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MEDICAL DEVICES WITH RAPID SENSOR
RECOVERY

BACKGROUND

[0001] The present disclosure is directed to sensing elec-
trodes and the use thereof in medical devices.

[0002] There are a wide variety of electronic and mechani-
cal devices for monitoring and treating patients’ medical
conditions. In some examples, depending on the underlying
medical condition being monitored or treated, medical
devices such as cardiac monitors or defibrillators may be
surgically implanted or externally connected to the patient.
In some cases, physicians may use medical devices alone or
in combination with drug therapies to treat conditions such
as cardiac arrhythmias.

[0003] Ventricular fibrillation is one of the deadliest car-
diac arrhythmias known. Ventricular fibrillation occurs
when normal, regular electrical impulses are replaced by
irregular and rapid impulses, which cause the heart muscle
to stop normal contractions and to begin to quiver. Normal
blood flow ceases, and organ damage or death can result in
minutes if normal heart contractions are not restored.
Because the victim has no perceptible warning of the
impending fibrillation, death often occurs before the neces-
sary medical assistance can arrive. Other cardiac arrhyth-
mias can include excessively slow heart rates known as
bradycardia or excessively fast heart rates known as tachy-
cardia. Cardiac arrest can occur when a patient in which
various arrhythmias of the heart, such as ventricular fibril-
lation, ventricular tachycardia, pulseless electrical activity
(PEA), and asystole (heart stops all electrical activity) result
in the heart providing insufficient levels of blood flow to the
brain and other vital organs for the support of life.

[0004] Cardiac arrest and other cardiac health ailments are
a major cause of death worldwide. Various resuscitation
efforts aim to maintain the body’s circulatory and respiratory
systems during cardiac arrest in an attempt to save the life
of the patient. The sooner these resuscitation efforts begin,
the better the patient’s chances of survival. Implantable
cardioverter/defibrillators (ICDs) or external defibrillators,
such as manual defibrillators or automated external defibril-
lators (AEDs) have significantly improved the ability to treat
these otherwise life-threatening conditions. Such devices
operate by applying corrective electrical pulses directly to
the patient’s heart. Ventricular fibrillation or ventricular
tachycardia can be treated by an implanted or external
defibrillator, for example, by providing a therapeutic shock
to the heart in an attempt to restore normal rhythm. To treat
conditions such as bradycardia, an implanted or external
pacing device can provide pacing stimuli to the patient’s
heart until intrinsic cardiac electrical activity returns.
[0005] Example external cardiac monitoring and/or treat-
ment devices include cardiac monitors, the ZOLL LifeVest®
wearable cardioverter defibrillator available from ZOLL
Medical Corporation, and the AED Plus also available from
ZOLL Medical Corporation.

SUMMARY

[0006] In one example, an ambulatory medical device is
provided. The ambulatory medical device includes at least
one therapy electrode, at least two first sensing electrodes, at
least two second sensing electrodes, and at least one pro-
cessor. The at least one therapy electrode is configured to
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couple externally to a skin of a patient to provide one or
more therapeutic stimulation pulses to a heart of the patient
during execution of a treatment protocol. The at least two
first sensing electrodes are distinct from the at least one
therapy electrode and are configured to couple externally to
the skin of the patient to acquire first electrocardiogram
(ECG) signals from the heart of the patient. Each sensing
electrode of the at least two first sensing electrodes has a first
recovery time. The first ECG signals may be indicative of an
arrhythmia condition of the patient.

[0007] The at least two second sensing electrodes are
distinct from the at least one therapy electrode and from the
at least two first sensing electrodes. The at least two second
sensing electrodes are configured to couple externally to the
skin of the patient to acquire second ECG signals from the
heart of the patient during execution of the treatment pro-
tocol. Each sensing electrode of the at least two second
sensing electrodes has a second recovery time that is less
than the first recovery time. The second ECG signals may be
indicative of a reaction of the heart to the one or more
therapeutic stimulation pulses.

[0008] The at least one processor is coupled to the at least
one therapy electrode, the at least two first sensing elec-
trodes, and the at least two second sensing electrodes. The
at least one processor is configured to detect the arrhythmia
condition via the first ECG signals, to execute the treatment
protocol in response to detection of the arrhythmia condi-
tion, and to detect the reaction of the heart to the one or more
therapeutic stimulation pulses via the second ECG signals.
[0009] In the ambulatory medical device, the reaction of
the heart may include one or more contractions induced by
the one or more therapeutic stimulation pulses. The arrhyth-
mia condition may include at least one of bradycardia,
tachycardia, asystole, pulseless electrical activity, atrial flut-
ter, and erratic heart rate. The first recovery time may be an
amount of time required for each sensing electrode of the at
least two first sensing electrodes to return to a nominal offset
after provision of a therapeutic stimulation pulse of the one
or more therapeutic stimulation pulses and the second recov-
ery time is an amount of time required for each sensing
electrode of the at least two second sensing electrodes to
return to a nominal offset after the provision of the thera-
peutic stimulation pulse. The first recovery time may be
between approximately 200 milliseconds and 400 millisec-
onds and the second recovery time may be between approxi-
mately 80 milliseconds and 200 milliseconds. The at least
two first sensing electrodes may include dry electrodes and
the at least two second sensing electrodes may include
conductive electrodes.

[0010] The ambulatory medical device may further
include a gel dispenser configured to apply conductive gel
between the skin of the patient and the at least two second
sensing electrodes during execution of the treatment proto-
col. In the ambulatory medical device, the at least one
processor may be further configured to initiate monitoring of
the heart of the patient via the at least two second sensing
electrodes during execution of the treatment protocol. The
ambulatory medical device may further include a therapy
pad including the at least one therapy electrode and at least
one sensing electrode of the at least two second sensing
electrodes. The ambulatory medical device may further
include an electrode assembly including at least one sensing
electrode of the at least two first sensing electrodes and at
least one other sensing electrode of the at least two second



US 2019/0160278 A1l

sensing electrodes. In the ambulatory medical device, the at
least two first sensing electrodes may be physically distinct
from the at least two second sensing electrodes.

[0011] In another example, an ambulatory medical device
is provided. The ambulatory medical device includes at least
one therapy electrode, at least two sensing electrodes, cir-
cuitry coupled to the at least two sensing electrodes, and at
least one processor. The at least one therapy electrode is
configured to couple externally to a skin of a patient to
provide one or more therapeutic stimulation pulses to a heart
of the patient during execution of a treatment protocol. The
at least two sensing electrodes are distinct from the at least
one therapy electrode and are configured to couple exter-
nally to the skin of the patient to acquire first and second
electrocardiogram (ECG) signals from the heart of the
patient. The first ECG signals may be indicative of an
arrhythmia condition of the patient. The second ECG signals
may be indicative of a reaction of the heart to the one or
more therapeutic stimulation pulses.

[0012] The circuitry is configured to transmit the first ECG
signals via a first channel and to transmit the second ECG
signals via a second channel distinct from the first channel.
The at least one processor is coupled to the circuitry, the at
least one therapy electrode, and the at least two sensing
electrodes. The at least one processor is configured to
receive the first ECG signals via the first channel, to detect
the arrhythmia condition via the first ECG signals, to
execute the treatment protocol in response to detection of the
arrhythmia condition, to receive the second ECG signals via
the second channel, and to detect the reaction of the heart to
the one or more therapeutic stimulation pulses via the
second ECG signals.

[0013] In the ambulatory medical device, the reaction of
the heart may indicate one or more contractions induced by
the one or more therapeutic stimulation pulses. The first
channel may be a high gain channel and the second channel
may be a low gain channel. The high gain channel may
amplify the first ECG signal by 150-250 and the low gain
channel may amplify the second ECG signal by 1-10.
[0014] In another example, an ambulatory medical device
is provided. The ambulatory medical device includes a
plurality of therapy electrodes, at least two first sensing
electrodes, at least two second sensing electrodes, and at
least one processor. The plurality of therapy electrodes is
configured to couple externally to a skin of a patient at
opposite ends of a current path through a heart of the patient
to provide one or more therapeutic stimulation pulses to a
heart of the patient via the current path during execution of
a treatment protocol. The at least two first sensing electrodes
are distinct from the plurality of therapy electrodes and are
configured to couple externally to the skin of the patient to
acquire first electrocardiogram (ECG) signals from the heart
of the patient. Each sensing electrode of the at least two first
sensing electrodes has a first recovery time. The first ECG
signals may be indicative of an arrhythmia condition of the
patient.

[0015] The at least two second sensing electrodes are
distinct from the plurality of therapy electrodes and from the
at least two first sensing electrodes. The at least two sensing
electrodes are configured to couple externally to the skin of
the patient to acquire second ECG signals from the heart of
the patient during execution of the treatment protocol. Each
sensing electrode of the at least two second sensing elec-
trodes has a second recovery time that is less than the first
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recovery time. The second ECG signals may be indicative of
a reaction of the heart to the one or more therapeutic
stimulation pulses. The at least two second sensing elec-
trodes being positioned on a line orthogonal to the current
path.

[0016] The at least one processor is coupled to the plu-
rality of therapy electrodes, the at least two first sensing
electrodes, and the at least two second sensing electrodes.
The at least one processor is configured to detect the
arrhythmia condition via the first ECG signals, to execute
the treatment protocol in response to detection of the
arrhythmia condition, and to detect the reaction of the heart
to the one or more therapeutic stimulation pulses via the
second ECG signals.

[0017] In the ambulatory medical device, the reaction of
the heart may indicate one or more contractions induced by
the one or more therapeutic stimulation pulses. The at least
two first sensing electrodes may include dry electrodes and
the at least two second sensing electrodes may include
conductive electrodes. The ambulatory medical may further
include a gel dispenser configured to apply conductive gel
between the skin of the patient and the at least two second
sensing electrodes during execution of the treatment proto-
col. In the ambulatory medical device, each sensing elec-
trode of the at least two sensing electrodes may be posi-
tioned substantially equidistant from at least one therapy
electrode of the plurality of therapy electrodes. The line
orthogonal to the current path may substantially bisects the
current path. The ambulatory medical device may further
include a garment including a plurality of fasteners at
predefined locations, wherein the plurality of therapy elec-
trodes, the at least two first sensing electrodes, and the at
least two second sensing electrodes are configured to
attached to the plurality of fasteners.

[0018] In another example, an electrode arrangement is
provided. The electrode arrangement includes at least one
therapy electrode, at least two dry sensing electrodes, and at
least two conductive sensing electrodes. The at least one
therapy electrode is configured to couple externally to a skin
of a patient to provide one or more therapeutic stimulation
pulses to a heart of the patient during execution of a
treatment protocol. The at least two dry sensing electrodes
are distinct from the at least one therapy electrode and are
configured to couple externally to the skin of the patient to
acquire first electrocardiogram (ECG) signals from the heart
of the patient. Each sensing electrode of the at least two dry
sensing electrodes has a first recovery time. The first ECG
signals may be indicative of an arrhythmia condition of the
patient.

[0019] The at least two conductive sensing electrodes are
distinct from the at least one therapy electrode and from the
at least two dry sensing electrodes. The at least two con-
ductive sensing electrodes are configured to couple exter-
nally to the skin of the patient to acquire second ECG signals
from the heart of the patient during execution of the treat-
ment protocol. Each sensing electrode of the at least two
conductive sensing electrodes has a second recovery time
that is less than the first recovery time. The second ECG
signals may be indicative of a reaction of the heart to the one
or more therapeutic stimulation pulses. In the electrode
arrangement, the at least one therapy electrode, the at least
two dry sensing electrodes, and the at least two conductive
sensing electrodes may be disposed within a garment.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0020] Various aspects of at least one example are dis-
cussed below with reference to the accompanying figures,
which are not intended to be drawn to scale. The figures are
included to provide an illustration and a further understand-
ing of the various aspects and examples, and are incorpo-
rated in and constitute a part of this specification, but are not
intended to limit the scope of the disclosure. The drawings,
together with the remainder of the specification, serve to
explain principles and operations of the described and
claimed aspects and examples. In the figures, each identical
or nearly identical component that is illustrated in various
figures is represented by a like numeral. For purposes of
clarity, not every component may be labeled in every figure.
[0021] FIG. 1 depicts a wearable, ambulatory, external
medical device in accordance with at least one example
disclosed herein.

[0022] FIG. 2 depicts an arrangement of components of a
medical device controller in accordance with at least one
example disclosed herein.

[0023] FIG. 3 depicts a monitoring and treatment process
in accordance with at least one example disclosed herein.
[0024] FIG. 4 depicts a sensing electrode in accordance
with at least one example disclosed herein.

[0025] FIG. 5 depicts another sensing electrode in accor-
dance with at least one example disclosed herein.

[0026] FIG. 6 depicts a therapy pad in accordance with at
least one example disclosed herein.

[0027] FIG. 7 depicts recovery time values in accordance
with at least one example disclosed herein.

