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UNWANTED STIMULATION DETECTION
DURING CARDIAC PACING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 14/469,250, filed Aug. 26, 2014, which claims
priority under 35 U.S.C. §119 to U.S. Provisional Applica-
tion Ser. No. 61/872,316, filed Aug. 30, 2013, the entirety of
each of which is incorporated herein by reference.

BACKGROUND

[0002] Cardiac rhythm management devices are often
implantable devices that provide electrical stimulation to
selected chambers of the heart in order to treat disorders of
cardiac rhythm. A pacemaker, for example, is a cardiac
rhythm management device that paces the heart with timed
pacing pulses. The most common condition for which pace-
makers are used is in the treatment of bradycardia, where the
ventricular rate is too slow. Atrio-ventricular conduction
defects (i.e., AV block) that are permanent or intermittent
and sick sinus syndrome represent the most common causes
of bradycardia for which permanent pacing may be indi-
cated. If functioning propetly, the pacemaker makes up for
the heart’s inability to pace itself at an appropriate rhythm in
order to meet metabolic demand by, for example, enforcing
a minimum heart rate.

[0003] Pacemakers are usually implanted subcutaneously
or submuscularly on a patient’s chest and have leads
threaded intravenously into the heart to connect the device
to electrodes used for sensing and pacing. Leads may also be
positioned on the epicardium by various means. A program-
mable electronic controller causes the pacing pulses to be
output in response to lapsed time intervals and sensed
electrical activity (i.e., intrinsic heart beats not as a result of
a pacing pulse). Pacemakers sense intrinsic cardiac electrical
activity by means of internal electrodes often disposed near
the chamber to be sensed. A depolarization wave associated
with an intrinsic contraction of the atria or ventricles that is
detected by the pacemaker is referred to as an atrial sense or
ventricular sense, respectively. In order to cause such a
contraction in the absence of an intrinsic beat, a pacing pulse
(either an atrial pace or a ventricular pace) with energy
above a certain pacing threshold is delivered to the appro-
priate chamber via the same or different electrode used for
sensing the chamber.

[0004] Electrical stimulation of the heart through the inter-
nal electrodes can also cause unwanted stimulation of skel-
etal muscle and/or nerves. The left phrenic nerve, which
provides innervation for the diaphragm, arises from the
cervical spine and descends to the diaphragm through the
mediastinum where the heart is situated. As it passes the
heart, the left phrenic nerve courses along the pericardium,
superficial to the left atrium and left ventricle. Because of its
proximity to the electrodes used for pacing, in particularly
for left side pacing, the nerve can be stimulated by a pacing
pulse. The resulting involuntary contraction of the dia-
phragm can be quite annoying or painful to the patient, often
producing a response that is similar to a hiccup.

SUMMARY

[0005] Cardiac rhythm management devices and methods
are disclosed for minimizing or eliminating unwanted stimu-
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lation of skeletal muscle, such as phrenic nerve stimulation
(PS), while treating disorders of cardiac rhythm and similar
disorders. In one example, phrenic nerve stimulation is
detected during cardiac pacing. If detected, subsequent
cardiac pacing pulses are configured to capture the heart and
minimize subsequent phrenic nerve stimulation. In this
context, “capture” refers to causing sufficient depolarization
of the myocardium that a propagating wave of excitation and
contraction result (i.e., a heartbeat). It is contemplated that
all types of cardiac rhythm management devices may benefit
including, but not limited to, bradycardia pacing, anti-
tachycardia pacing, and cardiac resynchronization pacing.

[0006] In the various embodiments, the determination of
whether the phrenic nerve of the patient has been stimulated
is based at least in part upon data in the frequency domain.
In certain embodiments, the determination of whether the
phrenic nerve of the patient has been stimulated by a pacing
pulse is based at least in part upon a comparison of data
gathered by a sensor over at least one cycle of cardiac
activity to a specimen of data which had been previously
identified as corresponding to phrenic nerve stimulation; to
a specimen of data which had been previously identified as
not corresponding to phrenic nerve stimulation; or to a
combination of both. In such embodiments, the respective
specimens of data, which had been previously identified as
corresponding to phrenic nerve stimulation and/or which
had been previously identified as not corresponding to
phrenic nerve stimulation, may be one or more single
instances of the behavior or may include functions of several
instances of the behavior. The respective specimens of data
may be obtained from the patient or may represent an
aggregation of specimens from more than one patient.

