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(57) ABSTRACT

Neuromuscular monitoring is described that uses a novel
lead assembly and a monitor that can select the appropriate
electrodes on the lead assembly and calibrate the stimulation
signals applied to the patient through the lead assembly. The
monitoring can also set a noise floor value to reduce the
likelihood of an erroneous train of four calculations. The

present system can automatically sense train of four
response of a patient and reduce the likelihood of false train
of four indications.
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QUANTITATIVE NEUROMUSCULATURE
BLOCKADE SENSING SYSTEMS AND
METHODS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/408,327 filed Oct. 14, 2016 and
U.S. Provisional Application No. 62/469,310 filed Mar. 9,
2017, the disclosures of which are incorporated in their
entirety by reference herein.

TECHNICAL FIELD

[0002] System and methods for neuromuscular block
detection are described.

Background

[0003] Two key pharmaceutical components of modern
general anesthesia include (1) the anesthetic drugs respon-
sible for unconsciousness, and (2) the neuromuscular block-
ing drugs that cause muscle paralysis. It is not uncommon
for patients to wake up partially paralyzed (residual neuro-
muscular blockade), which can lead to significant patient
harm (e.g. impaired respiratory ability).

[0004] There are at least three methods to assess the
degree of neuromuscular blockade. The simplest and least
precise is to ask the patient to move, like lifting his head off
the bed for a given number of seconds. This test is quite
variable, and, more importantly, requires an awake, respon-
sive patient. It is more desirable to have a test that can be
done when the patient is still unconscious, such that when
the patient wakes up, the anesthesiologist can be assured that
they will have adequate motor function. In the anesthetized
(unconscious) patient, a nerve can be electrically stimulated,
resulting in movement of the innervated muscle. For
example, stimulation of the ulnar nerve near the wrist causes
the thumb and index finger to contract. The anesthesiologist
can watch or feel the thumb during this electrical stimulation
to see if the thumb moves in response to an electrical
stimulus. This type of monitoring is often referred to as
peripheral nerve stimulation, or qualitative (or non-quanti-
tative) neuromuscular monitoring. A third and more sophis-
ticated method involves the addition of a movement detec-
tion element to the peripheral nerve stimulator as described
above. These devices are referred to as quantitative neuro-
muscular monitors, or quantitative twitch monitors, as the
movement is detected not by the doctor’s thumb, but rather
by some detection device, for example, one based on accel-
erometry or electromyography. The advantage of these types
of devices is a more precise quantification of the degree of
movement, which can give the anesthesiologist a better idea
of the degree of paralysis.

SUMMARY

[0005] A neuromuscular lead assembly for neuromuscular
blockade monitoring is described and may include a base
supporting a plurality of electrodes. A first plurality of
electrodes is mechanically supported by the base and con-
figured to be connected to a patient for stimulation. A second
plurality of electrodes is supported by the base and in
electrical communication with the patient for sensing a
response to the stimulation signal. The second plurality of
electrodes is configured to electrically communicate with a
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processor to detect muscle activity in response to a stimu-
lation signal from at least one of the first plurality of
stimulation electrodes. The second plurality of sensing elec-
trodes is configured to be selectable with at least one of the
plurality of sensing electrodes not detecting patient move-
ment.

[0006] The base of the lead assembly may be nonlinear so
as to position the second plurality of sensing electrodes at
anatomically desired positions on a hand of the patient and
the first plurality of stimulation electrodes at anatomically
desired positions on a forearm of the patient.

[0007] In an example embodiment, one electrode of the
second plurality of sensing electrodes is selected as the
optimal detection electrode based on an analysis of the
detected signal, with the non-optimal sensing electrode
being used as the driven electrode. The driven electrode may
operate to remove common mode signals, which are com-
mon to other electrodes connected to the patient.

[0008] In an example embodiment, the base, the stimula-
tion electrodes and the sensing electrodes are disposable.
[0009] In an example embodiment, the base includes
medical grade adhesive to fix the sensing electrodes to the
patient for sensing electrical activity.

[0010] In an example embodiment, the base includes a
first part supporting the first plurality of stimulation elec-
trodes and a second part supporting the second plurality of
sensing electrodes. The first part may be separate from the
second part. A first plurality of electrical conductors is in
electrical communication with the plurality of stimulation
electrodes and extends from the first part. A second plurality
of electrical conductors is in electrical communication with
the plurality of sensing electrodes and extends from the
second part. In an example, embodiment, the first plurality
of electrical conductors and the second plurality of electrical
conductors are mechanically joined remote from the second
part.

[0011] In an example embodiment, the base encloses the
first and second pluralities of conductors.

[0012] In an example embodiment, the base includes a
thumb aperture to secure the base around a thumb of a
patient to position a first sensing electrode on a palm of the
patient and a second sensing electrode on a back of a hand
of the patient.

[0013] Inan example embodiment, the second plurality of
sensing electrodes further includes a driven electrode. One
of the first sensing electrode and the second sensing elec-
trode s selected to sense muscle activity of the patient in
response to a stimulation signal and the other of the first
sensing electrode and the second sensing electrode is
selected as the driven electrode.

[0014] A neuromuscular lead assembly for neuromuscular
blockade monitoring may include a body, a plurality of
electrodes mechanically supported by the body, an acceler-
ometer, a plurality of conductors supported by the body and
in electrical communication with the plurality of electrodes,
respectively, and wherein the plurality of conductors are
configured to electrically communicate with a processor to
detect movement in response to stimulation.

[0015] In an example embodiment, the body is nonlinear
to position the plurality of electrodes at anatomically desired
positions on the forearm and hand of a patient.

[0016] In an example embodiment, the body, the elec-
trodes and the conductors are disposable.
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[0017] In an example embodiment, the body includes
medical grade adhesive to fix the electrodes to the patient for
sensing electrical activity.

[0018] In an example embodiment, a stimulation electrode
of the plurality of electrodes is to apply a stimulation signal
to the patient.

[0019] In an example embodiment, a sensing electrode of
the plurality of electrodes is to sense a patient response to the
stimulation signal applied by the stimulation electrode.
[0020] In an example embodiment, the plurality of elec-
trodes includes more than one sensing electrode configured
to sense a patient response to the stimulation signal applied
by the stimulation electrode.

[0021] In an example embodiment, the body encloses the
plurality of conductors.

[0022] A method of calibrating a neuromuscular monitor
on a paralyzed patient is also described and may include
starting calibration at a first stimulation signal value; apply-
ing successive input signals at the first stimulation signal
value for a train of four analysis; measuring a patient train
of four response for a T1 response and a train of four ratio;
if the train of four ratio is constant and the T1 response
increases, then increasing the stimulation value by a incre-
ment value to an increased stimulation value; applying
successive input signals at the increased stimulation signal
value and repeating the measuring and increasing the stimu-
lation value steps; and if the initial patient response to the
train of four at the increased stimulation signal value is not
constant (i.e. if the train of four ratio changes during
application of the successive input signals), then stop the
calibration. Additionally, if the Ti response does not
increase, then set a calibrated stimulation value to the
current stimulation value.

[0023] In an example embodiment, the method further
includes setting a neuromuscular monitor stimulation value
to the calibrated stimulation value increased by a factor.
[0024] In an example embodiment, the first stimulation
value is 25 mA.

[0025] In an example embodiment, the measuring an
initial patient response at successive input signals includes
measuring a first (T1) height of two successive TOF signals
spaced at fifteen second intervals.

[0026] In an example embodiment, the increasing the
stimulation value by the increment value includes checking
a TOF ratio to be the same as the TOF ratio at the prior
stimulation value.

[0027] In an example embodiment, the factor to set the
maximum stimulation value is 1.1.

[0028] Inanexample embodiment, the measuring includes
measuring an electrical noise value and using the measured
noise to set a current stimulation value.

[0029] In an example embodiment, the TOF stimulation
value is set to have at least a signal to noise ratio of 1.4 or
greater.

[0030] In an example embodiment, the TOF stimulation
value is set to have at least a signal to noise ratio of 2.0 or
greater.

[0031] Inanexample embodiment, the measuring includes
applying a zero current stimulation signal for a same time
period as the T, signal.

[0032] Inanexample embodiment, the measuring includes
measuring an electrical noise value and using the measured
noise to allow or stop use of sensed responses to excitation
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signals when the sensed patient response approaches, equal
to or less than the noise value for the patient connected to the
present system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIG. 1 shows a view of a neuromuscular monitor-
ing system according to an example embodiment.

[0034] FIG. 2A shows a view of a lead system for use in
neuromuscular monitoring according to an example embodi-
ment.

[0035] FIG. 2B shows a view of a lead system as applied
to a patient for use in neuromuscular monitoring according
to an example embodiment.

[0036] FIG. 3 shows a view of a lead system for use in
neuromuscular monitoring according to an example embodi-
ment.

[0037] FIG. 4 shows a view of a lead system for use in
neuromuscular monitoring according to an example embodi-
ment.

[0038] FIG. 5 shows a schematic view of a control unit for
a neuromuscular monitoring system according to an
example embodiment.

[0039] FIG. 6 shows a schematic view of a control unit for
a neuromuscular monitoring system according to an
example embodiment.

[0040] FIG. 7 shows a schematic view of a control unit for
a neuromuscular monitoring system according to an
example embodiment.

[0041] FIG. 8 shows a schematic view of a control unit for
a neuromuscular monitoring system according to an
example embodiment.

[0042] FIG. 9 shows a schematic view of a control unit for
a neuromuscular monitoring system according to an
example embodiment.

[0043] FIG. 10 shows a schematic view of a control unit
for a neuromuscular monitoring system according to an
example embodiment.

[0044] FIG. 11 shows a schematic view of a control unit
for a neuromuscular monitoring system according to an
example embodiment.

[0045] FIG. 12 shows a schematic view of a control unit
for a neuromuscular monitoring system according to an
example embodiment.

[0046] FIG. 13 shows a flow chart showing a neuromus-
cular monitoring process according to an example embodi-
ment.

