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SYSTEM AND METHOD FOR NON-INVASIVE
AUTONOMIC NERVE ACTIVITY
MONITORING

CROSS REFERENCE

[0001] This application is based on, claims priority to, and
incorporates herein by reference in their entirety U.S. Ser. No.
61/734,771 filed Dec. 7, 2012, and entitled “System and
Method for Non-Invasive Autonomic Nerve Activity Moni-
toring” and U.S. Ser. No. 61/831,817 filed Jun. 6, 2013, and
entitled “System and Method for Non-Invasive Autonomic
Nerve Activity Monitoring.”

GOVERNMENT RIGHTS

[0002] This invention was made with government support
under HLLO71140 awarded by National Institutes of Health.
The government has certain rights in the invention.

BACKGROUND

[0003] The present disclosure relates generally to systems
and methods for monitoring nerve activity and, in particular,
to systems and methods for non-invasive monitoring of nerve
activity with cutaneous and subcutaneous electrodes.

[0004] Many diagnostic and treatment methods in the fields
of medicine and biology rely on measurements of nerve activ-
ity in patients and test subjects. Nerve activity in humans and
other animals generates electrical signals that are detectable
by electronic equipment such as oscilloscopes and other elec-
trical signal processing devices. In order to detect the nerve
activity, one or more electrical conductors, or electrodes, are
placed in proximity to the nerves being measured. The elec-
trodes may receive the electrical signals for further medical
analysis. Various medical treatment methods also use elec-
trodes to deliver electrical signals to the nerves in order to
induce a response in the patient.

[0005] Cardiac care is one particular area of medical treat-
ment that heavily utilizes measurement of nerve activity.
Activity in the autonomic nervous system controls the vari-
ability of heart rate and blood pressure. The sympathetic and
parasympathetic branches of the autonomic nervous system
modulate cardiac activity. Elevated levels of sympathetic
nerve activity (SNA) are known to be correlated with heart
failure, coronary artery disease, and may be associated with
the initiation of hypertension. SNA is also thought to be
important as a predictor of heart rhythm disorders, including
sudden cardiac death. Therefore, a diagnostic index of “auto-
nomic tone” produced in accordance with measurement of
SNA may have considerable clinical value. As known in the
art, clinical utilization of autonomic nerve activity is mostly
derived from biochemical perturbations like the use of beta-
blockers in high blood pressure management. While elevated
levels of SNA are known to be correlated with these medical
conditions, more precise analysis of the particular electrical
signals produced by sympathetic nerves is needed before
sympathetic nerve measurement can become a useful diag-
nostic or prognostic tool. Deficiencies in current technology
result in either poor autonomic signal quality or present some
difficulty in integrating implantable electronic enhancements
(like telemetry, on-chip amplification, storage memory, and
motion sensors).

[0006] Onechallenge to measuring nerve activity is that the
magnitude of electrical signals in the sympathetic nerves is
relatively low, while various other electrical signals present in
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a patient provide noise that may interfere with isolation and
detection of the sympathetic nerve activity. For example, in
the human body and the bodies of many animals the electrical
activity in the cardiac muscle generates electrical signals with
much greater amplitudes than the amplitudes of electrical
signals in the nerves. Other muscles in the body can also
generate large electrical signals, but the cardiac muscle con-
tractions in a heartbeat occur continuously during any nerve
monitoring procedure, and the electrical signals from the
cardiac muscle contractions present difficulties in monitoring
the lower amplitude signals in the nerve fibers.

[0007] In the existing art, a doctor or healthcare profes-
sional performs a microneurography procedure on a patient to
monitor nerve activity. In microneurography, one or more
metal or glass electrodes are inserted into the body of a patient
in close proximity to a nerve fiber bundle. The electrodes are
formed as thin needles, and the doctor places the needle tip of
each electrode in close proximity to the nerve bundle for
precise monitoring of the electrical activity in the nerve
bundle. The placement of the electrode in close proximity to
the nerve enables the electrodes to detect electrical signals
that are generated due to nerve activity and to distinguish the
nerve activity from the larger electrical signals in the body
due to, for example, the cardiac muscle activity. The elec-
trodes receive electrical signals corresponding to the nerve
activity in the nerve fiber bundle, and the electrical signals
propagate from the electrodes through electrical leads for
display and processing using electronic monitoring equip-
ment. Microneurography is an invasive procedure because
the electrodes are inserted into the body of the patient. In
some scenarios, a doctor punctures the skin of the patient with
the needle electrodes to monitor some nerve fibers that are
near the surface of the body. In situations where the nerves to
be monitored are located deeper within the body, the doctor
must perform surgery to implant the electrodes.

[0008] While microneurography is effective at monitoring
some types of nerve activity, the procedure includes several
drawbacks. Because microneurography is an invasive proce-
dure, the patient is typically immobilized to prevent damage
to the electrodes, injury to the patient, and to maintain the
position of the electrodes in close proximity to the nerve fiber
during the monitoring process. During microneurography, a
doctor or medical professional inserts the electrodes and
removes the electrodes after a relatively short monitoring
period, which precludes long-term monitoring of nerve activ-
ity and requires that the patient be present in a hospital or
other medical facility for nerve monitoring. Additionally,
microneurography is not suitable for monitoring many nerves
in human patients because the nerves are located in inacces-
sible regions of the body. For example, microneurography is
not approved for use in humans for monitoring nerve fibers,
such as the stellate ganglia, which are proximate to the heart,
although microneurography is used in studies of cardiac
nerve activity in animal test subjects.

[0009] Medical professionals, scientists, and patients have
aneed to monitor nerve activity in a less invasive manner than
prior art techniques, such as microneurography, and to per-
form nerve monitoring in situations where microneurography
is impractical. Consequently, improvements to systems and
procedures for monitoring nerve activity in human and ani-
mal patients would be beneficial.



US 2015/0297104 Al

SUMMARY

[0010] The present invention overcomes the aforemen-
tioned drawbacks by providing a system and method for
monitoring nerve activity in a subject that obviate the limita-
tions of invasive approaches.

[0011] In accordance with one aspect of the disclosure, a
system for monitoring nerve activity in a subject is provided.
The system includes a plurality of electrodes configured to be
placed in proximity to skin of the subject, an amplifier elec-
trically connected to the plurality of electrodes and config-
ured to generate a plurality of amplified signals correspond-
ing to a plurality of electrical signals received from the
subject through the electrodes, and a signal processor opera-
tively connected to the amplifier. The signal processor is
configured to apply a high-pass filter to the plurality of ampli-
fied signals to generate a plurality of filtered signals from the
plurality of amplified signals, the high-pass filter being con-
figured to attenuate a plurality of the amplified signals having
frequencies that correspond to heart muscle activity during a
heartbeat, identify nerve activity in the plurality of filtered
signals, and generate an output signal corresponding to the
nerve activity in the plurality of filtered signals.

[0012] Inaccordance with another aspect of the disclosure,
a method for monitoring nerve activity in a subject is pro-
vided. The method includes amplifying electrical signals
received from a plurality of electrodes that are placed in
proximity to skin of the subject to generate a plurality of
amplified signals, applying a high-pass filter to the plurality
of amplified signals to generate a plurality of filtered signals,
the high-pass filter attenuating a plurality of the amplified
signals having frequencies that correspond to heart muscle
activity during a heartbeat, identifying nerve activity in the
plurality of filtered signals, and generating an output signal
corresponding to the nerve activity in the plurality of filtered
signals.

[0013] The foregoing and other advantages of the invention
will appear from the following description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG.1isaschematic diagram of a system for moni-
toring electrical activity in nerves that are near the surface of
the skin in a subject.

[0015] FIG. 2 is a block diagram of a process for monitor-
ing electrical activity in nerves that are near the surface of the
skin in a subject.

[0016] FIG. 3 is a block diagram of a process for monitor-
ing electrical activity in nerves that are near the surface of the
skin in a human subject in conjunction with monitoring an
electrocardiogram (ECG) in the subject.

[0017] FIG. 4 is a set of graphs recorded by electrodes on
the skin of a human subject, depicting a relationship between
electrical activity in nerves that are near the skin of a subject
and cardiac activity in the subject before and during an epi-
sode of bradycardia.

[0018] FIG. 5 is a set of graphs recorded by electrodes on
the skin of a human subject, depicting a relationship between
electrical activity in nerves that are near the skin of a human
subject and cardiac activity in the subject before and during
an episode of tachycardia.

[0019] FIG. 6 is a set of graphs recorded by electrodes on
the skin of a human subject, depicting a relationship between
electrical activity in nerves that are near the skin of a human
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subject and cardiac activity in the subject before and during
an episode of premature contraction in the heart muscle.
[0020] FIG. 7 is a set of graphs recorded by electrodes on
the skin of a human subject, depicting a relationship between
electrical activity in nerves that are near the skin of a human
subject and cardiac activity in the subject between episodes of
intermittent arrhythmia in the heart.

[0021] FIG. 8 is another set of graphs recorded by elec-
trodes on the skin of a human subject, depicting a relationship
between electrical activity in nerves that are near the skin of
a human subject and cardiac activity in the subject between
episodes of intermittent arrhythmia in the heart.

[0022] FIG. 9 is another set of graphs recorded by elec-
trodes on the skin of a human subject, depicting a relationship
between electrical activity in nerves that are near the skin of
a human subject and cardiac activity in the subject between
episodes of intermittent arrhythmia in the heart.

[0023] FIG. 10 is a set of graphs recorded by subcutaneous
electrodes of a canine subject, depicting a relationship
between electrical activity in nerves that are near the skin of
a canine subject and an acceleration in the heart rate of the
subject.

[0024] FIG. 11 is another set of graphs recorded by subcu-
taneous electrodes of a canine subject, depicting a relation-
ship between electrical activity in nerves that are near the skin
ofasubject and an acceleration in the heart rate of the subject.
[0025] FIG. 12 is another set of graphs recorded by subcu-
taneous electrodes of a canine subject, depicting a relation-
ship between electrical activity in nerves that are near the skin
of a subject and a deceleration in the heart rate of the subject.
[0026] FIG. 13A is a graph depicting a relationship
between nerve activity in a stellate ganglion nerve bundle and
heart rate in a canine subject.

[0027] FIG.13Bisagraphdepicting a relationship between
nerve activity in a vagal nerve bundle and heart rate in a
canine subject.

[0028] FIG.13Cisa graphdepicting a relationship between
nerve activity measured by subcutaneous electrodes and heart
rate in a canine subject.

[0029] FIG. 14 is an illustration of one embodiment of a
system for monitoring nerve activity in a subject including
subcutaneous electrodes that are integrated with a pacing or
defibrillation device.

[0030] FIG. 15 is an illustration of electrodes that engage
the surface of the skin of a subject in a cutaneous configura-
tions for monitoring electrical activity in nerves proximate to
the skin of the subject.

[0031] FIG. 16 shows that both SGNA and SCNA activate
simultaneously, and that their activations are associated with
HR acceleration.

[0032] FIG. 17 shows SCNA activates independently of
SGNA.
[0033]
SGNA.
[0034] FIG. 19 shows relationship between integrated
nerve activities and HR over 24-hr period in a representative
dog.

[0035] FIG. 20 shows circadian variation of iSCNA,
iSGNA, and iVNA.

