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7) ABSTRACT

Methods and systems are provided for monitoring neuro-
muscular blockade in patients during surgical procedures. In
one embodiment, a system includes a stimulator, an elec-
tromyography (EMQG) sensor, a kinemyography (KMG)
sensor, and a single connector configured to couple each of
the stimulator, the EMG sensor, and the KMG sensor to a
patient monitoring device via a single input. In this way,
neuromuscular transmission (NMT) monitoring in patient
may be done reliably by ensuring that NMT measurement
from a first sensor (EMG sensor) is in line with the mea-
surement of the second sensor (KMG sensor).
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METHOD AND SYSTEM FOR
NEUROMUSCULAR TRANSMISSION
MEASUREMENT

FIELD

[0001] Embodiments of the subject matter disclosed
herein relate to medical devices, and more particularly, to
monitoring neuromuscular transmission during a surgical
procedure.

BACKGROUND

[0002] Neuro Muscular Transmission (NMT) is the trans-
fer of an impulse between a nerve and a muscle in the
neuromuscular junction. NMT may be blocked in a patient
undergoing a surgical procedure, for example, by neuromus-
cular blocking agents/drugs, which may cause transient
muscle paralysis and prevent the patient from moving and
breathing spontaneously. Thus, the level of neuromuscular
block may be monitored to ensure appropriate block is
provided for the given procedure.

BRIEF DESCRIPTION

[0003] In one embodiment, a system includes a stimulator,
an electromyography (EMG) sensor, a kinemyography
(KMG) sensor, and a single connector configured to couple
each of the stimulator, the EMG sensor, and the KMG sensor
to a patient monitoring device via a single input. In this way,
neuromuscular transmission (NMT) monitoring in patient
may be done reliably by ensuring that NMT measurement
from a first sensor (EMG sensor) is in line with the mea-
surement of the second sensor (KMG sensor).

[0004] It should be understood that the brief description
above is provided to introduce in simplified form a selection
of concepts that are further described in the detailed descrip-
tion. It is not meant to identify key or essential features of
the claimed subject matter, the scope of which is defined
uniquely by the claims that follow the detailed description.
Furthermore, the claimed subject matter is not limited to
implementations that solve any disadvantages noted above
or in any part of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The present invention will be better understood
from reading the following description of non-limiting
embodiments, with reference to the attached drawings,
wherein below:

[0006] FIG. 1 shows an example neuromuscular transmis-
sion monitoring system.

[0007] FIG. 2 shows a high-level flow chart illustrating an
example method for establishing ‘non-response’ muscle
activity baseline for neuromuscular monitoring system of
FIG. 1.

[0008] FIG. 3 shows a high-level flow chart illustrating an
example method for monitoring the level of neuromuscular
blockade in patients.

[0009] FIG. 4 shows an example timeline for correcting
neuromuscular transmission output based on the non-re-
sponse muscle activity baseline in patients.

[0010] FIG. 5 shows an example raw output values of
neuromuscular monitoring sensors.
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DETAILED DESCRIPTION

[0011] The following description relates to various
embodiments of a neuromuscular transmission (NMT)
monitoring system configured to monitor an amount of
neuromuscular blockage after the administration of muscle
relaxants in patients during surgery. Neuro Muscular Trans-
mission (NMT) is the transfer of an impulse between a nerve
and a muscle in the neuromuscular junction. NMT may be
blocked by neuromuscular blocking agents/drugs, which
may cause transient muscle paralysis and prevent the patient
from moving and breathing spontaneously. Additionally,
muscle relaxation may be used during general anesthesia to
enable endotracheal intubation and to provide the surgeon
with optimal working conditions. At the end of a surgical
procedure, the neuromuscular block is reversed such that
neuromuscular activity may be returned to normal and that
the patient may be able to breathe unassisted, before the
removal of the endotracheal intubation (i.e. extubation).
Thus, appropriate assessment of the degree of NMT block
may be used for ensuring proper timing of intubation and for
guiding intraoperative administration of neuromuscular
blocking agents, maintaining a desired degree of intraop-
erative neuromuscular block, and ultimately preventing the
occurrence of residual muscle paralysis.

[0012] An NMT monitor may be used to monitor muscle
response to electrical stimulation of a motor nerve (e.g.,
ulnar nerve). For example, an electrical stimulus may be
provided at the ulnar nerve near the wrist and the response
of the muscle near the thumb, adductor pollicis, may be
monitored. In clinical settings, a nerve stimulator is attached
to a motor nerve of the patient and an electrical stimulation
current is applied to the patient before induction of anes-
thesia. A baseline value for the muscle response is recorded
by the NMT monitor and used to normalize the muscle
response once the muscle relaxant is administered. The
evoked muscle responses may then be monitored via several
methods, including the measurement of electrical response
of the muscle (electromyography (EMG)) and the measure-
ment of the degree of distortion or bending in a piezoelectric
film attached to the muscle (kinemyography (KMG)). In
EMG, multiple electrodes may be used to record the com-
pound muscle potential stimulated by the stimulus generator.
However, small movements of the hand may alter the
electrical signal since the electrode geometry may be dif-
ferent. Further, EMG responses may also be susceptible to
the electrical noise and interference from other electrical
devices (e.g., electrical motors, cautery devices, surgical
microscopes, etc.) used in the operating room. In contrast,
KMG measures electrical activity based on the distortion or
bending of the piezoelectric polymer strip placed within the
bending sensor between the thumb and forefinger. However,
the sensor may not be sensitive enough to detect small
movement during deep sedation.

[0013] Another short-coming of neuromuscular monitor-
ing is that if the patient is already paralyzed and/or intu-
bated, for example during an emergency procedure, then a
baseline value for NMT may not be reliably collected, which
may then lead to inaccurate muscle response measurement
in the paralyzed patient during the surgical procedure.
Furthermore, if muscle response is inaccurately measured,
an overdose of muscle relaxant may be administered leading
to residual paralysis in the patient. Further, inaccurate
muscle response measurement may also lead to inadequate
anesthesia monitoring, especially during monitoring the
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neuromuscular blockade recovery period, which may lead to
the improper timing for extubation and/or incorrect timing
of neuromuscular blocking agent (NMBA) antagonist
administration. Thus, a more reliable and accurate muscle
response measurements technique(s) may be needed for
monitoring neuromuscular blockade in paralyzed patients.

[0014] According to embodiments disclosed herein, neu-
romuscular transmission monitoring may be performed by
simultaneously measuring physical muscle movement via a
kinemyography (KMG) sensor and by measuring the elec-
trical potentials at the muscle via an electromyography
(EMG) sensor, in response to an electric stimulation of a
motor nerve. Further, the neuromuscular monitoring system
may automatically set a “non-response” baseline value for
the patient based on the measurements from KMG and EMG
sensors. An example of a neuromuscular transmission moni-
toring system is provided in FIG. 1. The NMT monitoring
system may include one or more mechano-sensors which
detect movement of the muscle in response to nerve stimu-
lation (referred to as a KMG sensor), one or more electro-
sensors which detect electrical activity of a muscle (referred
to as an EMG sensor) in response to nerve stimulation, and
a single unit of nerve stimulator. The NMT monitoring
system of FIG. 1 also includes a computing system including
instructions to carry out one or more control routines for
determining a muscle response baseline as well as monitor-
ing neuromuscular block in patients during surgery. An
example method for determining a non-response baseline for
muscle activity in paralyzed patients may be carried out by
the computing system of the NMT monitoring system of
FIG. 1 is illustrated in FIG. 2. The NMT monitoring system
may be further configured to measure muscle response and
provide a user interface that may be displayed during
surgical procedures as shown in FIG. 3. A prophetic neuro-
muscular transmission monitoring with EMG baseline cor-
rection based on the KMG non-response values is illustrated
in FIGS. 4-5.

