs or other anatomy of the sub-
ject. Examples may include anti-embolism stockings, se-
quential compression devices, blood pressure cuffs, an-
esthesia monitoring devices, and the like. When used,
these devices may cover portions of the body and limit
access to muscles that may otherwise need to be mon-
itored for the purpose of active nerve detection.

SUMMARY

[0004] A neural monitoring system, including a sleeve-
like neuromuscular sensing device is provided to detect
an artificially-induced mechanical response of a muscle
to stimulus provided within an intracorporeal treatment
area of a human subject. The intracorporeal treatment
area generally includes a nerve that innervates one or
more monitored muscles, which are in direct communi-
cation with the sensing device.

[0005] In an embodiment, the sensing device may in-
clude a carrier material and a plurality of mechanical sen-
sors. The carrier material is operative to be secured
around a portion of the limb, and each of the plurality of
mechanical sensors are coupled with the carrier material.
Each mechanical sensor is positioned on the carrier ma-
terial such that it is operative to monitor a mechanical
response of a different muscle group of the limb. Each
mechanical sensor then generates a respective mech-
anomyography output signal corresponding to the mon-
itored mechanical response of its adjacent muscle group.
These signals may then be communicated outbound
from the device via communication circuitry provided on
the device.

[0006] The features and advantages and other fea-
tures and advantages of the presenttechnology are read-
ily apparent from the following detailed description when
taken in connection with the accompanying drawings.
[0007] "A,""an,""the,""atleastone,"and "one or more"
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are used interchangeably to indicate that at least one of
the item is present; a plurality of such items may be
present unless the context clearly indicates otherwise.
All numerical values of parameters (e.g., of quantities or
conditions) in this specification, including the appended
claims, are to be understood as being modified in all in-
stances by the term "about" whether or not "about" ac-
tually appears before the numerical value. "About" indi-
cates that the stated numerical value allows some slight
imprecision (with some approach to exactness in the val-
ue; about or reasonably close to the value; nearly). If the
imprecision provided by "about" is not otherwise under-
stood in the art with this ordinary meaning, then "about"
as used herein indicates at least variations that may arise
from ordinary methods of measuring and using such pa-
rameters. In addition, disclosure of ranges includes dis-
closure of all values and further divided ranges within the
entire range. Each value within arange and the endpoints
of a range are hereby all disclosed as separate embod-
iment.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008]

FIG. 1is a schematic diagram of a neural monitoring
system, including a sleeve-based sensing device,
for detecting an artificially-induced mechanical mus-
cle response.

FIG. 2 is an enlarged schematic anterior view of a
sleeve-based sensing device provided on a leg of a
subject.

FIG. 3 is an enlarged schematic anterior view of a
sleeve-based sensing device provided on a leg of a
subject.

FIG. 4 is a schematic flow diagram for performing
pre-operative system diagnostics.

FIG. 5Ais a schematic cross-sectional view of a leg,
similar to that shown in FIG. 3, and taken through
line 5A-5A.

FIG. 5B is a schematic cross-sectional view of a leg,
similar to that shown in FIG. 3, and taken through
line 5B-5B

FIG. 6 is a schematic cross-sectional view of the low-
er legs of a subject, such as shown in FIG. 1, and
taken through line 6-6.

FIG. 7 is a schematic diagram of a method of using
incorporated transdermal electrodes to determine a
supramaximal response of a muscle.

FIG. 8 is a schematic diagram of a method of using
incorporated transdermal electrodes and mechani-
cal sensors to estimate the presence of a neuromus-
cular block during a procedure.

FIG. 9 is a schematic time-domain graph of a mech-
anomyography output signal in response to a peri-
odic electrical stimulus.

FIG. 10 is a schematic time-domain graph of an in-
duced mechanical response of a muscle within a re-
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sponse window that exists after the application of an
inducing stimulus.

FIG. 11is aschematic diagram of a signal processing
algorithm, including a supervised learning algorithm,
for classifying a sensed muscle motion as being ei-
ther an induced response or not an induced re-
sponse.

FIG. 12 is a schematic time-domain graph of a tech-
nique for comparing a latency between the applica-
tion of a stimulus and the occurrence of an induced
response occurring within a response window.

DETAILED DESCRIPTION

[0009] The present disclosure provides a sensing de-
vice for detecting an artificially induced neuromuscular
response of a subject. The device may include an array
of neuromuscular sensors that are provided on a carrier
material, which is operative to be secured to or around
a portion of a limb of the subject. The sensor array may
monitor a plurality of muscle groups of the limb, for ex-
ample, by positioning one or more sensors into contact
with the skin of the subject immediately adjacent to the
respective muscle group. In most embodiments, each
sensor in the array includes a mechanical sensor that is
operative to monitor the mechanical motion of the adja-
cent muscle group. Using various processing tech-
niques, the system may be capable of discerning whether
the sensed mechanical motion is representative of an
artificially induced muscle response, such as may be
caused by an electrical stimulus provided to an innervat-
ing nerve. These processing techniques may involve ac-
tively filtering out noise, gross motion, and/or signal con-
tent outside of an expected response window, while also
examining the signal or signals from the sensors for at-
tributes or patterns that are indicative of an induced re-
sponse. If the processing and event detection is per-
formed locally on the device, then in some embodiments,
the sensor device may be capable of transmitting, via the
communications circuitry, one or more analog signal trac-
es that are representative of the induced muscle re-
sponse.

[0010] To minimize pre-operative setup while reducing
the potential for error, the sensor device may be provided
as an integrated unit that may be affixed to the subject
by either securing it around the limb (similar to a blood
pressure cuff) or by pulling the device onto the subject,
such as with anti-embolism stockings. In doing so, the
carrier material may locate the array about the subjectin
a quicker manner than if each sensor was individually
placed.

[0011] In some embodiments, the sensor device may
include onboard processing capabilities and onboard
communication circuitry that is operative to transmit one
or more alerts or mechanomyography output signals to
a host system that is in digital communication with the
device. The sensor device may further incorporate ancil-
lary functionality, which eliminates the need for any sens-
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ing or therapeutic systems that would otherwise compete
with the neuromuscular sensors for space on the subject.
Providing an integrated sensing device in this manner
minimizes any required pre-operative setup (i.e., one
properly located device may serve multiple purposes).
Examples of such ancillary functionality may include an-
esthesia monitoring functionality, thromboembolism-de-
terrent functionality, blood pressure monitoring function-
ality, biometric and/or vital monitoring, and the like.
[0012] To reduce the potential for improper affix-
ment/positioning on the subject, in some embodiments,
the system and/or sensing device may be capable of per-
forming one or more diagnostic routines that investigate
whether the device is positioned in the correct orientation
about the limb, and whether it is positioned on the correct
limb at all. If the device is not properly oriented or posi-
tioned on the body, the sensing device may provide an
alert, which may inform a surgeon to a potential loss of
accuracy in the monitored parameters. In some embod-
iments, the use of an array of sensors across the limb
may provide additional gross motion rejection by more
easily identifying a gross translation or rotation of the limb
(i.e., ifallsensors movein unison, then the sensed motion
is not likely induced by the electrical depolarization of a
nerve). While it is noted above that ancillary functionality
may be included into the sensor device, in some embod-
iments, the ancillary functionality may rely on the neu-
romuscular sensors provided in the array to serve a dual
purpose and enable the ancillary functionality. An exam-
ple of this may include depth of anesthesia monitoring,
where a Train of Four (ToF) stimulus may be provided
to the limb, while the sensors monitor for the response
to the ToF stimulus. Similarly, Nerve Conduction Velocity
measurements may be performed, in part by examining
when different muscle group contractions occur (via the
sensor array) in response to a single stimulus.

[0013] Referring to the drawings, wherein like refer-
ence numerals are used to identify like or identical com-
ponents in the various views, FIG. 1 schematically illus-
trates a neural monitoring system 10 that may be used
to identify the presence of one or more nerves within an
intracorporeal treatment area 12 of a subject 14, such as
during a surgical procedure. As will be described in great-
er detail below, the system 10 may monitor one or more
muscles of the subject 14 for a neuromuscular response
that is indicative of a stimulus-induced depolarization of
a nerve (i.e., an artificially induced neuromuscular re-
sponse). If a response of the muscle to the stimulus is
detected during the procedure, the system 10 may pro-
vide an alert or indication to the surgeon, which may en-
able the surgeon to take an appropriate action if such
action is warranted.

[0014] As used herein, an "artificially induced neu-
romuscular response" is a response of a muscle to a
depolarizing stimulus that is applied to a nerve innervat-
ing the muscle. In general, the response is "artificially
induced" because the nerve is depolarized directly by the
stimulus, instead of, for example, the stimulus being re-
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ceived through an intermediate sensory means (e.g.,
sight, sound, taste, smell, and touch). An example of a
stimulus that may cause an "artificially-induced" muscle
response may include an electrical current applied di-
rectly to the nerve or to intracorporeal tissue or fluid im-
mediately surrounding the nerve. In such an example, if
the applied electrical current is sufficiently strong and/or
sufficiently close to the nerve, it may artificially cause the
nerve to depolarize (resulting in a corresponding con-
traction of the muscle or muscles innervated by that
nerve). Other examples of such "artificial stimuli" may
involve mechanically-induced depolarization (e.g., phys-
ically stretching or compressing a nerve, such as with a
tissue retractor), thermally-induced depolarization (e.g.,
through ultrasonic cautery), or chemically-induced depo-
larization (e.g., through the application of a chemical
agent to the tissue surrounding the nerve).

[0015] During an artificially induced neuromuscular re-
sponse, a muscle innervated by the artificially depolar-
ized nerve may physically contract or relax (i.e., a me-
chanical response) and/or the electrical potential
throughout the muscle may be altered. Mechanical re-
sponses may primarily occur along a longitudinal direc-
tion of the muscle (i.e., a direction aligned with the con-
stituent fibers of the muscle), though may further result
in a respective swelling/relaxing of the muscle in a lateral
direction (which may be substantially normal to the skin
for most skeletal muscles). This local movement of the
muscle during an artificially-induced mechanical muscle
response may be measured relative to the position of the
muscle when in a non-stimulated state.