[0036] FIG. 21 shows correlation between nerve activities
and heart rate in dog.

[0037] FIG. 22 shows both stellate ganglion nerve activity
and subcutaneous nerve activity are present prior to the onset

FIG. 18 shows discordant activation of SCNA and
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of non-sustained ventricular tachycardia on a simultaneously
recorded electrocardiogram (ECG).

[0038] FIG. 23 shows an example of increased nerve activ-
ity preceding premature ventricular contractions in a dog.
[0039] FIG. 24 shows an example of a skin electrode
recording during a Valsava maneuver performed on a patient.
[0040] FIG. 25 shows examples of filtered recordings using
electrodes placed on the second and third left fingers.

[0041] FIG. 26 shows an example of increased sympathetic
outflow during a cold water pressor test for a healthy female
subject during the control, intervention and recovery periods.
[0042] FIG. 27 shows an example recording from a patient
with electrical storm showing a non-sustained ventricular
tachycardia episode.

[0043] FIG. 28 shows an example recording from a patient
showing high frequency signals preceding the occurrence of
non-sustained ventricular tachycardia episode.

DETAILED DESCRIPTION

[0044] The description below and the accompanying fig-
ures provide a general understanding of the environment for
the system and method disclosed herein as well as the details
for the system and method. In the drawings, like reference
numerals are used throughout to designate like elements. As
used herein, the term “electrode” refers to an electrical con-
ductor that is configured to establish an electrical contact with
biological tissue such as tissue in a patient or test subject. As
used herein, the term “arrhythmia” refers to any abnormal
activity in the heart of a subject. Examples of arrhythmia
include, but are not limited to, tachycardia, bradycardia, atrial
flutter, atrial fibrillation, premature contractions, ventricular
fibrillation, heart palpitations, and cardiac arrest.

[0045] As used herein, the terms “proximity” and “proxi-
mate” when used to describe the location of an electrode with
respect to the skin of a test subject mean that the electrode is
placed in a location on the surface (epidermis) of the skin or
under the skin near the hypodermis to enable the electrode to
receive electrical signals corresponding to nerves that inner-
vate the skin. For example, in a cutaneous configuration, the
electrode is placed in contact with a surface of the skin of the
test subject, with some embodiments using an electrical con-
ductor such as a conductive gel to promote electrical contact
between the electrode and the skin. In a subcutaneous con-
figuration, the electrode is implanted under the skin of the test
subject to enable the electrodes to receive electrical signals in
nerves that innervate the hypodermis. In a subcutaneous con-
figuration, the electrode is either in contact with the hypoder-
mis or located within a short distance from the hypodermis,
such as under a layer of adipose tissue that is under the skin.
[0046] As used herein, the term “cutanecous” as applied to
use of electrodes refers to placing electrodes on the surface of
the skin of a subject without puncturing the skin of the sub-
ject. As described below, the cutaneous electrodes detect elec-
trical activity associated with nerves that are proximate to the
skin of the subject, including sympathetic nerves in the auto-
nomic nervous system that innervate the skin.

[0047] As used herein, the term “subcutaneous” as applied
to use of electrodes refers to placing electrodes entirely
underneath the skin with leads from the electrodes being
electrically connected to a device that is placed in the body of
the test subject, such as an internal pacemaker, defibrillator, or
cardiac resynchronization device. The subcutaneous elec-
trodes described herein are different than electrodes that are
used in prior art microneurography procedures. First, the
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subcutaneous electrodes are completely under the skin, with
no portion of the electrode or lead extending through the skin.
Second, the subcutaneous electrodes do not have to be placed
in close proximity to a particular nerve fiber to be used in
detection of electrical signals from nerve activity. Third, the
subcutaneous electrodes are shaped with a blunt contact sur-
face without the sharp needle tips of microneurographic elec-
trodes, which enables the subcutaneous electrodes to remain
under the skin of an ambulatory subject for long term moni-
toring of nerve activity without injuring the subject. Fourth,
the metal housing of'an implanted device can be used to house
subcutaneous electrodes in some embodiments. In the latter
situation, no additional electrodes are needed.

[0048] In both the cutaneous and subcutaneous configura-
tions described above, the electrodes are located proximate to
nerves that innervate the skin. As is known in the medical art,
many nerves that innervate the skin are part of the sympa-
thetic nervous system, which is in turn part of the autonomic
nervous system in humans and many animals. Different nerve
fibers in the sympathetic nervous system also innervate car-
diac tissue as well as other muscles and organs in the body.
For example, the sympathetic nervous system is associated
with the “fight or flight” response where the sympathetic
nervous system activity increases and the pupils dilate, the
heart rate increases, bronchioles in the lungs dilate, blood
vessels near the surface of the skin constrict, and the sweat
glands secrete sweat at a higher rate. The sympathetic nervous
system 1s also associated with the “sympathetic outflow”
process that occurs when a subject awakens from sleep. While
the sympathetic nervous system includes a large number of
nerve bundles that innervate different parts of the body in a
subject, the nerves in the sympathetic nervous system are
associated with each other and the level of activity in one
nerve fiber often corresponds to the level of activity in other
nerve fibers in the sympathetic nervous system.

[0049] FIG. 1 depicts a monitoring system 100 for moni-
toring of electrical signals in nerves that are located near the
skin. The system 100 includes a plurality of electrodes 104
that are electrically connected to the subject cutaneously or
subcutaneously, a signal amplifier and sampler 108, and a
signal processor 112. The signal processor 112 includes hard-
ware and software modules that implement a high-pass filter
116 and a nerve activity monitor 120, which identifies and
monitors electrical signals in the high-pass filtered signal data
that correspond to nerve activity. In the embodiment of FIG.
1, the signal processor 112 implements an optional band-pass
filter 140 and electrocardiogram (ECG) monitoring module
140 that identifies and monitors electrical activity in theband-
pass filtered signals corresponding to cardiac muscle activity
in the subject. The system 100 includes at least one of a visual
output device 120, a signal data recording device 124, an
alarm 128, an electrical stimulation device, such as a pace-
maker, defibrillator, or cardiac resynchronization device 132,
or a medicine dispenser device 136.

[0050] In the system 100, the electrodes 104 engage the
subject in a plurality of locations that enable effective detec-
tion of electrical signals from nerves that innervate the skin.
In some embodiments, the electrodes are arranged in a con-
figuration for monitoring both the nerve activity and moni-
toring an ECG. In the system 100, the signal amplifier and
sampler 108 is electrically connected to the electrodes 104,
including at least one reference electrode and two input signal
electrodes. The amplifier and sampler 108 amplifies a differ-
ential voltage signal that is received from the electrodes 104,
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and includes an analog to digital converter (ADC) that gen-
erates digitized samples of the aniplified signal for further
processing by the signal processor 112. In one embodiment,
the signal amplifier and sampler 108 is an ML 135 dual-bio
amplifier that is manufactured by the ADInstruments of Syd-
ney, Australia. The signal amplifier and sampler 108 is con-
figured to amplify signals in a frequency range of 1 Hz to
5,000 Hz and to generate digital samples of the amplified
signals at a rate of 10,000 samples per second.

[0051] FIG. 14 depicts an embodiment with subcutaneous
electrodes that are electrically connected to an electronic
device that is implanted in a subject. In the embodiment of
FIG. 14, all or a portion of the components in the system 100,
including the amplifier and sampler 108, are integrated in a
pacemaker unit 1402. The pacemaker unit 1402 generates
electrical signals to pace the heart in the subject 1420. While
FIG. 14 depicts a pacemaker 1402 as an illustrative example
of an implanted electronic device, alternative devices include
implantable loop recorders, implanted defibrillators, cardiac
resynchronization devices, and devices that perform some or
all of the functions of an implantable loop recorder, a pace-
maker, defibrillator, and cardiac resynchronization device. In
the embodiment of FIG. 14, the pacemaker 1402 is electri-
cally connected to three subcutaneous electrodes 1404, 1408,
and 1412 in a three-lead configuration. The subcutaneous
electrodes 1404, 1408, and 1412 are implanted under the skin
of the subject 1420 as part of the implantation procedure for
the pacemaker 1402. In FIG. 14, the electrodes 1404-1412 are
placed in a configuration for performing three-lead ECG
monitoring, with the electrode 1408 being a right-arm lead,
the electrode 1412 being a left-arm lead, and the electrode
1404 being a reference lead. While FIG. 14 depicts three
electrodes in a three-lead configuration, alternative embodi-
ments include additional electrodes to provide additional dif-
ferential voltage signals to the pacemaker unit 1402. Addi-
tionally, while FIG. 14 depicts electrodes that are connected
to the pacemaker unit 1402 through electrical wires, in
another embodiment the electrodes 1404-1412 are integrated
with the housing of the pacemaker unit 1402.

[0052] In a cutaneous electrode embodiment, electrodes
are applied to the surface of the skin of the subject. FIG. 15
depicts two embodiments of cutaneous electrodes that engage
the skin of a subject 1502. In FIG. 15, the electrode 1508 is a
right-arm lead, the electrode 1512 is a left-arm lead, and the
electrode 1504 1s a reference lead. In one embodiment, elec-
trodes 1504, 1508, and 1512 engage the surface of the skin of
the subject 1502 in a configuration that is used for three-lead
ECG monitoring. The leads of the electrodes 1504-1512 are
electrically connected to the amplifier and sampler 108 in the
system 100. As described below, in addition to monitoring an
ECG signal from the subject 1502, the system 100 identifies
and monitors nerve activity in nerves that are proximate to the
skin in the test subject 1502 in the differential electrical
signals from the electrodes 1504-1512. While the embodi-
ment of FIG. 15 depicts the electrical leads 1504-1512 in a
three-lead configuration, an alternative embodiment includes
electrical leads that engage the skin of the subject 1502 in a
twelve-lead configuration that is known to the art for moni-
toring ECG signals.

[0053] While the electrode configurations depicted above
in FI1G. 14 and FIG. 15 show electrode configurations that are
suitable for monitoring both the ECG and the nerve activity in
nerves that are proximate to the skin of the subject. In an
alternative arrangement, the electrodes monitor the electrical
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activity in nerves that innervate the skin but are not necessar-
ily configured to monitor the ECG. For example, in FIG. 15
electrodes 1554 and 1562 engage the skin on the digits on the
left hand of the subject 1502 and an electrode 1558 engages
the skin on a digit on the right-hand of the subject 1502. The
electrodes 1554-1562 are electrically connected to the ampli-
fier and sampler 108 in the monitoring system 100. The elec-
trodes 1554-1562 are easily attached and removed from the
subject 1502 for monitoring of the electrical activity in the
nerves that innervate the skin around the digits on both the
right and left hands. In some situations, the subject 1502
attaches and remove the electrodes 1554-1562 without
requiring additional assistance from a medical professional to
enable monitoring of nerve activity when the subject 1502 is
outside of a medical facility.