[0047] FIG. 14 shows a view of neuromuscular monitor-
ing system according to an example embodiment.

[0048] FIG. 15 shows a view of neuromuscular monitor-
ing system on a leg according to an example embodiment.
[0049] FIG. 16 shows a flow chart showing a neuromus-
cular monitoring process according to an example embodi-
ment.

[0050] FIG. 17 shows a flow chart showing a neuromus-
cular monitoring process according to an example embodi-
ment.

[0051] FIG. 18 shows a flow chart showing a neuromus-
cular monitoring process according to an example embodi-
ment.

[0052] FIG. 19 shows a sample patient response during a
calibration process according to an example embodiment.
[0053] FIG. 20 shows a schematic view of a control unit
for a neuromuscular monitoring system, during a process
step, according to an example embodiment.
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[0054] FIG. 21 shows a flow chart showing a neuromus-
cular monitoring process according to an example embodi-
ment.

[0055] FIGS. 22-24 show graphs of Train-Of-Four signals
resulting from the methods and systems described herein to
example embodiments.

DETAILED DESCRIPTION

[0056] As required, detailed embodiments of the present
invention are disclosed herein; however, it is to be under-
stood that the disclosed embodiments are merely exemplary
of the invention that may be embodied in various and
alternative forms. The figures are not necessarily to scale;
some features may be exaggerated or minimized to show
details of particular components. Therefore, specific struc-
tural and functional details disclosed herein are not to be
interpreted as limiting, but merely as a representative basis
for teaching one skilled in the art to variously employ the
present invention.

[0057] Two key pharmaceutical components of modern
general anesthesia are (1) the anesthetic drug(s), responsible
for unconsciousness, and (2) the neuromuscular blocking
drug(s), which cause paralysis in the patient. While new,
sophisticated EEG monitors exist to monitor the level of
consciousness, the tools for monitoring the level of paralysis
(e.g., neuromuscular blockade) are less sophisticated. With
advances in anesthesia, in particular, rapidly reversing anes-
thetics, it is becoming more common for patients to wake up
partially paralyzed, e.g., with residual neuromuscular block-
ade. A patient may experience significant discomfort when,
upon waking up from a major operation, the patient finds it
difficult to swallow and/or breathe. The presently described
systems and methods provide improved tools for monitoring
the level of paralysis, e.g., neuromuscular blockade. The
presently described systems and methods operate to stimu-
late a peripheral nerve and measures the resulting electro-
myographic (EMG) response. Embodiments may provide
for a noise floor to filter sensed electrical signal results from
the patient to reduce the likelihood of errors in sensing the
patient status.

[0058] FIG. 1 shows a monitoring system 100 for quan-
titative twitch monitoring of a patient. The system 100 can
be used to measure the depth of neuromuscular blockade
during anesthesia or as a result of anesthesia. A monitor 101
is provided with a base 102. The base 102 can be used to
charge the monitor 101 or otherwise provide electrical
energy to the monitor 101. The monitor 101 is manufactured
to be usable in the sterile environment of operating suites. In
an example, the monitor is cleanable to be placed in a
surgical suite or surgical room, e.g., with other anesthesia
equipment. The base 102, in some embodiments, is also
manufactured to be usable in the sterile environment of
operating suites. The base 102 may be outside the operating
suite and the monitor 101 can be removed from the base 102
and taken into the operating suite. A lead assembly 105 is
connected to the monitor 101 and can provide at least
sensing functions, with the sensed signals or data being sent
to the monitor 101. The lead assembly 105 is configured to
be positioned on the patient 106 to detect movement in
response to stimulation. The monitor 101 can output a
stimulation signal to the lead assembly 105, which in turn
senses the response of the patient 106. In an example
embodiment, the lead assembly 105 is a single use item that
is disposed of after use.
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[0059] The monitor 101, which includes displays, cir-
cuitry, memory and processors, is reusable. The monitor 101
may include a housing, which can be an injection molded
case, in which are enclosed a rechargeable battery, charging
circuitry, stimulation circuitry, a display (e.g., a touchscreen
LCD), display circuitry, and processor board with processor
(s) and a memory. The processor board may be configured
to detect the type of lead assembly, to measure skin resis-
tance, to generate the appropriate voltage/current pulses and
the operational amplifiers and analog to digital converters
required for the sensors. The monitor can display graphs of
TOF signals sensed using the methods or systems described
herein, including noise correction methods.

[0060] The lead assembly 105 may include an accelerom-
eter, a flex circuit, a plurality of spaced apart electrodes and
a connector 1o connect to the monitor. The lead assembly
105 may be configured to be an accelomyography based
sensing device, an electromyography based sensing device,
or both. The monitor 101 can sense the type of lead assembly
105 when the lead assembly is connected to the monitor
through the connector.

[0061] The monitor 101 through the lead assembly 105
may provide quantitative twitch monitoring using a plurality
of discrete stimulation pulses and sensing the patient’s
response to each of these stimulation pulses. This is per-
formed over a set time period, e.g., less than 5 seconds, less
than three seconds, about two seconds, or the like. In an
example, the stimulation pulses can be four electrical
impulses within a two second time span (a “train-of-four” or
TOF). The lead assembly 105 applies these stimulation
signals to a nerve that may cause the patient to move slightly,
or twitch. The lead assembly 105 can apply the stimulation
pulses to the ulnar nerve near the wrist. The lead assembly
105 then senses the patient’s response to the stimulation
signals at the thumb and forefinger, e.g., the thumb and
forefinger to twitch. The TOF count describes the number of
identifiable responses following the TOF stimulation pat-
tern. Without neuromuscular blockade, all four responses are
of essentially equal amplitude. Loss of the fourth response
represents a 75-80% neuromuscular blockade. Disappear-
ance of the third, second, and first responses is associated
with 85%, 90%, and 98-100% neuromuscular blockade,
respectively. A train-of-four ratio is obtained by dividing the
amplitude of the fourth response by the amplitude of the first
response as a measure of neuromuscular recovery. A ratio of
0.7 represents adequate diaphragmatic recovery (i.e., the
ability of the patient to breathe). A ratio of >0.9 ensures
sufficient pharyngeal muscle recovery for extubation.
Improvements in monitoring the neuromuscular blockade
may result in improved patient treatment and outcomes.

[0062] The monitor 101, or optionally the base 102, com-
municates through a network 107 to a server 110. The server
110 can store data from the monitor 101 and electronic
medical records. The data can include sensed data, TOF
data, electrical noise data, neuromuscular block data, elec-
tromyography data, stimulation signal data, post tetanic
count data, single twitch data, accelerometry data and the
like. In an example, the base 102 may provide a wireless
(inductive) charging to the monitor 101. This will reduce the
need to change batteries, while also protecting the patient
from current surges they could experience from a monitor
101 plugged directly into the mains in the wall. The base 102
may also connect to the hospital’s electronic medical record
(EMR), communicate wirelessly with the monitor 101 to
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receive twitch monitoring data, and transmit this data wire-
lessly or via a cable to the EMR through the network 107.

[0063] The monitor 101 and lead assembly 105 are por-
table and stand alone when in use. The lead assembly 105
can be applied to a patient before an anesthetic drug is
administered to the patient. The lead assembly 105 can
remain on the patient through recovery, e.g., in the post
anesthesia care unit (PACU). The monitor 101 may also
travel with the patient. In an example embodiment, a first
monitor can remain with the surgical suite and removed
(e.g., unplugged) from the lead assembly 105 when the
patient leaves the surgical suite. A second monitor can be
plugged into the lead assembly 105 outside the surgical suite
(e.g., at the PACU).

[0064] The monitor 101 can use impedance measurements
to identify potential problems with the electrical connections
to the electrodes and the electrodes themselves. The monitor
can also detect a poor electrical connection to the patient’s
body. The monitor 101 can also use a measurement of the
impedance to distinguish between two low signal condi-
tions. A first low signal condition may be caused by prob-
lems with the electrodes or electrode connections. A second
low signal condition may occur when total paralysis of the
patient is reached. The impedance includes the impedance of
the device and the human body. The impedance of the device
includes the internal impedances of the monitor and the
impedances of the leads, e.g., connections, wires and elec-
trodes. The impendence of the device can be determined
during manufacture and stored in the memory of the moni-
tor. The impedance of the human body, e.g., the patient, is
generally defined as R, =R, (in)+R,, . +R . (out).
R,,..; can be used when calibrating the monitor to a specific
patient by applying a signal through the body between two
electrodes. The human body impedance includes the resis-
tance of dry skin, which may be between about 1,000-100,
000 Ohms. The skin’s resistance is much lower if it is wet
or burnt/blistered. In some examples, it is desirable to apply
a conductive paste or conductive gel to assist in applying the
electrode to a patient with good electrical conductance. A
medical grade electrically conductive gel may include an
aqueous solution with concentrations of ionized salts as the
conducting agent, a natural gum capable of crosslinking, and
a crosslinking material which provides the electrically con-
ductive gel with sufficient internal strength to remain cohe-
sive without reinforcement. Impedance can be measured, for
example, by applying a known signal at a first electrode and
sensing the response at another electrode. The monitor can
test each electrode using an signal source and sense the
resulting signal at any one or multiple other electrodes. This
may be used to calculate the impedance of the signal paths
to the patient and through the patient to the desired nerve to
be stimulated.