[0016] The neural monitoring system 10 may generally
include a host system 20 and a sensing device 30 that
may cooperate to detect a neuromuscular response of a
muscle to a stimulus 42 provided by a stimulator 40. As
schematically shown in FIG. 2, the host system 20 may
include one or more input devices 22 that are operative
to receive information from the surgeon, one or more
output devices 24 that are operative to communicate
alerts or to provide informational feedback to the sur-
geon, communication circuitry 26 operative to communi-
cate with the sensing device 30, and a processor 28 that
is operative to at least manage the flow of information
between the input devices 22, output devices 24 and
communication circuitry 26.

[0017] In general, the one or more input devices 22
may include a keyboard, a mouse, and/or a digitizer pro-
vided with a touch-screen display. These devices may
receive pre-operative case information or may permit a
surgeontoalter various intraoperative parameters, alarm
limits, or other case information before or during a pro-
cedure. In some embodiments, the stimulator 40 and/or
a foot pedal 44 may provide additional input to the host
system 20. This input may be in the form of an analog or
digital signal that is indicative of the delivery and/or mag-
nitude of a stimulus. The output device 24 may include,
for example, a visual display such as an LED/LCD dis-
play, one or more indicator lights, or speakers capable
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of providing an audible alert to the surgeon.

[0018] The sensing device 30 is the portion of the sys-
tem 10 that directly contacts the subject 14 and is re-
sponsible for, at a minimum, sensing/detecting neu-
romuscular responses of the subject 14. The sensing de-
vice 30 includes a carrier material 32 that is operative to
be secured to the subject 14, and a plurality of neuromus-
cular sensors 34 that are coupled with the carrier material
32 and each operative to monitor a neuromuscular re-
sponse of a different muscle group of the subject 14. The
sensing device 30 may further include communication
circuitry 36 that is operative to digitally communicate with
the communication circuitry 26 of the host system 20,
and a local processor 38 that is in communication with
the plurality of neuromuscular sensors 34 and with the
communication circuitry 36. In general, processors used
with the present system 10 (e.g., processors 28, 38) may
each be embodied as one or multiple digital computers,
data processing devices, and/or digital signal processors
(DSPs), which may have one or more microcontrollers
or central processing units (CPUs), read only memory
(ROM), random access memory (RAM), electrically-
erasable programmable read only memory (EEPROM),
a high-speed clock, analog-to-digital (A/D) circuitry, dig-
ital-to-analog (D/A) circuitry, input/output (I/O) circuitry,
and/or signal conditioning and buffering electronics.
[0019] While the specific nature of the sensing device
30 and carrier material 32 may vary based on the location
of the surgical site and nature of the surgical procedure,
in many cases the carrier material 32 may resemble a
cuff or sleeve thatis secured around a limb of the subject.
Such a design may be suitable, for example, with a spinal
procedure where nerves existing within the surgical site
are known to innervate peripheral muscles of the arms
or legs.

[0020] In some embodiments, the carrier material 32
may be a separate therapeutic or diagnostic device that
is already common in surgical applications. For example,
in a spinal procedure involving one or more of the L2-S1
vertebrae, it is known that nerve roots innervating the leg
muscles may lie within the surgical area. During such
procedures, however, compression-type anti-embolism
stockings (Thrombo-Embolic-Deterrent ("TED") hose)
are typically provided around a subject’s legs and feet to
discourage blood clot formation. Thus, in one embodi-
ment the carrier material 32 may be an elastic
sleeve/stocking configured to apply a compressive force
to the subject’s leg when worn, thus eliminating the need
for separate TED hose. Such a compression against the
subject may present itself as an elastic tension/strain in
the carrier material itself (also referred to as a "tension
fit"). In surgical procedures performed higher on the
spine, the carrier material 32 may include, for example,
a blood pressure cuff worn around the subject’'s arm (or
else may include functionality similar to that of a standard
blood pressure cuff). In these examples, the carrier ma-
terial 32 serves a function outside of that of a dedicated
neuromuscular sensing device, and thus provides effi-
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ciencies in pre-op preparation and planning, while also
allowing monitoring access on sometimes crowded
limbs.

[0021] From the perspective of the sensing device 30,
the carrier material’'s main purpose is to hold the neu-
romuscular sensors 34 in relatively stable contact with
the skin of the subject. While the present technology has
a beneficial use with electromyography (EMG) (i.e., by
ensuring that needle electrodes are held in firm, relative
position in the muscle without much risk of falling out),
the full functionality of the device 30 is best realized when
the neuromuscular sensors 34 are configured to monitor
the mechanical responses of the various muscles, or, at
a minimum, capable of detecting the static force of grav-
ity. Therefore, while in one embodiment, the neuromus-
cular sensors 34 are or include EMG electrodes, in a
more preferred embodiment, the neuromuscular sensors
34 eachinclude a respective mechanical sensor 50 (such
as shown in FIG. 2) that is operative to monitor a me-
chanical response of a directly adjacent muscle group.
[0022] In various embodiments, the mechanical sen-
sor 50 in each neuromuscular sensor 34 may include,
for example, a strain gauge, a pressure/force transducer,
aposition encoder, an accelerometer, a piezoelectric ma-
terial, or any other transducer or combination of trans-
ducers that may convert a physical motion into a variable
electrical signal. As will be discussed below, in particular
embodiments, the inclusion of an accelerometer or other
sensor capable of measuring the direction of a gravita-
tional force may enable diagnostics that may not be pos-
sible with other sensors such as electrodes, strain gaug-
es, or pressure mapping meshes/films (e.g., sensors that
operate on the basis of monitoring electrical potentials,
contact pressures, tensions, or local flexure). In some
embodiments where a pressure, tension, or flexure-
based mechanical sensor is most appropriate for moni-
toring the neuromuscular response, an accelerometer
may still be included for ancillary diagnostic purposes.
[0023] As noted above, the system 10 may further in-
clude one or more elongate medical instruments 40 (i.e.,
stimulators 40) that are capable of selectively providing
a stimulus 42 within the intracorporeal treatment area 12
of the subject 14. For example, in one configuration, the
elongate medical instrument 40 may include a probe 46
(e.g., a ball-tip probe, k-wire, or needle) that has an elec-
trode 48 disposed on a distal end portion. The electrode
48 may be selectively electrified, at either the request of
a user/physician, or at the command of the processor 28,
to provide an electrical stimulus 42 to intracorporeal tis-
sue of the subject. In other configurations, the elongate
medical instrument 40 may include a dilator, retractor,
clip, cautery probe, pedicle screw, or any other medical
instrument that may be used in an invasive medical pro-
cedure. Regardless of the instrument, if the intended ar-
tificial stimulus is an electrical current, the instrument 40
may include a selectively electrifiable electrode 48 dis-
posed at a portion of the instrument that is intended to
contact tissue within the intracorporeal treatment area
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12 during the procedure.

[0024] During a surgical procedure, the user/surgeon
may selectively administer the stimulus to intracorporeal
tissue within the treatment area 12 to identify the pres-
ence of one or more nerve bundles or fibers. For an elec-
trical stimulus 42, the user/surgeon may administer the
stimulus, for example, upon depressing a button or foot
pedal 44 that is in communication with the host system
20. The electrical stimulus 42 may, for example, be a
periodic stimulus that includes a plurality of sequential
discrete pulses (e.g., a step pulse) provided at a frequen-
cy of less than about 10 Hz, or from about 1 Hz to about
5 Hz, and preferably between about 2 Hz and about 4
Hz. Each pulse may have a pulse width within the range
of about 50 ps to about 400 ps. In other examples, the
discrete pulse may have a pulse width within the range
of about 50 ps to about 200 ps, or within the range of
about 75 s to about 125 ps. Additionally, in some em-
bodiments, the current amplitude of each pulse may be
independently controllable.

[0025] If a nerve extends within a predetermined dis-
tance of the electrode 48, the electrical stimulus 42 may
cause the nerve to depolarize, resulting in a mechanical
twitch of a muscle that is innervated by the nerve (i.e.,
an artificially-induced mechanical muscle response). In
general, the magnitude of the response/twitch may be
directly correlated to the distance between the electrode
and the nerve, the impedance between the electrical
stimulus and the ground patch, and the magnitude of the
stimulus current. In one configuration, a lookup table may
be employed by the processor 28 to provide an approx-
imate distance between the electrode and the nerve, giv-
en a known stimulus magnitude and a measured me-
chanical muscle response.

[0026] As noted above, each mechanical sensor 50
may be specially configured to monitor a local mechan-
ical movement of an adjacent muscle group of the subject
14. In response to this sensed movement, each respec-
tive mechanical sensor 50 may generate a mechanomy-
ography (MMG) output signal 52 that corresponds to the
sensed mechanical movement, force, and/or response
of the adjacent muscle. The MMG output signal 52 may
be either a digital or analog signal, and the sensor 50
may further include any communication circuitry or local
processing circuitry 54 that may be required to transmit
the MMG output signal 52 (or a suitable representation
thereof) to the processor 38 via a wired or wireless com-
munications. In some embodiments, the sensor 34 may
further include a local alert capability, such as a lighting
module 56 or audible alert module that may operate at
the direction of the local processing circuitry 54 or local
processor 38.

[0027] The communications circuitry 36 of the sensing
device 30 may digitally communicate with the communi-
cations circuitry 26 of the host system 20 through any
suitable wired or wireless communications means. The
respective circuitry 26, 36 may permit unidirectional or
bidirectional communications, and may be chosen, in
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part, according to the number of sensing devices 30 are
concurrently used during a procedure (noting that many
Bluetooth protocols require point-to-point pairing). Suit-
able wired protocols include 12C, CAN, TCP/IP, while
suitable wireless protocols include IEEE 802.11, Blue-
tooth, ZigBee, NFC, RFiD or the like.