[0007] In one example, a system for cardiac rhythm man-
agement is provided. The system may include a pulse
generator for generating pacing pulses for stimulating a
heart of a patient, a memory, and a sensor for sensing a
response to a stimulation of a phrenic nerve of the patient
and to produce a corresponding sensor signal. A processing
circuit may be in communication with the memory and the
sensor. The processing circuit may be configured to: receive
the sensor signal for a time after one or more pacing pulses;
derive a time-frequency representation of the sensor signal
based on the received sensor signal using wavelets; identify
a dominant frequency component in the time-frequency
representation of the sensor signal; determine if the domi-
nant frequency component falls within a predetermined
frequency range; identify a time of occurrence of the domi-
nant frequency component relative to a pacing pulse; deter-
mine if the time of occurrence of the dominant frequency
component occurs within a predetermined time window;
determine if the phrenic nerve of the patient has been
stimulated based, at least in part, on the time-frequency
representation of the sensor signal such that the dominant
frequency component falls within the predetermined fre-
quency range and the dominant frequency component occurs
within the predetermined time window; store a phrenic
nerve stimulation event identifier in the memory if the
processing circuit determines that the phrenic nerve of the
patient has been stimulated; generate pacing pulses for
stimulating the heart of a patient that are anticipated to both
capture the heart and to minimize phrenic nerve stimulation
by the generated pacing pulses; and determine if capture of
the heart has been achieved.
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[0008] In another example, a system for cardiac rhythm
management is provided, which may include a pulse gen-
erator for generating pacing pulses for stimulating a heart of
a patient, a memory, and a sensor configured to sense a
response to a stimulation of a phrenic nerve of the patient
and to produce a corresponding sensor signal. A processing
circuit may be in communication with the memory and the
sensor. The processing circuit may be configured to: receive
the sensor signal for two or more pacing pulses; perform
spectral analysis of the sampled sensor signal, resulting in a
spectral analysis output; compare the spectral analysis out-
put to a phrenic nerve stimulation template; determine that
the phrenic nerve of the patient has been stimulated if the
spectral analysis output is considered to match the phrenic
nerve stimulation template; and store a phrenic nerve stimu-
lation event identifier in the memory if the processing circuit
determines that the phrenic nerve of the patient has been
stimulated. In some cases, the processing circuit may also
generate pacing pulses for stimulating the heart of a patient
that are anticipated to both capture the heart and to minimize
phrenic nerve stimulation.

[0009] In yet another example, a method is disclosed for
determining if the phrenic nerve of a patient has been
stimulated by one or more pacing pulses. The method may
include receiving a sensor signal for a time after one or more
pacing pulses, wherein the sensor signal is provided by a
sensor that can sense a stimulation of the phrenic nerve of
the patient. The method may further include determining a
time-frequency representation of the sensor signal based on
the received sensor signal; identifying a dominant frequency
component in the time-frequency representation of sensor
signal; determining if the dominant frequency component
falls within a predetermined frequency range; identifying a
time of occurrence of the dominant frequency component
relative to a corresponding pacing pulse; determining if the
time of occurrence of the dominant frequency component
occurs within a predetermined time window; and determin-
ing if the phrenic nerve of the patient has been stimulated
based, at least in part, on the time-frequency representation
of the sensor signal such that the dominant frequency
component falls within the predetermined frequency range
and the dominant frequency component occurs within the
predetermined time window. These are just some examples.
[0010] The preceding summary is provided to facilitate an
understanding of some of the innovative features unique to
the present disclosure and is not intended to be a full
description. A full appreciation of the disclosure can be
gained by taking the entire specification, claims, drawings,
and abstract as a whole.

BRIEF DESCRIPTION OF DRAWINGS

[0011] FIG. 1 is a schematic block diagram of an illustra-
tive cardiac rhythm management device;

[0012] FIG. 2 is a schematic diagram of an illustrative
switching circuit;

[0013] FIG. 3 is a block diagram of an illustrative signal
processing module;

[0014] FIG. 4A shows an illustrative time domain signal
that is meant to be representative of a sensor output signal
provided by an accelerometer that is located in or on a
patient, in the absence of phrenic nerve stimulation;
[0015] FIG. 4B illustrates the result of a wavelet analysis
of the time domain signal of FIG. 4A;
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[0016] FIG. 4C shows an illustrative time domain signal
that is meant to be representative of a sensor output signal
provided by an accelerometer that is located in or on a
patient, in the presence of phrenic nerve stimulation;
[0017] FIG. 4D illustrates the result of a wavelet analysis
of the time domain signal of FIG. 4C;

[0018] FIG. 5 is a flow diagram shown an illustrative
method of determining if phrenic nerve stimulation is pres-
ent or absent;

[0019] FIG. 6is a flow diagram shown another illustrative
method of determining if phrenic nerve stimulation is pres-
ent or absent;

[0020] FIG. 7 illustrates a combined histogram of
observed frequency centroids for wavelets in which phrenic
nerve stimulation is present and in which phrenic nerve
stimulation is absent;

[0021] FIG. 8 illustrates a combined histogram of
observed time interval centroids for wavelets in which
phrenic nerve stimulation is present and in which phrenic
nerve stimulation is absent;

[0022] FIG. 9 is a flow diagram showing another illustra-
tive method of determining if phrenic nerve stimulation is
present or absent in a patient; and

[0023] FIG. 10 illustrates exemplary power spectra repre-
sentative of the presence or absence of phrenic nerve stimu-
lation.

DESCRIPTION

[0024] The following description should be read with
reference to the drawings wherein like reference numerals
indicate like elements throughout the several views. The
drawings, which are not necessarily to scale, are not
intended to limit the scope of the disclosure. The description
and drawings illustrate several examples.