[0065] If the lead impedance is above a threshold, which
can be stored in the monitor, then the monitor may determine
that there is a problem with the electrodes or electrode
connections. The monitor may issue a signal, e.g., a light or
other display indicia, that there is an issue with the electrical
connection and may not be able to acquire an assured signal.
If the impedance is normal, the low signal is likely a result
of patient paralysis. In both low signal cases, the acceler-
ometer signal or EMG signal is very low. In both cases, the
monitor will not calculate a TOF ratio (in an example, the
monitor will instead display the TOF count as zero), as the
low signals may result in an erroneous TOF ratio. For

Jul. 25,2019

example, if the sensed signal is very low, for example, less
than 10% of the original sensed signal amplitude or less than
a fixed value, (e.g. an EMG amplitude less than 2 mV) and
about equal in all four twitches, as would be the case for
deep paralysis, the TOF ratio may be incorrectly displayed
as 100% (meaning the fourth twitch is the same amplitude
as the first twitch), which implies that the patient is unpara-
lyzed, when in fact the patient is completely paralyzed.
[0066] The monitor 101 further may include a modality
selection functionality that selects the electrodes for use in
neuromuscular block detection. With the use of multiple
electrodes, the monitor 101 selects the stimulation electrode
and/or the sensing electrode from the multiple electrodes.
The monitor can use any of the electrodes positioned at a
stimulation target nerve to apply a stimulation signal. The
monitor can use any of the electrodes positioned at a
stimulatable muscle to sense a stimulation of the muscle,
either electrically or by mechanical movement. The monitor
can also select one of the non-selected electrodes to remove
common mode signals from the sensed signal. A common
mode signal may include environmental noise, e.g., a 60 HZ
signal from a power main or other device in the surgical
theatre that is present in the patient’s body. The monitor may
include circuitry to sense the common mode signal, apply a
gain to the common mode signal and subtract the common
mode signal from a sensed signal, e.g., by inverting the
common mode signal and adding it to the sensed signal. In
an example with three sensing electrodes, the with a first
electrode on the palm, the second electrode being on the
back of the hand, and the third being on a finger, the monitor
101 will select the best electrode for sensing. One of the
other electrodes will be a common mode electrode, which
will be used to suppress the common mode signal. The
signal being sensed is the difference between the electrodes.
Accordingly, the common mode signal should be sup-
pressed.

[0067] Inanexample, a stimulation electrode is stimulated
and the first electrode is the detection electrode. The first
value of this detection is sensed and saved. The stimulation
electrode is stimulated and the second electrode is the
detection electrode. The second value of the second detec-
tion is sensed and saved. The first value is compared to the
second value. The larger of the first value or the second
value determines the use of the electrodes, either the first
electrode or the second electrode is selected, respectively.
The other of the first electrode and the second electrode is
the common mode electrode. The third electrode in each of
these cases is negative electrode for EMG detection. These
electrodes can also be used to detect a noise signal that may
be part of the sensed TOF signal.

[0068] The monitor 101, in its modality selection, may
further decide between electromyography detection and/or
accelerometer detection. The monitor 101 may receive an
input through a machine human interface that selects the
type of detection between the electromyography detection or
the accelerometer detection.

[0069] The base 102 can be integrated into an anesthesia
machine. The monitor 101 can be an accessory of the
anesthesia machine. The base 102 may include a wheeled
cart that includes a plurality of drawers. At least one of the
drawers may be locked to store certain drugs. The base may
further include network communication connections, e.g., to
electronic medical records database(s). The base may also
include other electrical connections, e.g., USB and the like.
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The base 102 may also include a horizontal workspace. In an
example, the monitor 101 may be electrically connected to
the base through the electrical connections at a monitor
support that is separate from the workspace.

[0070] The monitor 101 can include a calibration routine
that gradually raises the stimulation current applied to the
patient through the lead assembly 105 until further increases
in current do not result in a larger muscle twitch. The
stimulation current is then set to just over this maximal
stimulation current, e.g., supramaximal stimulation. In
operation, the calibration should be performed on the patient
before administering paralyzing drugs. The monitor will
apply continually increasing pulses in a series of single
pulses spaced about or at least one second apart. However,
such a calibration sequence does not work in paralyzed
patients, as the neuromuscular blockade results in a fade
(decrease) in the response to single twitches spaced this
close together, which confounds the ability to detect the
maximal signal amplitude. In the case where a patient is
already paralyzed by the drug, the monitor 101 will use a
sequence of pulses where the single pulses are spaced
further apart. In an example, the first twitch in a TOF
sequence 1s spaced at least ten seconds from the end of the
preceding TOF sequence. The monitor will monitor the TOF
ratio to make sure the patient’s paralysis level does not
change over the course of the calibration sequence, which
would also confound the data and prevent calibration. An
example sequence includes (1) start the first TOF calibration
at 25 mA; (2) measure the T1 height of two successive TOF
sequences spaced at fifteen second intervals; (3) assuming
the TOF ratio is constant and also checking to see if the
patient is sufficiently “unparalyzed”, e.g. TOF >0.4 which
correlates to T1 50% of baseline, increase the amplitude in
steps of 5 mA until the T1 twitch height does not increase
further (<5% increase); and (4) take the amplitude that
preceded the plateau (e.g., 40 mA) and multiply this by
110% (e.g., 44 mA) and use this as the “supramaximal
current” for all subsequent stimulation.

[0071] In use, the monitor 101 and the lead assembly 105
can operate to stimulate and sense the patient response. One
example of the more sophisticated type of stimulation
afforded by quantitative twitch monitoring by the monitor
101 and the lead assembly 105 is the train-of-four (TOF)
stimulation sequence and calculation of a train-of-four ratio.
A train-of-four sequence involves applying four distinct
electrical impulses within a time span, e.g., two seconds.
The impulse train is the stimulation signal and is generated
by circuitry in the monitor. The lead assembly delivers the
stimulation signal to the patient, e.g., to the ulnar nerve near
the wrist, which causes the thumb, the forefinger, or both to
“twitch”, once for each of the four electrical impulses (in the
unparalyzed patient). The TOF count describes the number
of identifiable responses following the TOF stimulation
pattern. Without neuromuscular blockade, all four responses
are of equal amplitude. With increasing neuromuscular
blockade, the fourth, third, and then second responses start
to become smaller in amplitude (called “fade™). A train-of-
four ratio is obtained by dividing the amplitude of the fourth
response by the amplitude of the first response as a measure
of neuromuscular blockade. A ratio of 0.7 (70%) represents
adequate diaphragmatic recovery (i.e., the ability to
breathe). A ratio of >0.9 (90%) ensures sufficient pharyngeal
muscle recovery for extubation. The present system and
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method provides quantitative twitch monitoring to provide
precise characterization of the level of paralysis.

[0072] The lead assembly 105 quickly allows a medical
professional to place the sensing electrodes at at least one (or
more) muscle-recording sites. The lead assembly supports
its electrodes in a prepositioned manner. The monitor 101
uses an algorithm to select the best sensing site based on
signal analysis. The monitor can select the best electrode to
use from the plurality of electrodes that are pre-packaged in
the lead assembly.

[0073] The monitor 101 can sense and process signals
from both electromyography (“EMG”) electrodes and an
accelerometer. The algorithm in the monitor 101 can pick
the sensing mechanism that gives the best signal. The
monitor 101 may auto-detect the best sensing location from
a plurality of sensing locations (e.g., an electrode placed
over the first dorsal interosseous muscle vs. the adductor
pollicis muscle) based on, for instance, maximal signal
height, maximal area-under-the-curve, waveform analysis or
other signal processing analysis. The monitor 101 may also
notify the user if a lead is bad and which electrode or lead
is faulty, e.g., based on impedance measurements.

[0074] The monitor 101 can also plot a time course of the
sensed data from the lead assembly 105. The monitor can
calculate a prediction of a patient’s time to complete recov-
ery or a time to a train-of-four ratio to exceed a set value,
e.g., “time to TOF >0.7” or “time to TOF >0.9.” This
prediction may be an estimate based on an extrapolation of
the prior twitch monitoring data for that specific patient, as
every patient has different recovery times from neuromus-
cular blockade. Alternatively, the prediction may be based
on a prior history of similar patients with similar profiles,
e.g., height, weight, age, sex, diagnosis, etc.

[0075] The monitor 101 can also use more sensitive algo-
rithms for sensing the patient’s state when the patient is
significantly paralyzed (e.g., TOF=0, or <0.1), a more sen-
sitive sequence, e.g., post tetanic count (PTC) can be used to
quantify deep paralysis. The monitor 101 will detect TOF=0,
and switch automatically to PTC monitoring. The monitor
101 can output a plot of both on a time plot on a display. If
significant neuromuscular recovery occurs, the monitor 101
will switch back to TOF from PTC.

[0076] FIG. 2A shows a lead assembly 105 that includes
a base 200 and a plurality of electrodes 201-205 supported
on the base 200. The base 200 is elongate with a proximal
end 221 that is adjacent the monitor and a distal end 222.
The proximal end 221 can include a connector 212 to
electrically connect the lead assembly 105 to the monitor
101. The base 200 can include a flexible substrate supporting
a plurality of conductors, e.g., metal trace lines, printed
conductive inks, wires, and the like, which extend from the
connector 212 to the respective electrode 201-205. The
underside of the base 200 may include medical grade
adhesive to fix at least parts of the base to the patient. The
base 200 may include a peripheral body around each of the
electrodes 201-205. As a result, the base 200 is wider at the
electrodes 201-205 than between the electrodes. The elec-
trodes 201-205 electrically contact the patient and are held
in place by the base 200.

[0077] The first electrode 201 is the closest electrode to
the proximal end 221. The first electrode 201, the second
electrode 201, and the third electrode 203, are sequentially
positioned from the proximal end 221 and can each apply a
stimulation signal to the ulnar nerve. The monitor 101 can
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determine which of the one or more than one electrodes
201-203 is best to apply the stimulation signal to the
patient’s ulnar nerve. Each of the electrodes 201-203 or
select ones of the electrodes 201-203 receive a stimulation
signal from the monitor or other control unit. The stimula-
tion signal can be up to about 400 volts to create a 50
milliamp signal in the patient at the ulnar nerve or other
nerve to be stimulated. One of the electrodes 201-203 may
be connected to earth and not be directly driven by the
stimulation signal.

[0078] The electrode 204 is configured and positioned to
detect response of the patient to the stimulation signal
applied by the other electrodes 201-203. The signal detected
by the electrode 204 is fed back to the monitor over
conductors for analysis and quantitatively determining a
level of neuromuscular blockade. The electrode 204 may be
positioned at the adductor pollicis muscle or the first dorsal
interossei muscle to detect muscle activity thereof in
response to the stimulation signal.