[0028] FIG. 8 depicts another monitoring and treatment
process in accordance with at least one example disclosed
herein.

[0029] FIG. 9 depicts conditioning circuitry in accordance
with at least one example disclosed herein.

[0030] FIG. 10 depicts additional conditioning circuitry in
accordance with at least one exaniple disclosed herein.
[0031] FIG. 11 depicts another monitoring and treatment
process in accordance with at least one example disclosed
herein.

[0032] FIG. 12 depicts an arrangement of electrodes in
accordance with at least one example disclosed herein.
[0033] FIG. 13 depicts conditioning circuitry in accor-
dance with at least one example disclosed herein.

[0034] FIG. 14 is a graph illustrating time period required
for an electrode to recover after issuance of a therapeutic
stimulation pulse in accordance with at least one example
disclosed herein.

[0035] FIG. 15 is another graph illustrating the time
required for an electrode to recover after issuance of a
therapeutic stimulation pulse in accordance with at least one
example disclosed herein.

DETAILED DESCRIPTION

General Overview

[0036] Transcutaneous pacing, which is also referred to as
external pacing, is a temporary approach to pacing a
patient’s heart during a medical emergency using external
therapy electrodes. Transcutaneous pacing may be accom-
plished by delivering pulses of electric energy through the
patient’s chest via the therapy electrodes. These pulses of
electric energy stimulate the heart to contract.
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[0037] Transcutaneous pacing may be used to treat bra-
dycardia, which is an abnormally slow heart rate. Examples
of bradycardia may be less than 40-60 beats per minute.
Typically, when bradycardia presents in a patient with a
history of cardiac health symptoms, emergency treatment
with transcutaneous pacing is required. Some common
causes of hemodynamically significant bradycardia include
myocardial infarction, sinus node dysfunction, and complete
heart block. Another condition that may requirement pacing
therapy is tachycardia, a condition typically characterized by
an abnormally fast heart rate, e.g., greater than 100 beats per
minute in adults.

[0038] Therapy electrodes that deliver the electric energy
to the patient during pacing are positioned about the
patient’s chest, e.g., in an anterior/lateral position or an
anterior/posterior position. During pacing, a preferred heart
rate, e.g., a physician prescribed rate, is selected. Further, a
preferred amount of electric current, e.g., selected to be in a
range of 25-200 mA (for a selected duration of between
about 2 ms to about 80 ms) is set, which is then increased
in small increments until capture is detected. For example,
capture can occur when the pacing stimulus leads to a
reaction of the patient’s heart to the electrical stimulus, e.g.,
a depolarization of the heart ventricles. Such a reaction can
be detected via electrocardiogram (ECG) sensors as a wid-
ening of the QRS complex and/or T wave morphology
changes following a corresponding pacing pulse. For
example, the deflection of the captured complex may be
positive or negative. A processor in a medical device
coupled to the therapy electrodes may acquire ECG signals
and monitor the ECG signals for an indication of capture,
e.g., monitor for, following an electrical pacing pulse, a
widening of the QRS complex over a threshold amount
and/or changes in T wave morphology that transgresses
predetermined thresholds.

[0039] As described above, during pacing, large electrical
currents relative to the patient’s intrinsic ECG signals are
transmitted across the patient’s chest to the heart. These
momentary currents can saturate the ECG sensing circuitry
for a period of time (e.g., between 2 ms to about 100 ms),
and consequently obscure the presence of useful ECG
activity including indications of capture. For example,
arrhythmia monitoring and detection circuits may be
designed to monitor for ECG signals that are in the range of
around 50 pV to around 5 mV, while pacing transients can
create high voltages of around 700 mV or more (even in the
presence of clamping diodes that limit the range of input
voltage). This disclosure relates to techniques that decrease
the time needed for a medical device to recover sensory
function subsequent to one or more sensors of the medical
device encountering electrical energy not intrinsically gen-
erated by a patient, such as a pacing transient. These
techniques may be employed, for instance, by medical
devices that acquire, analyze, and interpret ECG signals
generated by a patient’s cardiac function. More specifically,
such medical devices may include, as sensors, one or nore
sensing electrodes that acquire ECG signals from the
patient’s skin, and circuitry that conditions and converts the
acquired ECG signals to ECG data. These medical devices
may further include one or more processors that process the
ECG data to monitor the patient’s cardiac function.

[0040] As noted above, ECG data generated from ECG
signals acquired in or near the presence of electrical energy
not intrinsically generated by the patient may include artifact
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that obscures the actual ECG signal. For example, such
electrical energy may include therapeutic stimulation pulses
(e.g., defibrillation, cardioversion, or pacing pulses). Elec-
trical energy of this nature may saturate ECG acquisition
circuitry. While the electrodes and circuitry will recover, the
time required to do so (e.g., 80 ms-250 ms) may be sub-
stantial in view of the duration (e.g., 80-120 ms) of a QRS
wave indicative of capture. Consequently, therapeutic stimu-
lation pulses present a problem for the sensory and moni-
toring functions of medical devices. Some examples dis-
closed herein address these and other problems.

[0041] To enable rapid recovery of sensory function, some
examples disclosed herein include sensing electrodes with
different recovery times. In some implementations, a medi-
cal device uses a first set of electrodes to initially detect an
arrhythmia treatable by pacing (e.g., some forms of brady-
cardia and tachycardia) and uses a second set of electrodes
to detect the reaction of a patient’s heart to the pacing pulses
(e.g. detecting capture). In these example, the first set of
electrodes and associated circuitry are configured to have a
longer recovery time than the second set of electrodes and its
associated circuitry, but the first set of electrodes are suitable
for long-term continuous use that is comfortable for the
patient, while the second set may not be not suitable for
long-term continuous use. By utilizing the second set of
electrodes only for limited periods of time (e.g., when rapid
recovery from saturation is most needed such as when
monitoring for capture during pacing), these examples
decrease the recovery time required by the sensory functions
of the medical device when compared to medical devices
that employ only electrodes suitable for long-term continu-
ous use.

[0042] To recover sensory function rapidly, some
examples monitor a patient’s cardiac function by referring to
data generated by one of two or more distinctly conditioned
signals. For instance, in several examples, during times
other than a limited period near the provision of therapeutic
stimulation pulses, a medical device monitors the patient’s
cardiac function with reference to a first signal channel or
mode conditioned by a first circuit. In these examples,
during times within the limited period near the provision of
the therapeutic stimulation pulses, the medical device moni-
tors the reaction of the patient’s heart to the therapeutic
stimulation pulses with reference to a signal channel or
mode conditioned by a second circuit. By utilizing condi-
tioning circuitry that is tailored to the environment in which
the signals are acquired, medical devices in accord with
these examples recover sensory functions more quickly than
medical devices that condition all signals via the same
circuitry. Further, the medical devices described herein can
dynamically switch between the first circuit and second
circuit depending on the context.

[0043] To enable rapid recovery of sensory function, some
examples disclosed herein include electrodes disposed in
specific locations relative to known artifact generators. For
instance, in several examples, a medical device uses a set of
electrodes that are positioned orthogonally to a path tra-
versed by therapeutic stimulation pulses. By being disposed
in these locations, the set of electrodes encounters less
artifact and, therefore, requires less time to recover than sets
of electrodes positioned less advantageously.

[0044] In some examples, an arrangement of electrodes,
such as any of those described above, may be provided for
attachment to a patient so that a medical device connected to
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the arrangement may benefit from rapid recover times. In
several such examples, the arrangement is embedded within
a garment that, when properly fitted to the patient, disposes,
orients, and attaches each of the electrodes in the arrange-
ment to the patient. These and other examples will become
apparent to one of ordinary skill in light of the present
disclosure.

[0045] Therapeutic stimulation pulses are disruptive to the
sensory functions of medical devices due to the amount of
energy such pulses transfer to the patient’s body and the
medical devices’ sensors and circuitry relative to intrinsi-
cally generated patient signals such as ECG signals. For
example, normal ECG signals include a peak amplitude of
approximately 3 millivolts. In contrast, transcutaneous defi-
brillation pulses may impart from 60 to 400 joules of energy
and transcutaneous pacing pulses may impart from 10-250
milliamps (approximately 0.5-500 millijoules, depending on
patient impedance). When exposed to pulses with these
characteristics, conventional medical devices require sub-
stantial time to recovery their sensory function. For
example, medical devices employing conventional dry elec-
trodes may take anywhere from about 150 ms to about 500
ms to return to a baseline state after encountering a thera-
peutic electrical pulse. The medical device’s inability to
monitor a patient during this period of time can adversely
impact patient care. For example, an external pacing device
may be unable to initially determine whether a pacing pulse
resulted in capture of the patient’s heart due to a slow
recovery time.

[0046] Thus, and in accordance with the various examples
disclosed herein, techniques and apparatus for decreasing
recovery time are provided. These techniques and apparatus
enable medical devices to recover sensory function faster
than conventional medical devices. Faster sensory recovery,
in turn, enables these medical devices to monitor patients
more comprehensively and, in some examples, treat patients
more efliciently. For instance, pacing medical devices that
incorporate the techniques and apparatus disclosed herein
are able to determine whether pacing pulses result in capture
(e.g., whether myocardial depolarization occurs in response
pacing pulses). Similarly, monitoring medical devices that
incorporate the techniques and apparatus disclosed herein
are able to record and transmit a more complete account of
a patient’s cardiac activity. These and other functions of
medical devices can be enhanced using the techniques and
apparatus disclosed herein.

Example Medical Devices

[0047] The teachings of the present disclosure can be
generally applied to external medical monitoring and/or
treatment devices (e.g., devices that are not completely
implanted within the patient’s body). External medical
devices can include, for example, ambulatory medical
devices that are capable of and designed for moving with the
patient as the patient goes about his or her daily routine. An
example ambulatory medical device can be a wearable
medical device such as a wearable cardioverter defibrillator
(WCD), a wearable cardiac monitoring device, an in-hospi-
tal device such as an in-hospital wearable defibrillator, a
short-term wearable cardiac monitoring and/or therapeutic
device, mobile telemetry devices, and other similar wearable
medical devices.

[0048] The wearable medical device is capable of con-
tinuous (e.g., substantially or nearly continuous) use by the
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patient. In some implementations, the continuous use may
be substantially or nearly continuous in nature. That is, the
wearable medical device may be continuously used, except
for sporadic periods during which the use temporarily ceases
(e.g., while the patient bathes, while the patient is refit with
a new and/or a different garment, while the battery is
charged/changed, while the garment is laundered, etc.). Such
substantially or nearly continuous use as described herein
may nonetheless qualify as continuous use. For example, the
wearable medical device can be configured to be worn by a
patient for as many as 24 hours a day. In some implemen-
tations, the patient may remove the wearable medical device
for a short portion of the day (e.g., for half an hour to bathe).
[0049] Further, the wearable medical device can be con-
figured as a long term or extended use medical device. Such
devices can be configured to be used by the patient for an
extended period of several days, weeks, months, or even
years. In some examples, the wearable medical device can
be used by a patient for an extended period of at least one
week. In some examples, the wearable medical device can
be used by a patient for an extended period of at least 30
days. In some examples, the wearable medical device can be
used by a patient for an extended period of at least one
month. In some examples, the wearable medical device can
be used by a patient for an extended period of at least two
months. In some examples, the wearable medical device can
be used by a patient for an extended period of at least three
months. In some examples, the wearable medical device can
be used by a patient for an extended period of at least six
months. In some examples, the wearable medical device can
be used by a patient for an extended period of at least one
year. In some implementations, the extended use can be
uninterrupted until a physician or other caregiver provides
specific instruction to the patient to stop use of the wearable
medical device.

[0050] Regardless of the extended period of wear, the use
of the wearable medical device can include continuous or
nearly continuous wear by the patient as described above.
For example, the continuous use can include continuous
wear or attachment of the wearable medical device to the
patient, e.g., through one or more of the electrodes as
described herein, during both periods of monitoring and
periods when the device may not be monitoring the patient
but is otherwise still worn by or otherwise attached to the
patient. The wearable medical device can be configured to
continuously monitor the patient for cardiac-related infor-
mation (e.g., ECG information, including arrhythmia infor-
mation, heart sounds, etc.) and/or non-cardiac information
(e.g., blood oxygen, the patient’s temperature, glucose lev-
els, tissue fluid levels, and/or lung sounds). The wearable
medical device can carry out its monitoring in periodic or
aperiodic time intervals or times. For example, the moni-
toring during intervals or times can be triggered by a user
action or another event.

[0051] As noted above, the wearable medical device can
be configured to monitor other physiologic parameters of the
patient in addition to cardiac related parameters. For
example, the wearable medical device can be configured to
monitor, for example, lung sounds (e.g., using microphones
and/or accelerometers), breath sounds, sleep related param-
eters (e.g., snoring, sleep apnea), tissue fluids (e.g., using
radio-frequency transmitters and sensors), among others.
[0052] Other example wearable medical devices include
automated cardiac monitors and/or defibrillators for use in
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certain specialized conditions and/or environments such as
in combat zones or within emergency vehicles. Such devices
can be configured so that they can be used immediately (or
substantially immediately) in a life-saving emergency. In
some examples, the wearable medical devices described
herein can be pacing-enabled, e.g., capable of providing
therapeutic pacing pulses to the patient.