[0054] Referring again to FIG. 1, the signal processor 112
in the system 100 is a digital logic device that performs signal
processing to identify nerve activity in data samples that are
received from the signal amplifier and sampler 108. In one
embodiment, the signal processor 112 is implemented using a
mobile electronic device, such as a smartphone or tablet, a
personal computer (PC), or any suitable computing device
that includes a central processing unit (CPU) with one or
more cores and a graphical processing unit (GPU). The CPU
and optionally the GPU execute stored software instructions
to apply filters the samples and to perform other signal pro-
cessing functions on the data samples. The GPU also gener-
ates a graphical display of the signal data using a visual output
device 120, such as an LCD display. One embodiment of
software that can be configured for the signal processing tasks
in the signal processor 112 is the PowerLab data acquisition
software that is sold commercially by ADInstruments of Syd-
ney, Australia. In an alternative embodiment, the signal pro-
cessor 112 is implemented using one or more digital logic
devices including application specific integrated circuits
(ASICs), field programmable gate arrays (FPGAs), and digi-
tal signal processor (DSP) devices. In an embodiment where
the signal processor 112 is a part of an implanted electronic
device, such as the pacemaker 1402 in FIG. 14, the signal
processor 112 is implemented using low-power digital logic
devices to enable long-term operation between either replace-
ment or recharging of a battery that powers the implanted
electronic device.

[0055] The signal processor 112 identifies and monitors the
electrical signals corresponding to nerve activity in the sub-
ject by application of the high-pass filter 116 to the samples
that are received from the signal amplifier and sampler 108.
As depicted in more detail below, the electrical activity in the
nerves that innervate the skin occurs at higher frequencies and
lower amplitudes than the electrical signals generated in the
cardiac muscle during a heartbeat. In the embodiment of FIG.
1, the lower 3 dB cutoff frequency of the high-pass filter 116
is adjustable in a range of approximately 100-150 Hz in order
to attenuate the lower-frequency signals from the heart
muscle that are typically recorded in an electrocardiogram.
The electrical activity corresponding to the nerves occurs in a
range of hundreds of hertz up to several kilohertz, and the
high-pass filter 116 provides the higher frequency signals to
the nerve activity monitor module 120 while attenuating the
lower-frequency signals that correspond to cardiac muscle
activity and electrical signals from other muscles in the sub-
ject. Prior art electrocardiogram systems apply a low-pass or
band-pass filter to the high-frequency components of mea-
sured signals are discarded as noise, but the monitoring sys-
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tem 100 monitors a range of frequencies that are well above
the frequencies of interest to electrocardiogram monitoring to
identify the electrical signals corresponding to the nerve
activity.

[0056] In the configuration of FIG. 1, the signal processor
112 includes an optional band pass filter 140 and ECG moni-
toring module 144 to enable the signal processor 112 to
monitor the ECG of the subject using the amplified signal
samples from the signal amplifier and sampler 108. In one
embodiment, the band-pass filter 140 has a lower cutoff fre-
quency of approximately 0.5 Hz and an upper cutoff fre-
quency of approximately 100 Hz. In embodiments where an
alternating current (AC) electrical signal is used to supply
power to one or more components in the monitoring system
100, the band-pass filter 140 also includes a notch-filter that
attenuates frequencies near the primary frequency of the AC
signal, such as 50 Hz or 60 Hz.

[0057] In addition to monitoring the electrical signals that
correspond to the nerve activity and optionally the ECG, the
signal processor 112 is configured to analyze the signals to
identify changes in the level of nerve activity and take an
appropriate actioninresponse to changes in the nerve activity.
For example, in one configuration the signal processor 112
identifies a baseline of the nerve activity over time including
an average amplitude and variation of the electrical signals
that correspond to the nerve activity. In one configuration, the
signal processor 112 generates an output of the nerve activity
and optionally the ECG with the visual output device 120, and
stores data corresponding to the recorded signals in the signal
data recording device 124, which is typically a digital data
storage device such as a solid-state or magnetic disk. The
signal processor 112 generates an alert signal or activates a
medical device in response to a rapid increase or decrease in
the level of electrical activity from the baseline. In the
embodiment of FIG. 1, the signal processor 112 is also con-
figured to identify a baseline in the electrocardiogram of the
subject, and the signal processor 112 generates the output
signal in response to deviations from the respective baselines
in one or both of the nerve activity and the ECG activity.
[0058] FIG. 2 depicts a process 200 for operation of a
monitoring system to monitor nerve activity in a subject using
cutaneous or subcutaneous electrodes that record electrical
activity in nerves that innervate the skin. In the discussion
below, a reference to an action or function of a component in
a monitoring system performed by the process 300 refers to
one or more programmed instructions being executed by a
processor or controller to carry out the action or function in
conjunction with components in the monitoring system. FIG.
2is described with reference to the monitoring system of FIG.
1 for illustrative purposes.

[0059] Process 200 begins as the monitoring system
samples electrical signals that are received via cutaneous or
subcutaneous electrodes (block 204). As described above,
three or more electrodes are placed on the skin of the subject
in a cutaneous configuration or are implanted under the skin
of the subject in a subcutaneous configuration. In the system
100, the amplifier and sampler 108 amplifies the differential
voltage signals that are received from the electrodes and
generates digitized samples of the signals.

[0060] Process 200 continues with application of a high-
pass filter to the signal samples (block 208). In the system
100, the high-pass filter 116 has a lower cutoff frequency in a
range of 100 Hz to 150 Hz to attenuate lower-frequency
electrical signals that correspond to cardiac activity in the
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subject instead of the nerve activity. The lower-frequency
cutoff of the high-pass filter can be adjusted based on the
characteristics of different subjects to enable identification of
the electrical signals in the nerves that innervate the skin
while attenuating the electrical signals from muscles and
other sources of electrical noise in the subject.

[0061] Process 200 monitors the high-frequency signals
that pass through the high-pass filter to enable a doctor or
other healthcare professional to monitor the nerve activity in
the subject (block 212). In the system 100, the visual output
device 120 displays a graph of the electrical signals that
correspond to the nerve activity. Examples of visual displays
of electrical signals corresponding to the nerve activity are
described below in FIG. 4-FIG. 12. The monitoring system
100 also records the data in the signal data recording memory
124 for later analysis by doctors and healthcare professionals.
In one configuration, the monitoring system 100 is configured
to record and display the electrical signals corresponding to
the nerve activity, and a doctor or other healthcare profes-
sional observes the monitored data during the course of medi-
cal treatment for a subject.

[0062] Inoneembodiment of the process 200, the monitor-
ing system 100 is configured in a passive operating mode to
display the nerve activity on the display device 120 and to
record the nerve activity in the memory 124 for analysis by
medical professionals. In the passive operating mode, the
monitoring system 100 does not activate therapeutic devices
or deliver medicine in an automated manner, although a doc-
tor or other healthcare provider reviews the graphs of nerve
activity as part of diagnosis and treatment in a patient. The
passive operating mode can be used, for example, during
diagnosis of a medical condition, during long-term monitor-
ing of a patient to assess progress in a course of medical
treatment, and for studies of subjects during clinical trials or
other scientific research.

[0063] Insome embodiments of process 200, the monitor-
ing system analyzes the electrical activity in the nerves that
innervate the skin to generate a baseline measurement of
nerve activity in the subject (block 216). As described above,
in human subjects and many animal subjects, the skin is
innervated with many nerves that are part of the sympathetic
nervous system. The baseline activity monitoring indicates
the level of sympathetic nerve activity in the subject over
time, including an average amplitude and expected variation
of the activity in the sympathetic nerves near the skin. If the
identified nerve activity remains within a predetermined
threshold of the baseline (block 220), then process 200 con-
tinues to sample additional signals and monitor the nerve
activity in the subject as described above with reference to the
processing of blocks 204-216.

[0064] During process 200, if the monitoring system iden-
tifies a rapid change in the electrical signals corresponding to
the sympathetic nerve activity that deviates from the baseline
by more than a predetermined threshold (block 220), then the
monitoring system generates an alarm or takes another action
in response to the identified change in nerve activity (block
224). In the monitoring system 100, the alarm 128 is a visible
or audible alarm that notifies the subject or a healthcare pro-
fessional of the identified change in the nerve activity. In
another embodiment, the alarm 128 is configured to send a
message, such as a page, email, or text message, through a
data network to alert a remote healthcare professional of the
identified event. In another embodiment, the alarm signal
triggers the implanted electrical stimulation device 132 or
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medicine delivery device 136. In still another embodiment,
the alarm 128 generates a message that is stored in the signal
data recording memory 124 for later analysis. As described
below, changes in the nerve activity can correspond to differ-
ent medical events, including cardiac arthythmias. Addition-
ally, in some instances the change in the nerve activity occurs
prior to onset of the symptoms of the medical event, and the
alarm 128 enables prompt action if a medical event that
occurs or will occur in the subject requires action by amedical
professional.

[0065] During process 200, the electrical activity in the
nerves that innervate the skin correspond to multiple events
that occur in the subject. For example, many cardiac arrhyth-
mias are preceded by rapid changes in the level of sympa-
thetic nerve activity and the level of sympathetic nerve activ-
ity often remains abnormally high or low during an episode of
cardiac arrhythmia. Thus, the nerve activity that is identified
and monitored during process 200 is also referred to as a
“NeuroElectrocardiogram” (NECG or neuECG) because the
electrical signals identified in the neurons that innervate the
skin provide information about the activity in the heart. In the
process 200, the monitoring system 100 is configured to
identify changes in heart activity using only the NECG signal,
while in another configuration described below, the monitor-
ing system 100 identifies changes in the heart activity using
both the NECG and a traditional ECG signal.

[0066] The cardiac activity of the subject is not the only
type of medical event that corresponds to changes in the nerve
activity in the sympathetic nervous system. Other changes in
the level of nerve activity in the subject can correspond to the
onset of symptoms related to various other medical condi-
tions including, but not limited to, hyperhidrosis (sweaty
palms), paralysis, stroke, diabetes, seizure disorder, syncope,
disturbance of consciousness, hyperthyroidism, hypertension
and neuromuscular diseases. Other areas of treatment include
biofeedback monitoring performed by neurologists to control
neuropsychiatric disorders. In such approaches, the monitor-
ing system 100 may be used to identify a suitability of a
patient to receive a therapy aimed at modifying an identified
nerve activity for treatment of certain medical conditions or
diseases, such as hypertension and cardiac arrhythmia. For
example, a neuromodulation therapy, such as renal sympa-
thetic denervation, may be performed to reduce or modify
sympathetic nerve activity. Monitored nerve activity may also
be desirable for providing guidance while performing a pro-
cedure, and also for determining an effectiveness of a treat-
ment after delivery with reference to a difference in the iden-
tified nerve activity. Additionally, another area includes lie-
detection tests, because the sympathetic nerve activation is
the mechanism that regulates sweating, pupil contraction, and
other physiological responses that are measured during lie
detector tests. Thus, the monitoring system 100 identifies
changes in the nerve activity of the subject that correspond to
changes in cardiac activity and the onset of symptoms in
different diseases and conditions that affect the subject.

[0067] As described above, in one configuration of the
monitoring system 100, an optional medication delivery
device 132 is implanted in the subject or otherwise incorpo-
rated into the monitoring system 100 to deliver a medicine to
the subject. As used herein, the term “medicine” is defined
broadly to include any chemical that is used for treatment of
a medical condition in a subject. For example, one type of
medicine delivery device is an insulin pump that is implanted
or carried by the subject. In one configuration, the NECG
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signals in the subject correspond to a hypoglycemic condition
in the subject. As is known in the art, patients with hypogly-
cemia may develop autonomic activation, which corresponds
to activity in the autonomic nervous system that presents as
hunger, trembling of hands or legs, palpitations, anxiety, pal-
lor, sweating in the subject. The autonomic activation
includes abnormal electrical activity in the autonomic nerves,
including nerves that innervate the skin. Thus, the NECG
signal that monitors abnormal nerve activity can be used to
identify clinical conditions that require an adjustment to the
level of insulin infusion in the insulin pump.