[0079] The electrode 205 is positioned near the end of a
finger, e.g., the index finger as shown in FIG. 2B. The
electrode 205 can be about 14 centimeters from the proximal
end 221. The electrode 205 can be a neutral (negative)
terminal.

[0080] An accelerometer can be placed with or in place of
any one of the plurality of electrodes 201-205. In an
example, the accelerometer is positioned at the fourth elec-
trode 204 at the adductor pollicis muscle or the first dorsal
interossei muscle and can sense movement of the associated
muscle in response to the stimulation signal applied by at
least one of the first electrode 201, the second electrode 202
or the third electrode 203. In an example, the accelerometer
is placed at an electrode on a finger of the patient. In an
example, the accelerometer is a separate device to be posi-
tioned at the end of a finger. The accelerometer can be
integrated in the lead assembly base 200.

[0081] Application indicia 210 can be proved adjacent the
proximal end 221 of the lead assembly base 200. In the case
where the lead assembly base 200 is adapted to be applied
to either hand of the patient, the indicia 210 can show the
proper application for both the left hand application of the
lead assembly and the right hand application of the lead
assembly. The indicia are graphical representations of the
location of the each of the plurality of electrodes 201-205
when applied to either hand. The lead assembly base 200 can
have an adhesive on one side to removably adhere the base
200 to the patient. An electrically conductive adhesive can
be positioned at the electrodes.

[0082] The electrodes 203, 204, and 205 may be posi-
tioned at other locations on the patient’s hand. In an
example, at least one electrode may be positioned on the
little (sometimes referred to as the pinky) finger of the
patient. As described herein the stimulation electrodes 201,
202 stimulates the ulnar nerve, which is a large not protected
by muscle or bone in the human body. The ulnar nerve is the
only unprotected nerve that does not serve a purely sensory
function. The ulnar nerve is directly connected to the little
finger, and the adjacent half of the ring finger. Thus, placing
the sensing electrodes adjacent the little finger or on the little
finger may provide improved stimulation and sensing for
some patients.

[0083] FIG. 3 shows a lead assembly 300, which is
another embodiment of the lead assembly 105. The lead
assembly 300 includes a plurality of electrodes 301-305
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supported on a base 306. The base 306 can be formed of
material similar or the same as those in the base 200 of the
FIG. 2A embodiment. The base 306 can include an adhesive
on one side thereof to removably fix the lead assembly 300
to a patient. An electrically conductive adhesive can be
positioned at the electrodes 301-305.

[0084] The base 306 is elongate and extends from a
proximal end 321 to a distal end 322. The base 306 is
non-rigid and flexible to curve along the anatomy of a
patient, e.g., a wrist and hand. A plurality of conductors
extends within the base 306 and electrical connect the
monitor to the electrodes 301-305. The first two electrodes
301, 302 are stimulation electrodes that apply a stimulation
signal, e.g., a train of electrical pulses, to a nerve of the
patient (e.g., the ulnar nerve, posterior tibial nerve or the
facial nerve). Two sensing electrodes 303, 304 are posi-
tioned intermediate the proximal and distal ends 321, 322. In
an example, the sensing electrodes 303, 304 are closer to the
distal end 322 than the proximal end 321.

[0085] The electrodes 301-305 operate to provide a sur-
face electromyography reading to assess the patient’s
muscle function by recording muscle activity from the
surface above the muscle on the skin. The electrodes 303,
304 can read activity of the adductor pollicis muscle, the
dorsal interossei (e.g., the first dorsal interosseus), the
orbicularis oris muscle, or the flexor hallucis longus muscle,
etc. The electrodes 303, 304 are surface electrodes and are
able to provide only a limited assessment of the muscle
activity in response to a stimulation signal from the stimu-
lation electrodes 301, 302. A further negative electrode, e.g,,
electrode 305 at the patient’s finger, is used to determine the
EMG signal. While shown as two electrodes for sensing, in
an example, more than two electrodes can be used to record
the muscle response to the stimulation signal. In an example,
the response can be recorded by a pair of electrodes or by a
more complex array of multiple electrodes. However, more
than one electrode is needed as EMG recordings display the
potential difference (e.g., voltage difference) between two
separate electrodes. In an example, the other of the elec-
trodes 303 or 304 that is not adjacent the muscle being
stimulated can be a driven electrode to suppress common
mode signals. The electrode 305 can be used as the negative
electrode to provide the voltage difference for the EMG
signal. It is desirable to select which of the electrodes 303,
304 is going to be used to detect a patient response. The
electrode that shows the best conductivity or the best
response to a test signal can be selected by the monitor 101
as the sensing electrode. Simply stated, there may be two
modes, the first mode includes the electrode 303 suppressing
the common mode signal, the electrode 304 being the
positive EMG detection electrode, and the electrode 305
being the negative EMG detection electrode. The second
mode includes the electrode 303 being the positive EMG
detection electrode, the electrode 304 detecting the common
mode signal, and the electrode 305 being negative EMG
detection electrode.

[0086] An electrical connector is provided at the proximal
end 321 to connect the electrodes to a monitor or control unit
101 through an electrically conductive wire. The monitor/
control unit 101 includes control circuitry to processes and
output electrical signals related to stimulation and sensing of
electrical signals at the patient. The monitor/control unit 101
can include a rechargeable battery that can power the system
when not plugged into a mains power source. The monitor/
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control unit 101 can include a display screen with tactile
input circuitry integrated therein. The display screen is
configured to output any of the graphical user interfaces
described herein. The display screen can toggle between
showing a sensed EMG signal or a time plot of ongoing train
of four testing. When producing valid results, the TOF
calculated values can be shown in the display screen.
[0087] In operation, the monitor may include circuitry to
detect the common mode signal. The circuitry inverts the
common mode signal and then applies a gain to produce a
common mode suppression signal. The common mode sup-
pression signal is applied to the non-sensing electrode to
suppress the common mode signal.

[0088] The electrodes 303, 304 are positioned distally
over a thumb aperture 310 in the base 306. The thumb
aperture 310 is formed by an oval shaped extension of the
base 306, which wraps around the thumb aperture 310 and
extends back toward the proximal end. An insertion opening
311 is defined between the main body of the base 306 and
a cantilevered arc 312 of the base 306. It will be within the
scope of the present disclosure to provide the thumb opening
of different shapes, e.g., circular, or polygonal. In an
example, the thumb opening 310 is closed, i.e., it does not
have a gap 311 and an end of the arc 312 extends back to the
intermediate part of the base 306.

[0089] The electrode 305 is at the distal end 322. The
electrode 305 may be a neutral electrode and positioned on
an end of a finger, e.g., the index finger of the patient.
[0090] The lead assembly 300 is affixed to a patent with
the electrodes 301, 302 on the skin over the ulnar nerve. The
thumb of the patient extends through the thumb aperture
310. The electrodes 303, 304 are positioned on the opposite
sides of the hand. When the lead assembly 300 is positioned
in the patient’s left hand, then the electrode 303 is on the
palmar side and electrode 304 is on the dorsal side. The
opposite is true when the lead assembly 300 is mounted on
the patient’s right hand, e.g., the electrode 303 is on the
dorsal side and the electrode 304 is on the palmar side. The
sensing electrodes 303, 304, depending on the side they are
positioned sense the movement of the adjacent musculature.
The other of the electrodes operates as a driven electrode,
which can sink or source current. The use of the driven
electrode can reduce common-mode interference. The cit-
cuitry in the monitor may detect the common mode signal in
the patient. The common mode signal may be used in the
monitor to remove the common mode signal from the sensed
signal due to muscle activity or may be applied to the
non-sensing electrode to suppress the common mode signal.
[0091] When the lead assembly is placed on a patient, the
medical professional can input into the monitor 101 the hand
on which the lead assembly is affixed, e.g., through a
machine to human interface or other I/O device. This will
assist the monitor 101 in reading the response from the
associated muscle.

[0092] The base may 300 may be formed of different
shapes to move the electrodes to different positions on the
patient’s hand. For example, when an electrode, e.g., elec-
trode 305, is to be positioned on a finger other than the index
finger, e.g., the little finger, the base will be shaped such that
the portion extending from the thumb extends across the
back of the patient’s hand or palm to extend to the little
finger.

[0093] The electrodes 201-205 and 301-305 may be self-
preparing electrodes that have an electrolytic substance, e.g.,
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a gel, on the electrodes to improve electrical contact to the
patient. The electrodes may also include small tines or
microneedles that are of a length to extend into the stratum
corneum. The stratum corneum may interfere with some
electrical signals and penetrating or scraping off some of the
stratum corneum may improve electrical stimulation or
sensing functions of the electrodes. The microneedle or tines
of the electrode may pierce the stratum corneum up to or
through dermis of the skin. As a result, an electrical signal
passes or is conducted through or across the electrode past
stratum corneum with a reduced impedance relative to being
on the surface of the stratum corneum.

[0094] FIG. 4 shows a lead assembly 400 that is similar to
the lead assembly 300 but with a different base 306A, 306B.
The same elements are shown with the same reference
numbers as used in FIG. 3 and similarly being designated
with a same reference number and a suffix “A” or “B.” The
base 306 (F1G. 3) is separated into two separate bases 306A,
306B. The proximal, stimulation base 306A supports the
stimulation electrodes 301, 302 and electrically connected
the electrodes 301, 302 to the monitor 101. The distal,
sensing base 306B supports the positive sensing electrodes
303, 304 and the negative electrode 305. The sensing base
3068 also forms the thumb aperture 310. The sensing base
3068 electrically connects the electrodes 301, 302 to the
monitor 101. The physical separation of the sensing elec-
trodes 303, 304 from the stimulation electrodes 301, 302
may allow for easier application to the patient. The separa-
tion of the electrical paths for the stimulation and the sensing
between the lead assembly 400 and the monitor 101 may
reduce cross talk between the conductors and may result in
a better sensed signal from at least one of the sensing
electrodes 303, 304.