[0025] All numbers are herein assumed to be modified by
the term “about.” The recitation of numerical ranges by
endpoints includes all numbers subsumed within that range
(e.g., 1 to 5 includes 1, 1.5, 2, 2.75, 3, 3.80, 4, and 5).
[0026] As used in this specification and the appended
claims, the singular forms “a”, “an”, and “the” include the
plural referents unless the content clearly dictates otherwise.
As used in this specification and the appended claims, the
term “or” is generally employed in its sense including
“and/or” unless the content clearly dictates otherwise.
[0027] Itis noted that references in the specification to “an
embodiment”, “some embodiments”, “other embodiments”,
“an example”, “another example”, etc., indicate that the
embodiment or example described may include a particular
feature, structure, or characteristic, but every embodiment or
example may not necessarily include the particular feature,
structure, or characteristic. Moreover, such phrases are not
necessarily referring to the same embodiment or example.
Further, when a particular feature, structure, or characteristic
1s described in connection with an embodiment or example,
it is contemplated that such feature, structure, or character-
istic can be used in connection with other embodiments and
other examples, whether or not explicitly described unless
clearly stated to the contrary.

[0028] A schematic block diagram of a multi-site pace-
maker having an atrial and two ventricular pacing channels
is shown in FIG. 1. It will be appreciated that the device
described in FIG. 1 is described for the purpose of providing
context for the subsequent discussion, and should not be
view as limiting the scope of the disclosure to that particular
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device. In FIG. 1, the pacemaker may include a control unit
that includes a controller 10 communicating with a memory
12 via a bidirectional data bus, where the memory 12
typically includes a ROM (read-only memory) for program
storage and a RAM (random-access memory) for data
storage. The control unit of the pacemaker also could be
implemented by other types of processing circuitry, such as
discrete components, a programmable logic array, a micro-
controller, a state machine, and/or any other suitable pro-
cessing circuitry as desired.

[0029] In some instances, the control unit of the pace-
maker may be capable of operating the pacemaker in a
number of programmed modes where a programmed mode
defines how pacing pulses are output in response to sensed
events and/or expiration of time intervals. Bradycardia pac-
ing modes refer to pacing algorithms used to pace the atria
and/or ventricles when the intrinsic atrial and/or ventricular
rate is inadequate due to, for example, AV conduction blocks
or sinus node dysfunction. Such modes may include either
single-chamber pacing, where either an atrium or a ventricle
is paced, or dual-chamber pacing in which both an atrium
and a ventricle are paced. Another type of pacing is anti-
tachycardia pacing where the heart is paced competitively in
order to slow an abnormally fast rhythm. Pacemakers can
also be employed to improve the coordination of cardiac
contractions by timed pacing of selected chambers or sites
(e.g. left and right ventricles), termed cardiac resynchroni-
zation therapy (CRT).

[0030] Additional sensing of physiological data may help
the pacemaker change the rate at which it paces the heart in
accordance with some parameter correlated to metabolic
demand, often referred to as rate-adaptive pacing. One such
parameter is the activity level of the patient. In the device of
FIG. 1, an exertion level sensor 330, which may include, for
example, one or more of an accelerometer, minute ventila-
tion sensor, electrical signal sensor, pressure sensor, an
acoustic sensor, and the like, may sense changes in the
patient’s physical activity. These or other sensors, which are
provided on or in the patient, may be configured to provide
a sensor signal that is indicative of a response to a stimu-
lation of the phrenic nerve of the patient. In some instances,
the sensor signal provided by the exertion level sensor 330
or other sensor may be filtered by the sensor 330 or may be
filtered once received by the controller 10. A telemetry
interface 80 is often provided for facilitating communication
with an external programmer.

[0031] For the purpose of brevity in providing an illustra-
tive example, the discussion herein will focus on an accel-
erometer as a representative sensor. However, it is contem-
plated that any suitable sensor may be used, including
sensors that are suitable for sensing muscle or nerve stimu-
lation such as phrenic nerve stimulation. When the sensor is
an accelerometer, it may be a single-axis accelerometer, a
two-axis accelerometer, or a three-axis accelerometer,
wherein the accelerometers may be discrete or may be
integrated. Multi-axis accelerometers will typically be con-
figured such that the axes of the various accelerometers are
not aligned and may be configured such that the axes of the
accelerometers are substantially mutually orthogonal. Such
multi-axis accelerometers may be used to further distinguish
movements along the height axis of the recipient, which may
correspond to diaphragm motions, from movements at right
angles to the height axis, which more typically may corre-
spond to heart movements or incidental movements such

Mar. 2, 2017

may result from an object bumping the chest. When multi-
axis accelerometer signals are present, the individual signals
may each be processed as described herein and the results of
the analysis combined thereafter or the signals from the
several accelerometers may be combined to derive an accel-
eration vector the direction of which is factored into the
analysis to be described herein. This should not be taken as
disparaging other sensor types.

[0032] In order for a pacemaker to control the heart rate in
the manner described above, the pacing pulses delivered by
the device must achieve “capture,” which refers to causing
sufficient depolarization of the myocardium that a propagat-
ing wave of excitation and contraction result (i.e., a heart-
beat). A pacing pulse that does not capture the heart is thus
an ineffective pulse. This not only wastes energy from the
limited energy resources (battery) of the pacemaker, but can
have deleterious physiological effects as well, since a pace-
maker that is not achieving capture is not performing its
fanction in enforcing a minimum heart rate. A number of
factors can determine whether a given pacing pulse will
achieve capture including, for example, the energy of the
pulse, which is a function of the pulse’s amplitude and
duration or width, and the integrity and physical disposition
of the pacing lead.

