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(57) ABSTRACT

In some examples, a method for controlling delivery of
cardiac therapy and cardiac sensing by a medical device
system including electrodes for delivering the cardiac
therapy may include storing, in a memory of the medical
device system, a respective value for each of a plurality of
cardiac therapy and/or sensing parameters and, in associa-
tion with each of a plurality of heart position states, a
respective modification of at least one of the cardiac therapy
and/or sensing parameters. Such a method also may include
determining a current one of the plurality of heart position
states of the patient, modifying the at least one cardiac
therapy and/or sensing parameter value according to the
modification associated with the current heart position state,
and controlling the delivery of the cardiac therapy and/or

(2006.01) cardiac sensing according to the modified at least one
(2006.01) cardiac therapy and/or sensing parameter value.
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MODIFICATION OF CARDIAC SENSING
AND THERAPY

[0001] This application is a continuation of U.S. patent
application Ser. No. 16/537,025, filed Aug. 9, 2019 and
entitled “Modification of Cardiac Sensing and Therapy,”
which claims the benefit of U.S. Provisional Patent Appli-
cation No. 62/716,798, filed Aug. 9, 2018 and entitled
“Modification of Cardiac Sensing and Therapy.” The entire
content of each application is incorporated by reference
herein.

TECHNICAL FIELD

[0002] The disclosure relates generally to medical device
systems and, more particularly, cardiac sensing and therapy
delivery by medical device systems.

BACKGROUND

[0003] Some types of implantable medical device (IMD)
systems, such as cardiac pacemaker or implantable cardio-
verter defibrillator systems, may be used to provide cardiac
sensing and therapy for a patient via one or more electrodes.
Some IMDs include an implantable housing that encloses a
pulse generator and other electronic components, which may
be configured to be implanted subcutaneously in the chest of
the patient, as an example. The IMD may be connected to
one or more implantable medical electrical leads that include
one or more electrodes. The leads may be configured such
that the electrodes may, as examples, be implanted within
the heart, e.g., transvenous leads, or outside of the heart and
vasculature, e.g., extravascular leads. Extravascular leads of
such IMD systems may be configured such that the elec-
trodes, e.g., located on a distal portion of the lead, is
implanted subcutaneously, substernally, or in other extravas-
cular locations.

SUMMARY

[0004] In some examples, this disclosure is directed to
techniques for controlling the delivery of cardiac therapy
(e.g., anti-tachyarrhythmia shock therapy and/or cardiac
pacing) and cardiac sensing by a medical device, such as an
IMD. Some such techniques may include storing values for
cardiac therapy and/or sensing parameters, and storing, in
association with each of a plurality of heart position states,
a respective modification of at least one of the parameters.
The heart position states may be states of the patient that are
likely correspond to different positions of the patient’s heart
relative to other anatomical structures and/or the electrodes
used by a medical device system for cardiac sensing and/or
therapy. The heart positions states may change based on one
or more factors, such as the patient’s posture or respiration
state. Accordingly, the heart position states may be defined
by one or both of a posture or respiration state.

[0005] Such techniques may further include determining a
current heart position state of the patient’s heart, modifying
a cardiac therapy or sensing parameter value according to a
modification associated with the patient’s current heart
position state, and controlling the medical device to deliver
cardiac therapy and/or perform cardiac sensing according to
the modified cardiac therapy parameter. Example parameters
include a cardiac pacing magnitude (e.g., a pulse amplitude
or width), an anti-tachyarrhythmia shock magnitude (e.g., a
pulse amplitude, pulse width, and/or shock energy), or
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cardiac electrogram sensing parameter, such as a threshold
amplitude for detecting an R-wave, P-wave, or other feature
of the cardiac electrogram. In some examples, the parameter
is a tachyarrhythmia detection parameter, which may be a
cardiac electrogram sensing parameter used to detect tach-
yarrhythmia. In some examples, the parameter is an elec-
trode vector used to sense a cardiac electrogram and/or
deliver cardiac therapy via the modified electrode vector.