[0015] FIG. 1 illustrate an example neuromuscular trans-
mission (NMT) monitoring system 100 that is configured to
monitor neuromuscular activity via EMG and KMG tech-
niques. NMT monitoring system 100 includes a neuromus-
cular transmission monitor 110 which is communicatively
coupled to a host patient monitor 140 via a communication
link 141. The neuromuscular transmission monitor 110
includes a plurality of neurostimulators, 115a and 1155, for
providing stimulation output (e.g., electrical stimuli) of
varying type and frequency to the patient and at least one
input connected to one or more transducers for monitoring
the evoked muscle response in response to the electrical
stimuli provided by the neurostimulators. The transducers
include an EMG sensor 160 consisting of a plurality of
electro-sensors for measuring the action potential of muscle
contraction in response to nerve stimulation and a KMG
sensor 150 consisting of mechano-sensor for measuring
muscle movement in response to nerve stimulation. The
signals detected by the transducers may then be converted
into electrical signals by the A/D converter 122 of neuro-
muscular transmission monitor 110.

[0016] In the depicted example, neurostimulators 115a
and 1155 are connected to stimulating electrodes 120a and
1200, respectively, which may apply an electrical stimulus
to the patient’s ulnar nerve at a pre-determined time interval.
The amount of electrical stimulation provided to the neuro-
stimulators is controlled by a current stimulus generator
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which receives command signals from microcontroller 123.
Microcontroller 123 is linked to the user interface of control
unit 129, which comprises of a display unit 190 and buttons/
knobs 180. The type and frequency of the stimulation output
may be adjusted manually by the user (manual mode) or be
automatically chosen by the system (automatic mode). In
one example, the type and frequency of the stimulation
output may be adjusted by the user via pressing buttons or
knobs 180 on the patient host monitor 140. In one example,
neurostimulators 115¢ and 11556 may be two wires of
positive and negative charges, which may be attached by
alligator clips to stimulating electrodes 120a and 1205 on
the skin of the patient’s forearm.

[0017] A power supply (not shown) may supply electricity
to an isolated power supply 126 which in turn provides
power to current source stimulus generator 125. The micro-
controller 123 may be connected to the current source
stimulus generator 125 to adjust the amount of electric
current provided to the neurostimulators 1154-b. The current
stimulus generator 125 may generate different types of
neurostimulation including train-of-four (TOF), single
twitch (ST), double burst (DBS), post tetanic count (PTC),
current range (e.g., 1-70 mA with 1 mA steps), pulse
width/frequency (e.g., 100, 200, 300 ps, or 1 Hz, 2 Hz, etc.).
Further, the types of neurostimulation may be chosen via a
manual or an automatic stimulating mode. If a manual
stimulating mode is chosen, then the user may input the
desired neuromuscular stimulating types, current range, and
pulse width and/or frequency via pressing button 180 of the
host patient monitor 140, for example. Alternatively, if a
touch-screen is used as the display unit (e.g., display unit
190 of host patient monitor 140), then user input may be
provided via touch input to the touch-screen on the display
unit.

[0018] If an automatic neurostimulation mode is chosen,
microcontroller 123 of neuromuscular transmission monitor
110 may select a first neurostimulation type as its default
setting, such as TOF stimulation, and based on the muscle
response signals received from the EMG and KMG sensors,
the microcontroller may determine the optimal neurostimu-
lation type, and report the muscle response signals to the
user by displaying graphs and numbers (e.g., via display unit
190 of host patient monitor 140). The display unit 190 may
display the muscle response data/information to the user and
may also include alarm signals/message for alerting the user
of potential sensor error.

[0019] Additionally, neuromuscular transmission monitor
110 may be connected to a host patient monitor 140 through
a communication link 141. Host patient monitor 140 may
include memory 127, CPU 128, and control unit 129.
Memory 127 may have similar functions as memory 121.
Control unit 129 may include control buttons/knobs 180 and
display unit 190. The control buttons and knobs of control
unit 129 may be configured to allow for user input. The
display unit 190 may be configured to receive touch input
from a user.

[0020] The type of neuromuscular stimulating outputs
may include train-of-four (TOF), single twitch (ST), double
burst (DBS) and post-tetanic count (PTC). In one example,
TOF may typically use four brief (between 100 and 300 us)
current pulses (generally less than 70 mA) at 2 Hz, repeated
every 10 to 20 s as electrostimulation. The resulting twitches
(i.e. muscle response) may be measured and quantified for
electromyographic response via the EMG sensor or for
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kinemyographic response via the KMG sensor, for example.
The first twitch (referred to as the T1 twitch) and the last
twitch (referred to as the T4 twitch) are compared and the
ratio of the last twitch to the first twitch may provide an
estimate of the level of neuromuscular blockade (e.g., depth
of anesthesia) experienced by the patient. The TOF ratio
may range from O to 100%, for example. The electrical
stimuli series may be spaced by ten or more seconds
(generally 20 s is used to provide a margin of safety) to give
arest period for full restoration of steady state conditions, as
faster stimulation results in smaller evoked responses. TOF
is the most commonly used technique for monitoring the
neuromuscular blockade in lightly-blocked patients as well
in patients that are recovering from neuromuscular block.
However, in deep muscle blockade condition (e.g., during
deep sedation), the fourth twitch may be too weak to be
detected and thus, may provide a TOF ratio of zero. In that
case, the muscle response may be provided at TOF count
(TO).

[0021] TC is a medium sensitivity technique used to
measure the evoked muscle response (e.g., number of
twitches) where there is a moderate degree of paralyzation.
In one example, TC may be a measure of an actual number
of muscle twitches from a series of four electrical pulses. TC
may range from 0 up to 4, for example.

[0022] ST measurement comprises of a single electrical
pulse of between 100 and 300 us, repeated at intervals
greater than or equal to one second. Typically, four seconds
may be needed between stimuli to prevent upregulation and
alteration of the true muscle response. A baseline value, TO,
before the administration of muscle relaxant may be needed
since ST measures the ratio of the latest measured muscle
twitch compared to the TO value. Therefore, this technique
may not be a preferred method for measuring neuromuscular
transmission in patients that are already paralyzed.

[0023] DBS may comprise two bursts of two to four
stimulations given at high frequency and separated by a brief
intermission. In one example, two groups of stimuli of three
pulses each at 50 Hz, spaced by 750 ms, and repeated at once
every 10 s may be applied to the patient. DBS may be
quantified by taking the ratio of the height of the second
response relative to the first response. The DBS method may
be used when the patient is in deep sedation and when the
TOF ratio or count does not provide reliable results.
[0024] PTC may be used in deep blockade to evoke a large
stimulating output in order to produce a condition of tetany
in the corresponding muscle. In one example, a five second
long 50 Hz electrical stimulation followed by a three second
resting period and then up to twenty-one ST impulses at one
per second may be provided during PTC mode. The number
of impulses that can be measured indicates the degree of
blockade. In one example, the PTC value may range from 0
up to greater than 20.