[0068] FIG. 3 depicts a process 300 for operation of a
monitoring system to monitor nerve activity in a subject using
cutaneous or subcutaneous electrodes that record electrical
activity in nerves that innervate the skin as well as record
electrical signals corresponding to an electrocardiogram in
the subject. In the discussion below, a reference to an action or
function of a component in a monitoring system performed
by the process 300 refers one or more programmed instruc-
tions being executed by a processor or controller to carry out
the action or function in conjunction with components in the
monitoring system. FIG. 3 is described with reference to the
monitoring system of FIG. 1 for illustrative purposes.
[0069] Process 300 begins in the same manner as process
200 as the monitoring system samples electrical signals that
are received via cutaneous or subcutaneous electrodes (block
304). During process 300, the monitoring system supplies the
signal samples to a high-pass filter to identify nerve signal
activity (block 308) and to monitor the NECG nerve activity
in the high-pass filtered signal (block 312) in a similar manner
to the filtering and monitoring that are described above with
reference to the processing of blocks 204 and 208, respec-
tively, in the process 200. Process 300 monitors both the
NECG activity from the nerves that innervate the skin and in
the electrocardiogram from cardiac muscle during heartbeats,
and identifies changes in cardiac activity based on both the
NECG and the ECG.

[0070] Process 300 includes concurrent monitoring of both
the electrocardiogram (ECG) and nerve activity in the elec-
trical signals that are received from the subject. In addition to
identifying and monitoring nerve activity in the signal
samples, the monitoring system 100 applies a band-pass filter
to the signal samples to identify the ECG signal (block 316).
In the monitoring system 100, the signal processor 112
applies the band-pass filter 140 to the signal samples to iden-
tify the portion of the signals that correspond to the ECG
activity in the subject. For example, the signal processor
applies a band-pass filter to attenuate signals below 0.5 Hz,
such as a DC offset voltage, and to attenuate the high-fre-
quency signals that are above 100 Hz. In the embodiment of
FIG. 1, the signal processor 112 receives the signals from the
electrodes 104 in the form of digitized samples. The signal
processor 112 applies the high-pass filter 116 and low-pass
filter 140 to separate copies of the digital sample data to
enable concurrent filtering and monitoring of both the nerve
activity signals and the ECG signals. In an alternative
embodiment that includes analog filters for the high-pass and
band-pass filtering, the amplified electrical signals from the
electrodes are split into two substantially identical signal
waveforms with one waveform being passed through the
high-pass filter and the other waveform being passed through
the band-pass filter.

[0071] During process 300, the monitoring system 100
monitors the activity in the ECG using the band-pass filtered
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signals (block 320). In one embodiment, the signal processor
112 monitors the ECG signals using one or more known
monitoring techniques to identify the heart rate and other
information about the activity of the heart in the subject from,
for example, the QRS complexes in one or more heartbeats
that are identified in the ECG signal. In one configuration of
the monitoring system 100, the signal processor 112 displays
traces of both the nerve activity and the ECG in tandem on the
visual output device 120 to enable a doctor or other healthcare
professional to view the ECG activity and nerve activity
simultaneously. As depicted below, the amplitude ofthe ECG
signal is typically greater than the amplitude of the nerve
activity signals, and the signal processor 112 scales the sig-
nals appropriately to produce visual output graphs that clearly
depict both the nerve activity and the ECG activity. In the
monitoring system 100, the signal processor 112 also stores
both the NECG and ECG data in the signal data recording
device 124 for further analysis by a doctor or healthcare
professional.

[0072] Inoneembodiment of the process 300, the monitor-
ing system 100 is configured in a passive operating mode to
display both the NECG nerve activity and the ECG activity on
the display device 120 and to record the NECG and ECG
activity in the memory 124 for analysis by medical profes-
sionals. In the passive operating mode, the monitoring system
100 does not activate therapeutic devices or deliver medicine
in an automated manner, although a doctor or other healthcare
provider reviews the graphs of nerve activity as part of diag-
nosis and treatment in a patient. In the passive operating mode
associated with the process 300, doctors or healthcare pro-
viders review the NECG and the ECG in tandem to identify
changes in the heart activity and to diagnose heart conditions.
The NECG data provide additional information about the
nerve activity in the patient that complement and expand on
the information provided by traditional ECG monitoring. The
passive operating mode can be used, for example, during
diagnosis of a medical condition, during long-term monitor-
ing of a patient to assess progress in a course of medical
treatment, and for studies of subjects during clinical trials or
other scientific research.

[0073] Insome embodiments, process 300 continues as the
monitoring system identifies a baseline of activity in the
subject using both the data from the monitored NECG activity
and the data from the ECG activity (block 324). The baseline
for both the NECG and ECG activity includes average levels
of activity in both the nerves that innervate the skin and
generate normal activity in the heart of the subject. For
example, the NECG baseline includes the average amplitude
and expected variation in the sympathetic nerves for the sub-
ject, while the ECG baseline includes an average heart rate
and an expected variation in times between heart beats. If the
monitoring system identifies NECG and ECG signals that are
both within a predetermined threshold of the expected base-
line activity in the subject (block 328) then process 300 con-
tinues to sample additional signals and monitor the NECG
and ECG activity in the subject as described above with
reference to the processing of blocks 304-324.

[0074] During process 300, if either or both of the NECG
and ECG activity deviate from the baseline by greater than the
predetermined threshold (block 328), then the signal proces-
sor 112 in the monitoring system 100 generates a signal to
activate the alarm 128, activate the electrical stimulation
device 132, or deliver medicine with the medicine delivery
device 136 (block 332). For example, as depicted below, a
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rapid increase in the amplitude of the NECG signal can occur
prior to and during an episode of cardiac arrhythmia. In one
configuration the signal processor 112 activates the alarm 128
to alert a doctor or other healthcare professional to the onset
of a cardiac arrhythmia. In human patients that are at risk of
sudden heart failure, an advanced waming of even a few
seconds prior to the onset of heart failure can assist doctors in
resuscitating a patient. In an embodiment where the monitor-
ing system 100 includes the implanted electrical stimulator,
the signal processor 112 activates the electrical stimulator to,
for example, pace the heart to counteract the arrhythmia.

[0075] Both the processes 200 and 300 can be used for
continuous recording of nerve activity over prolonged period
of time, such as a 24 to 72 hour monitoring period. In one
embodiment, the monitoring system 100 integrates the iden-
tified NECG signals over time and displays a summary of the
nerve activity on an hour by hour basis for analysis by a doctor
or healthcare professional. In one configuration, the signal
processor 112 integrates the signals on an hourly basis to
identify a total magnitude of nerve activity during each hour
of the monitoring process. The signal processor 112 option-
ally integrates the ECG activity to identify, for example, an
average heart rate or variance in heart rate during each hour.
The data may be useful for arrhythmia risk stratification. For
example, sudden cardiac death and atrial fibrillation both tend
to occur more often in the morning than in the afternoon. This
is known as circadian variation, which is attributed to the
heightened autonomic tone in the morning. Detecting and
analyzing the circadian variation of the nerve activity may
help predict the arrhythmic risk. Medical or surgical interven-
tion may be triggered by the nerve activities to prevent sudden
death or arrhythmia in patients with abnormal patterns of
ambulatory autonomic nerve activities over a prolonged
period of time.

[0076] As described above, the level of nerve activity that is
identified in nerves that innervate the skin of a subject can
change rapidly prior to and during the onset of cardiac
arrhythmias. FIG. 4-FIG. 9 depict ECG and NECG data that
were recorded from a human subject and displayed for analy-
sis. Ineach of FIG. 4-FIG. 9, the first graph is generated by an
electrode surgically implanted in the epicardial fat pad of a
patient undergoing open heart surgery. The other end of the
electrode is exteriorized and connected to the recording sys-
tem. (The electrode we used during this study is the standard
electrode commonly used for postoperative pacing. This tem-
porary pacing electrode is removed 3 days after surgery by
simply pulling the electrode out of the skin.) The second
graph is recorded by electrodes non-invasively placed on the
skin. The recordings of the first and second graphs are pro-
duced simultaneously, and the second graph depicts electrical
activity corresponding to both the ECG signal from the heart
and nerve activity in the autonomic nerves that innervate the
skin. As depicted in more detail below, the amplitude of the
ECG signal is much greater than the amplitude of the nerve
signals, so the second set of graphs effectively depict the ECG
in the subject. Both first and second graphs were sampled at
very high rate (10,000 samples per second) and with ampli-
fiers that can record a wide frequency range. A third graph
(the NECG graph) is generated from the second graph using
a high-pass filter and signal processor as depicted above in
FIG. 1 to isolate the NECG signal from the ECG signal and to
monitor the NECG signal.

[0077] FIG. 4 depicts an NECG graph 404 and ECG graph
408 that correspond to signals that are measured from elec-
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trodes placed on the skin of the human subject. The graph 412
depicts a measurement of electrical activity taken from fat
pads on the heart of the human subject using implanted elec-
trodes. Each of the graphs depicts an amplitude of measured
signals in millivolts over time. As depicted in FIG. 4, the
measured amplitude of the ECG from the electrodes on the
skin of the subject in the graph 408 is approximately 1 milli-
volt, while the measured amplitude of the NECG activity in
graph 404 varies between approximately 0.06 millivolts dur-
ing a period of NECG activity in a baseline measurement
before time index 416 to approximately 0.12 millivolts during
aperiod ofheightened NECG activity occurring after the time
index 416. The amplitude ofthe FCG signal is similarly larger
than the amplitude of the NECG signal in FIG. 5-FIG. 9.
[0078] InFIG. 4, the NECG activity graph 404 indicates an
increase in NECG electrical activity at the time index 416.
The external and internal ECG graphs indicate an onset of
bradycardia (slowing of the heart rate) at time index 420,
which is approximately three seconds after the initial increase
in NECG electrical activity. In FIG. 4, the increased level of
NECG activity in the graph 404 continues during an episode
of bradycardia that is depicted as a reduced heart rate in the
subject in the graphs 408 and 412. Thus, in the example of
FIG. 4, the NECG signal depicted in the graph 404 indicates
the onset of an arrhythmia in the heart of the human subject
before the arrhythmia is apparent in the ECG graphs 408 and
412.

[0079] Each of the NECG graphs depicted in FIG. 4-FIG. 9
is generated from signals that are passed through a high-pass
filter, such as the high-pass filter 116 in the signal processor
112 in FIG. 1. While the NECG signal graphs remove some
portions of the ECG signal, the spikes in the ECG signals that
correspond to the R-wave in the QRS complex in the ECG are
also present in the filtered NECG data. For example, the
R-wave spike 432 in the ECG graph 408 occurs at the same
time as a spike 436 in the NECG graph 404. As described
above, in some monitoring configurations, the monitoring
system 100 only monitors the NECG signal and can identify
some characteristics of the standard ECG signal, such as the
heart rate, using features of the NECG signal alone.