[0006] IMD systems that utilize transvenous leads may not
be a preferred IMD system for all patients. For example,
some patients may not be ideal candidates for placement of
transvenous leads, such as patients with difficult vascular
access, children, and other younger patients. Moreover,
transvenous leads may become fibrosed in the heart over
time, making lead revision and extraction procedures chal-
lenging. Extravascular IMD systems may eliminate the need
to implant transvenous leads within the heart. Thus, an
extravascular IMD system may be preferred for use in
patients for whom a transvenous IMD is not preferred.

[0007] In some extravascular IMD systems, the lead(s)
may be implanted subcutaneously, substernally, or in other
extravascular locations. For example, an extravascular lead
may be implanted at least partially in a substernal space,
such as at a target site between a ribcage or sternum and a
heart of a patient. Such lead positioning may enable an IMD
connected to the lead to sense cardiac electrical signals and
deliver cardiac therapy, such as pacing pulses and/or anti-
tachyarrhythmia shock therapy, to the patient’s heart via
electrodes on the lead. For example, the extravascular lead
may be implanted such that the electrodes on the lead are
positioned relative to target locations of the patient’s heart,
such as relative to one or more chambers of the patient’s
heart. In this manner, energy delivered via the electrodes
during delivery of cardiac therapy may be delivered to the
target locations.

[0008] In some examples, however, movement of the
patient’s heart relative to the electrodes of an extravascular
lead may change the efficacy and/or efficiency of cardiac
sensing and/or therapy by the medical device. For example,
in some patients, the heart may move within the patient’s
chest when the patient changes posture (e.g., from a supine
or other lying posture to an upright position) due to the force
of gravity, and/or in certain respiratory states (e.g., upon
inhalation, deep breathing, and/or rapid breathing). For
example, the patient’s heart may move caudally when the
patient transitions from lying down to a standing position,
and/or when the patient inhales. In younger patients, the
heart may pivot upon standing and/or inhalation. In any such
examples, movement of the heart relative to the electrodes
of an IMD may affect one or more of the cardiac sensing
and/or cardiac therapy delivery functions of the IMD. For
example, a sensed cardiac electrical signal may vary in
amplitude and/or morphology as the heart moves, which
may result in reduced sensing specificity. During delivery of
pacing pulses, movement of the heart may result in the site
of capture moving around on the heart, such that the distance
between the heart and pacing electrodes on the lead varies.
During delivery of antitachyarrhythmia shock therapy,
movement of the heart may result in an electrode on the lead
(e.g., a most-superior or most-distal electrode) contributing
little of the current that flows through the heart upon delivery
of the shock therapy. In any such examples, one or more of
an efficiency and/or efficacy of the cardiac therapy delivered
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by the IMD may be reduced at times when the heart is
further from the lead relative to times when the heart is
closer to the lead.

[0009] Thus, it may be desirable to modify cardiac sensing
and/or cardiac therapy delivery by the IMD to account for
changes in the position of the patient’s heart, such as the
changes in position that may be associated with posture
and/or respiration of the patient. For example, it may be
desirable to modify sensing of a cardiac electrical signal via
sensing electrodes of the IMD by adjusting a sensing thresh-
old (e.g., an amplitude threshold), an arrhythmia detection
parameter, and/or a blanking protocol based on a current
position of a patient’s heart. Such modification of values of
parameters by which the IMD senses the cardiac signal may
improve the specificity of arrhythmia detection by the IMD
when the heart is in one or more particular positions.
[0010] In some examples, it may be desirable to modify
delivery of cardiac pacing pulses and/or an anti-tachyar-
rhythmia shock by the IMD, such as by an magnitude and/or
the timing of the delivery of the pacing pulses and/or the
anti-tachyarrhythmia shock based on a current position of a
patient’s heart. Additionally, or alternatively, it may be
desirable to modify an electrode vector for cardiac sensing
or the delivery of cardiac therapy by the IMD based on a
current position of the patient’s heart. In any such examples,
modifying cardiac sensing and/or cardiac therapy delivery
by the IMD to account for changes in the position of the
patient’s heart may enable more efficient and/or effective
delivery of cardiac therapy by the IMD when the heart is in
certain positions. Accordingly, some techniques described
herein may include modifying cardiac sensing and/or deliv-
ery of cardiac therapy (e.g., cardiac pacing and/or anti-
tachyarrhythmia shock therapy) by a medical device system.
[0011] In one example, the disclosure is directed to a
method storing, in a memory of a medical device system, a
respective value for each of a plurality of parameters for at
least one of anti-tachyarrhythmia shock therapy or cardiac
sensing, and, in association with each of a plurality of heart
position states, a respective modification of at least one of
the plurality of parameters; and by processing circuitry of
the medical device system: determining a current one of the
plurality of heart position states of a patient; modifying the
at least parameter value according to the modification asso-
ciated with the current heart position state; and controlling
at least one of the delivery of the anti-tachyarrhythmia shock
therapy or the cardiac sensing according to the modified at
least one parameter value.