[0053] In implementations, an example therapeutic medi-
cal device can include an in-hospital continuous monitoring
defibrillator and/or pacing device, for example, an in-hos-
pital wearable defibrillator. In such an example, the elec-
trodes can be adhesively attached to the patient’s skin. For
example, the electrodes can include disposable adhesive
electrodes. For example, the electrodes can include sensing
and therapy components disposed on separate sensing and
therapy electrode adhesive patches. In some implementa-
tions, both sensing and therapy components can be inte-
grated and disposed on a same electrode adhesive patch that
is then attached to the patient. In an example implementa-
tion, the electrodes can include a front adhesively attachable
therapy electrode, a back adhesively attachable therapy
electrode, and a plurality of adhesively attachable sensing
electrodes. For example, the front adhesively attachable
therapy electrode attaches to the front of the patient’s torso
to deliver pacing or defibrillating therapy. Similarly, the
back adhesively attachable therapy electrode attaches to the
back of the patient’s torso. In an example scenario, at least
three ECG adhesively attachable sensing electrodes can be
attached to at least above the patient’s chest near the right
arm, above the patient’s chest near the left arm, and towards
the bottom of the patient’s chest in a manner prescribed by
a trained professional.

[0054] A patient being monitored by an in-hospital defi-
brillator and/or pacing device may be confined to a hospital
bed or room for a significant amount of time (e.g., 90% or
more of the patient’s stay in the hospital). As a result, a user
interface can be configured to interact with a user other than
the patient, e.g., a nurse, for device-related functions such as
initial device baselining, setting and adjusting patient
parameters, and changing the device batteries.

[0055] In implementations, an example of a therapeutic
medical device can include a short-term continuous moni-
toring defibrillator and/or pacing device, for example, a
short-term outpatient wearable defibrillator. For example,
such a short-term outpatient wearable defibrillator can be
prescribed by a physician for patients presenting with syn-
cope. A wearable defibrillator can be configured to monitor
patients presenting with syncope by, e.g., analyzing the
patient’s cardiac activity for aberrant patterns that can
indicate abnormal physiological function. For example, such
aberrant patterns can occur prior to, during, or after the onset
of symptoms. In such an example implementation of the
short-term wearable defibrillator, the electrode assembly can
be adhesively attached to the patient’s skin and have a
similar configuration as the in-hospital defibrillator
described above.

[0056] In some implementations, the medical device may
be a patient monitoring device with no treatment or therapy
functions. For example, such a patient monitoring device
can include a cardiac monitoring device or a cardiac monitor
that is configured to monitor one or more cardiac physi-
ological parameters of a patient, e.g., for remotely monitor-
ing and/or diagnosing a condition of the patient. For
example, such cardiac physiological parameters may include
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a patient’s electrocardiogram (ECG) information, heart
sounds (e.g., using accelerometers or microphones), and
other related cardiac information. A cardiac monitoring
device is a portable device that the patient can carry around
as he or she goes about their daily routine. The cardiac
monitor may be configured to detect the patient’s ECG
through a plurality of cardiac sensing electrodes. For
example, a cardiac monitor may be attached to a patient via
at least three adhesive cardiac sensing electrodes disposed
about the patient’s torso. Such cardiac monitors are used in
mobile cardiac telemetry (MCT) and/or contiruous cardiac
event monitoring applications, e.g., in patient populations
reporting irregular cardiac symptoms and/or conditions.
Example cardiac conditions can include atrial fibrillation,
bradycardia, tachycardia, atrio-ventricular block, Lown-
Ganong-Levine syndrome, atrial flutter, sino-atrial node
dysfunction, cerebral ischemia, syncope, atrial pause, and/or
heart palpitations. For example, such patients may be pre-
scribed a cardiac monitor for an extended period of time,
e.g., 10 to 30 days, or more. In some mobile cardiac
telemetry applications, a portable cardiac monitor can be
configured to substantially continuously monitor the patient
for a cardiac anomaly, and when such an anomaly is
detected, the monitor may automatically send data relating
to the anomaly to a remote server. The remote server may be
located within a 24-hour manned monitoring center, where
the data is interpreted by qualified, cardiac-trained reviewers
and/or caregivers, and feedback provided to the patient
and/or a designated caregiver via detailed periodic or event-
triggered reports. In certain cardiac event monitoring appli-
cations, the cardiac monitor is configured to allow the
patient to manually press a button on the cardiac monitor to
report a symptom. For example, a patient may report symp-
toms such as a skipped beat, shortness of breath, light
headedness, racing heart rate, fatigue, fainting, chest dis-
comfort, weakness, dizziness, and/or giddiness. The cardiac
monitor can record predetermined physiologic parameters of
the patient (e.g., ECG information) for a predetermined
amount of time (e.g., 1-30 minutes before and 1-30 minutes
after a reported symptom). The cardiac monitor can be
configured to monitor physiologic parameters of the patient
other than cardiac related parameters. For example, the
cardiac monitor can be configured to monitor, for example,
heart sounds (e.g., using accelerometers or microphones),
lung sounds, breath sounds, sleep related parameters (e.g.,
snoring, sleep apnea), tissue fluids, among others.

[0057] FIG. 1 illustrates an example medical device 100
that is external, ambulatory, and wearable by a patient 102,
and configured to use one or more of the techniques
described herein to rapidly recover sensory function after the
patient 102 receives a therapeutic electrical pulse. For
example, the medical device 100 can be a non-invasive
medical device configured to be located substantially exter-
nal to the patient. Such a medical device 100 can be, for
example, an ambulatory medical device that is capable of
and designed for moving with the patient as the patient goes
about his or her daily routine. For example, the medical
device 100 as described herein can be bodily-attached to the
patient such as the LifeVest® wearable cardioverter defi-
brillator available from ZOLL® Medical Corporation. Such
wearable defibrillators typically are worn nearly continu-
ously or substantially continuously for two to three months
at a time. During the period of time in which they are worn
by the patient, the wearable defibrillator can be configured
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to continuously or substantially continuously monitor the
vital signs of the patient and, upon determination that
treatment is required, can be configured to deliver one or
more therapeutic stimulation pulses to the patient. For
example, such therapeutic shocks can be pacing, defibrilla-
tion, or transcutaneous electrical nerve stimulation (TENS)
pulses.

[0058] The medical device 100 can include one or more of
the following: a garment 110, one or more sensing electrodes
112 (e.g., anterior/posterior ECG electrodes 112a and side/
side ECG electrodes 112b), one or more therapy electrodes
114 (e.g. anterior therapy electrode 114a and posterior
electrodes 1145), a medical device controller 120, a con-
nection pod 130, a patient interface pod 140, a belt 150, or
any combination of these. In some examples, at least some
of the components of the medical device 100 can be con-
figured to be affixed to the garment 110 (or in some
examples, permanently integrated into the garment 110),
which can be wormn about the patient’s torso.

[0059] The medical device controller 120 can be opera-
tively coupled to the sensing electrodes 112, which can be
affixed to the garment 110, e.g., assembled into the garment
110 or removably attached to the garment, e.g., using hook
and loop fasteners. In some implementations, the sensing
electrodes 112 can be permanently integrated into the gar-
ment 110. The medical device controller 120 can be opera-
tively coupled to the therapy electrodes 114. For example,
the therapy electrodes 114 can also be assembled into the
garment 110, or, in some implementations, the therapy
electrodes 114 can be permanently integrated into the gar-
ment 110.

[0060] Component configurations other than those shown
in FIG. 1 are possible. For example, the sensing electrodes
112 can be configured to be attached at various positions
about the body of the patient 102. One such configuration,
which decreases recovery time for the sensory functions of
the medical device 100, is described further below with
reference to FIG. 12. The sensing electrodes 112 can be
operatively coupled to the medical device controller 120
through the connection pod 130. In some implementations,
the sensing electrodes 112 can be adhesively attached to the
patient 102. In some implementations, the sensing electrodes
112 and therapy electrodes 114 can be included on a single
integrated patch and adhesively applied to the patient’s
body.

[0061] Example sensing electrodes 112 can include dry
electrodes or conductive electrodes as described in further
detail below. In some examples, the therapy electrodes 114
can also be configured to include sensors configured to
detect ECG signals as well as other physiological signals of
the patient. The connection pod 130 can, in some examples,
include a signal processor configured to amplify, filter, and
digitize these cardiac signals prior to transmitting the cardiac
signals to the medical device controller 120. One or more
therapy electrodes 114 can be configured to deliver one or
more therapeutic defibrillating shocks to the body of the
patient 102 when the medical device 100 determines that
such treatment is warranted based on the signals detected by
the sensing electrodes 112 and processed by the medical
device controller 120. Example therapy electrodes 114 can
include conductive metal electrodes such as stainless steel
electrodes that include, in certain implementations, one or
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more conductive gel deployment devices configured to
deliver conductive gel to the metal electrode prior to deliv-
ery of a therapeutic shock.

[0062] In some implementations, medical devices as
described herein can be configured to switch between a
therapeutic medical device and a monitoring medical device
that is configured to only monitor a patient (e.g., not provide
or perform any therapeutic functions). For example, thera-
peutic components such as the therapy electrodes 114 and
associated circuitry can be optionally decoupled from (or
coupled to) or switched out of (or switched in to) the medical
device. For example, a medical device can have optional
therapeutic elements (e.g., defibrillation and/or pacing elec-
trodes, components, and associated circuitry) that are con-
figured to operate in a therapeutic mode. The optional
therapeutic elements can be physically decoupled from the
medical device as a means to convert the therapeutic medi-
cal device into a monitoring medical device for a specific use
(e.g., for operating in a monitoring-only mode) or a patient.
Alternatively, the optional therapeutic elements can be deac-
tivated (e.g., by means or a physical or a software switch),
essentially rendering the therapeutic medical device as a
monitoring medical device for a specific physiologic pur-
pose or a particular patient. As an example of a software
switch, an authorized person can access a protected user
interface of the medical device and select a preconfigured
option or perform some other user action via the user
interface to deactivate the therapeutic elements of the medi-
cal device 100.

WMD/WCD Controller Description

[0063] FIG. 2 illustrates a sample component-level view
of the medical device controller 120. As shown in FIG. 2, the
medical device controller 120 can include a therapy delivery
circuit 202, a data storage 204, a network interface 206, a
user interface 208, at least one battery 210, a sensor interface
212, a cardiac monitor 214, a treatment controller 216, and
least one processor 218. A patient monitoring medical
device can include a medical device controller 120 that
includes like components as those described above, but does
not include the therapy delivery circuit 202 (shown in dotted
lines).

[0064] The therapy delivery circuit 202 can be coupled to
one or more electrodes 220 configured to provide therapy to
the patient (e.g., therapy electrodes 114a-b as described
above in connection with FIG. 1). For example, the therapy
delivery circuit 202 can include, or be operably connected
to, circuitry components that are configured to generate and
provide the therapeutic electrical pulse or shock. The cir-
cuitry components can include, for example, resistors,
capacitors, relays and/or switches, electrical bridges such as
an h-bridge (e.g.. including a plurality of insulated gate
bipolar transistors or IGBTs), voltage and/or current mea-
suring components, and other similar circuitry components
arranged and connected such that the circuitry components
work in concert with the therapy delivery circuit and under
control of one or more processors (e.g., processor 218) to
provide, for example, one or more pacing or defibrillation
therapeutic pulses.

[0065] Pacing pulses can be used to treat cardiac arrhyth-
mias such as bradycardia (e.g., less than 30 beats per minute)
and tachycardia (e.g., more than 150 beats per minute)
using, for example, fixed rate pacing, demand pacing, anti-
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tachycardia pacing, and the like. Defibrillation pulses can be
used to treat ventricular tachycardia and/or ventricular fibril-
lation.

[0066] The capacitors can include a parallel-connected
capacitor bank consisting of a plurality of capacitors (e.g.,
two, three, four or more capacitors). These capacitors can be
switched into a series connection during discharge for a
defibrillation pulse. For example, four capacitors of approxi-
mately 650 uF can be used. The capacitors can have between
350 to 500 volt surge rating and can be charged in approxi-
mately 15 to 30 seconds from a battery pack, such as the at
least one battery 210.