[0080] FIG.5depicts NECG graph 504 and ECG graph 508
taken from electrodes on the skin of the subject, and ECG
graph 512 taken from the internally implanted electrodes. In
FIG. 5, an increase in NECG activity at time index 516 occurs
approximately three seconds before the onset of premature
contractions in the heart of the subject. The premature con-
tractions are indicated in the ECG signals 508 and 512 begin-
ning at time index 520. The NECG graph 504 indicates an
elevated level of activity in the nerves near the skin of the
subject continuing during the episode of premature muscle
contraction in the subject.

[0081] FIG. 6 depicts NECG graph 604 and ECG graph 608
taken from electrodes on the skin of the subject, and ECG
graph 612 taken from the internally implanted electrodes. In
FIG. 6, an increase in NECG activity at time index 616 occurs
during the onset of tachycardia (increased and irregular heart
rate) in the subject. The ECG graphs 508 and 512 also indicate
the episode of tachycardia. The NECG graph 504 indicates an
elevated level of activity in the nerves near the skin of the
subject continuing during the episode of tachycardia in the
subject.

[0082] FIG. 7-FIG. 9 each depict intermittent bursts of
electrical activity in the NECG graphs 704, 804, and 904 in
FIG. 7, FIG. 8, and FIG. 9, respectively. In FIG. 7, fluctua-
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tions in the amplitude of the NECG activity in graph 704
occur before and during intermittent periods of heart arrhyth-
mia that are depicted in the surface ECG graph 708 and
implanted ECG graph 712 in regions 716, 720, 724, and 728.
FIG. 8 depicts similar periods of arrhythmia in regions 816,
820, 824, 828, and 832 in the NECG graph 804, surface ECG
graph 808, and implanted ECG graph 812. F1G. 9 also depicts
periods of intermittent arrhythmia in regions 916, 920, 924,
928, and 932 in the NECG graph 904, surface ECG graph 908,
and implanted ECG graph 912.

[0083] FIG. 10 depicts three graphs 1004, 1008, and 1012
corresponding to nerve activity in a canine test subject. The
graph 1004 depicts nerve activity measured with subcutane-
ous electrodes that are implanted under the skin of a canine
test subject proximate to nerves that innervate the skin,
including sympathetic nerves. The graph 1008 depicts nerve
activity that is measured with electrodes that are implanted in
the thoracic cavity of the canine test subject to monitor the
thoracic vagal nerve. These internally implanted electrodes
are stainless steel electrodes that conduct electrical signals
from the inside of nerve structure to the recording device in
the body. The graph 1012 depicts nerve activity that is mea-
sured with another set of electrodes that are implanted in the
thoracic cavity of the canine test subject to monitor stellate
ganglion nerve activity.

[0084] In FIG. 10, the graph 1012 depicts sympathetic
nerve activity in the stellate ganglion measured directly from
the left stellate ganglion, and the graph 1008 depicts a mixture
of sympathetic and parasympathetic nerve activity in the
vagal thoracic nerve measured directly in the heart. By con-
trast, the graph 1004 depicts the NECG signal that is detected
from the subcutaneous electrodes in nerves that are proximate
to the skin of the canine test subject. The subcutaneous elec-
trodes are much less invasive than the needle electrodes that
are implanted near the heart, but as depicted in the graphs
1004-1012, the NECG graph 1004 shows increased nerve
activity in the subcutaneous nerves during periods of
increased sympathetic nerve activity in the stellate ganglion
and vagal thoracic nerve.

[0085] FIG. 11 depicts graphs 1104, 1108, and 1112 with
the same configuration of electrodes that are described above
with reference to the graphs 1004, 1008, and 1012, respec-
tively, in FIG. 10. In FIG. 11, the canine test subject experi-
ences tachycardia. In FIG. 11, the graph 1104 shows
increases in overall NECG activity during periods of increase
sympathetic nerve activity in the graph 1112, which measures
activity in the stellate ganglion. The NECG graph 1104 also
depicts the tachycardia in the distance between spikes in the
NECG graph 1104 that correspond to the R-wave peaks in the
ECG are closer together in time during periods of tachycar-
dia, and farther apart as the heart rate of the test subject slows.
Forexample,inregion 1120, the heart rate and overall level of
NECG activity is greater, while the heart rate and NECG
activity both decrease rapidly in the region 1124.

[0086] FIG. 12 depicts graphs 1204, 1208, and 1212 with
the same configuration of electrodes that are described above
with reference to the graphs 1204, 1208, and 1212, respec-
tively, in FIG. 10. In FIG. 12, alarge increase in the combined
sympathetic and parasympathetic nerve activity in the graph
vagal nerve graph 1208 in the region 1220 corresponds to a
reduction of theheart rate in the NECG graph 1204. While the
subcutaneous electrodes in the test subject that monitor
nerves that innervate the skin detect many signals from nerves
in the sympathetic nervous system, the increased activity in
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the vagal nerve when the heart slows includes a combination
of sympathetic and parasympathetic nerve activity. The sub-
cutaneous electrodes receive electrical signals from the sym-
pathetic nerves that innervate the skin corresponding to the
increased activity in the vagal nerve.

[0087] FIG. 13A-FIG. 13C depict relationships between
sympathetic nerve activity, vagal nerve activity, ECG activity,
and the heart rate in a test subject. Each dot represents the
integrated nerve activity or average heart rate within a one-
min window. The entire graph consists of data obtained from
a 24-hr (1440 min) period. FIG. 13A depicts a positive cor-
relation between an increase in electrical activity in the stel-
late ganglion, which is a sympathetic nerve, and an increase in
the heart rate. FIG. 13B depicts a negative correlation
between an increase in the electrical activity in the thoracic
vagal nerve fiber, which includes parasympathetic nerves and
sympathetic nerves, and a decrease in the heart rate. FIG. 13C
depicts a positive correlation between an increase in the aver-
age amplitude of an NECG signal and the heart rate. In the
monitoring system 100, the subcutaneous or cutaneous elec-
trodes record electrical activity in the nerves that innervate the
skin. As depicted in the graphs above, the monitoring system
100 identifies and monitors the NECG signal that includes
components corresponding to activity in the autonomic ner-
vous system, and to the ECG. Thus, for many medical treat-
ments including diagnostic and prognostic procedures, the
systems and methods described above for monitoring NECG
enable non-invasive monitoring of nerve activity in patients
and other subjects. The NECG monitoring is either non-
invasive when using cutaneous electrodes, and less invasive
than existing microneurographic techniques when using sub-
cutaneous electrodes. The NECG monitoring enables long-
term monitoring of nerve activity in ambulatory patients for
use in monitoring patient health and for control of medical
devices to reduce the symptoms of different medical condi-
tions in patients.

[0088] The above-described systems and methods may be
further understood by way of examples. These examples are
offered for illustrative purposes only, and are not intended to
limit the scope of the present invention in any way. Indeed,
various modifications of the invention in addition to those
shown and described herein will become apparent to those
skilled in the art from the foregoing description and the fol-
lowing examples and fall within the scope of the appended
claims. For example, certain electrode arrangements and con-
figurations are presented, although it may be understood that
other configurations may be possible, and still considered to
be well within the scope of the present invention. Likewise,
specific process parameters and methods are recited that may
be altered or varied based on variables such as signal ampli-
tude, phase, frequency, duration, and so forth.

Example

[0089] The skin is well innervated by sympathetic nerves.
Preclinical studies on ambulatory dogs were performed to
show whether subcutaneous nerve activity (SCNA) is a good
measure of sympathetic tone Surgery was performed to
implant radiotransmitters in ambulatory dogs to record left
stellate ganglion nerve activity (SGNA), left thoracic vagal
nerve activity (VNA), and SCNA from widely spaced bipolar
electrodes in the subcutaneous space of the left thorax. After
recovery, the radiotransmitter was turned on to continuously
record signals from the electrodes at a rate of 1 KHz.
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[0090] To optimize nerve signals and to filter out any
residual ECG signals, data from the left stellate ganglion, the
left thoracic vagus nerve, and the subcutaneous tissue were
high-pass filtered at 150 Hz and simultaneously displayed
with the low pass (100 Hz) filtered ECG from subcutaneous
recording. Manual analysis was performed on data streams of
baseline recording for all 7 dogs. The data streams were
manually analyzed between the hours of 12:00 am and 2:00
am on any given baseline recording day. Episodes of
supraventricular (sinus or atrial) tachycardia were defined as
heart rate exceeding 150 bpm with narrow QRS complexes.
The first 10 tachycardia episodes in which the recordings
showed no evidence of noise or motion artifacts were selected
for analysis.

[0091] Signals resembling nerve activities were consis-
tently observed in the subcutaneous space. There was a sig-
nificant positive correlation between SGNA and SCNA, with
rvalues of 0.70 (95% confidence interval, CI, 0.61 to 0.84) in
these 7 dogs (p<0.05 for each dog). The r value between
SCNA and heart rate (0.74, 95% C1 0.68 to 0.80) was signifi-
cantly (p=0.007) higher than the r value between SGNA and
heart rate 33 (0.56, 95% CI 0.45 to 0.67). For analyzed epi-
sodes in which heart rate exceeded 150 bpm, it was found that
both SGNA and SCNA invariably preceded the tachycardia
episodes. There was a significant circadian variation (p<0.05)
of both SCNA and SGNA in all dogs studied, but VNA did not
show a significant circadian variation. Crosstalk between
electrodes was ruled out because SGNA, VNA and SCNA
bursts occurred at different times.

[0092] Seven adult male mongrel dogs (weighing 20 to 30
kg) were studied to determine the effects of cervical vagal
nerve stimulation on left SGNA. The baseline recording (i.e.,
recording made prior to vagal nerve stimulation) was ana-
lyzed test whether subcutaneous nerve activity (SCNA) is a
good measure of sympathetic tone in ambulatory dogs. A
vagal nerve stimulator (VNS Therapy System; Cyberonics
Inc, Houston, Tex.) was implanted to the left cervical vagal
nerve. Subsequently, a left thoracotomy was performed
through the 3rd intercostal space for the implantation of a
radiotransmitter (D70-EEE, Data Sciences International, St.
Paul, Minn.). The first pair of electrodes was inserted beneath
the fascia of the left stellate ganglion. A second pair of bipolar
leads was attached to the left thoracic vagal nerve 2 to 4 cm
above the aortic arch. A third pair of bipolar electrodes was
placed in the subcutaneous space, with one electrode each
inserted under the subcutaneous tissue of left thorax and left
lower abdomen. The transmitter and remaining wires were
inserted into a subcutaneous pocket. After 2 weeks of recov-
ery, the radiotransmitter was turned on for baseline recording.

[0093] Recordings were analyzed from all channels using
custom-made software. The subcutaneous recording was low
pass filtered at 100 Hz to optimize the visualization of the
electrocardiogram (ECG) signals. The ECG signals were ana-
lyzed by the software to determine HR. To optimize nerve
signals and to filter out any residual ECG signals, data from
the left stellate ganglion, left thoracic vagus nerve, and sub-
cutaneous tissue were high-pass filtered at 150 Hz and simul-
taneously displayed with the low pass filtered ECG. Manual
analysis was performed on data streams of baseline recording
for all 7 dogs. The data streams were analyzed between the
hours of 12:00 am and 2:00 am on any given baseline record-
ing day. This was done to minimize the risk of motion artifact
from the animal. HR that exceeded 150 bpm is considered
tachycardia. 10 tachycardia episodes per dog were selected
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for recordings showing no evidence of noise or motion arti-
facts, and SCNA and SGNA were compared in relation to HR
increases and decreases.