[0025] Comparing the above mentioned neuromuscular
stimulation types/modes, TOF may be typically less sensi-
tive than PTC, but more sensitive than DBS and ST. PTC
can be very uncomfortable and may only be repeated only
once every five or more minutes. TOF mode may be more
advantageous because as a ratio of concurrent pulse, it does
not require a pre-recorded control value for comparison, and
thus has immunity to changing baseline measurements
unlike the ST. Therefore, unless other stimulation modes is
picked by the user, TOF may be set as the default mode of
stimulus, especially during the onset of neuromuscular block
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and neuromuscular block recovery conditions. In one
example, a threshold muscle response value may be prede-
termined and if TOF stimulation mode does not provide an
adequate muscle response then a second stimulation mode
may be picked, for example by the microcontroller 123. In
that case, Post-tetanic count (PTC) may be used in order to
evoke muscle response in patients during deep muscle
blockade.

[0026] EMG sensor 160 may include a plurality of electro-
sensing connections 116, 117, and 118 connected to sensing
electrodes 120¢, 1204, and 120e, respectively. Most com-
monly, the three sensing electrodes are positioned to give the
most consistent EMG signals. In the depicted example,
sensing electrode 120e is placed over the muscle tendon or
finger, sensing electrode 1204 is placed over the mid-portion
of the muscle close to the neuromuscular junction, while
sensing electrode 120¢ may be variable. In one example,
electrodes 1204 and 120e may be recording electrodes,
while electrode 120c¢ may be a grounding electrode. The
grounding electrode provides a common reference for the
EMG recording electrodes. For example, the recording
electrode 1204 may be placed on top of m. adductor pollicis
in the thenar eminence and recording electrode 120e may be
placed on top of the distal interphalangeal joint of the thumb,
while the grounding electrode 120¢ may be placed at cen-
terline over the flexor retinaculum at the palmar side of the
wrist. EMG sensor 160 measures the magnitude of electrical
activity sensed by electrodes 120¢-120¢ in response to nerve
stimulation and when received at the neuromuscular trans-
mission monitor, is recorded as the EMG muscle response
signal.

[0027] KMG sensor 150 includes a mechano-sensing con-
nection 114 connected to bending element 119. In the
depicted example, bending element 119 is placed between
the thumb and the forefinger held in place by an elastic tape
127. The bending element 119 may coniprise a piezoelectric
polymer film which creates an electrical current in response
to movement of any part of the polymer. When compressed
or distorted, piezoelectric materials produce a charge pro-
portional to the degree of alteration in shape. In FIG. 1, when
the motor nerve is stimulated, thumb movement may cause
a shape distortion in bending element 119 which in turn
produces an electrical signal transmitted by mechano-sens-
ing connection 114 and recorded at the monitor as a KMG
muscle response signal.

[0028] Stimulating electrodes 120a-1205 and sensing
electrodes 120¢-120e may have mechanisms for improving
electrical contact to skin such as ultrasound gel and mecha-
nisms for improving fixation to the skin such as biocompat-
ible adhesives placed beneath the electrodes. Further, the
electrodes may be suitable electrodes, such as silver/silver
chloride electrodes. Further, the electrodes may be dispos-
able electrodes which can be discarded after a single use. In
another example, the stimulators (e.g., stimulators 1154 and
1156) and the sensing connections (e.g. electro-sensing
connections 116-118, and mechano-sensing connection 114)
along with their respective electrodes may be incorporated
into a disposable sensing unit. In one example, the dispos-
able sensing unit may be included as part of a one-size-fits-
all stretchable glove which may be discarded after a single
use.

[0029] Further, information regarding the EMG and KMG
muscle response signals received from EMG sensor 160 and
KMG sensor 150, respectively, may be sent to neuromus-
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cular transmission monitor 110 via main connector 113 and
cable 112. In one example, muscle response signals from
EMG sensor 160 and KMG sensor 150 may be differentiated
and further fed into a signal scaling and filtering circuit (not
shown). After scaling the signal and filtering noise, the
signal may be converted from an analog signal to a digital
signal in analog-to-digital (A/D) converter 122 and sent to a
microcontroller 123 for processing. Further, the muscle
response signals may also be amplified via an amplifier (not
shown) before being transmitted into the A/D converter 122.
The microcontroller 123, or processing unit, is connected to
a memory 121 and once the signals are processed, the signal
data may be displayed on the display unit 190 of the host
patient monitor. In one example, the processed signals may
be transmitted to the host patient monitor 140 and displayed
on the display unit 190 in real-time. Further still, the
processed signals may be updated and stored in memory
121. Memory 121 may be a conventional microcomputer
which includes: a central processing unit (CPU), a read-only
memory (ROM), a random access memory (RAM), and a
conventional data bus. Memory 121 may further include a
look-up table to convert neuromuscular response value
between different stimulus modes. For example, the look-up
table may include conversion data for TOF ratio format,
TOF count format, PTC value format, DBS value format,
and ST value format. The look-up table may also include
conversion data for a normalized twitch amplitude, ST, PTC,
TOF, and DBS measurements. Additionally, the memory
may include an automatic calibration module to determine
the optimum supramaximal current to provide to the patient
based on the muscle response value received by the EMG
and KMG sensors, and based on the raw signals received
from each sensors, the module may determine a baseline
value for each sensor, which may be used as a reference
value for the neuromuscular blockade monitoring in patient.
Further, the automatic calibration module may only be
performed when patient is not in paralyzed state. In other
words, the automatic calibration module may utilize a ref-
erence value based on the signals received from the sensors
when patient is in non-relaxed state (e.g., before the admin-
istration of the muscle relaxant).

[0030] Further still, the microcontroller may be configured
to detect errors in the signal received from any of the sensing
electrodes (e.g., sensing electrodes 120c¢-120e for EMG
sensor and sensing electrode (bending element 119) for
KMG sensor). The microcontroller may detect errors such as
out-of-range values (e.g., negative values) and alert the user
that the electrodes may not be placed properly (e.g., if the
electrodes become loose or detached from the skin).

[0031] Control unit 129 may also include a user interface
(not shown) which can be used to control operation of the
NMT monitoring system 100, including controlling the
input of patient data, changing the monitoring parameters
(e.g. stimulus type, current range, frequency/pulse width,
etc.), and the like. The user interface may also include a
graphical user interface configured for display on a display
device, such as display unit 190. The graphical user interface
may include information to be output to a user (such as
muscle response signals, patient data, etc.) and may also
include menus or other elements through which a user may
enter input the control unit 129.

[0032] Further, CPU 128 may process the input provided
by the user and command a constant current source stimulus
generator 125 to provide a stimulus waveform and current
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depending on the selected stimulus mode, current range and
pulse width/frequency. The neurostimulation type may be
changed according to the patient’s current and overall state
of neuromuscular blockade. Further, a conversion module
may be provided to convert muscle response value from a
non-TOF stimuli into corresponding TOF data. For example,
the conversion from PTC to TOF may be mapped using a
linear or sigmoidal relationship model, and displayed as a
TOF value on the display unit. In another example, the
conversion module may further include a duration where a
PTC evoked muscle responses may be measureable by TOF
stimulation (e.g., if a PTC of 1 is measured, the conversion
module may indicate that TOF may be measurable in 12
minutes).