[0095] FIG. 5 shows a graphical user interface 500 that is
shown on a display that is part of the monitor 101. The
interface 500 shows the monitor checking its set up and
connection with the lead assembly 105. A progress graphic
501 can show the progress of the check device process. The
battery charge and the time can be shown in a header 503.
The TOF ratio and timer can be shown in a first display area
505. The current view name can be shown in a second
display area 507. The progress graphic 501 and the control
button 508 are in a third display area 509. The control button
508 is inactive, e.g., shown as greyed out or with other
indicia to indicate that the device is not active yet.

[0096] FIG. 6 shows a graphical user interface 600 that is
shown on a display that is part of the monitor 101. Interface
600 is at a settings stage, which is at a further stage of
operation relative to interface 500. The current settings 601
are shown in the third display area 509 with the control
button 508 being active as start button. Each of the settings
601 can be selected and changed through interaction with
the display, if it is a touchscreen, or by using an input/output
device connected to the monitor 101. The stimulation signal
parameters can be adjusted. The stimulation parameters may
include the current, the pulse width, the frequency and the
monitoring mode. The current as shown in interface 600 is
set at 50 mA. The pulse width as shown in interface 600 is
set at 200 microseconds. The frequency as shown in inter-
face 600 is set at 10 seconds. The mode as shown in interface
600 is set at train of four (TOF).

[0097] FIG. 7 shows a graphical user interface 700 that is
shown on a display that is part of the monitor 101. Interface
700 is at a stimulation stage, which is at a further stage of
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operation relative to interfaces 500 and 600. The first display
area 505 shows the reading of TOF ratio, here as 90%. The
third display area 509 shows the train of four results as a bar
graph 701, with each bar being a reading at times T1, T2, T3
and T4. A settings icon 703 is provided to allow the user to
return the process back to the settings stage as shown in FIG.
6. The control button 508 is now a pause button to stop the
stimulation and reading of the results by the monitor 101.
[0098] FIG. 8 shows a graphical user interface 800 that is
shown on a display that is part of the monitor 101. Interface
800 is at a recording stage, which is at a further stage of
operation relative to interfaces 500, 600 and 700. Interface
800 shows the plot of the data 801 in the third display area
509 in place of the bar chart as shown in FIG. 7. The
readings in the FIG. 8 example have a TOF ratio of 70%. The
plot can be the TOF ratio over the time. At time T, (left most
point in the abscissa), the patient is not yet subject to
anesthesia or not yet experiencing neuromuscular blockade.
The TOF ratio is at 1.0 or 100%. At the time where the TOF
ratio begins to drop is when the patient is subjected to
neuromuscular blockade. In this example, the lowest TOF
ratio 1s at about 25 minutes with a TOF ratio of about 0.4 or
40%. The monitor can further calculate a predicted time
until the TOF ratio is at 0.9. Here this is shown as 13
minutes. The monitor can employ a processor that applies
various rules to the data to determine the predicted time to
the TOF ratio achieving 0.9. The processor may apply a
curve fit rule or the like to predict the TOF ratio over time.
However, the medical professional still determines when the
patient is at the appropriate state to be woken and may use
the prediction as a factor in deciding to wake the patient
along with other factors, e.g., redosing of the neuromuscular
blocking drugs, drug changes, blood transfusion, etc.
[0099] FIGS. 9-12 show the same steps in the monitoring
process as in FIGS. 5-8 but at a further display, which may
be on or in communication with additional medical device,
e.g., the base 102 or the server 110. This will allow addi-
tional medical professional to monitor the patient condition
remote from the monitor 101 and possibly the patient.
[0100] FIG. 13 shows a process 1300 for monitoring a
patient under anesthesia with neuromuscular block. At 1301,
the lead assembly is applied to the patient. At least two
excitation electrodes are positioned over the nerve to be
stimulated. Two or more electrodes are positioned over
muscles that may be stimulated by the stimulation signals.
At 1303, the lead assembly is electrically connected to the
monitor, which will generate the stimulation signal and
process the response signals sensed by the lead assembly.
[0101] At 1305, the monitor selects the electrodes on the
lead that will be used to sense the neuromuscular blockade
in the patient. The monitor may measure impedance values
of each of the electrodes. For example, with reference to
FIGS. 3 and 4, the impedance between the electrode 303 and
the electrode 305 is measured. The impedance between the
electrode 304 and the electrode 305 is measured. The
impendence value that falls within an acceptable range is
selected. The impedances relative the sensing electrodes
303, 304 can be otherwise measured by the monitor.
[0102] At 1307, the stimulation signals are calibrated. In
an example, the calibration can be performed before the
patient is administered paralyzing drugs. In another
example, the patient has already received a paralyzing drug.
The monitor can step through successive input signals until
the measured patient response stops increasing. The input
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signal starts at a low value and will sequentially increase by
a set amount. The successive input signals can start at about
twenty five mA and increment by five mA until an increase
in current no longer causes an increase in the detected
response. If a TOF input signal is used, then the first impulse
response (T1) is used to determine a change in the patient
response. The TOF ratio is used to verify that the patient’s
paralysis level remains constant during the calibration. If the
TOF ratio is constant at successive input signals, the input
value is increased until an increase in input signal no longer
results in an increase in the detected response. The calibra-
tion sets the maximum input signal value (the stimulating
current). In an example, the maximum input signal is the
input signal value where the patient response plateaued
increased by a factor. The factor can be added to the signal
or multiplied by the signal. Increasing the maximum input
signal helps to ensure that the maximum value is not below
the patient’s threshold and a response will occur when the
paralyzing drug’s effect on the patient is reduced. An
example of a TOF determination is further described with
reference to FIG. 18.

[0103] The step 1307 can also operate to determine a noise
floor value. The ambient noise sensed by the sensors on the
patient is sensed. Over a time period, the electrical signal at
the sensors on patient is sensed. No stimulation signal is
applied to the patient during this noise floor sensing time
period. The noise floor value can represent stray electrical
signals that are sensed at the patient. The noise floor value
can be the lowest value that represents an electrical response
from the patient due to a stimulation signal. Sensed values
at or less than the noise floor value may be discarded when
performing calculations and patient status output relating to
sedation of the patient.

[0104] At 1309, the neuromuscular blockade is sensed
over time. The continuous sensing allows the medical pro-
fession al to see the trends, past state and current state of the
patient and the effects of the drugs.

[0105] At 1311, the monitor can display the sensed data,
the settings or the calculated results. The display can include
the calculated value, e.g., a TOF ratio or percentage, or the
plot of the data over time.

[0106] At 1313, the monitor can determine if the patient
state as measured as a quantitative value is below a thresh-
old, the monitor can indicate that the patient is not yet
recovered from the drug. For example, the threshold can
indicate that the patient has inadequate diaphragmatic recov-
ery or inadequate pharyngeal recovery.

[0107] FIG. 14 shows a quantitative twitch monitoring
system 1400 with a lead assembly 105 combined with a
twitch sensor 1401. The lead assembly 105 may include
similar electrodes as those described above with reference to
FIGS. 2A and 2B. The twitch sensor 1401 includes a hand
support 1403 mounted over the side of the patient’s hand
adjacent the thumb and index finger. The support 1403
includes a first wall on the palmar side of the hand and a
second wall on the dorsal side of the hand to secure the
support to the patient. The support 1403 is fixed in place,
e.g., using an adhesive. A twitch sensor body 1405 is
pivotally connected to the support 1403 through an adjust-
able tensioning pivot 1409. The patient’s thumb is held
within the twitch sensor body 1405. An accelerometer is
integrated into the twitch sensor body 1405. When the
patient’s thumb moves in response to stimulation, e.g., by
the electrodes 202, 203 on the ulnar nerve, the twitch sensor
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body 1405 will move and the accelerometer will sense the
movement and output a signal on the cable to the monitor
101. Tt will be within the scope of the present disclosure to
use the twitch sensor 1401 with only stimulation electrodes
202, 203 and not sensing electrodes 204, 205.

[0108] Tt is within the scope of the present disclosure to
use the monitoring system on different parts of the body,
e.g., the leg or the face. FIG. 15 shows a monitoring system
1500 with the lead assembly 105 on the foreleg and the foot
of the patient. The stimulation neuromuscular electrode is
placed on the lateral anterior surface of the lower leg 1501
proximal to the ankle joint 1503. The physical dimensions of
the electrode are chosen from a predetermined set of dimen-
sions which are optimized for the range of ankle joint sizes
found in adults. There can be two stimulation electrodes at
different sites overlying the peroneal nerve and deliver a
stimulation signal to it. Contraction of the extensor digito-
rum brevis (EDB) muscle of the foot, resulting from the
stimulation signal, generates a myoelectric potential
between the lateral and medial detection sites due to the
differential distance between the detection sites and the EDB
muscle. The sensing and stimulation electrodes can be
selected as described herein for the hand. Any of the
multiple stimulation electrodes may be used to monitor the
patient. Any of the multiple sensing electrodes can be used
to sense the patient response to stimulation. One of the
sensing electrodes not being used to sense can be driven to
remove common mode signals. Circuitry in the monitor may
produce a common mode suppression signal that is applied
to the electrode not sensing the muscle activity signal.