[0033] A pacing pulse must exceed a minimum energy
value, or capture threshold, to produce a corresponding
contraction of the heart. It is desirable for a pacing pulse to
have sufficient energy to stimulate capture of the heart
without expending energy significantly in excess of the
capture threshold. Thus, accurate determination of the cap-
ture threshold may provide efficient pace energy manage-
ment. If the pacing pulse energy is too low, the pacing pulses
may not reliably produce a contractile response in the heart
and may result in ineffective pacing. If the pacing pulse
energy is too high, the patient may experience discomfort
due to unwanted extracardiac stimulation and/or the battery
life of the device will be shortened.

[0034] A common technique used to determine if capture
is present during a given cardiac cycle is to look for an
“evoked response” immediately following a pacing pulse.
The evoked response is the wave of depolarization that
results from the pacing pulse and evidences that the paced
chamber has responded appropriately and contracted. By
detecting an evoked P-wave and/or evoked R-wave, the
pacemaker may be able to detect whether the pacing pulse
(A-pulse and/or V-pulse) was effective in capturing the
heart, that is, in causing a contraction in the respective heart
chamber.

[0035] In order for a pacemaker to detect whether an
evoked P-wave and/or an evoked R-wave occurs immedi-
ately following an A-pulse or a V-pulse, a period of time,
referred to as the atrial capture detection window or the
ventricular capture detection window, respectively, starts
after the generation of the corresponding pacing pulse.
Sensing channels are normally rendered refractory (i.e.,
insensitive) for a specified time period immediately follow-
ing a pacing pulse in order to prevent the pacemaker from
mistaking a pacing pulse or after potential for an intrinsic
beat. This is done by the pacemaker controller ignoring
sensed events during the refractory intervals, which are often
defined for both atrial and ventricular sensing channels and
with respect to both atrial and ventricular pacing events.
Furthermore, a separate period that overlaps the early part of
a refractory interval is also defined, called a blanking
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interval during which the sense amplifiers are blocked from
receiving input in order to prevent their saturation during a
pacing pulse. If the same sensing channels are used for both
sensing intrinsic activity and evoked responses, the capture
detection window is often defined as a period that super-
sedes the normal refractory period so that the sensing
circuitry within the pacemaker becomes sensitive to an
evoked P-wave and/or R-wave.

[0036] Capture verification can be performed by deliver-
ing a pacing pulse and attempting to sense an evoked
response using either the same or different electrodes used
for pacing. In the illustrative device shown in FIG. 1, a
capture verification test is performed using a dedicated
evoked response sensing channel that includes a sense
amplifier 51 for sensing an evoked response generated after
apacing pulse is delivered. The amplifier input of the evoked
response sensing channel is switched via a switching circuit
70 to selected electrodes of the sensing/pacing channels
before the capture verification test is performed. After
switching the input of the evoked response sensing channel
to the selected electrodes, a pacing pulse is output and an
evoked response is either detected within the capture detec-
tion window or not, signifying the presence or loss of
capture, respectively.

[0037] Although the same electrodes can be used for
pacing and evoked response detection during a capture
verification test, the input of the evoked response sensing
channel may be switched to electrodes of another sensing/
pacing channel. The particular electrodes used for evoked
response detection can be selected in accordance with which
electrodes produce a sensing vector that most easily senses
an evoked response due to the pacing electrodes. The sense
amplifier 51 of the evoked response sensing channel is then
blanked during the capture verification test for a specified
blanking period following a pacing pulse output by the
tested sensing/pacing channel. The blanking period is fol-
lowed by a capture detection window during which an
evoked response may be sensed by the evoked response
sensing channel. In sonic cases, the blanking period may be
approximately 10 ms, and the width of the capture detection
window may range from 50 to 350 ms, but these are just
examples.

[0038] The illustrative pacemaker may have an atrial
sensing/pacing channel that includes ring electrode 43a, tip
electrode 435, sense amplifier 41, pulse generator 42, and an
atrial channel interface 40 which communicates bidirection-
ally with a port of controller 10. The illustrative pacemaker
of FIG. 1 may also include two ventricular sensing/pacing
channels that include ring electrodes 23a¢ and 33a, tip
electrodes 235 and 335, sense amplifiers 21 and 31, pulse
generators 22 and 32, and ventricular channel interfaces 20
and 30. The electrodes are electrically connected to the
device by means of a lead. The ring and tip electrode
associated with each channel can be used for bipolar sensing
or pacing or, as described below, different electrodes can be
connected to each channel through a switching circuit 70 to
result in different unipolar sensing or pacing vectors. The
sensing circuitry of the pacemaker may generate atrial and
ventricular sense signals when voltages sensed by the elec-
trodes exceed a specified threshold.

[0039] The illustrative pacemaker may also include an
evoked response sensing channel that includes an evoked
response channel interface 50 and a sense amplifier 51. The
channel interfaces may include analog-to-digital converters
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for digitizing sensing signal inputs from the sensing ampli-
fiers, registers that can be written to for adjusting the gain
and threshold values of the sensing amplifiers, and, in the
case of the ventricular and atrial channel interfaces, registers
for controlling the output of pacing pulses and/or changing
the pacing pulse amplitude, if desired.