[0033] If the automatic stimulating mode is chosen, the
microcontroller may decide on the types of stimulus modes
based on the muscle response signals received by the EMG
and KM@ sensors. For example, the microcontroller may be
configured to run the default stimulus type, e.g., TOF, at the
onset of the monitoring. However, if after a pre-determined
duration (e.g. 30 s), inadequate muscle response reading are
recorded, then the next stimulation type, such as PTC, may
be chosen and applied (e.g., during deep sedation condition).
At the same time, the microcontroller may also compare the
two muscle response values collected from EMG and KMG
sensors and determine a baseline value based on the com-
parison. For example, if the patient is already paralyzed
during an emergency procedure before the NMT monitor is
able to determine a reference baseline value (e.g., prior to
the administration of muscle relaxant), then based on the
default stimulus type setting (e.g., TOF), a muscle response
value may be measured by the EMG and KMG sensors. In
one example, TOF may be used to first determine a respec-
tive TOF ratio from each of the EMG and KMG sensors, and
if the TOF ratios are zero, then TOF count may be displayed.
Once the values are stabilized (e.g., when the same values
are measured for a duration), the microcontroller may deter-
mine if the muscle response detected by the KMG sensors
(also referred herein as KMG response) has reached below
a threshold. The threshold may be a pre-determined number
set by the manufacturer from a known value which repre-
sents the level of muscle paralysis in patient that is safe for
performing intubation, for example. In another example, the
threshold may be a non-response value determined based on
the patient’s thumb muscle movement upon nerve stimula-
tion. When the EMG sensor reading differs from KMG
sensor reading, the microcontroller may determine the maxi-
mum value for the EMG responses that correlates to the
KMG non-response value, and further set the EMG baseline
based on the new maximum value and the old EMG baseline
value. If the new maximum value is higher than the old
EMG baseline value, then the new maximum value may be
recorded as the new EMG baseline value. Otherwise, the old
EMG baseline is set as the baseline for EMG sensors. EMG
responses may then be corrected by subtracting the numbers
with the set EMG baseline values.

[0034] Turning now to F1G. 2, an example method 200 for
determining a baseline muscle response in a paralyzed
patient is shown. Method 200 may be carried out according
to instructions stored on a computing system, including but
not limited to the microcontroller 123 of the NMT moni-
toring system of FIG. 1. Method 200 may only be executed
when the EMG and KMG sensors are securely connected to
their respective electrodes on the patient’s forearm, such as
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shown in FIG. 1. For example, when the patient is lying in
a supine position with the stimulating electrodes placed on
top of the ulnar nerve on the forearm, the electro-sensors
attached to the sensing electrodes placed on the m. adductor
pollicis in the thenar eminence, and the mechano-sensor
attached to the sensing electrodes placed on top of the distal
interphalangeal joint of the thumb on the same hand of the
patient.

[0035] Method 200 includes, at 202, determining whether
neuromuscular blocking agent (NMBA) has been adminis-
tered. The method may further include displaying a mes-
sage, such as “NMBA injected?” or “Has NMBA been
injected?” to the user and requesting for user input. In one
example, the requested user input may comprise of choosing
between a “YES” and “NO” answer. Further, the user may
provide an answer by pressing a button on the host patient
monitor (e.g., button 180 of FIG. 1). If a touch-screen is used
as the display unit (e.g., display unit 190 of control unit 129
of FIG. 1), then user input may be provided via touch input
to the touch-screen on the display unit. If no NMBA has
been injected, then the method proceeds to 224, where
non-relaxed baseline values are determined based on a
normal patient calibration routine.

[0036] In one example, the normal patient calibration
routine may commence once anesthesia has been induced
and after the patient has lost consciousness, but prior to the
administration of the muscle relaxant (e.g. non-depolarizing
NMBA). The NMT monitor may start by scanning a current
level for supramaximal nerve stimulation (e.g., by using the
automatic calibration module stored in the microcontroller
memory). Once a stable muscle response level is recorded
by the sensors (e.g., by waiting for a specified duration of
time, such as 30 seconds), a supramaximal nerve stimulation
is provided to the ulnar nerve and non-relaxed muscle
response baseline values may be determined (e.g., T1 value
when TOF mode is used), by the respective sensors. In one
example, respective T1 values sensed by the EMG sensors
and KMG sensors may be recorded separately such the
muscle response reading from each sensor may be calibrated
based on its own non-relaxed baseline value. Once the
non-relaxed muscle response value is recorded, NMBA may
then be injected into the patient to provide neuromuscular
blocking and the muscle response values measured by the
EMG and KMG sensors may then be calibrated against the
non-relaxed muscle response baseline value, and the method
ends.

[0037] If the user input indicates that NMBA has been
administered, then the method proceeds to 204, where a
baseline value for each of the KMG and EMG sensors in the
paralyzed patient is determined by applying electrostimula-
tion. The electrostimulation may be provided via neuro-
stimulators coupled to the NMT monitoring system, such as
neurostimulators 150a-b of FIG. 1. In one example, the
amount of current, pulse width, and type of electrostimula-
tion may be selected based on the user input (e.g., via
selecting manual mode on the display screen or pressing a
button on the NMT monitoring system). Further, if TOF
ratio is detected as zero (e.g., if the fourth twitch, T4, has
already disappeared), then the number of TOF count may be
provided. Further still, if TOF count value is zero, such as
when the first twitch T1 has disappeared, then PTC may be
selected as the stimulus mode.

[0038] At 206, the muscle response is measured simulta-
neously with the KMG and EMG sensors. In one example,
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the muscle movement may be simultaneously detected by
the distortion in piezoelectric material of the bending ele-
ment of the KMG sensor (e.g. bending element 119 of FIG.
1) and the action potential of the muscle activity may be
measured by the sensing electrodes of the EMG sensor (e.g.
sensing electrodes 120¢-120¢ of FIG. 1). The two muscle
response values may then be optionally displayed on the
display screen for monitoring. In one example, the muscle
response in the paralyzed patient may be displayed as TOF
count when T1% value is less than 10%, since TOF % value
may not be accurate.

[0039] As mentioned previously, when the patient is
already paralyzed, the normal calibration routine of the
NMT monitoring system is not able to be performed since
the neuromuscular blocking activity may have already been
initiated, and thus a non-relaxed baseline value may not be
established. In order to determine a non-response baseline
value for the paralyzed patient, a baseline value may be set
based on sensor output. In one example, the baseline for the
EMG sensor may be defined based on the non-response
KMG sensor measurements.

[0040] At 210, the TOF count from KMG sensor is cal-
culated and, at 208, the TOF count from EMG sensor is also
calculated. In one example, the TOF count from EMG and
KMG sensors may be calculated simultaneously. Once the
TOF counts from EMG and KMG sensors are calculated, the
method proceeds to 212. While the example described
herein with respect to FIG. 2 includes calculating TOF
counts, it is to be understood that other mechanisms for
determining the response to the neurostimulation may be
used without departing from the scope of this disclosure.
[0041] At 212, it may be determined whether the KMG
TOF count is less than the EMG TOF count. If the KMG
TOF count is less than the EMG TOF count, then it may be
determined that the EMG response is inaccurate (since no
thumb movement is detected via the KMG sensor) and an
EMG baseline correction may be applied. In order to ascer-
tain that the response value acquired by the EMG sensor is
accurate, the microcontroller may be configured to deter-
mine a baseline response for the EMG sensor based on
non-response output values from the KMG sensor. In one
example, the non-response KMG values may be determined
when no muscle movement is measured by KMG sensors,
such as when the KMG sensor reading is displayed as zero
values (e.g., the TOF count from the KMG sensor is zero).
[0042] At 214, a maximum value of the EMG responses
that correlate to non-response KMG measurements may be
defined. In one example, the maximum value may be the
highest value of the T1-T4 response values measured by the
EMG sensor upon each TOF stimulation, when the KMG
sensor detects no muscle movement in the patient’s thumb
(also referred herein as non-response values). Further, the
non-response value KMG value may be displayed as zero to
the user. Once the maximum value is determined, then the
method proceeds to 216.