[0109] FIG. 16 shows a method for calibrating the monitor
to apply stimulation signals to the patient through the lead
assembly. At 1601, the monitor applies successive stimula-
tion signals to the patient through the lead assembly. The
first stimulation signal starts at a value that is unlikely to
cause a response change in the patient between the succes-
sive signals. A sample graph of a response is shown in FIG.
19. In an example, the calibration starts at a 20 milliamps.
The stimulation signals can be a set of signal for a train of
four (TOF) analysis. When TOF signals are used, then the
first response (T,) in successive TOF signals as well as the
TOF ratio is used to calibrate the stimulation to the particular
patient. At 1603, the patient response to the input signals is
measured. At 1605, it is determined if the TOF ratio in
response to the input signals was uniform (e.g., within a
margin of error) as well as the T, increased or stayed the
same. If the TOF ratio is uniform and the T, response
increased, then at 1607, the value of the input signals is
increased. Then the process returns to step 1601. The
increase can be an increase described herein, e.g., an
increase of 5 milliamps, e.g., 20 to 25 milliamps. If at 1605
the TOF ratio is not uniform, then the process ends. If at
1605 the TOF ratio and the T, response did not increase, the
method proceeds to step 1609. The maximum stimulation
value is set using the value of this stimulation signal. A set
incremental value, e.g., a factor or a constant, is applied to
the value of the successive input signals, e.g., multiplied by
a factor or a constant is added, to set the maximum stimu-
lation value. At 1611, the maximum stimulation value is
stored in the monitor.

[0110] In an example embodiment of calibration, the pro-
cess will step through multiple stimulation signals between
about 10-70 milliamps and look for the stimulation signal
that results in a TOF ratio that is constant with no increase
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in the T, response. This stimulation value will be used to set
the stimulation signal e.g., the supramaximal stimulation
signal.

[0111] The supramaximal signal for excitation can be set
by starting with a start signal, e.g., a single twenty mA
stimulus. The value of the excitation signal is increased by
an incremental value, e.g., five mA, up to a maximum, e.g,,
eighty mA. The supramaximal signal is the excitation signal
required to activate the maximal number of fibers in the
stimulated muscle. Once the calibration sequence is com-
pleted, all the calculated amplitudes are normalized to the
maximum response. The minimum stimulus amplitude that
elicits a response at least 90% of the maximal response is
selected, and this current is increased by a value greater than
one (e.g., 110%, 120%, 125%) resulting in a supramaximal
current setting.

[0112] FIG. 17 shows a method 1700 that can be per-
formed by the monitor to automatically switch between
monitoring light to medium block and monitoring deep
neuromuscular block. If the patient is significantly paralyzed
(TOF count=0), a more sensitive sequence (post tetanic
count, PTC) can be used to quantify deep paralysis. The
monitor will detect TOF count=0, and switch automatically
to PTC monitoring. If significant neuromuscular recovery
occurs (TOF count of 1 or more on standard TOF), the
monitor will switch back to TOF monitoring and discontinue
PTC measurements. For PTC measurements, a stimulation
signal at the supramaximal stimulation value is applied at 50
Hz for about five seconds. At 1701, the TOF analysis is
performed. At 1702 if the TOF count is one or higher, then
the method can continue to perform TOF analysis, e.g., by
returning to step 1701. If at 1702, the TOF count is less than
one, then the method switches to a post tetanic count (PTC)
at 1703. The PTC 1703 is performed once. At 1704, the TOF
analysis is again performed. At 1705, if the TOF count is one
or higher the method returns to step 1701. If the TOF count
1s not one or higher, then the method returns to step 1703 and
performed the PTC.

[0113] FIG. 18 shows an example embodiment of cali-
brating stimulation signals 1800. At 1801, a TOF is applied
to the patient through the selected electrode of the lead. The
TOF is performed at a first stimulation signal value. At 1803,
the TOF ratio is determined. At 1805, if the TOF ratio is not
constant with the prior TOF ratio, then the calibration is
aborted at 1807. At 1807, the value of the TOF signals stored
in memory in the calibration 1800 is reset. After a time
period, e.g., a few minutes or ten minutes, the calibration
method may be restarted from the beginning. If the TOF is
constant, the calibration moves to step 1809. At 1809, if the
T, response in the TOF increases, then the maximum stimu-
lation signal has not been reached and the calibration 1800
returns to step 1801 and increases the stimulation signal by
an incremental value, e.g., 20%, 5 milliamps, 3 milliamps,
2.5 milliamps, or 10 milliamps. When the T, response in the
TOF does not increase, then the maximum stimulation signal
was reached. At 1811, the stimulation signal value is
recorded, e.g., the amps used in the signal. At 1813, the
stimulation signal value is increased by a factor to determine
a supramaximal stimulation signal. The factor can be a
constant (e.g., 2.5 milliamps, 3, milliamps, 5, milliamps,
+/-0.05 milliamps, or the like) or an arithmetic factor, e.g,,
1.05, 1.1, 1.2. 1.25. At 1815, the supramaximal stimulation
signal is set and stored in the monitor. The supramaximal



US 2019/0223764 Al

stimulation signal is used to detect the state of the patient,
TOF analysis and detection, during the medical procedure.
[0114] At 1807, the calibration is aborted. The calibration
may be restarted after a waiting time period. The waiting
time period may be two minutes, five minutes, ten minutes
or fifteen minutes. The calibration method may also have a
limit on the number of times that calibration is performed.
This limit may be part of step 1807 and stops future
calibration attempts once the limit is reached.

[0115] FIG. 19 shows a graph of a response to a stimula-
tion current applied to a patient. In an example embodiment,
this curve shows the stimulation signal used to calibrate the
stimulation signal for use in neuromuscular blockade moni-
toring. The calibration stimulation signal may start at a
minimum value, e.g., 15 mA, 20 mA or 25 mA. The
calibration signal may be incremented by an incremental
value, e.g., 1 mA, 2.5 mA, 5 mA or the like. The calibration
signal may also end at a maximum value, e.g., 60 mA, 65
mA, 70 mA, 75 mA, 80 mA, 85 mA, or 90 mA. The range
of calibration signal is such that it should determine the
stimulation signal required to achieve accurate TOF
responses in a majority of patients. Calibrating the stimula-
tion signal over range of stimulation values allows the
present method and system to account for some anomalies in
the data.

[0116] The y-axis in FIG. 19 represents the EMG ampli-
tude (calculated using an area under the curve of the raw
EMG signal) divided by the maximum EMG amplitude. The
maximum EMG amplitude is determined after applying all
the stimulation signals (e.g. all the stimulation signals from
20 mA to 75 mA as in the example if FIG. 19). The
stimulation value to use in at 1811 may be selected as the
lowest stimulation amplitude that exceeds a ratio of 0.9 in
FIG. 19 (90% of the maximum EMG signal). In the example
in FIG. 19, this stimulation value would be selected as 50
mA.

[0117] FIG. 20 shows a graphical user interface 700A,
which is similar to the interface 700 described herein and
shown on a display that is part of the monitor 101. Interface
700 is at a stimulation stage, which is at a further stage of
operation relative to interfaces 500 and 600. The first display
area 505 shows the reading of TOF ratio, here as 90%. The
third display area 509 shows the train of four results as a bar
graph 701, with each bar being a reading at times T1, T2, T3
and T4. The third display area 509 shows a further testing
result 2001, which represents a noise test N. The noise test
N can be the result of sensing the patient response when no
stimulation signal is applied to the patient. In an example,
the time period for the noise test N is the same as at least one
of the reading times T1, T2, T3 and T4. In an example the
time for noise test N and the reading times T1, T2, T3 and
T4 are all the same length of times. In operation, the present
system and methods may subtract the sensed noise from the
results shown at the reading times T1, T2, T3 and T4. The
noise may be from the electromagnetic emissions with the
environment, e.g., an operating room, or from the circuitry
of the device itself. By sensing the noise, the present system
may use this sensed value to account for noise and provide
more accurate readings in the TOF readings and results. The
settings icon 703 is provided to allow the user to return the
process back to the settings stage as shown in FIG. 6, which
can also set the duration of the noise sensing. The control
button 508 is now a pause button to stop the stimulation and
reading of the results by the monitor 101.
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[0118] The y-axis in FIG. 19 represents the EMG ampli-
tude (calculated using an area under the curve of the raw
EMG signal) divided by the maximum EMG amplitude. The
maximum EMG amplitude is determined after applying all
the stimulation signals (e.g. all the stimulation signals from
20 mA to 75 mA as in the example of FIG. 19). The
stimulation value to use in at 1811 may be selected as the
lowest stimulation amplitude that exceeds a ratio of 0.9 in
FIG. 19 (90% of the maximum EMG signal). In the example
in FIG. 19, this stimulation value would be selected as 50
mA.

[0119] FIG. 20 shows a graphical user interface 700A,
which is similar to the interface 700 described herein and
shown on a display that is part of the monitor 101. Interface
700 is at a stimulation stage, which is at a further stage of
operation relative to interfaces 500 and 600. The first display
area 505 shows the reading of TOF ratio, here as 90%. The
third display area 509 shows the train of four results as a bar
graph 701, with each bar being a reading at times T1, T2, T3
and T4. The third display area 509 shows a further testing
result 2001, which represents a noise test N. The noise test
N can be the result of sensing the patient response when no
stimulation signal is applied to the patient. In an example,
the time period for the noise test N is the same as at least one
of the reading times T1, T2, T3 and T4. In an example the
time for noise test N and the reading times T1, T2, T3 and
T4 are all the same length of times. In operation, the present
system and methods may subtract the sensed noise from the
results shown at the reading times T1, T2, T3 and T4. The
noise may be from the electromagnetic emissions with the
environment, e.g., an operating room, or from the circuitry
of the device itself. By sensing the noise, the present system
may use this sensed value to account for noise and provide
more accurate readings in the TOF readings and results. The
settings icon 703 is provided to allow the user to return the
process back to the settings stage as shown in FIG. 6, which
can also set the duration of the noise sensing. The control
button 508 is now a pause button to stop the stimulation and
reading of the results by the monitor 101.