[0040] The controller 10 of the pacemaker may control the
overall operation of the device in accordance with pro-
grammed instructions stored in memory 12. The controller
10 interprets sense signals from the sensing channels and
controls the delivery of pacing pulses in accordance with a
pacing mode. The controller 10 may interface with a switch-
ing circuit 70 through which the electrodes are connected to
the sense amplifiers and pulse generators. The controller 10
may be configured to connect the amplifiers and/or pulse
generators to selected tip or ring electrodes of any of the
sensing/pacing channels that connect through the switching
circuit 70. Each sense amplifier may amplify the voltage
difference between two inputs, and the inputs may be
selected from any of the tip or ring electrodes or the
pacemaker case or can 60, which may also be electrically
connected to the switching circuit. The controller 10 may
have the capability of connecting a pulse generator such that
a pacing voltage pulse appears across any of the tip or ring
electrodes or across an electrode and the can 60. A particular
set of electrodes and one or more pulse generators used to
output pacing pulses may be referred to herein as a pacing
configuration.

[0041] The switching circuit 70 may be implemented as an
array of MOSFET transistors controlled by outputs of the
controller 10. FIG. 2 shows a schematic diagram of a portion
of a switching circuit. In the illustrative switch circuit, a pair
of MOSFET ftransistors Q1 and Q2 along with an inverter
INV form a double-pole switch that switches one of the
inputs to sense amplifier 51 between ring electrodes 234 and
33a in accordance with a control signal CS from the con-
troller 10. The other input is shown as being connected to
can 60, but in some instances, it may also be switched to one
of the electrodes by the switching circuit. In a more com-
plicated version of the same basic pattern, the switching
circuit 70 may be able to switch the amplifier inputs or pulse
generator outputs to any of the tip or ring electrodes of the
sensing/pacing channels or to the can 60, as desired.
[0042] FIG. 3 is a block diagram of an illustrative signal
processing module 300. In some instances, the illustrative
signal processing module 300 may be configured to perform
a comparison between an accelerometer signal and a stored
template for cardiac activity. The illustrative signal process-
ing module 300 may be incorporated into the controller 10
either as code executed by the microprocessor or as one or
more discrete hardware components, and may compare an
accelerometer signal obtained during a pacing time window
with a stored template for cardiac activity. The comparison
may be performed in either the time domain or the frequency
domain, or both.

[0043] Pacing pulses produced by cardiac rhythm man-
agement devices can incidentally stimulate the phrenic nerve
and cause contraction of the diaphragm of the patient. It is
also possible for unipolar pacing configurations to produce
a pacing vector that stimulates the pectoral muscles overly-
ing the internal electrodes of the can, resulting in so-called
pocket twitch. Both skeletal muscle stimulation and nerve
stimulation can be annoying or painful to a patient. Abrupt
contractions of either the pectoral muscles or the diaphragm
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can impart an acceleration to the implanted housing of the
pacemaker, and typically results in a sensor signal that can
be correlated to the unwanted stimulation.

[0044] To detect whether pacing pulses are producing such
unwanted stimulation, the controller 10 may be configured
to use the accelerometer 330 (or other sensor) to sense any
accelerations experienced by the device housing (e.g. can
that coincide with the output of a pacing pulse. Contraction
of the heart and the resulting heart sounds can impart an
acceleration to the device housing (e.g. can) that coincides
with a pacing pulse. In order to distinguish desired stimu-
lation (e.g. heart capture) from unwanted stimulation (e.g.
skeletal muscle contraction), signal processing techniques
can be applied to the sensor signal.

[0045] In some instances, signal processing may make use
of a wavelet transformation of an exertion level sensor
signal such as an accelerometer signal. The accelerometer
signal may be converted into a set of wavelets, the set of
wavelets including continuous wavelets, wavelets at a fine
scale, and/or wavelets of a coarse scale. Wavelet analysis
may be viewed as presenting the signal in a plot of the
frequency components of the signal versus time with a
representation of the signal intensity by frequency in that
domain. See FIGS. 4A-4D in which FIGS. 4A and 4C
illustrate time domain signals from an exertion related signal
(e.g. accelerometer) which includes no phrenic nerve stimu-
lation and an exertion related signal which does include
phrenic nerve stimulation (PS), respectively. FIGS. 4B and
4D show an illustrative wavelet analyses (using Monet
wavelet processing) corresponding to the exertion related
signals of FIGS. 4A and 4C, respectively.

[0046] Wavelet analysis may, for example, allow the sig-
nal to be characterized as, for example, including large
amplitude shallow deflections, large amplitude steep deflec-
tions, small amplitude shallow deflections, or small ampli-
tude steep deflections, and to determine whether the deflec-
tions occur at a consistent time and frequency relative to the
pacing signal, thereby being suitable for distinguishing
phrenic nerve stimulation related signals from other exertion
related signals. In some instances, the wavelet analysis may
be derived using Morlet wavelets. In yet other embodiments,
the wavelet analysis may be derived using continuous wave-
lets, and/or any other suitable wavelet signal processing
technique.

[0047] Within a plot of the frequency components of the
signal versus time with a representation of the signal inten-
sity by frequency in that domain resulting from wavelet
analysis such as that of FIGS. 4A and 4C, the frequency and
time components of a signal may be determined by viewing
the plot as a contour map of the signal intensity. In some
cases, a contour that surrounds the region of maximum
signal intensity may be selected and a centroid or center of
mass of that contour may be computed. One familiar with
the wavelet plots in question will readily determine a signal
intensity threshold appropriately elevated above the back-
ground signal intensity to serve to select an intensity level
contour for the computation of the centroid. The frequency
and time corresponding to the centroid may then be taken to
represent the dominant frequency and the corresponding
time of the event. This is one illustrative method of identi-
fying a dominate frequency and the corresponding time of
an event.