[0043] At 216, the EMG baseline is defined based on the
new maximum value and an old (e.g., prior) EMG baseline
value. In one example, the prior EMG baseline value may be
retrieved from the microcontroller. Further, if it is deter-
mined that the new maximum value is less than the prior
EMG baseline value, then the EMG baseline may be main-
tained as the prior EMG baseline value. Once the new
maximum value exceeds the prior EMG baseline value, then
the new EMG baseline may be defined based on the new
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maximum value. Once the EMG baseline is determined then
the method may proceed to 218.

[0044] At 218, the EMG response is corrected by sub-
tracting the EMG baseline from the currently-measured
EMG response value. In one example, EMG measurement
may be corrected by subtracting the baseline EMG value
from each measured value of T1, T2, T3, and T4. Once the
EMG responses are corrected based on the EMG baseline, a
corrected TOF ratio and/or TOF count may be calculated.
Based on the corrected TOF ratio or TOF count, various
actions may be taken, such as outputting a representation of
the corrected TOF count for display on a display device,
alerting a user regarding block recovery based on the
corrected TOF count, and so forth, which will be explained
in more detail below with respect to FIG. 3. The method then
ends.

[0045] Thus, according to the method illustrated in FIG. 2,
a first stimulation is applied to a nerve of a patient, such as
in the form of a TOF stimulation. Following the first
stimulation, a first signal having a first value from a first
neuromuscular transmission (NMT) sensor is received and a
second signal having a second value from a second NMT
sensor is received. In an example, the first NMT sensor may
be a KMG sensor and the first value of the first signal may
be a first TOF count calculated from the output of the KMG
sensor. The second NMT sensor may be an EMG sensor. If
it is determined that the first value is less than or equal to a
threshold value, the second value may be set as a baseline
value for the second NMT sensor. For example, if the first
TOF count calculated from the output of the KMG sensor is
zero, it may be determined that the KMG sensor is detecting
no response from the patient. As such, any response values
detected by the EMG sensor at that time may be due to
electrical interference or other noise. Accordingly, the sec-
ond value may be set as the baseline value for the EMG
sensor, which may then be used to correct the output of the
EMG sensor. The second value of the second signal from the
EMG sensor may be the highest of the four response values
(e.g., T1-T4) measured in response to the nerve stimulation.
[0046] Subsequently, a second stimulation may be applied
to the nerve of the patient. Following the second stimulation,
the second signal is again from the second NMT sensor. The
second signal (e.g., the output from the EMG sensor) may
have at least a third value. This third value may then be
corrected based on the baseline value. For example, the
baseline value may be subtracted from the third value to
generate a corrected third value.

[0047] As the KMG sensor measures muscle movement
through the bending of the thumb, the muscle response
detected by the KMG sensor may have less interference than
the EMG sensor. However, the KMG sensor is known to be
less sensitive in detecting small movement, especially when
patient is in deep sedation. Thus, by determining the EMG
non-response baseline value based on non-response KMG
value, the subsequent EMG responses may be subtracted
with the EMG baseline value, which may substantially
improve the signal-to-noise ratio of the EMG sensor and
provide a more reliable neuromuscular monitoring to the
paralyzed patient.

[0048] The non-response baseline value may differ from
patient to patient since the amplitude of muscle movement
may be affected by multiple factors, such as age, gender,
amount of skin impedance (i.e. fat content under the skin),
etc. Most neurostimulation utilizes a baseline which acts as
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a reference value for determining the level of muscle paraly-
sis during a surgical procedure as well as for calculating the
recovery times for the patient once the surgery has been
completed.

[0049] By setting a baseline value for the muscular
response of the paralyzed patient based on the EMG and
KMG sensors, a more accurate neuromuscular response
measurement may be obtained and used as a baseline
reference value for all subsequent measurements. Further,
the level of neuromuscular block from the subsequent read-
ings may be compared with the baseline value which enables
follow-up and prediction of neuromuscular block recovery
which may help in correct timing of the antagonists, and
further decrease the incidence of residual paralysis.

[0050] Referring now to FIG. 3, an example method 300
for monitoring neuromuscular transmission in a paralyzed
patient during a surgical procedure is shown. Method 300
may be carried out according to instructions stored on a
computing system, including but not limited to the micro-
controller 123 of the NMT monitoring system of FIG. 1.
Method 300 may be performed once a reference baseline
value is determined for each KMG and EMG sensor (elabo-
rated previously with respect to FIG. 2).

[0051] At 302, it is determined if the detected EMG and
KMG responses are less than their respective baseline
values. If the EMG and KMG responses are less than their
respective baseline values, then the method proceeds to 306.
Otherwise, if the EMG and KMG responses are not below
their respective baseline values, then the method proceeds to
303 where the monitoring of the neuromuscular response of
the patients via EMG and KMG sensors is continued.
Further, in some examples, if the EMG sensor response
and/or KMG sensor response are below respective baseline
values, the user may be notified to adjust the amount of
neuromuscular block administered to the patient.

[0052] At 306, the neuromuscular response of the intu-
bated patient is monitored simultaneously via the KMG and
the EMG sensors. In one example, the response values
detected by both sensors may be normalized to their respec-
tive baseline values (e.g., by subtracting the baseline value
from the measured response value or by determining a ratio
of the measured response value to the baseline value) and
then both normalized values may be displayed on the display
unit. For example, both the TOF ratio and/or TOF count may
be displayed for each sensor. In another example, if a
non-TOF neurostimulation is used, then the response may be
converted to TOF value (e.g., via a conversion module).
Alternatively, an average value from the two sensors may be
calculated such that only one value is displayed on the
display unit.

[0053] At 308, it may be determined if the KMG response
and/or EMG response values are over a limit. In other words,
it may be determined if, during the monitoring, an error in
the reading is detected (such as error detected by the error
detecting circuit of FIG. 1). The limit may be a range of
values which represent abnormal numbers, such as negative
values or any values which are smaller/larger than the
detection limit of the sensors. If the response values are over
the limit, then the method proceeds to 318, where an error
in the sensor reading is indicated. The method may further
include notifying the user to check on the EMG and EKG
sensor connections. In one example, the probable source of
error may be shown to the user, by displaying a message that
specifies detached electrodes or the like (e.g., when one or



US 2019/0008453 A1

more of the sensing electrodes 120c-¢ of EMG sensor may
have been detached from the skin of the patient, or when the
tape (tape 127 of FIG. 1) which secured the bending element
of KMG sensor may have been detached/removed). If the
KMG and EMG responses are not out of a pre-determined
range, then the method proceeds to 310.