[0120] FIG. 21 shows an example embodiment for
accounting for possible noise in the TOF signals. At 2101,
a TOF and a noise signal is applied to the patient through the
selected electrode of the lead. The TOF signals may be
determined according to any of the teachings herein or using
other methods. The noise signal can be determined during a
non-stimulation signal time period, e.g., before or after the
TOF stimulation signal. The noise component may affect the
determination of the status of the patient, which is derived
from the train of four signal response. At 2103, a noise floor
value is set. The noise floor value can be set to be greater
than the noise signal itself In an example, the noise floor
value is set to twice the noise signal. In an example, the noise
floor value is a multiple of the noise signal, e.g., X times the
noise signal, where X is a real number 2 or greater. In an
example, X can be up to 5 or 10. At 2105, it is determined
if each of the TOF values sensed at the patient is greater than
the noise floor value. If each of the TOF sensed values (T},
T,, T, T,) is greater than the noise floor value, then at 2107
the TOF sensed values are accepted and the process moves
to step 2111. If any of the TOF sensed signals (T, T,, T;,
or T,) are less than or equal to the noise floor signal, then at
2109 the TOF sensed signals that are less than or equal to the
noise floor signal are set to zero. In an example embodiment,
the one or more than one of the TOF sensed signal is less
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than the noise floor value, then that TOF sensed value is set
to zero. Then the process moves to 2111, whereat it is
determined if the last sensed TOF signal T, is greater zero.
If the sensed TOF signal T, is greater than zero, then at 2113
the TOF ratio is calculated and stored. The TOF ratio can
also be displayed to the medical professional and used as
described herein. If the sensed TOF signal T4 is less than or
equal to zero, then at 2115 the TOF count is calculated and
stored. The TOF count is the number of sensed TOF values
greater than zero. The TOF count can also be displayed to
the medical professional and used as described herein.
[0121] FIGS. 22-24 show graphs of TOF responses to a
stimulation current applied to a patient. The noise portion of
the sensed TOF signals is shown in the hashed portions of
sensed signals. The noise value can be sensed at any time
range not in the time periods of T, T,, T,, or T,. As shown
in FI1G. 22, the graph 2200, a constant noise value of about
10, which 1s about 10% of the maximum value. Here the
TOF ratio (T,/T,) is about 62.5% (50/80). The values of the
TOF sensed values all exceed the noise. This will result in
an accurate TOF ratio.

[0122] FIG. 23 shows the TOF values noise at each of the
TOF values (T,, T,, T, or T,) is sensed. The first sensed
value T, is 20. The other values T,, T, T, are equal to the
noise value. Hence, each of T, T, and T, should all be zero
as the sensed value as a result of the stimulation signal is
actually zero or negligible in view of the noise. The sensed
value of T, is 20. The sensed value of T, is 10, which is the
noise sensed at the patient. Using these values results in a
traditional TOF ratio calculation results in a TOF value
(ratio) of 50% (10/20). However, this is an erroneous result,
the actual value (i.e., the value without the noise) is zero.
Thus, the corrected TOF ratio as produced by the present
system and methods is zero when corrected for the noise
value. Embodiments of the present invention set a noise
floor value. When the signals do not exceed the noise floor
value, then the system will not calculate the values, e.g.,
TOF ratios, other sedation indicators based on the sensed
signals or the like using the sensed signal(s).

[0123] FIG. 24 shows the same results as FIG. 23 with the
noise floor value being set at an amount greater than the
noise value, here, greater than 10 millivolts. Here the noise
floor is set to 20 millivolts. In some examples, the noise floor
can be an actual sensed noise value or the actual sensed
noise value plus a small factor added thereto. In the present
example as shown in FIG. 24, the correct TOF ratio is now
correctly computed to zero. The TOF count is one. The T,
value is the only value that is at least at the noise floor value
or more than the noise floor value.

[0124] While some embodiments have the noise sensing
after the sensing of the TOF results at T1, T2, T3 and T4, the
present description is not so limited. The noise sensing may
occur before the TOF sensing, i.e., before T1. The noise
sensing may occur intermediate any of the TOF sensing, i.e.,
intermediate T1 and before T4, intermediate, T1 and T2 or
intermediate T3 and T4. When sensing the noise, the stimu-
lation signal (e.g., the current) is set to zero. The sensed
noise signal can be used as a floor below which the present
system will not compute TOF values. The TOF values are
not calculated when a sensed signal is equal to or less than
the noise signal value to reduce the likelihood of erroneous
calculations. In an example embodiment, the noise signal
value is the sensed value plus a safety margin added thereto,
e.g., 2.5%, 5%, 7%, 10%, or the like added thereto. In some
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examples, different safety values can be used for the TOF
results T1, T2, T3, and T4. For example, the safety margin
for T1 can be greater than the safety margin for T2, T3, or
T4.

[0125] In an example embodiment, the sensed noise value
can be used to set the stimulation current, e.g., the beginning
signal to determine the stimulation signal value. The sensed
noise signal may be 5.0 millivolts. Thus, the stimulation
current for the TOF procedure is set so the resulting EMG
signal is at least 10 millivolts to have a signal-to-noise ratio
of at least 2.0.

[0126] The present methods and systems that account for
noise can sense noise from various sources, e.g., common
mode noise, 60 Hz common mode, stray electromagnetic
signals from the power source or from another device in the
operating room, which may or may not be connected to the
patient. The sensing of noise can be thought of as adding a
fifth sensing period to the train-of-four signal scheme. While
the TOF system applies a stimulation signal and senses a
response during a time period subsequent to the start of the
stimulation signal, this fifth sensing period may be sensed
without a stimulation signal. The fifth sensing period is
spaced in time from any of the stimulation signals. The
present description allows the noise to be measured in
real-time during the medical procedure and may increase
accuracy for an individual and the individual operating
room. The present system will not calculate a TOF value if
the sensed values fall at or below the noise floor value
[0127] In an example embodiment, a factor or constant
can be used to increase the stimulation signal to set signal-
to-noise floor or signal-to-noise ratio. Such a signal to noise
ratio may be greater than 1.4 and up to 2.5 or 3.0 or 4.0. The
signal to noise ratio may be set in the range of about 1.5 to
4.0 or in a range of 1.6 to 3.0 or 4.0, +/-0.1. In some
examples, the signal to noise ratio is set to 2.5.

[0128] The train of four monitoring can be repeating test
sequences, with a pause between the train of four stimulation
pulses. This allows the system to sense the noise value and
allows the patient’s body to recover from the prior train of
four pulses. In an example, the sequence of train of four
patient measurement occurs every 12-15 seconds, every 20
seconds, or every 30 seconds.

[0129] The presently described systems and methods,
when the TOF patient monitoring may not be producing
reliable results, e.g., when the sensed signals do not exceed
the noise floor threshold value, can switch to other patient
monitoring schemes. Examples of other patient monitoring
can include post-tetanic count, single twitch or tetanus
sensing. If the TOF count drops to zero, the system will
prompt the user to switch to post tetanic count (PTC) to
monitor deep neuromuscular blockade. If selected, PTC is
then repeated every ten minutes as long as the patient
continues to be in deep neuromuscular blockade (e.g.,
defined as a TOF Count of zero). If the TOF count recovers
to 1 or higher, the system switches back to TOF stimulation.
Thus, the present systems and methods can provide for one
or more than one patient monitoring schemes, which can be
based, at least in part, on the TOF sensed patient response.
[0130] The PTC stimulation sequence by the present sys-
tem 1s used to monitor deep neuromuscular blockade and
may include of a five second, fifty Hz tetanic stimulation (to
make the muscle more responsive) followed by a three
second pause and then a series of single stimuli (up to 15
total) delivered once per second. The number of detectable
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responses to the single stimuli is counted and reported as the
post tetanic count. The fewer the detected responses, the
deeper the neuromuscular blockade. To ensure PTC is only
used in patients with deep neuromuscular blockade, a TOF
is performed at the beginning of each PTC stimulation
sequence. The tetanic stimulation is only delivered if the
TOF count is zero (no detectable twitches in the patient).
Additional tetanic stimuli are prohibited for about two
minutes following the last tetanic stimulation. The progress
of the PTC stimulation sequence can be displayed dynami-
cally during stimulation. The PTC stimulation can be
repeated between five minutes and ninety minutes.

[0131] A single twitch response may include a single
stimulation pulse delivered to the patient and then the EMG
response is measured and displayed. If the system has been
calibrated, the calibration twitch height will be shown on the
display and all subsequent single twitches will be scaled to
the calibration value (0-100%). If calibration has not been
performed, the response height is displayed on a fixed scale
(0-100). The single twitch process can be repeated every ten
seconds to sixty minutes.

[0132] The system can deliver a five-second, fifty Hz
tetanic stimulation. During tetanic stimulation. EMG sens-
ing is not active. Additional tetanic stimuli are prohibited for
two minutes following the last tetanic stimulation. Likewise,
TOF sensing is delayed after tetanic stimulation. Typically,
the present system does not set a repeat for tetanic stimu-
lation.

[0133] The present disclosure also includes using the
determination of the maximum or supramaximal stimulation
signal as part of the determination of the sensing electrode.
In this process, each sensing electrode (e.g., at least two
different electrodes, e.g., 303, 404) is used in the process to
determine the supramaximal signal. The other of the elec-
trode may be the driven electrode to eliminate common
mode signals. The results of the supramaximal determina-
tions for each electrode can be used to select which electrode
will be used to sense the response to a stimulation signal. In
some example embodiments, the sensed noise may be used
to set the minimal value for the stimulation signal.

[0134] The circuitry in the monitor to detect and suppress
the common mode signal may include a right-leg drive
amplifier.

[0135] The present description described surface elec-
trodes that are adhered to the skin of a patient. The elec-
trodes can be adhered with adhesive, e.g., adhesive that
surrounds the electrically conductive part of the electrode. In
an example, surgical tape may be used to fix the electrodes
to the patient’s skin. It will be within the scope of the present
disclosure to also include needle electrodes that penetrate
the patient’s skin. It may be useful to use needle electrodes
when a patient has thick, dry skin, e.g., calluses, scar tissue,
abnormally thick skin, or the like, at the electrode locations.

[0136] The present description uses phrases like “electri-
cal communication,” “communication” and terms of similar
import. Such communication may be wireless, wired, or
through a biological connection, e.g., through a body of a
person.

[0137] The quantitative neuromuscular blockade monitor-
ing (sometimes referred to as “twitch” monitoring) as
described herein may provide improved patient care and
satisfaction and may reduce the incidence of respiratory
complications.
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[0138] The quantitative neuromuscular blockade monitor-
ing can be used with general anesthetic and is not limited to
local anesthetic.