[0048] An illustrative detection and analysis of exertion
related signals is illustrated somewhat schematically in the
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flow diagram of FIG. 5. In the illustrative method, phrenic
nerve stimulation detection is initiated (500) to sample the
exertion related signal (502) for the duration of several
cardiac cycles of left ventricular cardiac activity (50-350
ms) which is stored and analyzed (504) to extract a dominant
frequency. The dominant frequency is then checked (506) to
determine if the dominant frequency falls within the phrenic
nerve stimulation frequency band. If the dominant frequency
does not fall within the phrenic nerve stimulation frequency
band, phrenic nerve stimulation is determined to be not
present (512). If the dominant frequency does fall within the
phrenic nerve stimulation frequency band, then the domi-
nant frequency may be further checked (508) to determine if
the dominant frequency occurs within an appropriate time
window relative to left ventricular stimulation pacing pulses.
If this condition is also met, then phrenic nerve stimulation
is determined to be present (510), and if not, phrenic nerve
stimulation is determined not to be present (512). In some
instances, the dominant frequency component is determined
as a mean, or other central tendency measure, of two or more
dominant frequency components identified for two or more
pacing pulses.

[0049] Another illustrative detection and analysis scheme,
which adds confirmation of the detection of phrenic nerve
stimulation, is illustrated schematically in the flow chart of
FIG. 6, in which phrenic nerve stimulation detection is
initiated (600), sampled (602), and analyzed (604) to extract
a dominant frequency. The dominant frequency may be
checked (606) to determine if the dominant frequency falls
within a phrenic nerve stimulation frequency band as in the
method of FIG. 5. Should the dominant frequency not fall
within the phrenic nerve stimulation frequency band, the
analysis may continue by modifying (614) the atrio-ven-
tricular timing to change the timing of heart sounds and
repeating the dominant frequency analysis. As before, when
the dominant frequency does fall within the phrenic nerve
stimulation frequency band, the dominant frequency may be
further checked (608) to determine if the dominant fre-
quency occurs within an appropriate time window relative to
left ventricular stimulation pacing pulses. If this fails to be
true, the analysis may continue by modifying (614) the
atrio-ventricular timing to change the timing of heart
sounds, and the dominant frequency analysis may be
repeated.

[0050] If the dominant frequency does fall within the
phrenic nerve stimulation frequency band and the dominant
frequency occurs within an appropriate time window rela-
tive to left ventricular stimulation pacing pulses, the signal
may be further checked (616) to see if the signal meets other
predetermined signal quality criteria such as, for example,
the magnitude of the dominant frequency peak being greater
than the magnitude of other peaks in the data by a specified
tolerance and/or a peak sharpness requirement is met where-
upon the phrenic nerve stimulation is deemed to be present
(610). Should the signal fail to meet the predetermined
quality criteria, the atrio-ventricular timing may again be
changed (614), and the dominant frequency analysis cycle
may be repeated.

[0051] In some instances, the processing circuit may
determine that the phrenic nerve of the patient has been
stimulated if a dominant frequency from a wavelet analysis
is seen to occur at a substantially consistent time after each
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of two or more pacing pulses and at substantially consistent
frequencies (e.g. frequencies consistent with phrenic nerve
stimulation)

[0052] For the purpose of determining a predetermined
phrenic nerve stimulation frequency band and a predeter-
mined appropriate time window relative to left ventricular
stimulation pacing pulses, information related to a number
phrenic nerve stimulation tests may be collected from the
patient prior to programming, or from a number of other
patients, and may then be analyzed by, for example, plotting
the data as a frequency histogram (see FIG. 7) and/or as a
time delay histogram (see FIG. 8). In both instances, the
frequency and time associated with phrenic nerve stimula-
tion or the lack thereof may be determined from, for
example, the centroid of a region within the wavelet plot as
discussed above. In the respective figures, accelerometer
data from 20 patients was collected and analyzed together.
As can be seen in FIG. 7, the majority of phrenic nerve
stimulations occurred in a frequency band between a lower
bound (710) at about 7 Hz and an upper bound (720) at about
18 Hz. Similarly, in FIG. 8 it will be seen that the majority
of phrenic nerve stimulations occurred within a time win-
dow between a lower bound (810) of about 90 ms and an
upper bound (820) of about 110 ms following a left ventricle
pacing pulse.