[0094] In addition to manual analyses, quantitative analy-
ses was performed by integrating the nerve activity min-by-
minover 24-hr period during baseline recording. The analysis
was started at 12:00 am of one day and finished at 12:00 am of
the following day. This was done to help understand the
variation of nerve activity in its relation to circadian rhythms.
Within the 24 hour period, 3 data streams of nerve activity
(SCNA, VNA, and SGNA) were integrated every 60-s at a
high pass filter frequency of 150 Hz. This was to help elimi-
nate any residual ECG signals or low frequency artifacts that
would contaminate the nerve activity. The integrated nerve
activity was plotted against each other to determine the rela-
tive nerve activation patterns. {Shen, 2011 #11433} {Shino-
hara, 2011 #11682}.

[0095] Pearson correlation coefficients between heart rate,
SCNA, SGNA, and VNA were calculated for each dog and
95% confidence intervals were calculated for the average
correlation coefficient using all dogs. A paired t-test was used
to compare the average correlation between heart rate and
SCNA with heart rate and SGNA between all of the dogs. A
cubic smoothing spline was used to fit nerve activity mea-
surement as a function of time over the 24-hr period for each
dog. A generalized additive mixed-effects model was used to
fit the same data of all dogs. All analyses were performed in
SPSS and R software. A two-sided p value of 0.05 was con-
sidered statistically significant.

[0096] FIG. 16 depicts concordant activation of SCNA and
SGNA, associated with heart rate elevation. FIG. 16A shows
rhythmic heart rate (HR) variations consistent with respira-
tory heart rate responses (RHR). SGNA and SCNA are then
activated simultaneously, resulting in heart rate acceleration.
There were no obvious changes of VNA in this recording.
Simultaneous cessation of the SGNA and SCNA was associ-
ated with a reduction of the heart rate and the resumption of
RHR. FIG. 16B shows simultaneous activation of SGNA,
SCNA in the same dog 25 seconds after FIG. 16A.

[0097] FIG. 17 depicts discordant activation of SCNA and
SGNA, and persistent heart rate acceleration. FIG. 17A
shows the onset of SCNA initiated persistent heart accelera-
tion for over 20 s. In this episode, the SGNA and VNA
occurred after SCNA. Reduction of these nerve activities was
followed by heart rate deceleration. FIG. 17B shows SGNA,
SCNA and VNA had nearly identical times of onset and
offset. However, the morphology of SCNA differed consid-
erably with that recorded in the SGNA and VNA channels.
The SGNA signal exhibited high amplitude spike discharge
activity (HASDA). These findings were inconsistent with the
presence of cross talk among channels.

[0098] FIG. 18A shows intermittent heart rate elevation
consistent with RHR. Multiple bursts were observed in the
SCNA channel that correlated with increases in HR. These
episodes were not associated with corresponding SGNA acti-
vation. FIG. 18B shows data from the same dog where inter-
mittent nerve electrical activities were associated with RHR,
and large nerve discharges occurred simultaneously in all 3
recording channels. shows SCNA activates independently of
SGNA.

[0099] FIG. 19 depicts relationship between integrated
nerve activities and HR over 24-hr period in a representative
dog. Each dot represents the integrated nerve activity (mV-s)
or HR (bpm) over one min. FIG. 19A shows a positive cor-
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relation between integrated SGNA (iSGNA) and integrated
SCNA. FIG. 19B shows an L-shaped correlation between
iSCNA and iVNA. FIG. 19C shows an L-shaped correlation
between iISGNA and iVNA. FIG. 19D shows HR correlate
positively with iSGNA. FIG. 19F shows HR correlates posi-
tively with iSCNA. Note that the correlation coefficient in
FIG. 19E is better than that in FIG. 19D. FIG. 19F shows a
poor correlation between HR and iVNA.

[0100] FIG. 20 depicts circadian variation of iSCNA,
iISGNA, and iVNA. A 24-hour period was measured for all
seven dogs (FIG. 20A-G). The aggregate data are shown in
Panel FIG. 20H. The iSCNA showed significant (p<0.05)
circadian variation in all 7 dogs, while significant circadian
variation was seen in 6 dogs in iISGNA (all but dog E), and
only 2 dogs (dogs C and D) iniVNA. From the aggregate data,
it can be shown that both iSCNA and iISGNA have a circadian
pattern to them, while iVNA does not have circadian varia-
tion.

[0101] FIG. 21 depicts Pearson correlations between nerve
activities and heart rates. The correlation between iISGNA and
iISCNA was positive for all dogs studied.

[0102] Increased sympathetic nerve activity is a trigger of
cardiac arrhythmias. It was tested that it is feasible to record
sympathetic nerve activity subcutaneously in ambulatory
dogs, and that subcutaneous sympathetic nerve activity
(SCNA) is associated with the development of spontaneous
ventriculartachycardia (VT) and ventricular fibrillation (VF).
[0103] Electrical signals resembling nerve activity were
observed in the subcutaneous tissues. These electrical signals
(SCNA) may occur either concordantly or discordantly with
the SGNA. FIG. 16 shows typical examples of concordant
nerve activities from 2 different dogs. FIG. 16 A shows SGNA
and SCNA activate simultaneously, leading to an increased
HR. There is no VNA in this example. FIG. 16B shows
SGNA, SCNA and VNA activate simultaneously and are
associated with HR acceleration. The cervical and thoracic
vagal nerves have sympathetic components. Therefore, VNA
may be associated with HR acceleration. {Onkka, 2013
#12169}

[0104] FIG. 17 and FIG. 18 depicts examples of discordant
SGNA and SCNA, where one activates in the absence of the
other. FIG. 17A shows multiple SCNA episodes with only
one SGNA episode. Note that there are HR acceleration fol-
lowing SCNA, in spite of the absence of SGNA. FIG. 17B
shows intermittent SCNA associated with intermittent HR
acceleration. There was no evidence of SGNA in this episode.
FIG. 18 shows additional discordant episodes. FIG. 18A
shows persistent SGNA but intermittent SCNA. The latter
was associated with intermittent transient HR acceleration.
FIG. 18B depicts similar findings to FIG. 17, where SCNA
and VNA are associated with HR acceleration, even though
SGNA is only found in one discreet burst. Among a total of 70
episodes manually analyzed for the timing of their burst dis-
charges, 65 can be seen that the bursts between SCNA and
SGNA were of different densities, amplitudes, and times.
However, SCNA are still correlating to the episodes of tachy-
cardia. Because of these discordant discharges, it is unlikely
that the SCNA is a result of the cross talk with SGNA and
VNA.

[0105] As observed, SCNA usually fires immediately atthe
initiation of a HR increase, and tapers off when the HR starts
to decrease, while SGNA is usually seen firing in the middle
of the HR increase and either firing continuously or only
tapering slightly once the HR decreases. A good correlation
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between SCNA bursts and HR acceleration indicates that
SCNA is an adequate measurement of sympathetic tone.
[0106] Also, integrated SCNA (iSCNA) correlates posi-
tively with integrated SGNA (iISGNA) in all dogs analyzed.
FIG. 19A shows the SGNA plotted against SCNA in one dog,
showing an r value of0.78 (p<0.0005). The average r value for
all dogs studied was 0.70 (95% CI1 0.61 to 0.84). The corre-
lation between iISGNA and iSCNA was positive for all dogs
studied (F1G. 21). The iSCNA and iVNA correlation show an
L-shaped pattern (FIG. 19B), as did the correlation between
iSGNA and iVNA (FIG. 19C). The L-shaped correlation was
observed in all 7 dogs studied. The latter correlation is
expected for a majority of the ambulatory dogs. {Shen, 2011
#11433}. A second set of comparisons is to determine the
relationship between HR and nerve activities. As shown in
FIGS. 19D and 19E, there is a significant positive correlation
between HR and iSCNA, and between HR and iSGNA,
respectively. There is a [.-shaped correlation between HR and
iVNA (FIG. 19F). The r values of these comparisons for all
dogs studied are listed in FIG. 21. As shown in FIG. 21, the
correlation between HR and SCNA (r=0.74, 95% CI 0.68 to
0.80) is significantly better than the correlation between HR
and SGNA (r=0.56, 95% C1 0.45 to 0.67, p=0.007).
Circadian Variation of iSGNA and iSCNA.

[0107] We plotted the hourly iISGNA, iSCNA and iVNA
over a 24-hour period (FIG. 20A-G). In all 7 dogs, the iSCNA
showed a circadian variation, with levels of activity being
greatest during the late morning to afternoon hours, and the
least during the evening and early morning. The iISGNA
showed circadian variation, similar to iSCNA, in 6 of the
dogs, with the remaining dog (dog #E) show an activity
pattern that was linear throughout the day. In contrast, the
1VNA was quite variable, with 2 dogs (C and D) showing
circadian variation, but the remaining 5 showed a linear pat-
tern throughout the day. Finally, in FIG. 20 H, the data of all
7 dogs was aggregated over the 24 hour period. It shows that
bothiISCNA and iSGNA show a circadian variation, while the
iVNA showcased a linear pattern throughout the day.

[0108] FIG. 22 depicts both stellate ganglion nerve activity
and subcutaneous nerve activity are present prior to the onset
of non-sustained ventricular tachycardia on a simultaneously
recorded electrocardiogram (ECG).

[0109] In addition, simultaneous recording of the nerve
activity from the left stellate ganglion (SGNA) and from the
thoracic subcutaneous space (SCNA) in 6 ambulatory dogs
with complete heart block, myocardial infarction and nerve
growth factor infusion to the left stellate ganglion. The elec-
trical signals were sampled at 1 kHz, and high pass filtered at
150 Hz. Two dogs died suddenly of VF. Both VF episodes
were preceded by nearly continuous SCNA (32 s and 42 s)
and SGNA (38 s and 42 s). There was SCNA within 15 s
before 33 (76.7%) of 43 VT, 19 (42.2%) of 45 frequent
couplets or bigeminy and 19 (42.2%) of 45 PVCs. An
example of increased nerve activity preceding premature ven-
tricular contractions is illustrated in FIG. 23. As shown, both
stellate ganglion nerve activity (SGNA) and subcutaneous
nerve activity (SCNA) are present prior to the onset of pre-
mature ventricular contraction and non-sustained ventricular
tachycardia. The SGNA and SCNA signals are not identical,
making cross talk between the recording channels unlikely.
The second channel and the third channel came from the same
data filtered with 150 Hz high pass filter and 100 Hz low pass
filter, respectively. The last channel is tachogram. Measured
in beats per minute (BPM).
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[0110] Similar incidence was identified for SGNA (76.7%,
64% and 53.3%, respectively). Significantly progressive
increase in integrated SGNA (in mV-s, 76.4+54.7,82.0+£50.5,
95.4+57.7) and SCNA (89.1£50.8, 98.5+£52.9 and 111.159.
3) was observed 60 s, 40 s and 20 s, respectively, prior to
VT/VF (p<0.001 for both). This shows that SCNA may be
used as a surrogate of SGNA in detecting elevated sympa-
thetic tone that triggers VT and VF in ambulatory dogs.