[0139] The present disclosure may be used in conjunction
with the drug Sugammadex, currently supplied by Merck.
Sugammadex is a fast acting drug that reverses neuromus-
cular blockade, for example after administration of non-
depolarizing neuromuscular-blocking agents such as
vecuronium or rocuronium. The drug is approved for use in
the European Union, Japan, and Australia. Sugammadex is
currently under review by the FDA in the United States.
While popular, Sugammadex is quite expensive and its
dosing instructions require the use of neuromuscular moni-
toring,

[0140] Outpatient surgery does not require an overnight
hospital stay. One purpose of outpatient surgery is to keep
hospital costs down, as well as saving the patient time that
would otherwise be spent in the hospital. Outpatient surgery
has grown in popularity due to the rise in outpatient surgery
centers and improved technology and now accounts for
about 65% of all surgical procedures. One emphasis of
outpatient surgical centers is a safe and speedy surgical
recovery time, which may be facilitated by rapid reversal of
anesthesia once the surgical procedure is completed. Spe-
cifically, the use of the anesthesia recovery drugs, e.g., a
combination of rocuronium and Sugammadex, may require
careful objective monitoring of neuromuscular blockade
results in a rapid recovery of from neuromuscular blockade
will reducing the risk of a dangerous partial neuromuscular
blockade and the related morbidity and mortality.

[0141] The present disclosure can establish a noise floor
value that represents noise or an ambient sensed signal that
is below a value of a response in a patient that has been
administered a neuromuscular blockade drug. The sensed
signal must be above this noise floor value for the system to
use the sensed data to compute the status of the patient. The
train of four calculations will not be performed or will not
be output from the device, i.e., not provided to the medical
professional, with the sensed signal being below the noise
floor. This will reduce the likelihood of an erroneous output
from the system being provided to the medical professional.
[0142] The present disclosure provides systems and meth-
ods for medical professionals, e.g., anesthesiologists, to
monitor the depth of neuromuscular blockade objectively. In
the past, a subjective test was performed, which may result
in extubation of the patient before full reversal of the
neuromuscular blockade. It has been reported that premature
extubation may occur in about 2% of surgeries, i.e., the
patient wakes up partially paralyzed.

[0143] The present disclosure further addresses problems
with other prior methods or devices. The present lead
assembly may include a thumb aperture to assist in properly
positioning electrodes. At most there are only two bases, and
in an example embodiment, a single unitary base, with
electrodes that need to be secured to skin as opposed to
individual electrodes in the prior devices. The presently
described electrodes are all on a single, unitary base or two
bases, each with at least two electrodes. The cables for
electrical communication to the electrodes are supported by
the base. A unitary, single-bodied connector can connect the
multiple conductors to the monitor. This reduces the risk of
tangling multiple wires or connecting the wrong cable to the
wrong electrode. The conductors are integral and will not
pull off the electrodes. The present lead assembly can be
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made as a single use device. The present lead assembly may
reduce setup time, reduce placement errors, and failure
during ongoing operation, either due to a wires breaking or
the wires being inadvertently pulled off the pads.

[0144] Tt will be recognized that any of claims 1-35 can be
combined with each other. The claims are presented as
singly dependent but can be combined with each other in any
combination.

[0145] While exemplary embodiments are described
above, it is not intended that these embodiments describe all
possible forms of the invention. Rather, the words used in
the specification are words of description rather than limi-
tation, and it is understood that various changes may be
made without departing from the spirit and scope of the
invention. Additionally, the features of various implement-
ing embodiments may be combined to form further embodi-
ments of the invention.

1. A neuromuscular lead assembly, comprising:

a base;

a plurality of stimulation electrodes mechanically sup-
ported by the base and configured to be connected to a
patient;

a plurality of sensing electrodes supported by the base and
in electrical communication with the patient, the plu-
rality of sensing electrodes being configured to electri-
cally communicate with a processor to detect muscle
activity in response to a stimulation from at least one of
the plurality of stimulation electrodes; and

wherein the plurality of sensing electrodes is configured
selectable with at least one of the plurality of sensing
electrodes not detecting patient movement.

2. The lead assembly of claim 1, wherein the sensing
electrodes sense an electrical noise floor and further com-
prising circuitry to set a minimum sensed signal to be greater
than the sensed electrical noise floor and to use sensed
signals from the plurality of sensing electrodes that are
greater than the noise floor value in a train-of-four calcula-
tion.

3. The lead assembly of claim 1, wherein the base is
nonlinear to position the plurality of sensing electrodes at
anatomically desired positions on a hand of the patient and
the plurality of stimulation electrodes at anatomically
desired positions on a forearm of the patient.

4. The lead assembly of claim 1, wherein one electrode of
the plurality of sensing electrodes is selected as the optimal
detection electrode based on an analysis of the detected
signal, with the non-optimal sensing electrode being used as
the driven electrode.

5. The lead assembly of claim 1, wherein the base, the
stimulation electrodes and the sensing electrodes are dis-
posable.

6. The lead assembly of claim 1, wherein the base
includes medical grade adhesive to fix the sensing electrodes
to the patient for sensing electrical activity.

7. The lead assembly of claim 1, wherein the base
includes a first part supporting the plurality of stimulation
electrodes and a second part supporting the plurality of
sensing electrodes, wherein the first part is separate from the
second part, wherein a first plurality of electrical conductors
are in electrical communication with the plurality of stimu-
lation electrodes and extend from the first part, wherein a
second plurality of electrical conductors are in electrical
communication with the plurality of sensing electrodes and
extend from the second part, and wherein the first plurality
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of electrical conductors and the second plurality of electrical
conductors are mechanically joined remote from the second
part.

8. The lead assembly of claim 7, wherein the base
encloses the first and second pluralities of conductors.

9. The lead assembly of claim 1, wherein the base
includes a thumb aperture to secure the base around a thumb
of a patient to position a first sensing electrode on a palm of
the patient and a second sensing electrode on a back of a
hand of the patient.

10. The lead assembly of claim 9, wherein the plurality of
sensing electrodes further includes a driven electrode, and
wherein one of the first sensing electrode and the second
sensing electrode is selected to sense muscle activity of the
patient in response to a stimulation and the other of the first
sensing electrode and the second sensing electrode is
selected as the driven electrode.

11. The lead assembly of claim 10, further comprising
circuitry to drive a stimulation signal to the driven electrode
and to sense a noise at at least one of the plurality of sensing
electrodes.

12. The lead assembly of claim 11, wherein the circuitry
sets a stimulation signal to be greater than a noise floor and
the plurality of sensing electrodes senses a sensed signal that
must be greater than a noise floor value to be used in the
train-of-four calculation.

13. The lead assembly of any of claim 1, wherein each of
the plurality of sensing electrodes includes microneedles to
penetrate the surface of a stratum corneum layer.

14. (canceled)

15. (canceled)

16. (canceled)

17. (canceled)

18. (canceled)

19. (canceled)

20. (canceled)

21. (canceled)

22. A method of calibrating a neuromuscular monitor on
a paralyzed patient, comprising:

start calibrating at a first stimulation signal value;

applying successive input signals at the first stimulation

signal value for a train of four analysis;

measuring a patient train of four response for a Ti

response and a train of four ratio;
if the train of four ratio is constant and the Ti response
increases, then increasing the stimulation value by an
increment value to an increased stimulation value;

applying successive input signals at the increased stimu-
lation signal value and repeating the measuring and
increasing the stimulation value steps;

if the initial patient response to the train of four at the

increased stimulation signal value is not constant, then
stop the calibration; and

if the Ti response does not increase, then set a calibrated

stimulation value to the current stimulation value.

23. The method of claim 22, further comprising setting a
neuromuscular monitor stimulation value to the calibrated
stimulation value increased by a factor.

24. The method of claim 22, wherein the first stimulation
value is 25 mA.

25. The method of claim 22, wherein the measuring an
initial patient response at successive input signals includes
measuring a first height of two successive train of four
signals spaced at fifteen second intervals.
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26. The method of claim 25, wherein the increasing the
stimulation value by the increment value includes checking
a train of four ratio to be the same as the train of four ratio
at the prior stimulation value.

27. The method of claim 26, wherein the factor to set the
maximum stimulation value is 1.1.

28. The method of claim 22, wherein the measuring
includes measuring an electrical noise value and using the
measured noise to set a minimum sensed value that can be
used for train of four calculation.

29. The method of claim 28, wherein TOF calculation
does not occur if the sensed train of four value is at or less
than the electrical noise value.

30. The method of claim 28, wherein the TOF stimulation
value is set to have at least a signal to noise ratio of 2.0 or
greater.

31. The method of claim 28, wherein the measuring
includes applying a zero current stimulation signal for a
same time period as the Ti signal to provide a time period of
sensing the electrical noise value.

32. A method of neuromuscular monitoring on a para-
lyzed patient, comprising:

sensing a noise value;

setting a noise floor value based on the sensed noise value;

applying successive input signals at a stimulation signal

value for a train of four (TOF) analysis;
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sensing the TOF responses with all the TOF responses
exceeding the noise floor value, computing a TOF ratio;
and with any of the TOF responses being less than the
noise floor value, setting the respective TOF response
to zero;
with a last TOF response being greater than zero, calculate
the TOF ratio; and
with the last TOF response being zero, then display a TOF
count.
33. The method of claim 32, wherein sensing the noise
value includes sensing the noise value absent a stimulation
signal.

34. The method of claim 32, wherein sensing the noise
value includes sensing the noise value before applying the
first stimulation signal for measuring the Ti response.

35. The method of claim 32, wherein the last TOF count
is the number of TOF responses that are greater than zero.

36. The method of claim 32, wherein setting a noise floor
value includes setting the noise floor to be at least double the
noise value.

37. The method of claim 32, wherein setting a noise floor
value includes setting the noise floor to be at least the noise
value.
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