[0054] At 310, it may be determined if the currently-
obtained EMG value is higher than a threshold value. In one
example, the threshold value may be the internal limit of the
EMG sensor. In one example, the internal limit may be the
detection limit of the EMG sensor. Since EMG reading is
known to be more sensitive that the KMG reading, the
neuromuscular monitoring of the patient during a surgery
procedure may be solely based on the EMG response,
provided that a baseline value has been determined prior to
the monitoring (such as via routine 200 or normal calibration
routine of FIG. 2). The KMG sensor, in this case, may be
used as a secondary neuromuscular sensor to confirm the
results acquired by EMG sensor, such as during recovery
period. If the EMG value is not higher than the threshold
value, then the method proceeds to 311 where the monitor-
ing of neuromuscular response via EMG and KMG sensors
are continued.

[0055] Ifitis determined that the EMG response is higher
than the threshold value, then it may be possible that the
effect of the muscle relaxant is diminishing, and the method
then proceeds to 312, where it may be determined if the
KMG response is higher than a threshold value. The thresh-
old value may be based on the internal limit of the KMG
sensor. The internal limit of the KMG sensor may be set as
the detection limit of the sensor. Additionally, determining if
KMG response is higher than the threshold value may
further include visuvally detecting thumb movement in
response to the neurostimulation. For example, if a user
visually detects thumb movement, the user may enter input
into the NMT monitoring system indicating thumb move-
ment was detected. If the KMG response is not higher than
the threshold, then the response value may be indicated as
the non-response value and displayed to the user as zero and
the method may then proceeds to 313 where EMG sensor
degradation and/or EMG connection issues may be indi-
cated, e.g., via a notification output to the user. In one
example, the NMT monitoring system may include discard-
ing the values detected by EMG sensor and only use KMG
sensor as the main neuromuscular monitoring sensor for the
patient. The method then proceeds to 311, where the neu-
romuscular monitoring via the KMG sensor is continued.
[0056] If the KMG sensor is higher than the threshold,
then it may be confirmed that the patient is in recovery
mode, and the method proceeds to 314, where a notification
may be provided to the user indicating that the patient is in
block recovery mode. The method may further include
indicating to the user, at 315, to either adjust an amount of
neuromuscular block provided to the patient (e.g., by
increasing the NMBA dosage) if the surgical procedure has
not been completed or, at 316, indicating to the user to add
an antagonist and/or perform extubation when the surgical
procedure has been completed.

[0057] In one example, additional neuromuscular block
may be administered to the patient such that the muscle
response goes to the EMG and/or KMG baseline when the
patient is still in a middle of a surgery. Alternatively, if the
surgical procedure has been completed and the patient
neuromuscular block should be reversed, then an antagonist
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(also referred herein as neuromuscular block reversal agent)
may be administered. Further, once the neuromuscular
response reaches a pre-determined value (e.g., when TOF
%>90%), then extubation may be performed.

[0058] By monitoring neuromuscular response with a
combination of EMG and KMG sensors, an accurate esti-
mate of the muscle strength may be determined, which may
further allow an adequate reversal to be performed during
recovery period. In this way, residual paralysis effects of the
anesthetic agents may be avoided. Further, a reliable neu-
romuscular monitoring may be provided to paralyze patient
via automatic measuring of a non-response baseline value
based on the results from the two different neuromuscular
Sensors.

[0059] Referring now to FIG. 4, an example neuromus-
cular monitoring operating sequence is shown. Map 400
depicts neuromuscular response in EMG TOF % and EMG
TOF count at plot 402 and 403, respectively, which may be
determined from EMG T1-T4 sensor readings, selected
examples of which are shown in plot 404. Map 400 further
depicts neuromuscular response in KMG TOF % and KMG
TOF count at plot 406 and 407, respectively. Further, based
on the non-response values of the KMG sensor, the EMG
TOF % and TOF count are corrected and shown in plot 408
and 411, respectively, which are calculated from corrected
EMG T1-T4 sensor readings, selected examples of which
are shown in plot 410. All plots are depicted over time along
the x-axis. Time markers t1-t4 depict time points of signifi-
cance during NMT monitoring.

[0060] NMT monitoring may be initiated at tO when the
patient is already paralvzed. In this case, a non-relaxed
muscle response baseline may not be determined. Thus,
once measured neuromuscular response from the EMG
sensor differs from the measured neuromuscular response
from the KMG sensor, an EMG baseline value may be
defined based on KMG non-response value, and the EMG
baseline may be used to correct the EMG responses.
[0061] Inthe depicted example, the TOF % and TOF count
values at t0 are similar between the EMG and KMG sensors,
and thus, no baseline correction is needed. At t1, the EMG
sensor starts to output a measurable response signal as
shown in plot 402 and 403. However, no responses are
measured by the KMG sensor at t1 (as shown in plot 406 and
407). Thus, it may be determined that the EMG sensor is
subject to measurement interference and an EMG baseline
correction is applied.

[0062] The EMG maximum value that correlates to the
non-response KMG measurement may then be determined
by the microcontroller and the EMG baseline is then defined
based on the new maximum value and an old (e.g., prior)
EMG baseline value. If the new maximum value is larger
than the old EMG baseline value, then the EMG baseline
value may be set according to the new maximum value.
However, if the new maximum value is less than the old
EMG baseline value, then the old EMG baseline value may
be set as the baseline for EMG sensor.

[0063] EMG responses, such as TOF % and TOF count,
are then corrected by subtracting the EMG baseline from
one or more EMG response values (e.g., TOF % and TOF
count), as shown in plot 408 and 411, respectively. For
example, a first TOF % 401 from the EMG sensor following
time t1 is calculated from EMG TOF sensor values (shown
in plot 404). The T1 and T4 readings are similar, and thus the
TOF % is relatively high, such as 99%, and the TOF count
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for the EMG sensor is four. However, at that same time, the
TOF % and TOF count from the KMG sensor may be
undetectable (e.g., zero). Thus, a baseline EMG value may
be determined that is the highest of the T1-T4 readings taken
to determine the TOF % 401 (e.g., the value of T1 may be
set as the baseline value). The EMG sensor output may be
corrected by the baseline value. For example, the baseline
EMG value may be subtracted from each value of the T1-T4
readings to generate corrected T1-T4 readings. As the base-
line EMG value is the highest of the T1-T4 readings, the
corrected EMG TOF values are all zero. A corrected TOF %
and TOF count is then determined from the corrected T1-T4
readings such that both the EMG TOF % and EMG TOF
count are zero immediately following time t1.

[0064] At t2, the KMG sensors begins to detect muscle
movement as depicted by the increase in TOF % values (plot
406) and TOF count values (plot 407). Since the KMG
sensor no longer detects a non-response value at t2, the
EMG response correction may be based on the previously
determined EMG baseline value where KMG sensor did not
detect muscle movement (e.g., the KMG non-response val-
ues). In one example, the EMG response at t2 may be
corrected based on the baseline defined at t1.

[0065] For example, an EMG TOF % 405 may be deter-
mined from the corresponding EMG TOF T1-T4 values
shown in plot 404 (e.g., the second set of values). However,
because the KMG sensor is outputting positive/detectable
values, a prior EMG baseline value is used to correct the
EMG sensor output, such as the baseline value calculated at
time t1 (e.g., a value of 100). When the baseline is subtracted
from each of the T1-T4 values, a set of corrected EMG
T1-T4 values are generated, as shown in plot 410. The
corrected EMG TOF % and TOF count are determined from
the corrected EMG TOF values.

[0066] Following t3, the KMG sensor does not determine
any muscle movement and thus the EMG baseline may
again be determined from the currently-measured EMG
response values (e.g., at the time of the non-response value
of KMG sensor). Further, EMG responses at t3 may then be
corrected by subtracting the determined EMG baseline from
the measured T1-T4 response values.