[0028] Thefollowingdescription of setup and operation
of the sensing device 30 will be made with respect to a
lumbar spinal procedure where the sensing device 30 is
provided on a leg of the subject 14. It should be appre-
ciated that the specific nature procedure is illustrative,
and should not be read as limiting. The following princi-
ples of operation can similarly apply to other procedures,
such as spinal procedures performed on the cervical
spine (e.g., C5-T1 - with the sensing device provided on
an arm of the subject), or with other such procedures.
[0029] FIG. 3 schematically illustrates one embodi-
ment of a sensing device 30 that may be used during the
performance of a surgical procedure on the lumbar spine.
As shown, the carrier material 32 may be a sleeve that
is operative to maintain an elastic tension fit about a leg
of the subject. The sensing device 30 includes a plurality
of neuromuscular sensors 34 embedded within, or oth-
erwise directly coupled to the carrier material 32. Each
sensor 34 is positioned on the carrier material 32 such
that it may monitor a response of a different muscle group
of the leg. For example, a first sensor 60 may be located
on an anterior portion of the thigh, such that it approxi-
mately centered above/outward of the vastus lateralis or
vastus medialis muscle when the sleeve is properly po-
sitioned on the leg of the subject. A second sensor 62
may be located on a posterior portion of the thigh, such
that it approximately centered above/outward of the bi-
ceps femoris muscle when the sleeve is properly posi-
tioned on the leg of the subject. A third sensor 64 may
be located on an anterolateral portion of the lower leg,
such that it approximately centered above/outward of the
tibialis anterior muscle when the sleeve is properly posi-
tioned on the leg of the subject. Finally, with some pro-
cedures lower on the spine, a fourth sensor 66 may be
located on the posterior portion of the lower leg, such
that it is approximately centered above/outward of the
gastrocnemius muscle when the sleeve is properly posi-
tioned on the leg of the subject.

[0030] To assist the medical staff in achieving proper
alignment of the sleeve on the leg of the subject, the
carrier material 32 may include one or more alignment
indicia 68 from which relative orientation may be quickly
identified. These indicia 68 may include, anatomical
markers, such as indications or holes for a knee cap or
ankle bone, marks to align with other equipment, marks
to align with anatomical reference planes or the like. In
one embodiment, the indicia 68 may include a line that
extends along a majority of the length of the stock-
ing/sleeve, and/or at certain anatomical waypoints along
the length of the limb, such as shown in FIG. 3. In this
embodiment, the line(s) may provide a quick visual ref-
erence to determine overall relative orientation of the
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sleeve, while also calling attention to any localized twist-
ing.

[0031] In some embodiments, the processor 38 may
be configured to use one or more of the mechanical sen-
sors 50 to determine if the sensing device 30 is placed
on the correct limb for the given procedure and/or is
placed in the proper orientation relative to that limb. In a
general sense, this limb/orientation detection functional-
ity relies on an understanding of the nature of the proce-
dure together with an understanding of the static force
of gravity acting on the sensor 50.

[0032] FIG. 4 schematically illustrates an embodiment
of limb/orientation algorithm(s) 70 that may be performed
by the processor 38. It should be noted that while many
of the following electronic processing techniques and/or
algorithms are described as being performed via the local
sensor device processor 38, unless otherwise noted, in
one or more embodiments, each or any of these tech-
niqgues may be performed by the host processor 28 in-
stead of the sensor device processor 38, or by a combi-
nation of the processors 28, 38. Said another way, while
in some circumstances, it is beneficial to perform certain
processing directly on the device (e.g., to minimize the
amount or resolution of data that must be transmitted to
the host system 20), in many circumstances, it is largely
immaterial which processor performs the technique, and
thus the processors 28, 38 should be regarded as exten-
sions of the same processor unless the separation is a
material aspect of the algorithm.

[0033] As shown in FIG. 4, the limb/orientation algo-
rithm 70 begins by the processor 38 receiving an indica-
tion of the nature of the procedure at 72. This indication
may include, for example, an indication of the vertebrae
or nerve roots within the surgical area, an indication of
muscle groups that may be innervated by these nerve
roots, anindication of the side of the subject’s body where
the procedure will be performed, an indication of the type
of anesthesia used, and/or an indication of the intended
posture of the subject during the procedure. In some em-
bodiments, any or all of this information may be manually
input by the surgeon or by the medical staff via the input
device 22 associated with the host system 20. In other
embodiments, the indication may be downloaded from
an electronic medical record or other previously stored
record of the procedure.

[0034] During this initial setup phase, the sensing de-
vice 30 may also be secured around a portion of the limb
of the subject 14 (at 74). In this step, it is preferable for
the neuromuscular sensors 34/mechanical sensors 50
to each be positioned in contact with or immediately ad-
jacentto the skin above a different muscle group. Indoing
s0, should there be a movement/response of the under-
lying muscle group, the adjacent sensor 50 would also
experience and detect that motion. During this process,
any provided alignment indicia 68 should be used to aid
in properly orienting the device 30 about the limb.
[0035] Each of the plurality of sensors 50 may be en-
ergized at 76, after which they may begin generating one
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or more MMG output signals 52 corresponding to any
sensed movement or forces. This step may involve, for
example, plugging the sensing device into a power
source, flipping a switch (physical or in software), or pull-
ing a barrier tab out of a battery compartment.

[0036] Once energized and in place, the processor 38
may then perform one or both of an orientation diagnostic
algorithm 78 and/or a limb verification algorithm 80 to
ensure that the device 30 is properly positioned and ca-
pable of monitoring induced muscle responses should
they occur. In a general sense, the orientation diagnostic
algorithm 78 may be operative to alert the surgical team
if the sensing device might be improperly oriented relative
to the subject 14. Likewise, the limb verification algorithm
80 may alert the surgical team if there is a possibility that
the sensing device 30 might be positioned on an opposite
side of the subject’'s body from what is intended. Each
determination may generally depend on the direction of
the force of gravity 100 (shown in FIGS. 5A and 5B), as
measured by an accelerometer (or other static force sen-
sor) included with one or more of the neuromuscular sen-
sors 34.

[0037] The orientation diagnostic algorithm 78 may be-
gin at 82 by determining the actual orientation of the sens-
ing device 30 about the limb. As schematically shown in
FIGS. 5A and 5B, the orientation of the sensing device
30 may be determined in a global coordinate frame by
examining a static component of one or more MMG out-
put signals 52, i.e., where the static component is repre-
sentative of the force of gravity 100. Due to variations in
the anatomy between subjects, it may be necessary to
average a plurality of these static gravity vectors 100 to
determine an average ground direction. More specifical-
ly, as each sensor 34 will generally lay flush with the
subject’s skin, the curvature of the body may position
each sensor at a different absolute orientation. By know-
ing the relative positioning of each sensor around the
circumference of the carrier material, these absolute ori-
entations for each of the sensors allow the processor to
then determine an absolute orientation for the device 30.
[0038] As may be appreciated, the MMG output signal
52 may represent the resultant gravity vector 100 as the
sum of static forces sensed in multiple orthogonal axes.
Calculations may be simplified by orienting the sensing
axes such that a first axis is normal to the skin, the second
is parallel to a longitudinal axis of the limb, and the last
is tangent to a circumference of the limb. In performing
the orientation determination, the processor 38 may omit
any static gravity component measured in the axis par-
allel to the longitudinal axis of the limb/sleeve. Doing so
would focus the orientation analysis on relative rotation
of the sensing device 30 about the limb, and not on limb
elevation, which is less relevant for device orientation
purposes.

[0039] Referring again to FIG. 4, once a global orien-
tation of the device 30 is determined at 82, this orientation
may be compared to a proper or intended orientation of
the device 30 (at 84). Assuming that subject 14 is in a
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posture that may be indicated via the nature of the pro-
cedure (at 72), the relative orientation of the device 30
should be deemed to be correct if the determined orien-
tation is within a predetermined angular tolerance of the
intended orientation. In some embodiments, the orienta-
tion determination (at 82) and comparison (at 84) may
occur separately at multiple locations along the device
30 (e.g., one around the upper leg - vastus/biceps; and
one around the lower leg - tibialis/gastrocnemius). This
may allow the processor 38 to recognize any localized
twisting.

[0040] If the current orientation of the sensing device
30 does not match the intended orientation (within an
acceptable tolerance), an alert may be provided (at 86).
The alert at 86 may include, for example, a visual or au-
dible alert provided via the output device 24 of the host
system 20, or, in some embodiments, may include a light
or sound provided directly from the sensing device 30 to
indicate misalignment. For example, in one embodiment,
the lighting module 56 provided on each sensor 34 (such
as shown in FIG. 2) may illuminate a first color if the
sensor is misaligned and a second color if it is properly
aligned (i.e., if individual gravity vectors are outside of a
tolerance from an expected heading). Likewise, in some
embodiments, a light may be associated with the proc-
essor 38 itself and used to indicate if the average orien-
tation is outside of a tolerance from the expected orien-
tation.

[0041] Referringagainto FIG. 4, the processor 38 may
further be configured to perform a limb verification algo-
rithm 80 to determine whether the sensing device 30 is
on the proper limb. Improper limb placement, may be the
result of inattention during setup, or, for example, invert-
ing left and right sensor devices. The limb verification
algorithm 80 relies on the fact that human anatomy is
generally mirrored across a bisecting sagittal plane of
the body, however limb anatomy is not generally sym-
metric about a bisecting sagittal plane of the limb. For
example, FIG. 6 generally illustrates a cross-section of
a subject’s left and right legs 102, 104, taken through the
tibialis anterior muscle 106. As shown, if the sensing de-
vice 30 with sensor 108 was inadvertently placed on the
rightleg 104 instead of the left leg 102 (with the inadvert-
ent positioning illustrated at 108’), the sensor 108’ would
be located on the medial side 110 of the leg instead of
the lateral side 112. Because the medial and lateral sides
110, 112 of the anterior lower leg are have different sur-
face geometries (i.e., asymmetric about a bisecting sag-
ittal plane 114 of the limb), the sensor 108’ would take a
different angular orientation against the skin if the sens-
ing device were placed on an incorrect limb. Therefore,
in some embodiments, the limb verification algorithm 80
may utilize the limb asymmetries to flag sensors that are
at unexpected local orientations.

[0042] As shown in FIG. 4, the limb verification algo-
rithm 80 may begin by determining (at 88) the orientation
of a sensor 34 that is both offset from a bisecting sagittal
plane 114 of the limb, and provided on a portion of the
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anatomy that is asymmetric about that bisecting sagittal
plane. As with the orientation diagnostic algorithm 78,
the local orientation of the sensor may be determined by
examining static components of the MMG output signal
52, which are indicative of the force of gravity 100.
[0043] The processor 38 may then compare this de-
termined sensor orientation with an expected sensor ori-
entation (at 90) to determine whether the sensing device
is likely on the correct limb. This comparison may entail
one or both of: determining if the sensor orientation is
within a predefined angular tolerance of an expected ori-
entation; or estimating both the orientation of the sensor
if positioned on the correct limb and if positioned on the
incorrect limb, and then determining whether the actual
orientation is closer to one or the other. In some embod-
iments, the expected sensor orientations (for both algo-
rithms 78, 80) may account for variations in the weight
of the subject (e.g., via body mass index values) and/or
for variations in the actual circumference of the subject’s
limbs.