[0067] For example, each defibrillation pulse can deliver
between 60 to 180 joules of energy. In some implementa-
tions, the defibrillating pulse can be a biphasic truncated
exponential waveform, whereby the signal can switch
between a positive and a negative portion (e.g., charge
directions). This type of waveform can be effective at
defibrillating patients at lower energy levels when compared
to other types of defibrillation pulses (e.g., such as mono-
phasic pulses). For example, an amplitude and a width of the
two phases of the energy waveform can be automatically
adjusted to deliver a precise energy amount (e.g., 150 joules)
regardless of the patient’s body impedance. The therapy
delivery circuit 202 can be configured to perform the switch-
ing and pulse delivery operations, e.g., under control of the
processor 218. As the energy is delivered to the patient, the
amount of energy being delivered can be tracked. For
example, the amount of energy can be kept to a predeter-
mined constant value even as the pulse waveform is dynami-
cally controlled based on factors such as the patient’s body
impedance which the pulse is being delivered.

[0068] The data storage 204 can include one or more of
non-transitory computer readable media, such as flash
memory, solid state memory, magnetic memory, optical
memory, cache memory, combinations thereof, and others.
The data storage 204 can be configured to store executable
instructions and data used for operation of the medical
device controller 120. In certain implementations, the data
storage can include executable instructions that, when
executed, are configured to cause the processor 218 to
perform one or more functions.

[0069] In some examples, the network interface 206 can
facilitate the communication of information between the
medical device controller 120 and one or more other devices
or entities over a communications network. For example,
where the medical device controller 120 is included in an
ambulatory medical device (such as medical device 100), the
network interface 206 can be configured to communicate
with a remote computing device such as a remote server or
other similar computing device.

[0070] In certain implementations, the user interface 208
can include one or more physical interface devices such as
input devices, output devices, and combination input/output
devices and a software stack configured to drive operation of
the devices. These user interface elements may render
visual, audio, and/or tactile content, including content relat-
ing to location-specific processing. Thus the user interface
208 may receive input or provide output, thereby enabling a
user to interact with the medical device controller 120.
[0071] The medical device controller 120 can also include
at least one battery 210 configured to provide power to one
or more components integrated in the medical device con-
troller 120. The battery 210 can include a rechargeable
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multi-cell battery pack. In one example implementation, the
battery 210 can include three or more 2200 mAh lithium ion
cells that provide electrical power to the other device
components within the medical device controller 120. For
example, the battery 210 can provide its power output in a
range of between 20 mA to 1000 mA (e.g., 40 mA) output
and can support 24 hours, 48 hours, 72 hours, or more, of
runtime between charges. In certain implementations, the
battery capacity, runtime, and type (e.g., lithium ion, nickel-
cadmium, or nickel-metal hydride) can be changed to best fit
the specific application of the medical device controller 120.

[0072] The sensor interface 212 can be coupled to one or
more sensors configured to monitor one or more physiologi-
cal parameters of the patient. As shown, the sensors may be
coupled to the medical device controller 120 via a wired or
wireless connection. The sensors can include one or more
electrocardiogram (ECG) electrodes 222 (e.g., similar to
sensing electrodes 112 as described above in connection
with FIG. 1), heart sounds sensors 224, and tissue fluid
monitors 226 (e.g., based on ultra-wide band radiofrequency
devices). As such, the sensor interface 212 may include
amplifiers and analog to digital converters to condition and
digitize signals acquired by the sensors.

[0073] The ECG electrodes 222 can monitor a patient’s
ECG information. For example, the ECG electrodes 222 can
be conductive and/or dry electrodes configured to measure
changes in a patient’s electrophysiology to measure the
patient’s ECG information. The ECG electrodes 222 can
transmit information descriptive of the ECG signals to the
sensor interface 212 for subsequent analysis.

[0074] The heart sounds sensors 224 can detect a patient’s
heart sound information. For example, the heart sounds
sensors 224 can be configured to detect heart sound values
including any one or all of S1, S2, S3, and S4. From these
heart sound values, certain heart sound metrics may be
calculated, including any one or more of electromechanical
activation time (EMAT), percentage of EMAT (% EMAT),
systolic dysfunction index (SDI), and left ventricular sys-
tolic time (LVST). The heart sounds sensors 224 can include
an acoustic sensor configured to detect sounds from a
subject’s cardiac system and provide an output signal
responsive to the detected heart sounds. The heart sounds
sensors 224 can also include a multi-channel accelerometer,
for example, a three channel accelerometer configured to
sense movement in each of three orthogonal axes such that
patient movement/body position can be detected and corre-
lated to detected heart sounds information. The heart sounds
sensors 224 can transmit information descriptive of the heart
sounds information to the sensor interface 212 for subse-
quent analysis.

[0075] The tissue fluid monitors 226 can use radio fre-
quency (RF) based techniques to assess fluid levels and
accumulation in a patient’s body tissue. For example, the
tissue fluid monitors 226 can be configured to measure fluid
content in the lungs, typically for diagnosis and follow-up of
pulmonary edema or lung congestion in heart failure
patients. The tissue fluid monitors 226 can include one or
more antennas configured to direct RF waves through a
patient’s tissue and measure output RF signals in response to
the waves that have passed through the tissue. In certain
implementations, the output RF signals include parameters
indicative of a fluid level in the patient’s tissue. The tissue
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fluid monitors 226 can transmit information descriptive of
the tissue fluid levels to the sensor interface 212 for subse-
quent analysis.

[0076] The sensor interface 212 can be coupled to any one
or combination of sensing electrodes/other sensors to
receive other patient data indicative of patient parameters.
Once data from the sensors has been received by the sensor
interface 212, the data can be directed by the processor 218
to an appropriate component within the medical device
controller 120. For example, if heart data is collected by
heart sounds sensor 224 and transmitted to the sensor
interface 212, the sensor interface 212 can transmit the data
to the processor 218 which, in turn, relays the data to the
cardiac monitor 214 and/or the treatment controller 216.
This data can also be stored on the data storage 204.

[0077] According to some examples illustrated by FIG. 2,
the cardiac monitor 214 is configured to initiate and control
monitoring of a patient’s cardiac function and identification
of arrhythmias experienced by the patient. When executing
according to this configuration, in some examples, the
cardiac monitor 214 detects arrhythmias by scanning ECG
data received from the sensor interface 212 for patterns (e.g.
heart rates) indicative of arrhythmias. Responsive to iden-
tifying a data pattern indicative of an arrhythmia, the cardiac
monitor 214 initiates the treatment controller 216. Accord-
ing to various examples, to identify arrhythmias, the cardiac
monitor 214 executes sub-processes that are specific to one
or more rapid recovery techniques implemented in the
example. Examples of these sub-processes are described
further below with reference to FIGS. 3, 5, and 8.

[0078] According to some examples illustrated by FIG. 2,
the treatment controller 216 is configured to initiate and
control treatment of an arrhythmia identified by the cardiac
monitor 214. When executing according to this configura-
tion, in some examples, the treatment controller 216
executes a treatment protocol specific to the particular
identified arrhythmia. For instance, the treatment controller
216 may pace a patient experiencing bradycardia or ven-
tricular tachycardia or may defibrillate a patient experienc-
ing atrial or ventricular fibrillation. In some examples, the
treatment controller 216 initiates deployment of electrically
conductive gel as part of the treatment protocol. Also, in
some examples, the treatment controller 216 monitors the
reaction of the patient’s heart to the treatment protocol and
takes further action based on the reaction of the patient’s
heart. This further action may include altering the treatment
protocol and/or escalating notifications to external parties.
According to various examples, to treat arrhythmias, the
treatment controller 216 executes sub-processes that are
specific to one or more rapid recovery techniques imple-
mented in the example. Examples of these sub-processes are
described further below with reference to FIGS. 3, 5, and 8.
In some examples, the treatment controller 216 is configured
to execute one or more software filters that decrease artifacts
present in ECG signals acquired by electrodes that have not
fully recovered from a therapeutic stimulation pulse. With-
out such filtering, the polarization artifact may adversely
affect analysis of the ECG signals for the entire recovery
time period. However, with the software filtering in place,
the ECG signals can be satisfactory analyzed starting at
approximately 80-150 milliseconds after provision of the
therapeutic stimulation pulse, depending on the type of
electrode used to acquire the ECG signals (e.g., with con-
ductive electrodes being at the lower end of this range).
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[0079] Both the cardiac monitor 214 and the treatment
controller 216 can be implemented using hardware or a
combination of hardware and software. For instance, in
some examples, the cardiac monitor 214 and/or the treat-
ment controller 216 are implemented as software compo-
nents that are stored within the data storage 204 and
executed by the processor 218. In this example, the instruc-
tions included in the cardiac monitor 214 and/or the treat-
ment controller 216 can cause the processor 218 to monitor
for, detect, and treat arrhythmias. In other examples, the
cardiac monitor 214 and/or the treatment controller 216 are
application-specific integrated circuits (ASICs) that are
coupled to the processor 218 and configured to monitor for,
detect, and treat arrhythmias. Thus, examples the cardiac
monitor 214 and the treatment controller 216 are not limited
to a particular hardware or software implementation.
[0080] In some implementations, the processor 218
includes one or more processors (or one or more processor
cores) that each are configured to perform a series of
instructions that result in manipulated data and/or control the
operation of the other components of the medical device
controller 120. In some implementations, when executing a
specific process (e.g., cardiac monitoring, treatment, etc.),
the processor 218 can be configured to make specific logic-
based determinations based on input data received, and be
further configured to provide one or more outputs that can be
used to control or otherwise inform subsequent processing to
be carried out by the processor 218 and/or other processors
or circuitry with which processor 218 is communicatively
coupled. Thus, the processor 218 reacts to specific input
stimulus in a specific way and generates a corresponding
output based on that input stimulus. In some example cases,
the processor 218 can proceed through a sequence of logical
transitions in which various internal register states and/or
other bit cell states internal or external to the processor 218
may be set to logic high or logic low. As referred to herein,
the processor 218 can be configured to execute a function
where software is stored in a data store coupled to the
processor 218, the software being configured to cause the
processor 218 to proceed through a sequence of various
logic decisions that result in the function being executed.
The various components that are described herein as being
executable by the processor 218 can be implemented in
various forms of specialized hardware, software, or a com-
bination thereof. For example, the processor can be a digital
signal processor (DSP) such as a 24-bit DSP processor. The
processor can be a multi-core processor, e.g., having two or
more processing cores. The processor can be an Advanced
RISC Machine (ARM) processor such as a 32-bit ARM
processor. The processor can execute an embedded operat-
ing system, and include services provided by the operating
system that can be used for file system manipulation, display
& audio generation, basic networking, firewalling, data
encryption and communications.

Overview of Various Rapid Recovery Features

[0081] Medical devices in accord with various examples
disclosed herein utilize one or more of a variety of features
to recover sensory functions more rapidly than conventional
medical devices. Prior to describing each of these features in
detail, a brief overview will be provided for each.

[0082] A first set of examples can be described with
combined reference to FIGS. 1 and 2. These examples are
configured to advantageously leverage differences between
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a first type of sensing electrode and a second type of sensing
electrode that has a shorter recovery time than the first type
of sensing electrode. When executing according to these
configurations in some examples, a medical device (e.g., the
medical device 100) operates in a monitoring mode and/or
a treatment mode. In monitoring mode, the medical device
acquires and processes ECG signals using components suit-
able for long term patient monitoring. In treatment mode, the
medical device acquires and processes ECG signal using
components suitable for short term patient treatment (e.g,,
via pacing). As described further below, the components
used in the treatment mode have substantially faster recov-
ery times than those used in the monitoring mode.

[0083] More specifically, when operating in the monitor-
ing mode, the medical device uses one or more sensing
electrodes of the first type (e.g. side/side electrodes 1124) to
acquire ECG signals from a patient’s (e.g., the patient 102)
heart. Also, while operating in the monitoring mode, at least
one processor (e.g., the at least one processor 218) of the
medical device receives, from a sensor interface (e.g., the
sensor interface 212), processed ECG data representative of
the acquired ECG signals. The at least one processor pro-
vides the ECG data to a cardiac monitor (e.g., the cardiac
monitor 214). The cardiac monitor processes the ECG data
to monitor the patient’s cardiac function. Should the cardiac
monitor indicate that the patient is experiencing an arrhyth-
mia condition (e.g., bradycardia, tachycardia, asystole,
pulseless electrical activity, atrial flutter, or erratic heart
rate), the medical device shifts into the treatment mode.

[0084] When operating in the treatment mode, the medical
device uses one or more sensing electrodes of the second
type (e.g., anterior/posterior electrodes 1124) to acquire
ECG signals from the patient’s heart. Also, while operating
in the treatment mode, the at least one processor receives,
from the sensor interface, processed ECG data representa-
tive of these acquired ECG signals. The at least one pro-
cessor provides the ECG data to a treatment controller (e.g,,
the treatment controller 216). The treatment controller
executes a treatment protocol in which at least one therapy
electrode (e.g., the therapy electrodes 114) of the medical
device provides one or more therapeutic stimulation pulses
to the patient’s heart. Also, within the treatment mode, the
treatment controller monitors the patient’s heart via the ECG
data for a reaction to the one or more therapeutic stimulation
pulses. This reaction may include, for example, one or more
contractions induced by the therapeutic stimulation pulses.