[0012] In another example, the disclosure is directed to a
medical device system comprising a plurality of electrodes;
a memory configured to store a respective value for each of
a plurality of parameters for at least one of anti-tachyar-
rhythmia shock therapy or cardiac sensing, and, in associa-
tion with each of a plurality of heart position states, a
respective modification of at least one of the plurality of
parameters; and processing circuitry configured to: deter-
mine a current one of the plurality of heart position states of
the patient; modify the at least one parameter value accord-
ing to the modification associated with the current heart
position state; and control at least one of the delivery of the
anti-tachyarrhythmia shock therapy or the cardiac sensing
via the plurality of electrodes according to the modified at
least one parameter value.

[0013] In another example, the disclosure is directed to a
method for controlling cardiac electrogram sensing or deliv-
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ery of cardiac therapy by an implantable medical device
system comprising a plurality of electrodes, the method
comprising, by processing circuitry of the medical device
system: determining a heart position state of the patient;
modifying a vector comprising at least two of the plurality
of electrodes based on the determined heart position state;
and controlling the medical device system to at least sense
a cardiac electrogram or deliver cardiac therapy via the
modified vector comprising the at least two of the plurality
of electrodes.

[0014] In another example, the disclosure is directed to a
medical device system for controlling cardiac electrogram
sensing or delivery of cardiac therapy, the system compris-
ing, a plurality of electrodes; and processing circuitry con-
figured to: determine a heart position state of the patient;
modify a vector comprising at least two of the plurality of
electrodes based on the determined heart position state; and
control the medical device system to at least sense a cardiac
electrogram or deliver cardiac therapy via the modified
vector comprising the at least two of the plurality of elec-
trodes.

[0015] This summary is intended to provide an overview
of the subject matter described in this disclosure. It is not
intended to provide an exclusive or exhaustive explanation
of the methods and systems described in detail within the
accompanying drawings and description below. The details
of one or more aspects of the disclosure are set forth in the
accompanying drawings and the description below.

BRIEF DESCRIPTION OF DRAWINGS

[0016] The details of one or more examples of this dis-
closure are set forth in the accompanying drawings and the
description below. Other features, objects, and advantages of
this disclosure will be apparent from the description and
drawings, and from the claims.

[0017] FIG. 1A is a conceptual drawing illustrating a front
view of a patient with an example medical device system
having a substernal lead;

[0018] FIG. 1B is a conceptual drawing illustrating a side
view of the patient with the example medical device system
of FIG. 1A,

[0019] FIG. 1C is a conceptual drawing illustrating a
transverse view of the patient with the example medical
device system of FIG. 1A;

[0020] FIG. 2 is a functional block diagram illustrating an
example configuration of the example medical device sys-
tem of FIG. 1A;

[0021] FIG. 3 is a functional block diagram illustrating an
example system that includes an external device, such as a
server, and one or more computing devices that are coupled
to an implantable medical device and the external device of
FIG. 1A via a network;