[0044] If the determined sensor orientation is outside
of a predetermined tolerance of the expected heading
and/or if it more closely resembles the orientation on the
incorrect limb than the correct limb, the processor 38 may
provide an alert (at 92) to call attention to the potentially
incorrect positioning. Similar to the orientation alert pro-
vided at 86, a limb placement alert may be provided by
the host system 20, or by one or more lights or speakers
associated with the sensing device 30.

[0045] In general, the orientation detection algorithm
78 may be most useful for compression sleeves that are
generally radially symmetric and/or that do not have pro-
visions for a subject’s foot. Limb verification is useful re-
gardless of the symmetry of the device, though it is pref-
erable (though not strictly necessary) for the limb verifi-
cation algorithms 80 to be performed once the device is
properly oriented.

[0046] Once the sensing devices are properly posi-
tioned on the subject 14, the system 10 may generally
operate by applying a stimulus 42 to an intracorporeal
treatment are 12 of the subject 14 via the stimulator 40,
and then monitoring the resulting neuromuscular activity
to determine the existence of an artificially induced mus-
cle response. Because the key to much of the nerve de-
tection lies in the sensing of muscular responses, it may
be beneficial for the system 10 to first understand what
type and/or magnitude of a response the muscle may be
capable of producing prior to beginning the procedure.
Understanding a subject’s specific response profile may
be particularly useful with subjects that have a history of
diabetes or neurodegenerative conditions, that have ex-
cess subcutaneous fat which may dampen a response
or otherwise complicate accurate sensor placement, or
that have a general lack of muscle tone/conditioning. In
some embodiments, the results from these pre-op mus-
cle diagnostics may be used to scale future responses
as a percentage of a maximum possible response, un-
derstand approximately the minimum stimulus needed
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to evoke a response, and/or understand how the magni-
tude of a muscle response may vary as a function of an
applied stimulus.

[0047] To perform the pre-op muscle diagnostics, the
sensing device 30 may include at least a pair of transder-
mal surface electrodes 120 (shown in FIG. 3) that are
operative to apply an electrical stimulus to the skin of the
subject 14. In an embodiment, these surface electrodes
120 may be coupled with the carrier material 32 such that
they are held in direct contact with an outer skin surface
of the subject when the carrier material 32 is secured
around the subject’s limb. In some embodiments, the sur-
face electrodes 120 may include a conductive gel that
may form the skin-contacting surface of the respective
electrodes 120. In one configuration, the electrodes 120
may operate in a bi-polar manner, and may be provided
directly over a muscle such that any administered elec-
trical stimulus causes a direct response of the muscle
tissue. In another embodiment, however, the electrodes
120 (e.g., bi-polar electrodes) may be placed slightly
apart from the muscle, though directly over a nerve that
innervates the muscle. For example, in a procedure in-
volving the lumbar spine, the electrodes 120 may be
placed directly over the femoral nerve, which innervates
the vastus lateralis muscle. Testing the potential re-
sponse of the muscle to a stimulus applied to the inner-
vating nerve may shed some insight into the health of
both the muscle and the nerve downstream of, for exam-
ple, a spinal impingement.

[0048] FIGS.7 and 8 schematically illustrate two meth-
ods, 122, 132 for using the transdermal stimulating elec-
trodes 120 provided with the sensing device 30. As
shown in FIG. 7, in one configuration the processor 38
may administer an electrical stimulus directly to the limb
using the provided electrodes 120 (at 124). In an embod-
iment, this stimulus may be a supramaximal stimulus that
recruits each muscle fiber in the adjacent muscle group
to contract. The processor 38 may then receive (at 126)
an MMG output signal 52 from the adjacent mechanical
sensor 50 that is representative of the supramaximal me-
chanical response the muscle group to the administered
stimulus. Finally, once the maximum possible response
is known, any/all future responses of the muscle (e.g., in
response to a subsequent stimulus 42 provided by an
intraoperative stimulator 40) may be scaled as a function
of this response to the administered supramaximal re-
sponse (at 128).

[0049] In a variation of this method 122, the processor
38 may provide a plurality of submaximal electrical stimuli
over a period of time, with each submaximal stimulus
having a different current magnitude. By monitoring the
response to each submaximal stimulus, the processor
38 may then develop a response sensitivity curve that
reflects muscle response as a function of transdermal
stimulus current. While the numeric relationship between
transdermal current and response magnitude may not
be directly applicable for stimuli provided within the body
(i.e., unless the impedance of the skin was measured
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prior to testing), the shape of the sensitivity curve may
be relevant and used to scale the system’s pre-existing
understanding of the relationship between stimulus mag-
nitude, response magnitude, and distance between a
stimulus and a nerve (i.e., the shape of the response
curve may be used to adjust the decay rate of the intra-
operative relationships to achieve a better fit given the
subject’s own neuromuscular anatomy).

[0050] FIG. 8 illustrates a method 132 where the pair
of electrodes 120 are used to provide a Train of Fours
stimulus, from which it may be determined whether the
subject 14 has been administered an anesthetic that in-
cludes a paralytic or neuromuscular blocking agent. Such
agents alter/mute the ability for motor nerves to properly
transmit nerve impulses, which could compromise the
reliability of the system'’s nerve detection capabilities. As
shown, the method 132 begins by administering four se-
quential electrical stimuli via the transdermal electrodes
120 (at 134). The processor 38 may then receive (at 136)
an MMG output signal 52 from the adjacent mechanical
sensor 50, where the output signal 52 is representative
of the mechanical response of the muscle group to each
administered stimulus.

[0051] Following the receipt of the fourth response, the
processor 38 may compute a Train of Four ratio (at 138).
The Train of Four ratio is computed as the ratio of the
amplitude of the MMG output signal 52 in response to
the fourth administered electrical stimulus to the ampli-
tude of the MMG output signal 52 in response to the first
administered electrical stimulus. The processor 38 may
then compare this determined Train of Four ratio to a pre-
determined threshold (at 140), and may provide an alert
tothe user (at 142) if the ratio is below the pre-determined
threshold. Similar to the orientation and limb alerts dis-
cussed above, the nerve block alert may be provided by
the host system 20, or by one or more lights or speakers
associated with the sensing device 30.

[0052] It should be appreciated that, while the Train of
Fouranalysisis well known in the field of anesthesia mon-
itoring, the present system 10 both integrates this func-
tionality/diagnostic into the existing sensor device 30
(i.e., improved efficiency of setup and sensor positioning)
and uses the output to inform the surgeon whether there
is an anesthetic that could negatively affect the perform-
ance or reliability of the system 10. Incorporation of this
functionality eliminates the need for a secondary moni-
toring system, and uses the results of the test for a pur-
pose outside the field of anesthesiology. Furthermore,
incorporation of Train of Four diagnostics leverages the
existing sensors 34 to minimize the need for redundant
sensing.

[0053] In situations where the neuromuscular sensor
34 is or includes a mechanical sensor 50, the artificially
induced muscle responses may occur against a back-
ground of potentially unrelated limb motion, such as pro-
cedure related motion, inadvertent bumps into the oper-
ating table, or other such environmental or intentional
mechanical noise. Therefore, to properly analyze the
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MMG output signals 52 and determine the occurrence
and magnitude of the induced muscle response, it may
be desirable to filter the MMG output signals 52 to remove
or attenuate signal content that is indicative of a gross
translation or rotation of the limb.

[0054] Inone embodiment, the sensing device 30 may
detect gross translations or rotations by virtue of having
a plurality of mechanical sensors 50 held in varying po-
sitions around the limb by the carrier material 32. More
specifically, if each of the plurality of sensors 50 output
arespective signal 52 that, when viewed collectively sug-
gests a coordinated translation or rotation (i.e., a global
motion rather than a local motion), any signal content
specific to that global motion can be digitally removed.
To accomplish this motion detection, in one embodiment,
each sensor 50 may directly plug into a local processor
38 that may coordinate the received signals in time (e.g.,
through the use of time-stamps, clock synchronization,
or other buffering or signal processing techniques). The
processor 38 may then examine the collection of MMG
output signals to identify any motion that is common be-
tween the sensors or that is otherwise indicative of a
gross translation or rotation of the limb. If any such motion
is identified, it may be filtered, attenuated, or otherwise
removed from each respective output signal 52 prior to
the system performing any further analysis.

[0055] In some embodiments, the processor 38 may
perform this gross motion rejection by mapping each sen-
sor reading to a three dimensional (virtual) solid model
of the limb. This mapping may be accomplished by un-
derstanding the number and relative placement of the
sensors on the device 30, and by mapping the actual
sensed motion to corresponding points on a virtual solid
model of the limb. In some embodiments, the processor
38 may receive an indication of the subject’s anatomy
(e.g., body mass index (BMI), limb circumference, or per-
cent body fat) to scale the size and presumed elastic
modulus of the virtual solid model. The global motion may
then be extracted from the model, for example, by exam-
ining the motion of, forexample, the centroid of the model
or of a rigid body diagram/representation of the limb.
[0056] Insomeembodiments, using a virtual limb mod-
el may not only enable gross motion detection by inspect-
ing the motion of the model, itself, but it may also permit
virtual sensor points to be dropped on the model, which
may provide a more complete/higher resolution picture
of how the limb is responding/moving. This better under-
standing of the limb motion may then enable greater ac-
curacy when detecting the occurrence and magnitude of
an artificially neuromuscular response, while serving to
reduce the overall noise floor of the system.