[0085] In some examples, the first type of sensing elec-
trodes includes dry electrodes, and the second type of
sensing electrodes includes conductive electrodes. In an
implementation, a dry electrode can include a metal sub-
strate with an oxide coating deposited on the substrate. For
example, such a dry electrode can include tantalum-tantalum
pentoxide electrodes, as described in, for example, U.S. Pat.
No. 6,253,099 titled “Cardiac Monitoring Electrode Appa-
ratus and Method,” which is hereby incorporated herein by
reference in its entirety. For example, a dry electrode can be
constructed by forming a tantalum metal substrate, and
depositing a tantalum pentoxide layer on the metal surface.
An anodizing process can be used to form the oxide layer.
The oxide layer can cover an entire surface of the metal
substrate including the outer edges. Such a dry electrode can
be placed directly on a patient’s skin to acquire ECG signals
without the presence of an electrolyte. A dry electrode can
be regarded as having characteristics close to a polarizable
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electrode, for example, because no actual charge transfers
across the electrode interface. In this sense, a dry electrode
behaves like a capacitor where it can be regarded as sensing
displacement current across the electrode interface rather
than actual charge transfer across the interface.

[0086] In certain examples, a conductive electrode can
include a foundational layer (e.g., made of foam), an elec-
trically conductive element (e.g., made of tin, silver-silver
chloride, etc.), and an electrolytic gel layer (e.g., made of
hydrogel) that electrically couples the conductive element to
the patient’s skin. This electrolytic layer may be applied
manually by a healthcare provider or may be disposed
automatically by a gel dispenser positioned near the con-
ductive electrode. A conductive electrode can be regarded as
having characteristics close to a non-polarizable electrode,
for example, because the conductive electrode senses actual
charge transfer or current that passes across the electrode-
electrolytic interface based on ionic conduction on the
patient’s skin.

[0087] Because conductive electrodes in operation behave
more like resistors, they tend to have a shorter or faster
recovery time than dry electrodes, which behave like leaky
capacitors. More specifically, dry electrodes generally have
a recovery time of between approximately 150 milliseconds
and approximately 400 milliseconds, where the recovery
time includes an amount of time required for the sensing
electrodes and/or associated ECG circuitry to return to a
baseline level after encountering a saturating signal. In
contrast, conductive electrodes generally have a recovery
time between approximately 80 milliseconds and 200 mil-
liseconds.

[0088] A saturating signal as described herein can be an
electrical pulse, such as a defibrillation or pacing pulse, that
is applied by an external electrode and that appears as a
differential signal between two sensing electrodes. As such,
the power of a saturating signal is generally outside the
range of typical patient generated ECG signals. To prevent
a saturating signal from disrupting ECG signal acquisition,
some example medical devices disclosed herein are config-
ured to implement a blanking interval. During a blanking
interval, ECG signal acquisition circuitry is disconnected
from sensing electrodes and/or ECG signals acquired are
ignored. The timing and duration of a blanking interval may
be based on the time that a therapeutic electrical pulse is
issued and the recovery time of the type of sensing electrode
being used to detect ECG signals. Once example of switch
circuitry that is configured to implement a blanking interval
is described further below with reference to FIG. 13.
[0089] In some examples, the conductive electrodes may
be included in an electrode assembly that further includes a
gel dispenser under the control of the treatment controller.
The gel dispenser may house and deploy electrically con-
ductive gel to increase the quality of the electrical connec-
tion between the conductive electrode and the skin of the
patient should pacing and/or defibrillation be needed. In
some examples, the gel dispenser and the conductive elec-
trodes are incorporated into a therapy pad that includes the
therapy electrodes. In other examples, the conductive elec-
trodes are incorporated into an electrode assembly with at
least one dry electrode. In still other examples, the conduc-
tive electrodes and the dry electrodes are housed within
physically distinct electrode assemblies. These and other
features of these examples are described further below with
reference to FIGS. 3-7.
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[0090] While the first set of examples leverage differences
in recovery times of different types of sensing electrodes to
decrease recovery time of medical device functionality, a
second set of examples alternatively or additionally leverage
distinct processing modes to a similar effect. For instance, as
described further below with reference to FIGS. 8-10, some
examples of the medical device, the sensor interface 212
includes circuitry configured to condition acquired ECG
signals via two or more distinct processing modes. For
example, the two or more distinct processing modes may be
implemented by providing two or more distinct circuit paths
or channels for processing each ECG signal from the patient.
Accordingly, the at least one processor can be configured to
refer to ECG data conditioned via these distinct circuits
when monitoring and treating the patient. A first circuit path
of the two or more distinct circuit paths may be configured
to condition signals acquired during a cardiac monitoring
period when the device is monitoring the patient’s ECG for
cardiac arrhythmias. A second circuit path, on the other
hand, may be configured to condition signals acquired
during a treatment period near and subsequent to (e.g.,
within approximately 200 ms or more, depending on circuit
design) the provision of one or more therapeutic stimulation
pulses by the therapy electrode. For example, the first circuit
path or channel may include high gain circuit elements
configured to amplify acquired electrical signals sensed by
the ECG electrodes 222 by a gain in a range of, e.g,
100-1000. The second circuit or channel may include low
gain circuit elements (e.g., amplifiers with a lower gain
relative to amplifiers used in the first circuit path) and
configured to amplify electrical signals also sensed by the
ECG electrodes 222 by a gain in a range of, e.g., 10-500.
Depending on circuit design and configuration, other gain
values are possible. It is understood, however, that the
second circuit for detecting and monitoring pacing capture is
configured with lower gain circuit elements in order to speed
up circuit recovery following a saturating pacing transient.
Additional circuits with varying gains are possible. In opera-
tion, the processor can dynamically switch between the
different circuits to determine an appropriate gain setting to
determine capture. For example, the processor can have a
default gain setting for arrhythmia monitoring, and switch to
other gain modes or channels during a treatment period to
identify evidence of capture. These and other features of
these examples are described further below with reference to
FIGS. 8-10.

[0091] A third set of examples arrange sensing electrodes
and therapy electrodes in a specific layout to enable rapid
recovery of medical device sensory functionality. For
example, with reference to FIGS. 1 and 2, in some examples
of the medical device the sensing electrodes and therapy
electrodes are arranged in a specific layout that minimizes
the amount of energy imparted by the therapy electrodes that
is encountered by the sensing electrodes. In some of these
examples, the layout of the electrodes specifies that the
therapy electrodes be positioned at opposite ends of a
current path that intersects the patient’s heart. The layout
also specifies that the sensing electrodes be positioned along
a line orthogonal to the current path. The layout may further
specify that the line orthogonal to the current path bisects the
current path and/or that each sensing electrode be positioned
equidistant from a therapy electrode. Positioned thusly, the
sensing electrodes are more likely to encounter less artifact
from the one or more therapeutic stimulation pulses pro-
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vided by the therapy electrodes. In some examples, the
layout is embedded within a garment (e.g., the garment 110).
Further, in some examples, the sensing electrodes include a
first type of sensing electrode and a second type of sensing
electrode that has a shorter recovery time than the first type
of sensing electrode. The first type of sensing electrode may
include dry electrodes, and the second type of sensing
electrode may include conductive electrodes. These first and
second types of sensing electrodes may be used by the
medical device to monitor the patient, when executing in a
monitoring mode, and treat the patient, when executing in a
treatment mode, as described above. These and other fea-
tures of these examples are described further below with
reference to FIGS. 11 and 12.

Example Implementations

[0092] Some examples enable rapid recovery of sensory
function by leveraging differences in recovery times
between different types of sensing electrodes. In some of
these examples, the cardiac monitor and the treatment con-
troller described above with reference to FIG. 2 are config-
ured to utilize different types of sensing electrodes within a
monitoring and treatment process as illustrated in FIG. 3.
[0093] More specifically, FIG. 3 depicts a monitoring and
treatment process 300 executed jointly by the cardiac moni-
tor and the treatment controller. The monitoring and treat-
ment process 300 starts in the act 302 with the cardiac
monitor monitoring ECG data received via a first signal
channel. In some examples, the circuitry that acts as a
conduit of this ECG data includes the sensing electrodes of
the first type (e.g., conductive electrodes) and the sensor
interface. In act 304, the cardiac monitor determines whether
the ECG data indicates that the patient is experiencing an
arrhythmia. If so, the cardiac monitor initiates a treatment
protocol in act 306. If the cardiac monitor does not detect an
arrhythmia in the act 304, the cardiac monitor returns to the
act 302.

[0094] In the act 306, the cardiac monitor calls the treat-
ment controller to initiate its execution of the act 312 and
proceeds to act 308. In the act 308, the cardiac monitor
monitors ECG data received via a second signal channel. In
some examples, the circuitry that acts as a conduit of this
ECG data includes the sensing electrodes of the second type
(e.g., conductive electrodes) and the sensor interface.
Because this ECG data is based on ECG signals acquired by
the second type of electrodes, which have a shorter recovery
time than the first type of electrodes, the at least one
processor of the medical device will be able to accurately
process the ECG data more quickly than ECG data based on
ECG signals acquired by the first type of electrodes. In act
310, the cardiac monitor determines whether the ECG data
indicates that the patient’s normal cardiac rhythm has been
restored. If so, the cardiac monitor returns to the act 302. If
the cardiac monitor does not detect restoration of the
patient’s normal cardiac rhythm in the act 310, the cardiac
monitor continues to monitor the second signal channel by
returning to the act 308.

[0095] In the act 312, the treatment controller executes a
treatment protocol. When executing this treatment protocol,
the treatment controller may coordinate and control various
components of the medical device to provide treatment to
the patient. For example, the treatment controller may
provide one or more therapeutic stimulation pulses, such as
pacing pulses and/or defibrillating shocks, to the patient’s
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body via the therapy electrodes. Prior to providing the one
or more therapeutic stimulation pulses, in some examples,
the treatment controller may signal a gel dispenser housed
within an electrode assembly to dispose electrically conduc-
tive gel between the skin of the patient and a sensing
electrode of the second type. FIGS. 4 and 5, which are
described below, illustrate two examples of such an elec-
trode assembly. Similarly, the treatment controller may
signal one or more gel dispensers housed in a therapy pad to
dispose electrically conductive gel between the skin of the
patient and an electrode of the second type, and between the
skin of the patient and a therapy electrode.

[0096] In act 314, the treatment controller monitors ECG
data received via the second signal channel. Because this
ECG data is based on ECG signals acquired by the second
type of electrodes, which have a shorter recovery time than
the first type of electrodes, the at least one processor of the
medical device will be able to accurately process the ECG
data more quickly than ECG data based on ECG signals
acquired by the first type of electrodes. In act 316, the
treatment controller determines whether the ECG data indi-
cates that the patient’s normal cardiac rhythm has been
restored. If so, the treatment controller terminates its portion
of the monitoring and treatment process 300. If the treatment
controller does not detect restoration of the patient’s normal
cardiac rhythm in the act 316, the treatment controller
proceeds to act 318.

[0097] In the act 318, the treatment controller determines
whether treatment of the patient should continue. For
example, within the act 318, the treatment controller may
determine whether execution of the treatment protocol has
continued for longer than a threshold duration or for more
than a threshold number of cycles. Also, within the act 318,
the treatment controller may determine whether the medical
device has sufficient resources available to continue execu-
tion of the treatment protocol (e.g., whether sufficient battery
power remains). If, in the act 318, the treatment controller
determines that treatment of the patient should not continue,
the treatment controller terminates its portion of the moni-
toring and treatment process 300. If, in the act 318, the
treatment controller determines that treatment of the patient
should continue, the treatment controller optionally pro-
ceeds to act 320.

[0098] In the act 320, the treatment controller determines
whether any adjustments to the treatment protocol should be
made. For example, within the act 320, the treatment con-
troller may analyze the ECG data received via the second
signal channel within the act 314 to determine adjustments
to make to the characteristics of therapeutic stimulation
pulses provided by the therapy electrode. These character-
istics may include level of current, pulse width, pulse rate,
and waveform among other characteristics. Adjustments
identified with in the act 320 may be based on an inability
of the treatment protocol to capture, cardiovert, or defibril-
late the patient. In some examples, the treatment controller
may be able to make beneficial adjustments to the treatment
protocol more quickly than otherwise would be possible due
to the early availability of accurate ECG data via the second
signal channel. After appropriately adjusting the treatment
protocol, the treatment controller returns to the act 312 and
continues to treat the patient.

[0099] Examples implementing the monitoring and treat-
ment process 300, are able to execute treatment protocols



US 2019/0160278 A1l

using ECG data that more completely covers the patient’s
cardiac activity during, and in response to, treatment.