Example II

[0111] To test feasibility of recording signals from elec-
trodes placed on the skin of human patients, simultaneous
BCG and SNA were recorded in normal volunteers and nerve
activity was correlated with heart rate. Two different sets of
data collection hardware were constructed for these studies,
The first set of equipment included an ADInstruments (ADI)
ML138 OctoBioAmp connected to ten conventional ECG
patches for placement at standard locations (RA, RL, LA, LL,
and V1-V6), with a wide variety of filters available. This
allowed for multiple biopotentials to be recorded from the
same subject, such as a 12 lead ECG configuration. The
equipment was also supplied with two packets of MLA0310
wires (1.3 m, 10 snap on), suitable for human connection. The
signals from the amplifier were digitized by an ADI Power-
Lab data acquisition system and were recorded continuously
on a portable computer.

[0112] Patients were typically connected in a 10 or 12-lead
ECG configuration, and provocative maneuvers (cold water
pressor test and Valsalva) were performed to induce sympa-
thetic nerve discharges. Each provocative maneuver con-
sisted of a control recording period (typically 2 minutes), a
recording period during the intervention and a recovery
period. Blood pressure and respirations were measured up to
every 30 seconds during the provocative maneuvers. The
heart rate was monitored continuously via the ECG record-
ings. Blood pressure, respiratory rate, and heart rate were also
measured at the start and end of the study and at the start and
end of the rest period. Subjects were asked to avoid muscle
contraction or performing a Valsalva maneuver or holding
expiration during the tests. Nerve activities were considered
present if the signal morphology resembled nerve recordings
obtained previously from the stellate ganglion of ambulatory
dogs

[0113] Provocative maneuvers were performed in continu-
ous fashion with 20 minute rest period between each maneu-
ver to allow heart rate, blood pressure, and sympathetic activ-
ity to return to baseline as previously described. The cold
water pressor test consisted of placing the left hand of a
subject in sitting position up to the wrist in ice water for 2
minutes, followed by a 2 minute of recovery period recording.
The size of the bucket containing the ice water and the amount
of ice and water was kept constant between each participant.
For the Valsalva maneuver, subjects were asked to blow into
the mouthpiece of a sphygmomanometer and hold the mer-
cury column up to sustain 35 mmHg pressure for a period of
at least 30 seconds while in a sitting position. Subsequently, a
2-minute recovery period was recorded.

[0114] Data obtained from four subjects were digitized at 4
kHz, with hardware filter setting of 0.5 Hz high pass and 2
KHz low pass. The 60 Hz Mains Filter was programmed ON.
The data were then displayed and analyzed using custom
written software developed. Subjects consistently showed an
abrupt increase in high frequency electrical activities of sur-
face chest leads. FIG. 24 shows such a recording for a normal
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volunteer during Valsalva maneuver, where the upper channel
is a chest lead (V2) filtered with 100-500 Hz band pass filter
and the bottom channel is the same data filtered with a 100 Hz
low pass filter, showing ECG.

[0115] Since significant muscle tension typically occurs
during stressors, such as the Valsalva maneuver, electrical
activities recorded on chest leads likely include a combina-
tion of nerve and muscle activities. Thus, to eliminate the
possibility of local muscle signals, electrodes were placed on
the second and third finger of the left hand before, during and
after the cold water pressor test. This is because fingers have
tendons, blood vessels, subcutaneous tissues and nerves and
do not have any skeletal muscle. Further, it is typical to place
electrodes on the fingers to perform the sensory nerve con-
duction velocity studies in humans.

[0116] Results shown in FIG. 25 illustrate increased activi-
ties on the fingers of the left hand induced by immersion of the
right hand in the cold water, with recordings using one elec-
trode on the left second finger and one on left third finger. The
SNA (left column) was obtained by band pass filter of 100-
500 Hz, while the ECG (right column) was obtained by fil-
tering the same signal with 150 Hz low pass. A is baseline
recording, showing sharp spikes corresponding to QRS of the
ECG, but no SNA. B shows increased SNA (arrows) 40 s after
immersing right hand in ice water. C shows 1 min after
immersion, with maximum amount of SNA. D was recorded
1 min into recovery, with continued SNA and heart rate accel-
eration. The quality of the electrogram resembles that of the
nerve activities obtained by standard microneurography tech-
niques, as described. Such results demonstrate that it is fea-
sible to record nerve activities from the chest wall and from
fingers.

[0117] The right stellate ganglion nerve activity is usually
the driver of heart rate acceleration in ambulatory dogs.
Because the somata of the subcutaneous sympathetic nerves
on the skin are located at the ipsilateral cervical and stellate
ganglia, recording SNA from right side should allow a com-
parison of heart rate changes with SNA. Thus, it may be
beneficial to record from the left hand and left chest, and use
the right hand for cold water immersion. Also, the left SGNA
is known to trigger the onset of cardiac arrhythmias, includ-
ing AF, VF and VF. SNA recorded from the left hand may be
most relevant to the arrhythmogenesis and risk stratification.
One electrode, each placed on the ventral surface of the skin
overlying the distal phalanx of the second and third fingers,
respectively, may be used to form a bipolar recording pair.
Another bipolar pair may be placed on the left thoracic chest
wall and lower abdomen to record SNA at the locations. The
reference electrode may be placed on the thumb to avoid
contamination by skeletal muscle. Data may be sampled at 4
kHz, with band width of 1-2K Hz.

[0118] Each recording may be digitally processed to sepa-
rate the SNA signal from the ECG signal. The ECG may be
used for HRV analyses to determine the heart rate changes
before, during and after cold water stress testing and Valsalva
protocols. The software may automatically determine the RR
interval, heart rate and display a tachogram along with the
ECG. The SNA signal will be processed using methods pre-
viously reported for processing microneurography signals.
The SNA signals may be filtered and then integrated at 100 ms
intervals for continuous display along the filtered signals.
Both frequency domain analysis and wavelet analysis may be
used to analyze nerve activity and discharges.
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[0119] To avoida potential problem with the contamination
of the recordings by muscle contractions, especially during a
Valsalva maneuver, it may be beneficial to use the frequency
distribution of the SNA recorded on the finger as a gold
standard. The signal obtained from the chest wall during
Valsalva maneuver or during intentional muscle tension may
then be compared with the gold standard to design signal
processing methods to differentiate between the two.

[0120] Using a liner mixed-effects model, and assuming
normality, the integrated nerve activity over 60 second inter-
vals (456 (95% CI307-606) vs. 332 (95% CI 181-484) mV-s;
p=0.01) and mean arterial pressure (92 (95% CI 80-103) vs.
112 (95% CI 101-123) mmHg; p<0.01) for the entire cohort
were higher in the intervention compared to the control
period. All but one subject had increased nerve discharges
during the intervention (downward arrows) and exhibited a
negative correlation (R*=0.57 (95% CI 0.48-0.67)) between
integrated nerve activity over 30 second intervals and the RR
interval. FIG. 26 illustrates increased sympathetic outflow
during a cold water pressor test for a healthy female subject
during the control, intervention and recovery periods. Given
these results, high-pass filtered surface ECG may detect
increased sympathetic outflow during the cold water pressor
test. This non-invasive method may be useful in measuring
sympathetic tone for risk stratification

[0121] In addition to monitoring normal subjects, the
approach of the present invention allows for simultaneously
recording ECG and SNA in patients with cardiac arrhyth-
mias, and thus correlate an increase in nerve activity to
arrhythmia onset. Thus, recordings from 6 patients known to
exhibit electrical storms (ES) were obtained, from which two
patients displayed ventricular arrhythmia episodes during
recording. ES is a term used to describe a serious clinical
condition in which patients have 3 or more separate episodes
of ventricular arrhythmias or appropriate ICD therapies over
aperiod of 24 hrs. In both patients, there were high frequency
electrical activities prior to the onset of ventricular arrhyth-
mia. FIG. 27 shows an example of high frequency signals
preceding the onset of nonsustained VT in a 20 s recording
from a patient with electrical storm. The patient had been
treated with amiodarone, and was stable without ICD shocks.
However, she continued to have episodes of nonsustained VT
(lower channel, arrow) preceded by high frequency electrical
activities (upper channel, arrows). The filter settings are same
as in FIG. 24. The patient had underlying atrial fibrillation
with irregular ventricular responses. The high frequency sig-
nals had characteristics similar to that shown in canine sub-
cutaneous nerve recordings, with a good signal to noise ratio.
[0122] FIG. 28 shows another episode of VT of the same
patient, but on a different day during the same hospitalization,
illustrating high frequency signals followed by an episode of
non-sustained VT. These observations were similar to the
high frequency signals displayed during a Valsalva maneuver
using finger tips recordings (FIG. 25). Note that in both FIG.
27 and FIG. 28, high pass filtering was performed to obtain
the signals shown in the channel shown in the upper panels.
The same signals were low pass filtered to obtain the ECG
shown in the lower panel.

[0123] According to the above, the systems and methods of
the present invention may be applicable to patients admitted
for electrical storm. Using for example a portable recording
system with two sets of electrode pairs, it may be beneficial to
place orne set of bipolar electrodes on the right index and
middle finger, at the ventral surface of the first phalanx, and a
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second pair of electrodes on the left side of the chest wall. To
avoid muscle contamination, the reference electrode may be
placed on the thumb of the left hand. In such configurations,
recording may be continuous until the patient is discharged,
or may be interrupted for medical necessities.

[0124] Similarly, the data may be digitized at 4 kHz, with
hardware filter setting of 0.5 Hz high pass and 2 KHz low
pass. The 60 Hz Mains Filter may programmed ON to filter
outany 60 Hz noise. The signals may be digitally filtered with
a 150 Hz high pass filter, and a FFT may be performed on the
resulting signal. The FFT may be determined over a 2 second
sliding window every 1 second for the duration of the record-
ing. The frequency content of the resulting FF'T may then be
compared to any nerve discharges within the recording and
episodes of accelerated heart rate, VT, or VF. Additionally,
muscle noise may be minimized by employing electrodes on
the finger tips, which do not have muscle structures, to deter-
mine whether recorded chest wall measurements include
muscle noise.

[0125] The data may be analyzed to determine the associa-
tion between the high frequency signals with onset of VT. The
benchmarks of success may include recording of high fre-
quency signals with the same frequency distribution during
cold water pressor test. If this is observed, then these high
frequency signals are likely the sympathetic nerve activity,
and an association between nerve activity and ventricular
arrhythmias, such as premature ventricular contractions,
couples and VT. In a canine model of sudden death, 86% of
sudden death and VT were preceded within 15 s by SGNA
episodes. In the cases of similar high incidence of correlation,
then the high frequency signals are most likely sympathetic
nerve activities, and nerve activity may be used to predict
cardiac arrhythmias.

[0126] In summary, cardiovascular disease is a leading
cause of death in the United States. Sudden cardiac death
(SCD) accounts for approximately 50% of cardiac mortality.
Over 80% of SCD occurs in patients with structural heart
disease, primarily coronary artery disease and nonischemic
dilated cardiomyopathy. Sympathetic tone is important in
cardiac arthythmogenesis and heart rate variability is a com-
monly used method to estimate cardiac autonomic nerve
activities. However, this approach requires proper sinus node
response to autonomic stimulation, and since sinus node
function may be abnormal in heart failure or atrial fibrillation,
heart rate variability parameters may not reflect the sympa-
thetic tone in those conditions. Alternatively, SNA recording
performed using microneurography to directly measure SNA
in humans. However, such procedures are invasive and typi-
cally may not be convenient in ambulatory subjects.