[0057] In some embodiments, the system 10 may be
configured to automatically perform one or more signal
processing algorithms or methods (i.e., via processor 28
and/or 38) to determine whether a mechanical movement
sensed by the sensing device 30 is representative of an
artificially-induced mechanical muscle response or if it is
merely a subject-intended muscle movement and/or an
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environmentally caused movement. These processing
algorithms may be embodied as software or firmware,
and may either be stored locally on the processor 28, 38,
or may be readily assessable by the processor 28, 38.
[0058] FIG. 9 generally illustrates a graph 180 of an
MMG output signal 52 that may be output by one sensor
34 in response to a periodic electrical stimulus 42 pro-
vided proximate to a nerve. It should be noted that the
graph 180 is provided for illustrative purposes to show a
generalized muscular response to a periodic stimulus
provided at about a 3 Hz stimulation frequency. As
shown, the MMG output signal 52 has an amplitude 184
that varies as a function of time 186 and includes a plu-
rality of generally discrete contraction events 188. Each
contraction event 188 may include, for example, an initial
response 190 (e.g., an M-wave), and a plurality of sub-
sequent peaks/valleys 192 (e.g., an H-reflex).

[0059] FIG. 10 provides an enlarged view of the first
event 188 of FIG. 9. In addition to the graph 180 of the
MMG output signal 52, FIG. 10 additionally includes a
graph 194 representing two consecutive stimuli 196, 198.
As generally shown, the first stimulus 196 may be pro-
vided by the stimulator 40 beginning at a first time, T;.
The second, consecutive stimulus may be provided by
the stimulator 40 beginning at a second time, T,. The
length of time 200 between T4 and T, may also be re-
garded as the period 200 of the periodic stimulus 42. This
period 200 may typically be between about 100 ms and
1000 ms, or more typically between about 250 ms and
about 500 ms. Within the length of time 200 following the
first stimulus 196, there may be a narrower window of
time where a muscle event 188 is most likely to occur in
response to the first stimulus 196 (i.e., the "response win-
dow 202"). The response window 202 generally begins
at a time T that is on or shortly after T, and that may
represent the earliest time where a response of the mus-
cle to the stimulus could be expected. Likewise, the re-
sponse window 202 generally ends at a time T, that is
before the next stimulus 198 begins and that provides a
large enough period of time from T3 to include at least
the entire initial response 190, if one were to occur.
[0060] The offset 204 between T, and T, if one were
to exist would be minimal, as the delay between stimu-
lation and the initial muscle response 190 is only limited
by the speed at which the nerve signal propagates, the
length of the nerve, and the dynamics of the muscle to
actually contract in response to the nerve signal. In most
patients, motor nerves can conduct generally between
about 40 m/s and about 80 m/s, which could result in
about a 5-20 ms delay until the start of the muscular con-
traction. In some embodiments, the start time T3 of the
response window 202 could be further refined by ac-
counting for specific attributes of the patient, such as
body mass index (BMI), diabetes, neuropathy, degener-
ative nerve conditions, or other such factors that are
known to affect nerve conduction velocity and/or muscu-
lar response.

[0061] The relative location of T, within the period 200
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may generally be selected such that if a muscle event
188 were to occur in response to the first stimulus 196,
a sufficient amount of information related to the event
would fall within the response window 202 to properly
categorize it as an induced/evoked muscle response.
This later bound may generally depend on the amount
of time 206 between T, and the initial onset and/or peak
of the muscle response, as well as on the expected du-
ration of the event 188. From a clinical perspective, it is
most important that T5 and T, are selected to capture at
least the initial M-wave response 190 within the response
window 202. Similar to T, the offset of T, relative to T,
may be further refined by accounting for specific at-
tributes of the patient, such as body mass index (BMI),
diabetes, neuropathy, degenerative nerve conditions,
muscle fatigue, or other such factors that are known to
affect nerve conduction velocity and/or muscular re-
sponse.

[0062] Properly sizing the response window 202 within
the period 200 between the stimuli may enable the proc-
essor to summarily reject some muscle events (or other
detected movements) if those events occur outside of
the expected response window 202. Such an analysis
may be performed separately for each sensor/sensor
channel as athreshold inquiry into whether signal content
is representative of a stimulus-induced response. As an
example, if a periodic stimulus was applied to a subject
at a frequency of 2 Hz (500 ms period), any given pulse
may be expected to elicit a response within about the
first 100 ms of the onset of the pulse (i.e., with slight
variability based on the health of the patient). If a pur-
ported muscle event 188 was detected in the later 400
ms of the period 200, it may be safe to assume that the
applied stimulus did not cause that motion.

[0063] Using these assumptions, in one embodiment,
the processor may be configured to only perform the sig-
nal processing algorithms on sensed motion or candidate
muscle events (i.e., muscle responses that either exceed
a certain response amplitude threshold, or have some
other time or frequency domain characteristic that is in-
dicative of induced responses), that occur within the re-
sponse window 202. Such a time-gating filter may reduce
the total number of candidate events that must be ana-
lyzed, which may conserve processing power, improve
processing speed, and reduce the potential for false pos-
itives. As mentioned above, the response window should
be sized such that T, < Ty < T, < T,, however, to best
realize the processing improvements, it is preferable for
(Tq-T3) < (T2~ Ty)2.

[0064] In one configuration, the processor may deter-
mine the administration of the stimulus (i.e., T4) by either
digitally communicating with the stimulator 40 to identify
the timing of stimulus 42 (i.e., by digitally directing the
stimulator 40 to energize, or by receiving an indication
that a stimulus 42 has been administered), or by more
directly providing the electrical stimulus energy to the
electrode 48. In some embodiments, however, the stim-
ulator 40 may be a standalone device thatlacks any direct
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connection or communication with the sensing device
30. In such an embodiment, the sensing device 30 may
still be capable of recognizing the occurrence of the stim-
ulus by monitoring changes in one or more electrical pa-
rameters of the subject. More specifically, when an elec-
trical stimulus is applied to the body, the electrical poten-
tial of all tissue within the body may momentarily change.
When monitored in an electromyography context, such
an inrush is generally referred to as a stimulus artifact.
While a stimulus artifactis generally viewed as a negative
quality (i.e., it can complicate electromyography meas-
urements and potentially obscure changes in the muscle
action potential), when used with MMG, the stimulus ar-
tifact may provide a near real-time indication that a stim-
ulus has been administered.

[0065] Therefore, in one embodiment, such as shown
in FIG. 3, the electrodes 120 in communication with the
processor 38 may be used for the purpose of monitoring
one or more electrical parameters of the subject 14 to
identify the occurrence of a an electrical stimulus 42. The
processor 38 may make this identification by recognizing
a momentary change in one or more of the monitored
parameters, such as voltage between the electrodes (i.e.,
evidence of a stimulus artifact). To accomplish this mon-
itoring, the electrodes 120 may include any combination
of skin-applied transdermal electrodes and invasive nee-
dle electrodes. For example, in one embodiment the pair
of electrodes 120 may include two spaced transdermal
electrodes held in contact with the skin of the subject 14.
In another embodiment the pair of electrodes 120 may
include one needle electrode extending through the skin,
and one transdermal electrode. Finally, in one embodi-
ment, the pair of electrodes 120 may include two spaced
needle electrodes.

[0066] In some embodiments, the processor may be
configured to perform the signal processing algorithms
on sensed motion or candidate muscle events if any one
of the plurality of sensors experiences motion or a can-
didate event within the response window. For example,
the MMG output signal on each sensor channel may be
recorded in a sliding window/circular buffer until any one
channel experiences motion that may be characteristic
of a muscular response. At that point, the circular buffer
and/or any subsequently received signals for every chan-
nel may be stored in an analysis buffer where they may
be analyzed individually or collectively to determine
whether the candidate motion is representative of an ar-
tificially induced response of the muscle.

[0067] In some embodiments, the signal processing
algorithms used to recognize an induced response may
involve one or more analog detection techniques such
as described, for example, in US Patent No. 8,343,065,
issued on January 1, 2013 (the ‘065 Patent), which is
incorporated by reference in its entirety, and/or one or
more digital detection techniques, such as described in
US 2015/0051506, filed on August 13, 2013 (the '506
Application), which also is incorporated by reference in
its entirety. In the analog techniques, the processor may
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examine one or more aspects of the MMG output signal
52 in an analog/time domain to determine if the sensed
response is an artificially-induced response of the muscle
to the stimulus. These analog aspects may include, for
example, the time derivative of acceleration, or the max-
imum amplitude of the M-wave/initial response 190.
[0068] In a digital context, such as described in the
’503 Application, the processor may compare the fre-
quency components of the MMG output signal (i.e., in
the frequency domain) with the frequency of the applied
stimulation to determine whether the sensed muscle re-
sponses and/or "events" were induced by the applied
stimulus. Such a technique may be made more robust
by considering only events or muscle activity that occurs
within the reference window 202 and/or by aggressively
filtering/attenuating or ignoring the signal outside of the
response window 202 prior to applying the signal
processing algorithms.

[0069] In some embodiments, the signal processing
algorithms may include one or more supervised learning
algorithms that are operative to classify any sensed mo-
tion into one of a plurality of classifications that include
at least whether the motion is, or is not representative of
an artificially-induced mechanical response of the mus-
cle. Both classifications may provide valuable informa-
tion to an operating surgeon during a procedure. Affirm-
atively detecting a response informs the surgeon that a
nerve is proximate to the stimulator/tool, and to proceed
with caution. Conversely, determining that no induced
response occurred, particularly if a stimulus is provided,
informs the surgeon that the nerve is not present and
they can proceed in their normal manner.

[0070] Ina general sense, a supervised learning algo-
rithm is an algorithm that attempts to classify a current
sample using observations made about prior samples
and their known classifications. More specifically, the al-
gorithm attempts to construct and/or optimize a model
that is capable of recognizing relationships or patterns
between the training inputs and training outputs, and then
the algorithm uses that model to predict an output clas-
sification given a new sample. Examples of supervised
learning algorithms that may be employed include neural
networks, support vector machines, logistic regressions,
naive Bayes classifiers, decision trees, random forests,
or other such techniques or ensembles of techniques.
[0071] FIG. 11 schematically illustrates an embodi-
ment of a supervised learning algorithm 210 that may be
used to classify one or more current samples 212 of MMG
output signals 52 into a binary classification (i.e., an ar-
tificially induced muscle response 214, or not an artifi-
ciallyinduced response 216). While the supervised learn-
ing algorithm 210 may certainly be applied on a sensor-
by-sensor basis (which may aid in classifying the output
from any one sensor channel), in one embodiment, the
algorithm 210 may consider the MMG output signals 52
from a plurality of the sensors 34, collectively (e.g., within
the analysis buffer as described above). Such a strategy
may recognize that a muscle response on a first side of
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the limb may cause a detectable response in one or more
sensors located apart from that muscle by virtue of wave
propagation and/or via the dynamics of the limb itself.
Furthermore, nerve roots and nerve bundles often serve
to innervate multiple muscle groups, though each to var-
ying degrees. Thus, one manner of detecting the induced
depolarization of a nerve is to examine the coordinated
responses of allmuscles the stimulated nerve innervates.
Such a multi-channel analysis is generally well suited for
supervised learning algorithms.