[0100] FIG. 4 illustrates one example of an electrode
assembly 400 that includes the sensing electrode 112a and a
gel dispenser 402. The sensing electrode 1124 is a sensing
electrode of the second type (i.e., an electrode with a shorter
recovery time than conventional dry electrodes) may
include, for example, a conductive electrode. As described
above with refer to FIG. 1, the sensing electrode 112a may
include a foundational layer (e.g., made of foam), an elec-
trically conductive element (e.g., made of tin, silver-silver
chloride, etc.), and an electrolytic layer (e.g., made of
hydrogel) that electrically couples the conductive element to
the patient’s skin. In some examples of the electrode assem-
bly 400, the electrolytic layer is established during the
treatment protocol and under control of the treatment con-
troller by the gel dispenser 402. The gel dispenser 402 may
include, for example, a gel reservoir that is ruptured to
dispose the gel between the electrically conductive element
and the skin of the patient. As described above, the sensing
electrode 112a may acquire ECG signals that are condi-
tioned and processed by the medical device to determine the
patient’s cardiac condition.

[0101] FIG. 5 illustrates another example of an electrode
assembly 500 that includes the sensing electrode 1125, the
gel dispenser 402, and the sensing electrode 1125. The
sensing electrode 1124 is a sensing electrode of the first type
(i.e., an electrode with the recovery time of conventional dry
electrodes) may include, for example, a dry electrode. As
described above with refer to FIG. 1, the sensing electrode
1126 may include a metal electrode with an oxide coating
such as tantalum pentoxide electrodes, as described in, for
example, U.S. Pat. No. 6,253,099. In some examples of the
electrode assembly 500, the sensing electrode 112a is elec-
trically isolated from the surface of the sensing electrode
112b. As described above, the sensing electrodes 112a and
1126 may acquire ECG signals that are conditioned and
processed by the medical device to determine the patient’s
cardiac condition.

[0102] In some examples, the gel may be disposed in a
manner that prevents the gel from acting as a direct electrical
connection between the therapy electrode and the electrode
of the second type. FIG. 6 illustrates one example of such a
therapy pad 600 that includes the sensing electrode 112a, the
gel dispenser 402, a gel dispenser 602, and the therapy
electrode 114a. In some examples of the therapy pad 600,
the gel dispenser 602 operates under control of the treatment
controller and, during the treatment protocol, disposes a
layer of electrically conductive gel between the therapy
electrode 114a and the skin of the patient. As described
above, the gel dispenser 402 may dispose a layer of elec-
trically conductive gel between the sensing electrode 112a
and the skin of the patient. In some examples, the stainless
steel layer of the therapy electrode 114a is used as a
conductive electrode. In some examples, a portion of the
therapy electrode 114a is electrically isolated from the
remainder of the therapy electrode 114a and used as the
sensing electrode 112a. As described above, the sensing
electrode 112a¢ may acquire ECG signals that are condi-
tioned and processed by the medical device to determine the
patient’s cardiac condition. Also as described above, the
therapy electrode 114a may provide one or more therapeutic
stimulation pulses to the patient. In some examples, the
medical device including the therapy pad 600 is configured
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to use the therapy electrode 114a as a ground during
provision of one or more therapeutic stimulation pulses. In
such as configuration the sensing electrode 112a benefits
from the fact that the therapy electrode 114a has relatively
low voltage during provision of the one or more therapeutic
stimulation pulses. This lower voltage, in turn, causes less
sensory disruption relative to other configurations.

[0103] FIG. 7 is a table listing recovery time data acquired
during animal (swine) testing. This testing was conducted
with a WCD, such as the model 4000 LifeVest® brand
wearable defibrillator, and a hospital wearable defibrillator
(HWD), such as the model HWD-1000, both available from
ZOLL medical corporation. The WCD included dry elec-
trodes. The HWD included conductive electrodes. During
the testing, the animal was anesthetized and given a beta-
blocker to establish a heart rate of between 90 and 85 BPM.
The WCD was fitted to the animal, conductive gel was
dispensed, and the WCD was configured to pace the animal
at a rate of 90 BPM. The energy and duration of the pacing
pulses used was varied as shown in Table 1. Next, the animal
was fitted with the HWD and the HWD was configured to
pace the animal at a rate of 85 BPM. The energy and
duration of the pacing pulses was varied as shown in Table
1. As illustrated, the ECG signal recovery time was consis-
tently shorter for the HWD when compared to the WCD.
[0104] FIG. 14 is a graph illustrating the time required for
a dry electrode to recover after issuance of a therapeutic
stimulation pulse. As shown in FIG. 14, the recovery time
period (which is referred to as settling time in FIG. 14) is
approximately 675 milliseconds and begins at t1 and ends at
2, with the sensed amplitude returning to a nominal, base-
line value. The data used to produce the graph of FIG. 14
was collected during the animal test described above with
reference to FIG. 7.

[0105] FIG. 15 is a graph illustrating the time required for
a conductive electrode to recover after issuance of a thera-
peutic stimulation pulse. As shown in FIG. 15, the recovery
time period (which is referred to as settling time in FIG. 15)
is approximately 200 milliseconds and begins at t1 and ends
at t2, with the sensed amplitude returning to a nominal,
baseline value. The data used to produce the graph of FIG.
15 was collected during the animal test described above with
reference to FIG. 7.

[0106] As explained above, some examples disclosed
herein enable rapid recovery of sensory function by lever-
aging two or more circuit paths of multiple circuit paths,
each of which is designed to process signals acquired under
different conditions. FIGS. 9 and 10, which are described
further below, illustrate examples of these circuit paths. In
these examples, the cardiac monitor and the treatment con-
troller described above with reference to FIG. 2 are config-
ured to utilize these different circuit paths within a moni-
toring and treatment process as illustrated in FIG. 8.
[0107] More specifically, FIG. 8 depicts a monitoring and
treatmert process 800 executed jointly by the cardiac moni-
tor and the treatment controller. The monitoring and treat-
ment process 800 starts in the act 802 with the cardiac
monitor monitoring ECG data received via a first circuit
path. In some examples, the circuitry that acts as a conduit
of this ECG data includes the sensing electrodes of the first
type (e.g., conductive electrodes) and the sensor interface.
The sensor interface includes a plurality of circuits that each
condition acquired ECG signals in a different manner. For
instance, the conditioning circuitry of a second circuit path
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is configured to process signals acquired near the provision
of each therapeutic stimulation pulse, and the conditioning
circuitry of the first circuit path is configured to process
signals acquired not near the provision of each therapeutic
stimulation pulse. FIG. 9 illustrates one example of these
circuits and is described further below. Alternatively or in
addition, the conditioning circuitry of the first circuit path is
configured to process signals acquired during a monitoring
period when the device is analyzing ECG signals to detect
arrhythmias, the conditioning circuitry of the second circuit
path is configured to process ECG signals acquired during a
treatment period, e.g., when the device is delivering pacing
pulses to the patient, and monitoring for capture.

[0108] In act 804, the cardiac monitor determines whether
the ECG data indicates that the patient is experiencing an
arrhythmia. In some examples, the cardiac monitor uses
ECG data generated via the high gain signal path for such
monitoring. This ECG data may be representative of ECG
signals in a range from approximately 50 pV to approxi-
mately 5 mV. As such, the first circuit path may include high
gain circuit elements as part of the signal conditioning
circuitry. For example, the gain can be between around 100
to around 1000 (assuming a 5V circuit rails). If an arrhyth-
mia is detected, the cardiac monitor initiates a treatment
protocol in act 806 by calling the treatment controller.
Arrhythmias that can trigger a treatment protocol include
bradycardias, tachycardias, and fibrillations. In some
examples, the cardiac monitor identifies a bradycardia con-
dition where the patient’s heart rate drops to below a
predetermined threshold (e.g., 40 beats per minute) for a
sustained period of time (e.g., 30 seconds). In some
examples, the cardiac monitor identifies a tachycardia con-
dition where the patient’s heart rate elevates to beyond a
predetermined threshold (e.g., 40 beats per minute) for a
sustained period of time (e.g., 30 seconds). Such thresholds
and time periods can be configured for each patient depend-
ing on the patient history. If the cardiac monitor does not
detect an arthythmia in the act 804, the cardiac monitor
returns to the act 802.

[0109] In the act 808, the treatment controller executes a
treatment protocol. When executing the treatment protocol,
the treatment controller may coordinate and control various
components of the medical device to provide treatment to
the patient. For example, such a treatment protocol can be a
pacing protocol where the medical device provides pacing
pulses to the patient. In certain examples, the treatment
controller executes a pacing protocol in response identifying
a bradycardia condition or a tachycardia condition. In some
examples, the treatment protocol can be a defibrillation
protocol where the medical device provides defibrillation
pulses to the patient. For example, arrhythmia conditions
that could trigger a defibrillation protocol include ventricular
tachycardia or ventricular fibrillation. For example, the
treatment controller may provide one or more therapeutic
stimulation pulses, such as pacing pulses and/or defibrillat-
ing shocks, to the patient’s body via the therapy electrodes.
Prior to providing the one or more therapeutic stimulation
pulses, in some examples, the treatment controller may
signal a gel dispenser housed in a therapy pad to dispose
electrically conductive gel between the skin of the patient
and a therapy electrode.

[0110] In act 810, the treatment controller can expect to
see pacing spikes across the ECG electrode and as such
switches to monitoring the received ECG data over the
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lower gain, second circuit path. In one example, the lower
gain circuit path is configured to monitor ECG signals in a
range of from approximately 0.5 mV to approximately 5 mV.
The gain can be generally lower than the gain of the first
circuit path (e.g., in a range of between around 50 to around
500). Depending on circuit design and circuit element selec-
tion, the actual gain values can vary. Tt is understood,
however, that the second circuit path will be configured to
have lower gain than the first circuit path, and consequently
have faster transient recovery characteristics than the first
circuit path. In this regard, such a low gain circuit path can
process signals in this range along with quick recovery from
high voltage transients caused from pacing spikes that could
be up to 700 mV. The pacing transients may have higher
amplitudes than 700 mV (e.g., up to a volt or more), but the
electrode input circuitry can include clamping diodes that
limit the input voltages to around +/-700 mV. Because the
conditioning circuitry of the second circuit path is config-
ured to condition data received near the provision of a
therapeutic stimulation pulse, the second circuit path is able
to provide meaningful ECG data more quickly following the
provision of a therapeutic stimulation pulse than the first
circuit path.

[0111] In some examples, optionally, as shown in act 812,
the treatment controller may switch between the first and
second circuit paths dynamically during execution of the
treatment protocol. For instance, the treatment controller
may first monitor ECG data using the second circuit path
(low gain) during a period covering the provision of a
therapeutic stimulation pulse and soon thereafter (e.g.,
within about 200 ms or more, depending on circuit design).
After this period has passed, in some situations, the treat-
ment controller may switch to monitoring ECG data using
the first circuit path (high gain). For example, if the medical
device is configured to suspend the provision of the thera-
peutic stimulation pulses for a period of time, the treatment
controller may switch to the first circuit path.

[0112] In act 814, the treatment controller determines
whether the ECG data indicates that the patient’s normal
cardiac rhythm has been restored. If so, the treatment
controller terminates its portion of the monitoring and
treatment process 800. If the treatment controller does not
detect restoration of the patient’s normal cardiac rhythm in
the act 814, the treatment controller proceeds to act 816.
[0113] In the act 816, the treatment controller determines
whether treatment of the patient should continue. For
example, within the act 816, the treatment controller may
determine whether execution of the treatment protocol has
continued for longer than a threshold duration or for more
than a threshold number of cycles. Also, within the act 816,
the treatment controller may determine whether the medical
device has sufficient resources available to continue execu-
tion of the treatment protocol (e.g., whether sufficient battery
power remains). If, in the act 816, the treatment controller
determines that treatment of the patient should not continue,
the treatment controller terminates its portion of the moni-
toring and treatment process 800. If, in the act 816, the
treatment controller determines that treatment of the patient
should continue, the treatment controller optionally pro-
ceeds to act 818.

[0114] In the act 818, the treatment controller determines
whether any adjustments to the treatment protocol should be
made. For example, within the act 818, the treatment con-
troller may analyze the ECG data received via the second
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circuit path within the act 810 to determine adjustments to
make to the characteristics of therapeutic stimulation pulses
provided by the therapy electrode. These characteristics may
include level of current, pulse width, pulse rate, and wave-
form among other characteristics. Adjustments identified
with in the act 818 may be based on an inability of the
treatment protocol to capture, cardiovert, or defibrillate the
patient. In some examples, the treatment controller may be
able to make beneficial adjustments to the treatment protocol
more quickly than otherwise would be possible due to the
early availability of accurate ECG data via the second circuit
path. After appropriately adjusting the treatment protocol,
the treatment controller returns to the act 808 and continues
to treat the patient.

[0115] Examples implementing the monitoring and treat-
ment process 800, are able to execute treatment protocols
using ECG data that more completely covers the patient’s
cardiac activity during, and in response to, treatment.