[0053] FIG. 9 is a flow diagram illustrating an another
illustrative method of determining if phrenic nerve stimu-
lation is present or absent in a patient. Following initiation
(900) of phrenic nerve stimulation detection, several cardiac
cycles of data from a sensor such as an accelerometer,
minute ventilation sensor, electrical signal sensor, pressure
sensor, an acoustic sensor, and the like may be sampled
(902) and subjected to spectral analysis (904) by a process-
ing circuit in communication with a memory and the sensor.
The output of the spectral analysis may then be compared
(906) to a stored template of detected phrenic nerve stimu-
lation. The stored template of a phrenic nerve stimulation
event may be a patient specific template or a population
based template. In some cases, either template may subse-
quently be modified and/or updated by the acquisition and
incorporation of subsequent phrenic nerve stimulation
events. this illustrative method, if the spectral analysis
output matches the stored template of detected phrenic nerve
stimulation, phrenic nerve stimulation is deemed to be
present (910). If the spectral analysis output does not match
the stored template of detected phrenic nerve stimulation,
spectral analysis output may be compared (908) to a stored
template of cardiac activity in which phrenic nerve stimu-
lation is absent. If the spectral analysis output matches the
stored template of cardiac activity in which phrenic nerve
stimulation is absent, phrenic nerve stimulation is deemed
not to have occurred (912). If the spectral analysis output
does not match the stored template of cardiac activity in
which phrenic nerve stimulation is present and does not
match the stored template of cardiac activity in which
phrenic nerve stimulation is absent, the sampling (902) of
several cardiac cycles of sensor data is repeated and the
analysis may be repeated.

[0054] In this example, the illustrative signal processing
module 300 of FIG. 3 may be incorporated into the control-
ler 10, which may be considered a processing circuit, either
as code executed by a microprocessor or as one or more
discrete hardware components, and may be configured to
compare, for example, an accelerometer signal obtained
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during the pacing time window with one or both of stored
templates of cardiac activity in which phrenic nerve stimu-
lation is present and of cardiac activity in which phrenic
nerve stimulation is absent. The comparison may be per-
formed in the frequency domain. In some instances, the
illustrative signal processing module 300 may be a matched
finite impulse response filter that performs a cross-correla-
tion between the accelerometer signal and a previously
recorded and stored recorded template. The templates may
be represented in that case by the filter coefficients of the
matched filter (i.e., the impulse response of the filter corre-
sponds to a time-reversed version of the template of cardiac
activity). In some instances, in addition to determining if the
comparison of the spectral analysis output to a phrenic nerve
stimulation template to determine if phrenic nerve stimula-
tion has occurred, the spectral analysis output may be
compared to a non-phrenic nerve stimulation template to
determine if phrenic nerve stimulation has not occurred.

[0055] In some instances, signal processing may make use
of an analysis of the accelerometer or other exertion level
sensor signal by examination of a power spectrum of the
signals. For example, an illustrative method may include:
receiving a sensor signal for a time period after one or more
pacing pulses, wherein the sensor signal is provided by a
sensor that can sense a stimulation of the phrenic nerve of
the patient; derive a power spectrum based on the received
sensor signal during the time period after the one or more
pacing pulses; and determine if the phrenic nerve of the
patient has been stimulated based, at least in part, on the
derived power spectrum.

[0056] The power spectrum may be considered to be a plot
of power divided by frequency (dB/Hz) versus frequency
(Hz) as illustrated in FIG. 10. A representative power
spectrum of an accelerometer output or other exertion level
sensor obtained when no phrenic nerve stimulation is pres-
ent exhibits lower power at low frequencies as shown by
curve 701. This curve 701 represents the power spectrum of
an illustrative acceleration sensor signal during a time
window following a pacing pulse. In some cases, the power
spectrum may be an aggregate power spectrum correspond-
ing to time periods following two or more pacing pulses. As
can be seen, when phrenic nerve stimulation is present, the
power spectrum of the sensor signal may exhibit greater
power at those low frequencies as shown by curve 703, both
when the phrenic nerve stimulation occurs relatively soon
after the pacing pulse as well as when the phrenic nerve
stimulation occurs relatively late (705) after the pacing
pulse. When no phrenic nerve stimulation is present, the
power spectrum of the sensor signal may exhibit substan-
tially lower power at those same low frequencies, as shown
by curve 701. In some cases, the derived power spectrum
may be compared to one or more power spectrum templates,
such as a power spectrum template that corresponds to
phrenic nerve stimulation and/or a power spectrum template
that corresponds to no phrenic nerve stimulation.

[0057] While these examples are described with respect to
phrenic nerve stimulation, it is contemplated that the same
approach may be used to detect other unwanted stimulation
events. In any event, once it is determined that unwanted
stimulation is occurring with pacing pulses, the controller 10
may make adjustments in the operation of the device. In
some cases, capture verification tests may be performed as
the pacing pulse energy is reduced until a pacing pulse
energy is found that achieves both capture and produces no
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(or reduced) unwanted stimulation. In some instances, the
pacing configuration can be varied. For example, different
pacing vectors can be used by switching the output of a pulse
generator to different electrodes with the switching circuit
70. Switching from a unipolar to a bipolar pacing configu-
ration, for example, may help reduce pacing pulses from
causing pectoral muscle contractions or other unwanted
stimulation. In some instances, the timing of the pacing
pulses may be changed. For example, the AV, VV or other
delays may be changed to help alleviate or minimize the
unwanted stimulation.
[0058] Other pacing configurations with different pacing
vectors and/or different time delays may be less likely to
stimulate, for example, the phrenic nerve. In the case of
multi-site pacing, different pacing configurations using
fewer or different pacing sites may also be tried. The
configuration of the pacemaker may be varied automatically
by the pacemaker during an initial or subsequent program-
ming phase; may be varied manually by an operator during
an initial or subsequent programming phase; and/or may be
adaptively varied by the pacemaker in response to sensed
phrenic nerve stimulation.
[0059] In the foregoing Description, various features have
been grouped together in a limited number of examples for
the purpose of streamlining the disclosure. This method of
disclosure is not to be interpreted as reflecting an intention
that the examples require more features than are expressly
recited in each appended claim. Similarly, the failure of any
single example to expressly recite a given subset of the
features found distributed among the descriptions of other
examples is not to be interpreted as reflecting an intention
that the feature subset not be considered disclosed. It is
contemplated that features, structures, or characteristics dis-
closed in one example can be used in other examples,
whether or not explicitly described unless clearly stated to
the contrary.
[0060] Various modifications and alterations will become
apparent to those skilled in the art without departing from
the scope and principles of this disclosure, and it should be
understood that this disclosure is not to be unduly limited to
the particular examples set forth hereinabove.
What is claimed is:
1. A method of controlling a cardiac pacemaker to deter-
mine if a phrenic nerve of a patient is stimulated by one or
more pacing pulses of the cardiac pacemaker, the method
comprising
receiving a sensor signal for a time period after one or
more electrical pacing stimulation pulses, wherein the
sensor signal is provided by a sensor configured to
sense a stimulation of the phrenic nerve of the patient;