[0072] With continued reference to FIG. 11, the proc-
essor may initially characterize the one or more MMG
output signals 52/samples 212 and/or any recognized
muscle motion according to one or more analog charac-
teristics 218, frequency characteristics 220, and/or time-
series/image characteristics 222. The processor may
then use a model 224 constructed and/or optimized on
the basis of a plurality of pre-classified training samples
226 to make an informed classification that minimizes an
established error function or maximizes the probability
of an accurate prediction.

[0073] Inanembodiment,the one or more analog char-
acteristics 218 may include, for example, max/min accel-
eration amplitudes, max/min velocity amplitudes, time
derivative of acceleration, signal rise time, or curve fitting
coefficients. Likewise, the one or more frequency char-
acteristics 220 may include, for example, FFT coeffi-
cients, peak frequencies, peak frequency magnitudes,
harmonic frequencies, or frequency fall-off. Finally, the
time-series/image characteristics 222 may include a
snapshot of a graph of the MMG output 52 over time
(similar to what is shown in FIG. 10). In general, as dis-
cussed in the '065 Patent and in the '506 Application,
artificially-induced muscle responses have certain ana-
log and frequency characteristics that non-induced re-
sponses do not. As such, the supervised learning algo-
rithm 210 may model these characteristics 218, 220 in
the aggregate to predict the nature of the muscle event
with a greater accuracy. Furthermore, in some situations,
the visual attributes of an induced response may tell a
more complete story than any one parameter or collec-
tion of parameters could. As such, in an embodiment,
the supervised learning algorithm 210 may include an
image based classifier that may attempt to classify a mus-
cle response on the basis of a visual similarity with other
previously identified induced responses.

[0074] In some embodiments, the supervised learning
algorithm 210 may employ an ensemble approach to
generating the output classification. In such an approach,
the model 224 may include a plurality of different mod-
els/approaches that may be combined according to a
weighting/costing formula to provide improved redun-
dancy/voting. In another embodiment, the ensemble ap-
proach may use the output of one or more approach-
es/models as an input of another model. For example,
the analog and/or frequency based detection techniques
discussedinthe '065 Patentand/orinthe '506 Application
may output a probability or likelihood that an event in
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questionis representative of aninduced response. These
estimations may then be fed into, for example, a super-
vised learning algorithm as another input (i.e., where the
supervised learning algorithm may understand situations
when the pre-determined algorithms are to be trusted or
not trusted). In another embodiment, each model, includ-
ing any supervised learning algorithm may feed into a
separate algorithm that may output a binary response or
probability based upon the outcomes of the various mod-
els. This approach may use voting algorithms, probability
combinations, and/or separate supervised learning algo-
rithms to provide an output based on the prediction of
each constituent model.

[0075] In addition to simply detecting an artificially in-
duced muscle response, in an embodiment, the proces-
sor may further be configured to examine the timing be-
tween a provided stimulus and a muscle response in-
duced by this stimulus. If this timing changes by more
than the threshold amount, the processor 28 may provide
an alert to a user to indicate a change in the health of the
nerve that innervates the responding muscle. As a gen-
eral premise, nerve conduction velocity and/or muscle
response latency should be faster with a healthy nerve
than with an injured or impinged nerve.

[0076] Therefore, as generally illustrated in FIG. 12, in
an embodiment, the processor may be configured to
identify a time 250 of a first muscle event 252 that occurs
within afirstresponse window 254. The first muscle event
252 is induced by a first stimulus 256 that begins at the
first time 258. As generally shown, the muscle event in-
cludes an initial M-wave response 260 having a peak
magnitude 262, followed by later responses 264 such as
the H-reflex. The processor may be configured to deter-
mine a first response latency 266 between the first time
256 and the time 250 of the muscle event 252. While it
is not critical where the time of the stimulus is recorded,
it important that the latency 266 is consistently recorded
between measurements. As such, the most optimaltimes
to log the time of the stimulus is on either the rising or
falling edge, and the most optimal time to log the time of
the eventis atthe maximum peak (i.e., as peak detection
techniques are easily implemented).

[0077] Once a baseline latency is established, either
by computing a single latency, or an average of many
successively computed latencies, future latencies (e.g.,
subsequent latency 268) may be computed in a similar
manner and compared to the baseline. More specifically,
the processor may be configured to identify a time 270
of a second muscle event 272 within a second response
window 274 following a subsequent stimulus 276 provid-
ed by the stimulator. The processor may determine the
response latency 268 between the stimulus 276 the sec-
ond muscle event 272, and may then provide an alert if
the second response latency 268 differs from the base-
line latency by more than a predetermined threshold
amountthatis settoindicate either a meaningfulimprove-
ment in the health of the nerve, or a meaningful impair-
ment of the nerve. Additionally, or alternatively, the sys-
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tem 10 may display a constant readout that compares
the nerve conduction velocity and/or muscle response
latency to either a baseline level measured from that pa-
tient, or to a standard or expected velocity/latency, from
which changes throughout the procedure can be gauged.
[0078] In yet another embodiment, Nerve Conduction
Velocity may be computed by monitoring the difference
in time between responses in muscle groups innervated
by a common nerve root. For example, the L4 nerve root
can innervate both the vastus lateralis and the tibialis
anterior muscles. As these muscles are separated a dis-
tance along the length of the leg, it should be expected
that the tibialis anterior muscle should respond with a
slight phase delay. By locally processing these signals,
it may be possible to detect this delay, and determine the
NCV for at least the portion of the nerve between the two
muscles, which may provide insightinto the overall health
of the nervous system (i.e., since it is unlikely for there
to be any impingement between these two muscles which
may otherwise affect conduction velocity).

[0079] In addition to use as a stand alone, or hand-
held nerve monitoring apparatus, the presentnerve mon-
itoring system 10 and described artificially-induced me-
chanical muscle response detection algorithms (as de-
scribed within method 210) may be used by a robotic
surgical system, such as described in U.S. Patent No.
8,855,622, issued October 07, 2014 entitled "ROBOTIC
SURGICAL SYSTEM WITH MECHANOMYOGRAPHY
FEEDBACK," which is incorporated by reference in its
entirety and for all of the disclosure set forth therein. In
such a system, the above-described neural monitoring
system 10 may be used to provide one or more control
signals to a robotic surgical system if an artificially-in-
duced mechanical muscle response is detected. In such
an embodiment, the one or more elongate medical in-
struments 46 described above may be robotically con-
trolled in up to 6 or more degrees of freedom/motion by
a robotic controller. This instrument may be configured
to perform a surgical procedure within an intracorporeal
treatment area at the direction of the robotic controller,
and may provide an electrical stimulus 42 in the manner
described above. If an artificially-induced mechanical
muscle response is detected, the neural monitoring sys-
tem 10 may instruct the robotic controller (via the provid-
ed control signal) to limit the range of available motion
of the elongate medical instrument 46 and/or to prevent
an actuation of an end effector that may be disposed on
the instrument 46 and controllable by the robotic control-
ler.

[0080] While the best modes for carrying out the
present technology have been described in detail, those
familiar with the art to which this technology relates will
recognize various alternative designs and embodiments
that are within the scope of the appended claims. It is
intended that all matter contained in the above descrip-
tion or shown in the accompanying drawings shall be
interpreted as illustrative only and not as limiting.
[0081] Various advantages and features of the disclo-
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sure are further set forth in the following clauses:

Clause 1: Asensing device for detecting an artificially
induced neuromuscular response within a limb of a
subject, the sensing device comprising: a carrier ma-
terial operative to be secured around a portion of the
limb; a plurality of mechanical sensors coupled with
the carrier material, each mechanical sensor posi-
tioned on the carrier material such that it is operative
to monitor a mechanical response of a different mus-
cle group of the limb, and wherein each mechanical
sensor generates a respective mechanomyography
output signal corresponding to the monitored me-
chanical response, and from which an artificially in-
duced neuromuscular response within the limb can
be detected; and communication circuitry coupled
with the carrier material and in electronic communi-
cation with each of the plurality of mechanical sen-
sors, the communication circuitry operative to trans-
mit one or more of the generated mechanomyogra-
phy output signals to a host system.

Clause 2: The sensing device of clause 1, wherein
the carrier material is a sleeve operative to maintain
an elastic tension fit about the limb of the subject.
Clause 3: The sensing device of clause 2, wherein
the plurality of mechanical sensors includes a first
sensor positioned on the carrier material such that
it is directly adjacent to and operative to monitor a
mechanical response of at least one the vastus me-
dialis muscle or the vastus lateralis muscle when the
carrier material is secured around a portion of the
limb in a proper orientation; and wherein the plurality
of mechanical sensors includes a second sensor po-
sitioned on the carrier material such that it is directly
adjacent to and operative to monitor a mechanical
response of the tibialis anterior muscle when the car-
rier material is secured around the portion of the limb
in the proper orientation.

Clause 4: The sensing device of any of clauses 1-3
further comprising a processor in communication
with the plurality of mechanical sensors.

Clause 5: The sensing device of clause 4, wherein
the processor is configured to: receive an indication
of the nature of a procedure to be performed on the
subject, the nature of the procedure being indicative
of a side of the subject’s body where the procedure
will be performed; receive at least one mechanomy-
ography output signal; identify whether the limb is a
right limb or a left limb from a static component of
the received mechanomyography output signal; and
provide an alert if the limb is not on the side of the
subject's body where the procedure will be per-
formed.