[0127] As described by the present inventions, direct
recording of autonomic nerve activity has been demonstrated
in ambulatory dogs using electrodes placed directly on the
stellate ganglion, showing that SNA immediately precedes
the onset of atrial and ventricular arrhythmias, as well as
sudden cardiac death. For electrodes placed in subcutaneous
tissue, analysis of signals recorded in this manner demon-
strated that subcutaneous measurements may be used as sur-
rogate of stellate ganglion nerve activity recording to deter-
mine the sympathetic tone in ambulatory dogs. It was also
discovered that subcutaneous nerve activity consistently pre-
cedes the onset of spontaneous ventricular tachycardia (VT)
and ventricular fibrillation (VF) in an ambulatory canine
model of ventricular arrhythmia and sudden cardiac death.
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[0128] In addition, ECG and nerve activity was simulta-
neously measured on the skin of normal volunteers and in
patients with postoperative atrial fibrillation (AF) and elec-
trical storm (recurrent VT and VF). The results showed elec-
trical signals consistent with SNA, and that the SNA corre-
lated with heart rate acceleration, atrial fibrillation (AF), VT
and VF. Thus, the systems and methods as described by the
present invention may be implemented in a diagnostic tool for
the prediction of cardiac arrhythmias and sudden cardiac
death. In addition, such systems and methods may be benefi-
cial in the diagnosis of diseases involving the peripheral net-
vous system, such as neuromuscular diseases.

[0129] A number of prospective randomized clinical trials
have demonstrated the ability of implantable cardioverter-
defibrillator (ICD) to reduce mortality in patients with poor
left ventricular function that have never experienced symp-
tomatic ventricular arrhythmias (primary prevention), lead-
ing to current guidelines that specify patients with left ven-
tricular ejection fraction <35% without contraindications
should receive ICDs for the primary prevention of SCD.
However, while the current guidelines are appealing in their
simplicity, there are significant flaws with this approach.
Post-hoc analyses of the ICD trials have shown that ICD
benefit was not distributed uniformly across the study popu-
lations. Because significant numbers of “indicated” patients
do not experience improved survival from the ICD, there is
room for improvement to select patients for this expensive
therapy. Additionally, a majority of sudden death in the com-
munity occurs in patients not eligible for primary prevention
ICDs.

[0130] Therefore, improved methods to determine risk
stratification are highly desirable to select patients for SCD
prevention. Increased sympathetic tone heightens vulnerabil-
ity to ventricular arrhythmias, and thus sympathetic nerve
activity (SNA) has been shown to be important in cardiac
arrhythmogenesis and SCD. Among several measures of
sympathetic tone, heart rate variability (HRV) is one of the
most commonly used measures. Multiple investigators have
employed mathematical tools to study HRYV, showing that
HRYV is an important prognostic parameter for arrhythmias
and SCD. However, this approach provides an indirect mea-
sure of the sympathetic tone, and is most accurate in patients
with normal functioning sinus nodes. Thus, despite many
studies, HRV has not been accepted as an effective method in
arrhythmia risk stratification.

[0131] Baroreflex sensitivity, which combines HRV and
blood pressure measurements, allows more effective risk
stratification. However, this method is not easy to perform,
and has not been accepted by clinicians for risk stratification
since it has been shown to have a high negative predictive
value and a low positive predictive value in patients with an
EF<35%. By contrast, the systems and methods ofthe present
invention allow for directly recording SNA from the skin
using conventional electrodes. Such an approach may provide
for better arrhythmia risk stratification in patients with heart
diseases and thus make a significant impact on patient care.

[0132] Since its invention, the electrocardiogram (ECG)
has been an important part of clinical practice. To preserve the
signal and eliminate noise, the standard recommendation for
low pass filtering of the ECG is 150 Hz for adolescents and
adults, and 250 Hz for children. Higher frequency signals,
although known to be clinically important, are routinely
eliminated by low pass filtering. By contrast, in the approach
of the present invention useful information may be obtained
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by recording both low and high frequency signals from the
skin. High frequency signals contain SNA, which may be
used for clinical risk stratification and arrhythmia prediction.
Appropriate data acquisition and processing of both low and
high frequency signals allow for detection of both cardiac
activity (ECG) and sympathetic nerve activity (SNA) using
the same data.
[0133] Using recordings on the skin, the systems and meth-
ods as described by the present invention may utilize conven-
tional skin electrodes that are widely use in health care facili-
ties, are non-invasive, easy to use, and implement hardware
and data acquisitions systems readily available. Such
approaches may provide simultaneous recording of sympa-
thetic nerve activity (SNA) and electrocardiogram (ECG) for
use in arrhythmia prediction, detection, and intervention, at
low cost, allowing for robust commercialization.
[0134] Systems and methods as described by the present
invention may include signal processing software to auto-
matically eliminate noise, such as that generated by muscle
contraction, electrical appliances, body motion, respiration
and radiofrequency signals. The remaining signals may then
be processed to separately display and analyze the ECG and
SNA signals. The ECG signals may be used for automated
arrhythmia detection while the SNA signals may be available
for risk stratification. This approach allows for maximal uti-
lization of the same signals obtained from the skin, thus
providing improvement over traditional technologies.
[0135] The various configurations presented above are
merely examples and are in no way meant to limit the scope of
this disclosure. Variations of the configurations described
herein will be apparent to persons of ordinary skill in the art,
such variations being within the intended scope of the present
application. In particular, features from one or more of the
above-described configurations may be selected to create
alternative configurations comprised of a sub-combination of
features that may not be explicitly described above. In addi-
tion, features from one or more of the above-described con-
figurations may be selected and combined to create alterna-
tive configurations comprised of a combination of features
which may not be explicitly described above. Features suit-
able for such combinations and sub-combinations would be
readily apparent to persons skilled in the art upon review of
the present application as a whole. The subject matter
described herein and in the recited claims intends to cover and
embrace all suitable changes in technology.
1-30. (canceled)
31. A system for monitoring nerve activity in a subject
comprising:
a plurality of electrodes configured to be placed in prox-
imity to skin of the subject;
an amplifier electrically connected to the plurality of elec-
trodes and configured to generate a plurality of amplified
signals corresponding to a plurality of electrical signals
received from the subject through the electrodes; and
a signal processor operatively connected to the amplifier
and configured to:
apply a high-pass filter to the plurality of amplified sig-
nals to generate a plurality of filtered signals from the
plurality of amplified signals, the high-pass filter
being configured to attenuate a plurality of the ampli-
fied signals having frequencies that correspond to
heart muscle activity during a heartbeat;
identify nerve activity in the plurality of filtered signals;
and
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generate an output signal corresponding to the nerve
activity in the plurality of filtered signals.

32. The system of claim 31, wherein the plurality of elec-
trodes are configured to be placed at one of in a cutaneous
configuration on a surface of the skin or under a surface of the
skin.

33. The system of claim 31 wherein the high-pass filter has
alower cutoff frequency of approximately 100 Hz or approxi-
mately 150 Hz.

34.The system of claim 31, wherein the signal processor is
further configured to generate the output signal for a visual
display device to display the identified nerve activity in the
plurality of filtered signals.

35. The system of claim 31, wherein the signal processor is
further configured to:

identify an arrhythmia in the heartbeat of the subject with

reference to a change in the identified nerve activity; and
generate an alarm in response to identifying the arrhyth-
mia.

36. The system of claim 35 further comprising:

one of a pacing device and a defibrillator device implanted

in the subject; and

wherein the signal processor is further configured to acti-

vate the one of the pacing device and the defibrillator
device to deliver a pacing signal or a defibrillation signal
to the heart muscle in response to identifving the
arrhythmia.

37.The system of claim 31, wherein the signal processor is
configured to identify a symptom of a medical condition in
the subject that corresponds to a change in activity in a sym-
pathetic nervous system of the subject with reference to a
change in the identified nerve activity.

38. The system of claim 31, wherein the signal processor is
further configured to identify an electrocardiogram (ECG)
corresponding to the heartbeat in the plurality of amplified
signals.

39. The system of claim 38, wherein the signal processor is
further configured to:

apply a band-pass filter to the plurality of amplified signals

to generate a second plurality of filtered signals from the
plurality of amplified signals and wherein the band-pass
filter is configured to attenuate a plurality of the ampli-
fied signals having frequencies that correspond to nerve
activity; and

identify the ECG in the second plurality of filtered signals.

40. The system of claim 38 wherein the band-pass filter has
a lower cutoff frequency of approximately 0.5 Hz and an
upper cutoff frequency of approximately 100 Hz

41. The system of claim 38, the signal processor being
further configured to:

identify an arrhythmia in the heartbeat of the subject with

reference to a change in the identified nerve activity and
a change in the identified ECG; and

generate an alarm in response to identifying the arrhyth-

mia.

42. The system of claim 41 further comprising:

one of a pacing device or a defibrillator device implanted in

the subject; and

wherein the signal processor is further configured to acti-

vate the one of the pacing device or the defibrillator
device to deliver one of a pacing signal or a defibrillator
signal to the heart muscle in response to identifying the
arrhythmia.
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43. A method for monitoring nerve activity in a subject
comptising:

amplifying electrical signals received from a plurality of
electrodes that are placed in proximity to skin of the
subject to generate a plurality of amplified signals;

applying a high-pass filter to the plurality of amplified
signals to generate a plurality of filtered signals, the
high-pass filter attenuating a plurality of the amplified
signals having frequencies that correspond to heart
muscle activity during a heartbeat;

identifying nerve activity in the plurality of filtered signals;
and

generating an output signal corresponding to the nerve
activity in the plurality of filtered signals.

44. The method of claim 43 further comprising:

generating a visual display of the identified nerve activity
in the plurality of filtered signals from the output signal.

45. The method of claim 44, wherein the generation of the

visual display further comprises:

integrating the identified nerve activity to identify a total
magnitude of the nerve activity over a predetermined
period of time; and

generating the visual display including the total magnitude
of the nerve activity.
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46. The method of claim 43 further comprising:

identifying an arrhythmia in the heartbeat of the subject

with reference to a change in the identified nerve activ-
ity; and

generating an alarm in response to identifying the arrhyth-

mia.

47. The method of claim 46, wherein the identification of
the arrhythmia in the heartbeat further comprises identifying
the arrhythmia prior to onset of the arrhythmia in the heart-
beat.

48. The method of claim 46, further comprising activating
a pacing device implanted in the subject to deliver a pacing
signal to the heart muscle in response to identifying the
arrhythmia.

49. The method of claim 46, further comprising activating
a defibrillator device implanted in the subject to deliver a
defibrillation signal to the heart muscle in response to iden-
tifying the arrhythmia.

50. The method of claim 43, further comprising one of:

identifying, using the identified nerve activity, a suitability

for the subject to receive a therapy aimed at modifying
the identified nerve activity; or

evaluating an effectiveness of a neuromodulation therapy

with reference to a difference in the identified nerve
activity.
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