[0067] At t4, both the EMG and KMG sensors detect a
similar response (e.g. zero TOF % and TOF count). Thus, at
this time, no EMG baseline correction is needed and the
EMG responses may be displayed without subtracting the
baseline value.

[0068] Referring now to FIG. 5, example T1-T4, TOF %,
TOF count values are shown for the EMG sensor, KMG
sensor, and a corrected EMG sensor. Map 500 further
depicts raw output values of the EMG sensor (also referred
herein as the electrosensor) at plot 502, raw output values of
the KMG sensor (also referred herein as the mechnosensor)
at plot 504, and corrected output values of the EMG sensor
at plot 506. Row numbers on the y-axis depicts the neuro-
muscular response readings at each TOF stimulation moni-
tored over time, with increasing time towards the direction
of arrow.

[0069] Between rows 1-5, the KMG sensor detects no
muscle movement on the patient’s thumb, depicted as zero
values at plot 504. However, the EMG sensor detects
responses between rows 3-5, which may be due to high noise
background attributed by other electrical equipment in the
surgery room. In order to provide accurate neuromuscular
monitoring, the EMG responses are corrected. Thus, a
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maximum value is determined for the EMG responses based
on the non-response value of KMG sensor during each TOF
stimulation. In one example, the value 98 is determined to be
the maximum value for row 3 and 4 of the electrosensor.
Similarly, for row 5, the value 100 is determined to be the
maximum value of electrosensor. The EMG baseline value
for each row may then be recorded and stored in the
microcontroller memory, for example.

[0070] Once the EMG baseline is determined (right-most
column of plot 502), the raw EMG output may then be
corrected by subtracting the baseline from the T1-T4 values.
As shown in row 3-5 of plot 506, once corrected, the EMG
response shows similar values as the KMG responses (plot
504).

[0071] Between rows 6-13, KMG sensors detects some
muscle movement as represented as non-zero values in plot
504. Thus, the EMG responses are corrected based on the
last determined EMG baseline value where KMG reading
equals to zero (e.g., EMG baseline determined at row 5). In
this way, the EMG responses are subtracted by the EMG
baseline determined based on KMG non-response values.
[0072] Similarly, between rows 14-18, the KMG sensor
outputs zero values (e.g., non-response values). Therefore,
the EMG baseline may again be determined by defining the
maximum value detected by EMG sensor at each TOF
stimulation. Since no value higher than 100 is detected
between rows 14-16, no new EMG baseline is recorded.
However, at row 17, the value 101 is detected, and since it
1s higher than the previous EMG baseline value, 101 is then
recorded as the new EMG baseline for rows 17-18.

[0073] By accurately measuring neuromuscular response
in a patient, optimal surgical conditions, such as deep
neuromuscular block with TOF count <1, may be achieved.
By employing a combination of KMG and EMG sensors,
neuromuscular blockade monitoring may be improved by
allowing automatic setting of EMG baseline values based on
KMG values. A technical effect of the disclosure is to allow
automatic determination of a non-response baseline value in
a paralyzed patient and thus further enables the NMT system
for adaptive learning to accommodate patient variance (e.g.,
setting different non-response baseline value based on
patient’s muscle activity) and further increases the reliability
of the neuromuscular measurements during a surgical pro-
cedure.

[0074] An example provides a system including a stimu-
lator; an electromyography (EMG) sensor; a kinemyography
(KMG) sensor; and a single connector configured to couple
each of the stimulator, the EMG sensor, and the KMG sensor
to a patient monitoring device via a single input. In a first
example of the system, the EMG sensor comprises a plu-
rality of sensing electrodes, and the KMG sensor comprises
a piezoelectric sensor. A second example of the system
optionally includes the first example, and further includes
the stimulator, the plurality of sensing electrodes, the piezo-
electric sensor, and the connector are being housed on a
common housing. A third example of the system optionally
includes one or both of the first and second examples, and
further includes the patient monitoring device being config-
ured to activate the stimulator and subsequently receive a
first signal from the EMG sensor and a second signal from
the KMG sensor, each of the first signal and the second
signal indicative of muscle activity of a patient responsive to
nerve stimulation of the patient resulting from the activation
of the stimulator. A fourth example of the system optionally
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includes one or more or each of the first through third
examples, and further includes the patient monitoring device
being configured to determine a baseline response for the
EMG sensor based on output from the KMG sensor. A fifth
example of the system optionally includes one or more or
each of the first through fourth examples, and further
includes the patient monitoring device being configured to
display a representation of the first signal along with a
representation of the second signal.

[0075] Another example provides a method including
applying a first stimulation to a nerve of a patient; following
the stimulation, receiving a first signal having a first value
from a first neuromuscular transmission (NMT) sensor and
receiving a second signal having a second value from a
second NMT sensor; determining that the first value is less
than or equal to a threshold value, and in response, setting
the second value of the second signal as a baseline value for
the second NMT sensor; applying a second stimulation to
the nerve of the patient; following the second stimulation,
receiving the second signal from the second NMT sensor,
the second signal having a third value; and correcting the
third value based on the baseline value. In a first example of
the method, the first signal and the second signal are each
indicative of muscle activity of the patient resulting from the
stimulation. In a second example of the method, which
optionally includes the first example, receiving a first signal
from a first NMT sensor comprises receiving a first signal
from a kinemyography (KMG) sensor, and receiving a
second signal from a second NMT sensor comprises receiv-
ing a second signal from an electromyography (EMG)
sensor. In a third example of the method, which optionally
includes the first and/or second example, the method further
includes taking an action based on the corrected third value,
where the action comprises outputting a notification to a user
responsive to the third value being above the baseline value
by more than a predetermined amount. In a fourth example
of the method, which optionally includes one or more or
each of the first through third examples, outputting the
notification comprises outputting a notification instructing
the user to adjust an amount NMT blocker provided to the
patient. In a fifth example of the method, which optionally
includes one or more or each of the first through fourth
examples, outputting the notification comprises outputting a
notification instructing the user to initiate an extubation
procedure. In a sixth example of the method, which option-
ally includes one or more or each of the first through fifth
examples, the method further includes taking an action
based on the corrected third value, the action including
outputting a notification to a user responsive to the third
value being within a predetermined range of the baseline
value for a predetermined amount of time. In a seventh
example of the method, which optionally includes one or
more or each of the first through sixth examples, the method
further includes taking an action based on the corrected third
value, the action including outputting a representation of the
corrected third value for display on a display device. In an
eighth example of the method, which optionally includes
one or more or each of the first through seventh examples,
the representation is a first representation and the method
further comprises outputting a second representation of a
subsequent, fourth value of the first signal for display on the
display device.