Clause 6: The sensing device of any of clauses 4-5,
wherein the processor is configured to: receive an
indication of an intended posture of the subject dur-
ing a procedure to be performed on the subject, the
intended posture of the subject being indicative of a
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proper orientation of the sleeve during the proce-
dure; receive at least one mechanomyography out-
put signal; determine an actual orientation of the
sleeve from a static component of the at least one
mechanomyography output signal; and provide an
alert if the actual orientation of the sleeve does not
match the proper orientation of the sleeve.

Clause 7: The sensing device of any of clauses 4-6,
wherein the processor is in communication with and
between the plurality of mechanical sensors and the
communication circuitry; and the processor config-
ured to filter each of the mechanomyography output
signals to remove signal content that is indicative of
a gross translation or rotation of the limb.

Clause 8: The sensing device of clause 7, wherein
the processor is configured to identify signal content
that is indicative of a gross translation or rotation of
the limb by mapping the sensed motion from each
of the plurality of sensors to a virtual limb, and de-
termining whether there is a translation or rotation
of the virtual limb.

Clause 9: The sensing device of any of clauses 4-8,
wherein the processor is configured to: receive an
indication that a stimulus has been administered
within an intracorporeal treatment area of the subject
apart from the limb; analyze each of the mechano-
myography output signals to determine whether the
stimulus induced a mechanical, neuromuscular re-
sponse of one or more of the muscle groups within
the limb of the subject; and provide an alert if it is
determined that the stimulus induced the neuromus-
cular response.

Clause 10: The sensing device of clause 9, wherein
the processor is configured to only analyze each of
the mechanomyography output signals within a re-
sponse window following the administration of the
stimulus.

Clause 11: The sensing device of any of clauses
9-10, wherein the processor is configured to deter-
mine whether the stimulus induced the mechanical,
neuromuscular response of one or more of the mus-
cle groups within the limb of the subject by examining
one or more characteristics of one or more received
mechanomyography output signals using a super-
vised learning algorithm; and wherein the supervised
learning algorithm is operative to classify the re-
sponse window into one of a plurality of classifica-
tions comprising: the response window is represent-
ative of an induced neuromuscular response; and
the response window is not representative of an in-
duced neuromuscular response.

Clause 12: The sensing device of any of clauses
9-11, wherein the processor is local to the sensing
device and attached to the carrier material; and
wherein the communication circuitry is operative to
transmit one or more of the generated mechanomy-
ography output signals to the host system only if it
is determined that the stimulus induced the neu-
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romuscular response.

Clause 13: The sensing device of any of clauses
9-12, wherein the processor is further configured to
determine a nerve conduction velocity by either com-
puting the time delay between the stimulus and a
muscle response induced by the stimulus, or by com-
puting the time delay between muscle responses
from different muscle groups innervated by a com-
mon nerve.

Clause 14: The sensing device of any of clauses
1-13, further comprising: a pair of surface electrodes
coupled with the carrier material such that they are
operative to directly contact a skin surface of the sub-
ject when the carrier material is secured around the
portion of the limb; and a processor in electrical com-
munication with the pair of surface electrodes, the
processor configured to administer an electrical
stimulus directly to the limb via the electrodes.
Clause 15: The sensing device of clause 14, wherein
the stimulus is a Train of Four electrical stimulus that
includes four discrete electrical pulses; the proces-
sor further configured to: monitor the mechanomy-
ography output signal from one of the plurality of me-
chanical sensors for a mechanical response to each
of the four discrete electrical pulses of the Train of
Four electrical stimulus; compute a Train of Four ra-
tio from the monitored mechanomyography output
signal, the Train of Four ratio being a ratio of an am-
plitude of the mechanomyography output signal in
response to the fourth of the four discrete electrical
pulses to an amplitude of the mechanomyography
output signal in response to the first of the four dis-
crete electrical pulses; and provide an alertindicative
of the existence of a neuromuscular block if the Train
of Four ratio is below a predetermined threshold.
Clause 16: The sensing device of any of clauses
14-15, wherein the stimulus is a supramaximal stim-
ulus.

Clause 17: The sensing device of clause 16, wherein
the processor is operative to: receive a mechano-
myography output signal representative of the me-
chanical response of a muscle in response to the
administered supramaximal stimulus; and scale one
or more of the mechanomyography output signals
as a function of a magnitude of the mechanical re-
sponse of the muscle in response to the adminis-
tered supramaximal stimulus.

Clause 18: The sensing device of any of clauses
1-17, wherein the carrier material is an anti-embo-
lism stocking.

Clause 19: The sensing device of clause 18, wherein
the anti-embolism stocking includes one or more
alignment indicia to indicate the proper orientation
of the stocking relative to the limb.

Clause 20: The sensing device of clause 19, wherein
the alignment indicia is a line extending along a ma-
jority of the length of the stocking, the line operative
to indicate twisting of the stocking when worn by the
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subject.

Clause 21: The sensing device of any of clauses
1-20, wherein the communication circuitry is wireless
digital communications circuitry; and wherein the
wireless digital communications circuitry is operative
to transmit the one or more generated mechanomy-
ography output signals to the host system via a wire-
less communications protocol.

Clause 22: A sensing device for detecting an artifi-
cially induced neuromuscular response within a limb
of a subject, the sensing device comprising: a sensor
array comprising a plurality of mechanical sensors,
each sensor operative to monitor a mechanical re-
sponse of a different muscle group of the limb and
generate an output signal corresponding to the mon-
itored response; and a processor in communication
with the sensor array, the processor configured to
receive the output signal from each sensor in the
sensor array and to determine if any one or more
output signal is indicative of an artificially induced
neuromuscular response.

Clause 23: The sensing device of clause 22, further
comprising a carrier material operative to be secured
around a portion of the limb, and wherein each sen-
sor in the sensor array is coupled with the carrier
material.

Clause 24: The sensing device of clause 23, wherein
the carrier material is operative to maintain an elastic
tension fit about the limb of the subject.

Clause 25: The sensing device of any of clauses
23-24, wherein the carrier material is an anti-embo-
lism stocking configured to be secured around a leg
of the subject.

Clause 26: The sensing device of any of clauses
23-24, wherein the carrier material is a compression
sleeve operative to be secured around an arm of the
subject.

Clause 27: The sensing device of clause 26, wherein
the compression sleeve further includes a blood
pressure cuff/sphygmomanometer.

Clause 28: The sensing device of clause 27, wherein
the processor is operative to determine a blood pres-
sure of the subject via selective actuation and/or in-
flation of the blood pressure cuff together with mon-
itoring of at least one of the sensors in the sensor
array.

Clause 29: The sensing device of any of clauses
23-28, further comprising a bipolar transdermal elec-
trical stimulator including atleast two electrodes cou-
pled with the carrier material, the electrodes posi-
tioned such that each electrode contacts the skin of
the subject when the carrier material is secured
around the portion of the limb; and wherein the bi-
polar stimulator is operative to receive and electri-
cally conduct an electrical stimulus from the proces-
sor to the subject via the electrodes.

Clause 30: The sensing device of clause 29, wherein
the electrical stimulus is a Train of Four electrical
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stimulus that includes four discrete electrical pulses;
the processor further configured to: monitor the out-
put signal from one of the plurality of mechanical
sensors for a mechanical response to each of the
four discrete electrical pulses of the Train of Four
electrical stimulus; compute a Train of Four ratio from
the monitored mechanomyography output signal,
the Train of Four ratio being a ratio of an amplitude
of the mechanomyography output signal in response
to the fourth of the four discrete electrical pulses to
an amplitude of the mechanomyography output sig-
nal in response to the first of the four discrete elec-
trical pulses; and provide an alert indicative of the
existence of a neuromuscular block if the Train of
Four ratio is below a predetermined threshold.
Clause 31: The sensing device of any of clauses
29-30, wherein the electrical stimulus is a supramax-
imal stimulus.

Clause 32: The sensing device of clause 31, wherein
the processor is operative to: receive a mechano-
myography output signal representative of the me-
chanical response of a muscle in response to the
administered supramaximal stimulus; and scale one
or more subsequent mechanomyography output sig-
nals as a function of a magnitude of the mechanical
response of the muscle in response to the adminis-
tered supramaximal stimulus.

Clause 33: The sensing device of any of clauses
22-32, wherein the processor is configured to: re-
ceive an indication of the nature of a procedure to
be performed on the subject, the nature of the pro-
cedure being indicative of a side of the subject’s body
where the procedure will be performed; identify
whether the limb is a right limb or a left limb from a
static component of a received sensor output signal;
and provide an alert if the limb is not on the side of
the subject’s body where the procedure will be per-
formed.

Clause 34: The sensing device of clause 33, wherein
the processor is configured to identify whether the
limb is a right limb or a left limb from an orientation
of the sensor generating the output signal relative to
a vector heading of the static component of the out-
put signal, and wherein the static component is in-
dicative of gravity.

Clause 35: The sensing device of clause 34, wherein
the sensor generating the output signal is provided
on a portion of the limb where the outer skin surface
is asymmetric about a bisecting reference plane.
Clause 36: The sensing device of any of clauses
22-35, wherein the processor is configured to: re-
ceive an indication of an intended posture of the sub-
ject during a procedure to be performed on the sub-
ject, the intended posture of the subject being indic-
ative of a proper orientation of the sleeve during the
procedure; determine an actual orientation of the
sleeve from a static component of the at least one
received output signal; and provide an alert if the
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actual orientation of the sleeve does not match the
proper orientation of the sleeve.

Clause 37: The sensing device of clause 36, wherein
the static component of the at least one received
output signal is indicative of the force of gravity; and
wherein the processor is configured to determine the
actual orientation of the sleeve relative to the vector
heading of the sensed force of gravity.

Clause 38: The sensing device of any of clauses
36-37, wherein the static component of the received
output signal only includes a force magnitude in a
direction normal to a skin surface of the subject and
in a direction tangential to a circumference of the
limb.

Clause 39: The sensing device of any of clauses
36-38, wherein the processor is configured to deter-
mine the actual orientation of the sleeve by averag-
ing a vector heading of the static component of a
plurality of output signals.

Clause 40: The sensing device of any of clauses
33-39, wherein the alert includes at least one of a
visual alert and an audible alert.

Clause 41: The sensing device of any of clauses
22-40, wherein the processor is configured to filter
each of the output signals to remove signal content
that is indicative of a gross translation or rotation of
the limb.