[0116] FIG. 9 illustrates an example schematic of a circuit
900 configured to acquire signals from sensing electrodes, in
accordance with an example. All or portions of the circuit
900 may be implemented, for example, in the connection
pod 130 of FIG. 1, and may further be electrically coupled
to one or more of the sensing electrodes 112 of FIG. 1. The
circuit 900 includes one or more electrical leads 902a-902n,
one or more analog differential amplifiers or circuits 904a-
904#, two or more analog signal path amplifiers 906a-9067
and 9084-9087, an analog-to-digital (A/D) converter and
signal conditioning module 910, and a digital signal output
912. The electrical leads 902a-9027 are paired inputs (e.g.,
a positive line input and a negative line input) electrically
coupled to sensing electrodes (e.g. the sensing electrodes
112). In some examples, at least some of the leads 902a-
902» can be electrically coupled to single line electrodes
(e.g., one input from the electrode and one input from a
separate reference signal or ground). Further, in some
examples, one or more of the electrical leads 902¢-9027 can
each be coupled to multiple sensing electrodes.

[0117] The analog differential amplifiers 9044-904n are
configured to receive the analog input signals from each of
the respective leads 902a-902x and to generate a differential
output signal 914a-914rn. Each of the differential output
signals 9144-914n is then split into at least two separate
signal paths 916a-916r and 918a-918%. Each signal path
916a-9167 and 9184-918» includes one of the signal path
amplifiers 906a-906n and 908a-908n, respectively. In par-
ticular, the signal path amplifiers 906a-906» are configured
to provide a different gain to the differential output signal
914a-914r in the first signal path 9164-916# than the signal
path amplifiers 9084a-908#% provide to the differential output
signal 914a-914» in the second signal path 9184-918x. For
example, the differential output signal 914 in the first signal
path 916a may be amplified by the corresponding signal
path amplifier 906a by an order of magnitude more than the
differential output signal 914a in the second signal path
918a is amplified by the corresponding signal path amplifier
908a. For example, the first signal path may provide gain of
about 100 to about 1000, while the second signal path may
provide a gain of about 10 to about 500. Depending on
circuit design and configuration, other gain values are pos-
sible. It is understood, however, that the second circuit for
detecting and monitoring pacing capture includes lower gain
circuit elements in order to speed up circuit recovery fol-
lowing saturation (e.g., by a pacing transient). Additional
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circuits with varying gains are possible. In operation, the
processor can dynamically switch between the different
circuits to determine an appropriate gain setting to determine
capture. For example, the processor can have a default gain
setting for arrhythmia monitoring, and switch to other gain
modes or circuit paths during a treatment period to identify
evidence of capture.

[0118] In some cases, such as shown in FIG. 10, the
differential output signal 914¢-914» may have zero (or
nearly zero) gain in one of the signal paths 916a-9167 or
9184-918n (e.g., the corresponding signal path amplifier
906a-906% or 908a-908n is effectively or actually a short
circuit between the corresponding analog differential ampli-
fier 9044-9047 and the A/D converter and signal condition-
ing module 910). In some cases, one or more of the signal
path amplifiers 906a-906.z and 9082-9087 can provide a
signal gain that is programmable by a user or programmable
by another component of the medical device (such as the
medical device controller 120 of FIG. 1). Such a program-
mable signal path amplifier may include, for example, the
MAX9939 general-purpose, differential-input program-
mable-gain amplifier (PGA) sold by Maxim Integrated Prod-
ucts, Inc., of San Jose, Calif., or another suitable PGA
device.

[0119] As a result of splitting and, in some cases, ampli-
fying the differential output signal 914a-914» into the two
signal paths 916a-916r and 9184-918x, the A/D converter
and signal conditioning module 910 receives the differential
output signal 914a-914# from the respective lead 902a-902x
at two different gain levels. The A/D converter and signal
conditioning module 910 processes and digitizes one or
more of the differential output signals 9144-914n from the
first signal path 9164-916#, the second signal path 918a-
918n, or both to generate the digital signal output 912. For
example, the digital signal output 912 may include a digi-
tized representation of the voltages of the analog input
signals from one or more of the respective leads 902¢-9025.
The digital signal output 912 can be provided to another
portion of the medical device (or another medical device),
such as a cardiac monitor or treatment controller, for further
processing.

[0120] According to an example, the A/D converter and
signal conditioning module 910 converts the differential
output signal 914a-914» from both the first signal path
916a-916% and the second signal path 9182-918% into the
digital signal output 912. According to another example, the
A/D converter and signal conditioning module 910 selec-
tively converts the differential output signal 914¢-914» from
the first signal path 916a-916r, the second signal path
9184-918n, or both into the digital signal output 912. Such
selection may be performed by the A/D converter and signal
conditioning module 910 via a control input from, for
example, the medical device controller 120 of FIG. 1, based
on certain conditions present in the medical device. For
example, the A/D converter and signal conditioning module
910 may be configured to process the differential output
signal 914a-914n from the second signal path 9184-918~
near and subsequent to provision of one or more therapeutic
stimulation pulses (e.g., within approximately 50-300 ms
from the peak of a corresponding pulse), and to process
differential output signal 914a-914n from the first signal
path 916a-916x during non-pacing events at other points, as
determined by the medical device controller 120.
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[0121] FIG. 13 illustrates an example schematic of a
circuit 1300 configured to acquire ECG signals from sensing
electrodes, in accordance with an example. All or portions of
the circuit 1300 may be implemented, for example, in the
connection pod 130 of FIG. 1, and may further be electri-
cally coupled to one or more of the sensing electrodes 112
of FIG. 1. The circuit 1300 includes the one or more leads
902¢-902r, blanking switch circuitry 1302, one or more
switched capacitor filters 1304a-1304%, one or more analog
amplifiers or circuits 1306a-13067, an analog-to-digital
(A/D) converter and the signal conditioning module 910,
and the digital signal output 912. As shown in FIG. 13, the
one or more leads 902a-9027 are coupled to the blanking
switch circuitry 1302. The blanking switch circuitry 1302 is
further coupled to the one or more switched capacitor filters
13044-1304%. The switched capacitor filters 1304a-1304~
are further coupled to the one or more analog amplifiers
1306a-1306%. The one or more analog amplifiers 1306a-
1306% are further coupled to the analog-to-digital (A/D)
converter and the signal conditioning module 910. The
analog-to-digital (A/D) converter and the signal condition-
ing module 910 is further coupled to the digital signal output
912.

[0122] The blanking switch circuitry 1302 is coupled to
and controlled by the controller 1314 to selectively couple
and decouple the one or more leads 902a-902» to and from
the switched capacitor filters 1304a-1304%. For instance, in
some examples, the controller 1314 is configured to monitor
execution of a treatment protocol and to transmit a first
control signal to the blanking switch circuitry 1302 prior to
provision of a therapeutic stimulation pulse. The therapeutic
stimulation pulse may have a duration of, for example, 40
milliseconds. The blanking switch circuitry 1302 is config-
ured to decouple the one or more leads 9024a-9027 from the
switched capacitor filters 1304a-1304z in response to
receiving the first control signal from the controller 1314. In
these examples the controller 1314 is also configured to
cease transmission of the first control signal and/or to
transmit a second control signal to the blanking switch
circuitry after provision of the therapeutic stimulation pulse.
The blanking switch circuitry 1302 is configured to couple
the one or more leads 902a-902x to the switched capacitor
filters 13044-13047 in response to detecting a discontinu-
ance of the first control signal and/or to receiving the second
control signal from the controller 1314. In this way, the
controller 1314 and the blanking switch circuitry 1302 work
in combination to shield the remainder of the components of
the circuit 1310 from encountering unwanted effects from
the pacing pulses (e.g., amplifier saturation).

[0123] The switched capacitor filters 1304a-1304r are
coupled to and controlled by the controller 1314 to adjust a
passband that attenuates unwanted frequencies within the
ECG signals. In some examples, the controller 1314 trans-
mits one or more control signals to the switched capacitor
filters 1304a-1304# to indicate a passband to be used by the
switched capacitor filters 1304a-1304#. In some examples,
this passband includes lower bound and bound upper fre-
quencies within a range of 0.5 hertz to 150 hertz. In some
examples, the controller 1314 is configured to shift or
otherwise adjust the passband based on the current heart rate
of the patient. For instance, in one example, the upper bound
may be raised above 150 hertz in according to a function that
is directly proportional to the current heart rate of the
patient.
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[0124] The analog signal path amplifiers 1306a-13067 are
configured to receive the analog input signals from each of
the respective switched capacitor filters 1304a-13047 and to
generate an output signal 1316a-1316%. In some examples,
one or more of the signal path amplifiers 1316a-13167 can
provide a signal gain that is programmable by a user or
programmable by another component of the medical device
(such as the medical device controller 120 of FIG. 1 or the
controller 1314). Such a programmable signal path amplifier
may include, for example, the MAX9939 general-purpose,
differential-input programmable-gain amplifier (PGA) sold
by Maxim Integrated Products, Inc., of San Jose, Calif., or
another suitable PGA device.

[0125] As explained above, some examples enable rapid
recovery of sensory function by disposing electrodes in
specific locations. FIG. 12, which is described further below,
illustrates one example of these positions. In this example,
the cardiac monitor and the treatment controller described
above with reference to FIG. 2 are configured to utilize these
electrodes within a monitoring and treatment process as
illustrated in FIG. 11.

[0126] More specifically, FIG. 11 depicts a monitoring and
treatment process 1100 executed jointly by the cardiac
monitor and the treatment controller. The monitoring and
treatment process 1100 starts in the act 1102 with the cardiac
monitor monitoring ECG data received via a signal channel.
In some examples, the circuitry that acts as a conduit of this
ECG data includes the sensing electrodes and the sensor
interface. The sensing electrodes are positioned in specific
locations to reduces the amount of energy the sensing
electrodes encounter. FIG. 12 illustrates one example of an
arrangement of electrodes in these specific locations and is
described further below.

[0127] In act 1104, the cardiac monitor determines
whether the ECG data indicates that the patient is experi-
encing an arrhythmia. If so, the cardiac monitor initiates a
treatment protocol in act 1106. If the cardiac monitor does
not detect an arrhythmia in the act 1104, the cardiac monitor
returns to the act 1102. In the act 1106, the cardiac monitor
calls the treatment controller to initiate its execution of act
1108. In the act 1108, the treatment controller executes a
treatment protocol. When executing this treatment protocol,
the treatment controller may coordinate and control various
components of the medical device to provide treatment to
the patient. For example, the treatment controller may
provide one or more therapeutic stimulation pulses, such as
pacing pulses and/or defibrillating shocks, to the patient’s
body via the therapy electrodes. Prior to providing the one
or more therapeutic stimulation pulses, in some examples,
the treatment controller may signal a gel dispenser housed in
a therapy pad to dispose electrically conductive gel between
the skin of the patient and a therapy electrode.

[0128] In act 1110, the treatment controller monitors ECG
data received via the signal channel. Because the sensing
electrodes of the signal channel are positioned to reduce the
amount of energy encountered from one or more therapeutic
stimulations pulses, the signal channel is able to provide
meaningful ECG data more quickly following the provision
of a therapeutic stimulation pulse than the first signal
channel. In act 1112, the treatment controller determines
whether the ECG data indicates that the patient’s normal
cardiac rhythm has been restored. If so, the treatment
controller terminates its portion of the monitoring and
treatment process 1100. If the treatment controller does not
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detect restoration of the patient’s normal cardiac rhythm in
the act 1112, the treatment controller proceeds to act 1114.
[0129] In the act 1114, the treatment controller determines
whether treatment of the patient should continue. For
example, within the act 1114, the treatment controller may
determine whether execution of the treatment protocol has
continued for longer than a threshold duration or for more
than a threshold number of cycles. Also, within the act 1114,
the treatment controller may determine whether the medical
device has sufficient resources available to continue execu-
tion of the treatment protocol (e.g., whether suflicient battery
power remains). If, in the act 1114, the treatment controller
determines that treatment of the patient should not continue,
the treatment controller terminates its portion of the moni-
toring and treatment process 1100. If, in the act 1114, the
treatment controller determines that treatment of the patient
should continue, the treatment controller optionally pro-
ceeds to act 1116.

[0130] In the act 1116, the treatment controller determines
whether any adjustments to the treatment protocol should be
made. For example, within the act 1116, the treatment
controller may analyze the ECG data received via the signal
channel within the act 1110 to determine adjustments to
make to the characteristics of therapeutic stimulation pulses
provided by the therapy electrode. These characteristics may
include level of current, pulse width, pulse rate, and wave-
form among other characteristics. Adjustments identified
with in the act 1116 may be based on an inability of the
treatment protocol to capture, cardiovert, or defibrillate the
patient. In some examples, the treatment controller may be
able to make beneficial adjustments to the treatment protocol
more quickly than otherwise would be possible due to the
early availability of accurate ECG data via the second signal
channel. After appropriately adjusting the treatment proto-
col, the treatment controller returns to the act 1108 and
continues to treat the patient.