[0076] Another example provides a method including
applying a train-of-four (TOF) stimulation to a nerve of a
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patient; determining respective KMG T1, T2, T3, and T4
values from a kinemyography (KMG) sensor resulting from
the TOF stimulation and determining respective EMG T1,
T2, T3, and T4 values from an electromyography (EMG)
sensor resulting from the TOF stimulation; determining that
a KMG TOF count is zero and that an EMG TOF count is
greater than zero, and in response, setting a baseline value
for the EMG sensor to be a highest of the respective EMG
T1, T2, T3, and T4 values; correcting the respective EMG
T1, T2, T3, and T4 values based on the baseline value and
calculating a corrected EMG TOF count; and displaying on
a display device a first representation of the corrected EMG
TOF count. In a first example of the method, the method
further comprises: applying a second TOF stimulation to the
nerve of the patient; determining respective second KMG
T1, T2, T3, and T4 values from the KMG sensor resulting
from the second TOF stimulation and determining respec-
tive second EMG T1, T2, T3, and T4 values from the EMG
sensor resulting from the second TOF stimulation; calculat-
ing a second KMG TOF count from the respective second
KMG T1, T2, T3, and T4 values and calculating a second
EMG TOF count from the respective second EMG T1, T2,
T3, and T4 values; determining that the second KMG TOF
count is greater than zero and that the second EMG TOF
count is greater than zero, and in response, maintaining the
baseline value; correcting the respective second EMG T1,
T2, T3, and T4 values based on the baseline value and
calculating a second corrected EMG TOF count; and dis-
playing on the display device a second representation of the
second corrected EMG TOF count. In a second example of
the method, which optionally includes the first method, the
method further comprises: responsive to each of the second
KMG TOF count and second corrected EMG TOF count
being above a recovery threshold, outputting a notification
to a user instructing the user to adjust an amount of a
neuromuscular transmission block provided to the patient. In
a third example of the method, which optionally includes
one or both of the first and second examples, the method
further includes, responsive to only the corrected EMG TOF
count being above the recovery threshold, outputting a
notification to the user indicating degradation of the EMG
Sensor.

[0077] As used herein, an element or step recited in the
singular and proceeded with the word “a” or “an” should be
understood as not excluding plural of said elements or steps,
unless such exclusion is explicitly stated. Furthermore,
references to “one embodiment” of the present invention are
not intended to be interpreted as excluding the existence of
additional embodiments that also incorporate the recited
features. Moreover, unless explicitly stated to the contrary,
embodiments “comprising,” “including,” or “having” an
element or a plurality of elements having a particular
property may include additional such elements not having
that property. The terms “including” and “in which” are used
as the plain-language equivalents of the respective terms
“comprising” and “wherein.” Moreover, the terms “first,”
“second,” and “third,” etc. are used merely as labels, and are
not intended to impose numerical requirements or a particu-
lar positional order on their objects.

[0078] This written description uses examples to disclose
the invention, including the best mode, and also to enable a
person of ordinary skill in the relevant art to practice the
invention, including making and using any devices or sys-
tems and performing any incorporated methods. The patent-
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able scope of the invention is defined by the claims, and may
include other examples that occur to those of ordinary skill
in the art. Such other examples are intended to be within the
scope of the claims if they have structural elements that do
not differ from the literal language of the claims, or if they
include equivalent structural elements with insubstantial
differences from the literal langnages of the claims.

1. A system, comprising:

a stimulator;

an electromyography (EMG) sensor;

a kinemyography (KMG) sensor; and

a single connector configured to couple each of the

stimulator, the EMG sensor, and the KMG sensor to a
patient monitoring device via a single input.

2. The system of claim 1, wherein the EMG sensor
comprises a plurality of sensing electrodes, and wherein the
KMG sensor comprises a piezoelectric sensor.

3. The system of claim 1, wherein the stimulator, the
plurality of sensing electrodes, the piezoelectric sensor, and
the connector are each housed on a common housing.

4. The system of claim 1, wherein the patient monitoring
device 1s configured to activate the stimulator and subse-
quently receive a first signal from the EMG sensor and a
second signal from the KMG sensor, each of the first signal
and the second signal indicative of muscle activity of a
patient responsive to nerve stimulation of the patient result-
ing from the activation of the stimulator.

5. The system of claim 4, wherein the patient monitoring
device is configured to determine a baseline response for the
EMG sensor based on output from the KMG sensor.

6. The system of claim 4, wherein the patient monitoring
device is configured to display a representation of the first
signal along with a representation of the second signal.

7. A method, comprising:

applying a first stimulation to a nerve of a patient;

following the first stimulation, receiving a first signal

having a first value from a first neuromuscular trans-
mission (NMT) sensor and receiving a second signal
having a second value from a second NMT sensor;

determining that the first value is less than or equal to a

threshold value, and in response, setting the second
value as a baseline value for the second NMT sensor;
applying a second stimulation to the nerve of the patient;
following the second stimulation, receiving the second
signal from the second NMT sensor, the second signal
having a third value; and

correcting the third value based on the baseline value.

8. The method of claim 7, wherein the first signal and the
second signal are each indicative of muscle activity of the
patient resulting from the stimulation.

9. The method of claim 7, wherein receiving a first signal
from a first NMT sensor comprises receiving a first signal
from a kinemyography (KMG) sensor, and wherein receiv-
ing a second signal from a second NMT sensor comprises
receiving a second signal from an electromyography (EMG)
Sensor.

10. The method of claim 7, further comprising taking an
action based on the corrected third value.

11. The method of claim 10, wherein taking an action
comprises outputting a notification to a user responsive to
the corrected third value being above a recovery threshold.
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12. The method of claim 11, wherein outputting the
notification comprises outputting a notification instructing
the user to adjust an amount NMT blocker provided to the
patient.

13. The method of claim 11, wherein outputting the
notification comprises outputting a notification instructing
the user to initiate an extubation procedure.

14. The method of claim 10, wherein taking an action
comprises outputting a representation of the corrected third
value for display on a display device.

15. The method of claim 14, wherein the representation is
a first representation and further comprising outputting a
second representation of a subsequent, fourth value of the
first signal for display on the display device.

16. A method, comprising

applying a train-of-four (TOF) stimulation to a nerve of a

patient;
determining respective KMG T1, T2, T3, and T4 values
from a kinemyography (KMG) sensor resulting from
the TOF stimulation and determining respective EMG
T1, T2, T3, and T4 values from an electromyography
(EMG) sensor resulting from the TOF stimulation;

determining that a KMG TOF count is zero and that an
EMG TOF count is greater than zero, and in response,
setting a baseline value for the EMG sensor to be a
highest of the respective EMG T1, T2, T3, and T4
values;

correcting the respective EMG T1, T2, T3, and T4 values

based on the baseline value and calculating a corrected
EMG TOF count; and

displaying on a display device a first representation of the

corrected EMG TOF count.

17. The method of claim 16, further comprising:

applying a second TOF stimulation to the nerve of the

patient;
determining respective second KMG T 1, T2, T3, and T4
values from the KMG sensor resulting from the second
TOF stimulation and determining respective second
EMG T1, T2, T3, and T4 values from the EMG sensor
resulting from the second TOF stimulation;

calculating a second KMG TOF count from the respective
second KMG T 1, T2, T3, and T4 values and calculat-
ing a second EMG TOF count from the respective
second EMG T1, T2, T3, and T4 values;

determining that the second KMG TOF count is greater

than zero and that the second EMG TOF count is
greater than zero, and in response, maintaining the
baseline value;

correcting the respective second EMG T1, T2, T3, and T4

values based on the baseline value and calculating a
second corrected EMG TOF count; and

displaying on the display device a second representation

of the second corrected EMG TOF count.

18. The method of claim 17, further comprising, respon-
sive to each of the second KMG TOF count and second
corrected EMG TOF count being above a recovery thresh-
old, outputting a notification to a user instructing the user to
adjust an amount of a neuromuscular transmission block
provided to the patient.

19. The method of claim 18, further comprising, respon-
sive to only the corrected EMG TOF count being above the
recovery threshold, outputting a notification to the user
indicating degradation of the EMG sensor.
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