Clause 42: The sensing device of clause 41, wherein
the processor is configured to: identify signal content
that is indicative of a gross translation or rotation of
the limb by mapping the sensed motion from each
of the plurality of sensors to a virtual limb, and de-
termining whether there is a translation or rotation
of the virtual limb.

Clause 43: The sensing device of any of clauses
22-42,wherein the processor is configured to receive
an indication that a stimulus has been administered
within an intracorporeal treatment area of the subject
apart from the limb; analyze each of the output sig-
nals to determine whether the stimulus induced a
mechanical, neuromuscular response of one or
more of the muscle groups within the limb of the sub-
ject; and provide an alert if it is determined that the
stimulus induced the neuromuscular response.
Clause 44: The sensing device of clause 43, wherein
the processor is configured to only analyze each of
the output signals within a response window follow-
ing the administration of the stimulus.

Clause 45: The sensing device of any of clauses
43-44, wherein the processor is configured to ana-
lyze each of the output signals within the response
window only if one or more of the output signals have
aresponse magnitude that exceeds a threshold with-
in the response window.

Clause 46: The sensing device of any of clauses
43-45, wherein the processor is configured to deter-
mine whether the stimulus induced the mechanical,
neuromuscular response of one or more of the mus-
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cle groups within the limb of the subject by examining
one or more characteristics of one or more received
output signals using a supervised learning algorithm;
and wherein the supervised learning algorithm is op-
erative to classify a sensed motion into one of a plu-
rality of classifications comprising: the sensed mo-
tion is representative of an induced neuromuscular
response; and the sensed motion is not represent-
ative of an induced neuromuscular response.
Clause 47: The sensing device of any of clauses
43-46, wherein the processor is further configured
to determine a nerve conduction velocity by either
computing the time delay between the stimulus and
a muscle response induced by the stimulus, or by
computing the time delay between muscle respons-
es from differentmuscle groupsinnervated by a com-
mon nerve.

Clause 48: The sensing device of any of clauses
22-47, further comprising communications circuitry
in communication with the processor; and wherein
the communications circuitry is operative to transmit
one or more of the output signals to a host system.
Clause 49: The sensing device of clause 48, wherein
the communications circuitry is only configured to
transmit the one or more output signals to the host
system ifthe processor detects an artificially induced
neuromuscular response within the limb of the sub-
ject.

Clause 50: A neural monitoring system for detecting
an artificially-induced mechanical response of a
muscle to a stimulus provided within an intracorpor-
eal treatment area of a human subject, the intracor-
poreal treatment area including a nerve that inner-
vates the muscle, the neural monitoring system com-
prising: a host system including a display and a user
input; a stimulator configured to provide the stimulus
within the intracorporeal treatment area; and the
sensing device of any of clauses 1-49.

Clause 51: The neural monitoring system of clause
50, wherein the display is operative to display a trace
of one or more of the output signals.

Clause 52: The neural monitoring system of any of
clauses 50-51, wherein the host system and sensing
device are in wired communication.

Clause 53: The neural monitoring system of any of
clauses 50-51, wherein the host system and sensing
device are in wireless communication.

Clause 54: The neural monitoring system of any of
clauses 50-53, further comprising a second sensing
device, the second sensing device according to any
of clauses 1-49.

Clause 55: The neural monitoring system of clause
54, where the first sensing device is provided on a
firstleg of the subject, and wherein the second sens-
ing device is provided on a second leg of the subject.
Clause 56: The neural monitoring system of clause
54, where the first sensing device is provided on a
firstarm of the subject, and wherein the second sens-



31 EP 3 636 154 A2 32

ing device is provided on a second arm of the subject.

Claims

A sensing device for detecting an artificially induced
neuromuscular response within a limb of a subject,
the sensing device comprising:

acarrier material operative to be secured around
a portion of the limb;

a plurality of mechanical sensors coupled with
the carrier material, each mechanical sensor po-
sitioned on the carrier material such that it is
operative to monitor a mechanical response of
adifferent muscle group ofthe limb, and wherein
each mechanical sensor generates a respective
mechanomyography output signal correspond-
ing to the monitored mechanical response, and
from which an artificially induced neuromuscular
response within the limb can be detected; and

communication circuitry coupled with the carrier
material and in electronic communication with
each of the plurality of mechanical sensors, the
communication circuitry operative to transmit
one or more of the generated mechanomyogra-
phy output signals to a host system.

The sensing device of claim 1, wherein the carrier
material is a sleeve operative to maintain an elastic
tension fit about the limb of the subject.

The sensing device of claim 1 or 2, wherein the plu-
rality of mechanical sensors includes a first sensor
positioned on the carrier material such that it is di-
rectly adjacentto and operative to monitora mechan-
ical response of atleast one the vastus medialis mus-
cle or the vastus lateralis muscle when the carrier
material is secured around a portion of the limb in a
proper orientation; and

wherein the plurality of mechanical sensors includes
a second sensor positioned on the carrier material
such that it is directly adjacent to and operative to
monitor amechanical response of the tibialis anterior
muscle when the carrier material is secured around
the portion of the limb in the proper orientation.

The sensing device of claim 1 or 2, further comprising
a processor in communication with the communica-
tion circuitry, the processor configured to:

receive an indication of a nature of a procedure
to be performed on the subject, the nature of the
procedure being indicative of a side of the sub-
ject's body where the procedure will be per-
formed;

receive atleast one mechanomyography output
signal;
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identify whether the limb is a right limb or a left
limb from a static component of the received
mechanomyography output signal; and

provide an alert if the limb is not on the side of
the subject’'s body where the procedure will be
performed.

5. The sensing device of claim 2, further comprising a

processor in communication with the communication
circuitry, the processor configured to:

receive an indication of an intended posture of
the subject during a procedure to be performed
on the subject, the intended posture of the sub-
ject being indicative of a proper orientation of
the sleeve during the procedure;

receive at least one mechanomyography output
signal;

determine an actual orientation of the sleeve
from a static component of the at least one
mechanomyography output signal; and

provide an alert if the actual orientation of the
sleeve does not match the proper orientation of
the sleeve.

The sensing device of claim 1, further comprising a
processor in electrical communication with and be-
tween the plurality of mechanical sensors and the
communication circuitry; and

the processor configured to filter each of the mech-
anomyography output signals to remove signal con-
tent that is indicative of a gross translation or rotation
ofthe limb, wherein prefereably the processoris con-
figured to identify signal content that is indicative of
a gross translation or rotation of the limb by mapping
the sensed motion from each of the plurality of sen-
sors to a virtual limb, and determining whether there
is a translation or rotation of the virtual limb.

The sensing device of claim 1, further comprising a
processor configured to:

receive an indication that a stimulus has been
administered within an intracorporeal treatment
area of the subject apart from the limb;
analyze each of the mechanomyography output
signals to determine whether the stimulus in-
duced a mechanical, neuromuscular response
of one or more of the muscle groups within the
limb of the subject; and

provide an alert if it is determined that the stim-
ulus induced the neuromuscular response.

The sensing device of claim 7, wherein the processor
is configured to only analyze each of the mechano-
myography output signals within a response window
following the administration of the stimulus.
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The sensing device of claim 7, wherein the processor
is configured to determine whether the stimulus in-
duced the mechanical, neuromuscular response of
one or more of the muscle groups within the limb of
the subject by examining one or more characteristics
of one or more received mechanomyography output
signals using a supervised learning algorithm; and
wherein the supervised learning algorithm is opera-
tive to classify the response window into one of a
plurality of classifications comprising:

the response window is representative of an in-
duced neuromuscular response; and

the response window is not representative of an
induced neuromuscular response.

The sensing device of claim 7, wherein the processor
is local to the sensing device and attached to the
carrier material; and

wherein the communication circuitry is operative to
transmit one or more of the generated mechanomy-
ography output signals to the host system only if it
is determined that the stimulus induced the neu-
romuscular response.

The sensing device of claim 7, wherein the processor
is further configured to determine a nerve conduction
velocity by either computing the time delay between
the stimulus a muscle response induced by the stim-
ulus, or by computing the time delay between muscle
responses from different muscle groups innervated
by a common nerve.

The sensing device of claim 1, further comprising:

a pair of surface electrodes coupled with the car-
rier material such that they are operative to di-
rectly contact a skin surface of the subject when
the carrier material is secured around the portion
of the limb; and

aprocessor in electrical communication with the
pair of surface electrodes, the processor config-
ured to administer an electrical stimulus directly
to the limb via the electrodes.

The sensing device of claim 12, wherein the stimulus
is a Train of Four electrical stimulus that includes
four discrete electrical pulses;

the processor further configured to:

monitor the mechanomyography output signal
from one of the plurality of mechanical sensors
for a mechanical response to each of the four
discrete electrical pulses of the Train of Four
electrical stimulus;

compute a Train of Four ratio from the monitored
mechanomyography output signal, the Train of
Four ratio being a ratio of an amplitude of the
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mechanomyography output signal in response
to the fourth of the four discrete electrical pulses
to an amplitude of the mechanomyography out-
put signal in response to the first of the four dis-
crete electrical pulses; and

provide an alert indicative of the existence of a
neuromuscular block if the Train of Four ratio is
below a predetermined threshold, wherein pref-
erably the stimulus is a supramaximal stimulus,
wherein further preferably the processor is op-
erative to:

receive a mechanomyography output sig-
nal representative of the mechanical re-
sponse of a muscle in response to the ad-
ministered supramaximal stimulus; and
scale one or more of the mechanomyogra-
phy output signals as a function of a mag-
nitude of the mechanical response of the
muscle in response to the administered su-
pramaximal stimulus.

The sensing device of claim 1, wherein the carrier
material is an anti-embolism stocking, wherein pref-
erably the anti-embolism stocking includes one or
more alignment indicia to indicate the proper orien-
tation of the stocking relative to the limb, wherein
further preferably the alignment indicia is a line ex-
tending along a majority of the length of the stocking,
the line operative to indicate twisting of the stocking
when worn by the subject.

The sensing device of claim 1, wherein the commu-
nication circuitry is wireless digital communications
circuitry; and

wherein the wireless digital communications circuitry
is operative to transmit the one or more generated
mechanomyography output signals to the host sys-
tem via a wireless communications protocol.
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