deriving a power spectrum based on the received sensor
signal during the time after the one or more pacing
pulses; and

determining if the phrenic nerve of the patient has been

stimulated based, at least in part, on the derived power
spectrum.

2. The method of claim 1, wherein the determining if the
phrenic nerve of the patient has been stimulated includes
comparing the derived power spectrum to one or more
power spectrum templates representative of phrenic nerve
stimulation.

3. The method of claim 1, wherein the sensor includes one
or more of an accelerometer, a minute ventilation sensor, an
electrical signal sensor, a pressure sensor, and an acoustic
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sensor, that is configured to sense an acceleration indicative
of a response to a stimulation of the phrenic nerve of the
patient.

4. The method of claim 1, wherein deriving the power
spectrum includes deriving sensor power divided by sensor
signal frequency versus sensor signal frequency.

5. The method of claim 1, wherein the determining if the
phrenic nerve of the patient has been stimulated includes
comparing the derived power spectrum to a power spectrum
template corresponding to no phrenic nerve stimulation.

6. The method of claim 1, wherein the determining if the
phrenic nerve of the patient has been stimulated includes
comparing the derived power spectrum to a power spectrum
template representative of phrenic nerve stimulation in the
frequency domain.

7. The method of claim 1, including switching a pacing
electrode configuration in response to determining that the
phrenic nerve of the patient has been stimulated.

8. The method of claim 1, including changing timing of
the pacing stimulation pulses in response to determining that
the phrenic nerve of the patient has been stimulated.

9. The method of claim 1, including changing a number
of sites to which pacing stimulation is delivered in response
to determining that the phrenic nerve of the patient has been
stimulated.

10. The method of claim 1, including decreasing a pacing
pulse energy by a specified amount in response to determin-
ing that the phrenic nerve of the patient has been stimulated.

11. The method of claim 1, including decreasing a pacing
pulse energy by a specified amount in response to detecting
contraction of skeletal muscle.

12. The method of claim 1, including:

storing a phrenic nerve stimulation event identifier in

memory of the cardiac pacemaker when determining
that the phrenic nerve of the patient has been stimu-
lated;
generating electrical pacing pulse stimulation to both
capture the heart and to minimize phrenic nerve stimu-
lation by the generated pacing pulses; and

determining if capture of the heart has been achieved
using the generated pacing pulse stimulation.

13. The method of claim 1, including filtering the received
sensor signal.

14. The method of claim 1, wherein receiving a sensor
signal includes receiving a sensor signal for a time window
following a blanking period timed after delivery of the one
or more electrical pacing stimulation pulses, and wherein
deriving the power spectrum includes deriving the power
spectrum for the sensor signal during the time window.

15. A system for cardiac rhythm management, the system
comprising:

a pulse generator configured to provide electrical cardiac

pacing pulse stimulation therapy to a patient;

a nemory;

a sensor configured to sense a response to a stimulation of

a phrenic nerve of the patient and to produce a sensor
signal; and

a processing circuit in communication with the memory

and the sensor, the processing circuit configured to:
receive the sensor signal;

derive a power spectrum based on the received sensor

signal,
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detect phrenic nerve stimulation from the pacing pulse
stimulation therapy based, at least in part, on the
derived power spectrum; and

change one or more pacing pulse stimulation therapy

parameters in response to detecting phrenic nerve
stimulation.

16. The system of claim 15, wherein the processing circuit
is configured to detect phrenic nerve stimulation using a
comparison of the derived power spectrum to a power
spectrum template representative of phrenic nerve stimula-
tion in the frequency domain.

17. The system of claim 15, wherein the processing circuit
is configured to switch a pacing electrode configuration in
response to determining that the of the phrenic nerve patient
has been stimulated.

18. The system of claim 15, wherein the processing circuit
is configured to change timing of the pacing stimulation
pulses in response to determining that the phrenic nerve of
the patient has been stimulated.

19. The system of claim 15, wherein the processing circuit
is configured to change a number of sites to which pacing
stimulation is delivered in response to determining that the
phrenic nerve of the patient has been stimulated.

20. The system of claim 15, wherein the processing circuit
is configured to decrease a pacing pulse energy by a speci-
fied amount in response to determining that the phrenic
nerve of the patient has been stimulated.
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