[0131] Examples implementing the monitoring and treat-
ment process 1100, are able to execute treatment protocols
using ECG data that more completely covers the patient’s
cardiac activity during, and in response to, treatment.
[0132] FIG. 12 illustrates an arrangement of electrodes
1200 configured to reduce the amount of energy encountered
by the sensing electrodes 112a when, for example, the
therapy electrodes 114a and 1145 provide one or more
therapeutic pulses to the patient 102. As shown in FIG. 12,
the therapy electrodes 114 are arranged to form a current
path 1202 that traverses the patient’s heart 1204. The
sensing electrodes 112a reside along a line 1206 that inter-
sects the current path 1202. The intersection of the current
path 1202 and the line 1206 forms angle 1208. In some
examples, the angle 1208 is 90 degrees. In some examples,
the line 1206 bisects the current path 1202. In some
examples one or both of the sensing electrodes 112a are
equidistant from one or both of the therapy electrodes 114.
In some examples, the electrodes 112a and 114 are embed-
ded within a garment, such as the garment 110, that gener-
ally positions the electrodes in the locations illustrated in
FIG. 12 vis-a-vis the patient 102.

ADDITIONAL EXAMPLES

[0133] Several examples incorporate various combina-
tions of the features described above to advantageous effect.
For instance, in some examples, the electrodes of a medical
device are both differentiated, as described above with
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reference to FIGS. 3-7 and specifically located to reduce
encountered energy, as described above with reference to
FIGS. 11 and 12. In some examples, the medical device
incorporates both differentiated electrodes and differentiated
signal channels, as described above with reference to FIGS.
8-10. In some examples, the medical device incorporates
differentiated signal channels and specifically located elec-
trodes. In some examples, the medical device incorporates
differentiated signal channels and differentiated and specifi-
cally located electrodes.

[0134] Although the subject matter contained herein has
been described in detail for the purpose of illustration, it is
to be understood that such detail is solely for that purpose
and that the present disclosure is not limited to the disclosed
examples, but, on the contrary, is intended to cover modi-
fications and equivalent arrangements that are within the
scope of the appended claims. For example, it is to be
understood that the present disclosure contemplates that, to
the extent possible, one or more features of any example can
be combined with one or more features of any other
example.

[0135] Other examples are within the scope of the descrip-
tion and claims. Additionally, certain functions described
above can be implemented using software, hardware, firm-
ware, hardwiring, or combinations of any of these. Features
implementing functions can also be physically located at
various positions, including being distributed such that
portions of functions are implemented at different physical
locations.

1. An ambulatory medical device comprising:

at least one therapy electrode configured to couple exter-
nally to a skin of a patient and to provide one or more
therapeutic stimulation pulses to a heart of the patient
during execution of a treatment protocol,

at least two first sensing electrodes distinct from the at
least one therapy electrode and configured to couple
externally to the skin of the patient and to acquire first
electrocardiogram (ECG) signals from the heart of the
patient, each sensing electrode of the at least two first
sensing electrodes having a first recovery time, the first
ECG signals being indicative of an arrhythmia condi-
tion of the patient;

at least two second sensing electrodes distinct from the at
least one therapy electrode and from the at least two
first sensing electrodes, the at least two second sensing
electrodes being configured to couple externally to the
skin of the patient and to acquire second ECG signals
from the heart of the patient during execution of the
treatment protocol, each sensing electrode of the at
least two second sensing electrodes having a second
recovery time that is less than the first recovery time,
the second ECG signals being indicative of a reaction
of the heart to the one or more therapeutic stimulation
pulses; and

at least one processor coupled to the at least one therapy
electrode, the at least two first sensing electrodes, and
the at least two second sensing electrodes and config-
ured to detect the arrhythmia condition via the first
ECG signals, to execute the treatment protocol in
response to detection of the arrhythmia condition, and
to detect the reaction of the heart to the one or more
therapeutic stimulation pulses via the second ECG
signals.
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2. The ambulatory medical device of claim 1, wherein the
reaction of the heart comprises one or more contractions
induced by the one or more therapeutic stimulation pulses.

3. The ambulatory medical device of claim 1, wherein the
arrhythmia condition comprises at least one of bradycardia,
tachycardia, asystole, pulseless electrical activity, atrial flut-
ter, and erratic heart rate.

4. The ambulatory medical device of claim 1, wherein the
first recovery time is an amount of time required for each
sensing electrode of the at least two first sensing electrodes
to return to a nominal offset after provision of a therapeutic
stimulation pulse of the one or more therapeutic stimulation
pulses and the second recovery time is an amount of time
required for each sensing electrode of the at least two second
sensing electrodes to return to a nominal offset after the
provision of the therapeutic stimulation pulse.

5. The ambulatory medical device of claim 1, wherein the
first recovery time is between approximately 200 millisec-
onds and 400 milliseconds and the second recovery time is
between approximately 80 milliseconds and 200 millisec-
onds.

6. The ambulatory medical device of claim 1, wherein the
at least two first sensing electrodes comprise dry electrodes
and the at least two second sensing electrodes comprise
conductive electrodes.

7. The ambulatory medical device of claim 6, further
comprising a gel dispenser configured to apply conductive
gel between the skin of the patient and the at least two
second sensing electrodes during execution of the treatment
protocol.

8. The ambulatory medical device of claim 1, wherein the
at least one processor is further configured to initiate moni-
toring of the heart of the patient via the at least two second
sensing electrodes during execution of the treatment proto-
col.

9. The ambulatory medical device of claim 1, further
comprising a therapy pad comprising the at least one therapy
electrode and at least one sensing electrode of the at least
two second sensing electrodes.

10. The ambulatory medical device of claim 1, further
comprising an electrode assembly comprising at least one
sensing electrode of the at least two first sensing electrodes
and at least one other sensing electrode of the at least two
second sensing electrodes.

11. The ambulatory medical device of claim 1, wherein
the at least two first sensing electrodes are physically distinct
from the at least two second sensing electrodes.

12. An ambulatory medical device comprising:

at least one therapy electrode configured to couple exter-

nally to a skin of a patient and to provide one or more
therapeutic stimulation pulses to a heart of the patient
during execution of a treatment protocol;

at least two sensing electrodes distinct from the at least

one therapy electrode and configured to couple exter-
nally to the skin of the patient and to acquire first and
second electrocardiogram (ECG) signals from the heart
of the patient, the first ECG signals being indicative of
an arrhythmia condition of the patient, the second ECG
signals being indicative of a reaction of the heart to the
one or more therapeutic stimulation pulses;

circuitry coupled to the at least two sensing electrodes and

configured to transmit the first ECG signals via a first
channel and to transmit the second ECG signals via a
second channel distinct from the first channel; and

May 30, 2019

at least one processor coupled to the circuitry, the at least
one therapy electrode, and the at least two sensing
electrodes and configured to receive the first ECG
signals via the first channel, to detect the arrhythmia
condition via the first ECG signals, to execute the
treatment protocol in response to detection of the
arrhythmia condition, to receive the second ECG sig-
nals via the second channel, and to detect the reaction
of the heart to the one or more therapeutic stimulation
pulses via the second ECG signals.

13. The ambulatory medical device of claim 12, wherein
the reaction of the heart indicates one or more contractions
induced by the one or more therapeutic stimulation pulses.

14. The ambulatory medical device of claim 12, wherein
the first channel is a high gain channel and the second
channel is a low gain channel.

15. The ambulatory medical device of claim 14, wherein
the high gain channel amplifies the first ECG signal by
150-250 and the low gain channel amplifies the second ECG
signal by 1-10.

16. An ambulatory medical device comprising:

a plurality of therapy electrodes configured to couple
externally to a skin of a patient at opposite ends of a
current path through a heart of the patient and to
provide one or more therapeutic stimulation pulses to a
heart of the patient via the current path during execu-
tion of a treatment protocol;

at least two first sensing electrodes distinct from the
plurality of therapy electrodes and configured to couple
externally to the skin of the patient and to acquire first
electrocardiogram (ECG) signals from the heart of the
patient, each sensing electrode of the at least two first
sensing electrodes having a first recovery time, the first
ECG signals being indicative of an arrhythmia condi-
tion of the patient;

at least two second sensing electrodes distinct from the
plurality of therapy electrodes and from the at least two
first sensing electrodes, the at least two sensing elec-
trodes being configured to couple externally to the skin
of the patient and to acquire second ECG signals from
the heart of the patient during execution of the treat-
ment protocol, each sensing electrode of the at least two
second sensing electrodes having a second recovery
time that is less than the first recovery time, the second
ECG signals being indicative of a reaction of the heart
to the one or more therapeutic stimulation pulses, the at
least two second sensing electrodes being positioned on
a line orthogonal to the current path; and

at least one processor coupled to the plurality of therapy
electrodes, the at least two first sensing electrodes, and
the at least two second sensing electrodes and config-
ured to detect the arrhythmia condition via the first
ECG signals, to execute the treatment protocol in
response to detection of the arrhythmia condition, and
to detect the reaction of the heart to the one or more
therapeutic stimulation pulses via the second ECG
signals.

17. The ambulatory medical device of claim 16, wherein
the reaction of the heart indicates one or more contractions
induced by the one or more therapeutic stimulation pulses.

18. The ambulatory medical device of claim 16, wherein
the at least two first sensing electrodes comprise dry elec-
trodes and the at least two second sensing electrodes com-
prise conductive electrodes.
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19. The ambulatory medical device of claim 18, further
comprising a gel dispenser configured to apply conductive
gel between the skin of the patient and the at least two
second sensing electrodes during execution of the treatment
protocol.

20. The ambulatory medical device of claim 16, wherein
each sensing electrode of the at least two sensing electrodes
is positioned substantially equidistant from at least one
therapy electrode of the plurality of therapy electrodes.

21. The ambulatory medical device of claim 20, wherein
the line orthogonal to the current path substantially bisects
the current path.

22. The ambulatory medical device of claim 16, further
comprising a garment comprising a plurality of fasteners at
predefined locations, wherein the plurality of therapy elec-
trodes, the at least two first sensing electrodes, and the at
least two second sensing electrodes are configured to
attached to the plurality of fasteners.

23. An electrode arrangement comprising:

at least one therapy electrode configured to couple exter-

nally to a skin of a patient and to provide one or more
therapeutic stimulation pulses to a heart of the patient
during execution of a treatment protocol,

at least two dry sensing electrodes distinct from the at

least one therapy electrode and configured to couple
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externally to the skin of the patient and to acquire first
electrocardiogram (ECG) signals from the heart of the
patient, each sensing electrode of the at least two dry
sensing electrodes having a first recovery time, the first
ECG signals being indicative of an arrhythmia condi-
tion of the patient; and

at least two conductive sensing electrodes distinct from
the at least one therapy electrode and from the at least
two dry sensing electrodes, the at least two conductive
sensing electrodes being configured to couple exter-
nally to the skin of the patient and to acquire second
ECG signals from the heart of the patient during
execution of the treatment protocol, each sensing elec-
trode of the at least two conductive sensing electrodes
having a second recovery time that is less than the first
recovery time, the second ECG signals being indicative
of a reaction of the heart to the one or more therapeutic
stimulation pulses.

24. The electrode arrangement of claim 23, wherein the at
least one therapy electrode, the at least two dry sensing
electrodes, and the at least two conductive sensing elec-
trodes are disposed within a garment.

* ok %k



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

FRI& B A

KRN

IPCHRS

CPCHRF

H 20T S0k
ShEREELE

BEG®F)

RHTEETRZEBMNBRIENENRRPRERENEAR, £-LR
Pl , BT REWEREN AR R E KRB RN BARME AW
RNEHcANER  HEFLE - RBNBA BREENRERE,
E—LRflh BV REWEENSZEHE —FTBRERNKE , %
FoETERKEENBESE -ARRRAHTRENESHESER
SF-ET RBAERNKEE , ZFEZET BRWRENCEE T EREW
F5. B-EHRRZM. E-LERF , BT REWKEN T EHEST
RE LA BRARBFEVELNE SR D BRIET WA LR D

HE,

BEEREEBRBFMENETRE

US20190160278A1

US15/827519

SEREFFRLT

ZOLLEST AT

ZOLLEST A H]

VOLOSIN KENT
VOLPE SHANE S
FREEMAN GARY A

VOLOSIN, KENT
VOLPE, SHANE S.
FREEMAN, GARY A.

A61N1/04 A61N1/39 A61B5/00

patsnap

AFF ()R 2019-05-30

RiEHR 2017-11-30

AG61N1/046 A61N1/3904 A61B5/0006 A61N1/385 A61B5/0402 A61B5/024 A61B5/1118 A61B34/10
A61B5/046 A61B5/0464 A61B5/4836 A61B5/6831

US10646707

Espacenet USPTO



https://share-analytics.zhihuiya.com/view/9d92984f-980d-451e-8456-1121a57b9587
https://worldwide.espacenet.com/patent/search/family/066634156/publication/US2019160278A1?q=US2019160278A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220190160278%22.PGNR.&OS=DN/20190160278&RS=DN/20190160278