[0022] FIG. 4 is a flow diagram illustrating an example
technique for determining, in association with each of a
plurality of heart position states, a respective modification of
at least one therapy parameter;

[0023] FIG. 5 is a flow diagram illustrating an example
technique for modifying at least one therapy parameter value
according to a modification associated with a current heart
position state of the patient based on determining that a heart
position state of the patient has changed; and

[0024] FIG. 6 is a flow diagram illustrating an example
technique for modifying an electrode vector based on deter-
mining that a heart position state of the patient has changed.
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[0025] FIG. 7 is a diagram illustrating four MRI scans
(top) and corresponding models (bottom) showing the loca-
tion of a patient’s heart within the patient.

[0026] FIG. 8 is a plot of EV ICD cardiac signals for four
postures of a patient.

[0027] FIGS. 9A and 9B are conceptual illustrations of
MRI images of a patient’s heart in a supine posture (FIG.
9A) and an upright posture (FIG. 9B) during inhalation
along with an EV ICD.

[0028] FIG. 10 is a graph illustrating DFT variation with
posture and respiration for a variety of modelled patients.

DETAILED DESCRIPTION

[0029] In some examples, this disclosure describes
example techniques related to controlling the sensing of
cardiac electrical signals and/or the delivery of cardiac
therapy (e.g., cardiac pacing or anti-tachyarrhythmia
shocks) by a medical device system based on a current heart
position state of the patient. In some examples, processing
circuitry of a medical device or other processing circuitry of
the medical device system, may determine a current heart
position state of the patient of a plurality of heart position
states stored in a memory of the medical device system and
in association with a respective modification of at least one
of a plurality of cardiac therapy and/or sensing parameters.
According to some example techniques described herein, the
processing circuitry also may modify the at least one cardiac
therapy or sensing parameter value according to the modi-
fication associated with the current heart position state, and
control the delivery of the cardiac therapy according to the
modified at least one cardiac therapy parameter value. In
some examples, the processing circuitry may modify an
electrode vector that includes at least two of a plurality of
electrodes of the medical device system, based on the
current heart position state, and control the medical device
system to at least sense a cardiac electrogram or deliver
cardiac therapy via the modified electrode vector.

[0030] Each of the heart position states may be associated
with one or more postures of the patient in a memory of the
medical device system. For example, a heart position state in
which the heart is more caudal (e.g., relative to a baseline
position) may be associated to a sitting, standing, or other-
wise upright posture. Thus, the processing circuitry may
determine the current heart position state of the patient by
determining a current posture of the patient. Additionally, or
alternatively, each of the heart position states may be asso-
ciated with a respiratory state of the patient, such as at least
one of an inhalation phase, a respiratory rate, or a respiratory
depth of the patient. For example, a heart position state in
which the heart is more caudal, relative to a baseline
position, may be associated with one or more of an inhala-
tion phase, an elevated respiratory rate, and/or an increased
respiratory depth (e.g., relative to baseline or other threshold
respiration values). In such examples, the processing cir-
cuitry may determine a respiratory state of the patient based
on signals received by one or more sensors of the medical
device system, as discussed below with respect to FIGS.
1A-2. In some examples, the processing circuitry may
further determine that the respiratory state of the patient is
at least one of an inhalation phase, a respiratory depth
satisfying a respiratory depth threshold, or a respiratory rate
satisfying a respiratory rate threshold.

[0031] In examples in which the processing circuitry
determines the current heart position state based on both a
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posture and a respiratory state, the determined posture and
the determined respiratory state, taken together, may be
associated with a different heart position state than if taken
separately. For example, when the patient is in an upright
posture and breathing deeply, the processing circuitry may
determine that the patient’s heart position state is different
(e.g., because the heart may be more caudal) than when the
patient is upright but not breathing deeply or lying down and
breathing deeply.

[0032] To adapt cardiac therapy to the patient’s heart
position state, the processing circuitry may modify the at
least one cardiac therapy parameter value according to a
modification associated with the patient’s current heart
position state by modifying a tachyarrhythmia detection
parameter. For example, the tachyarrhythmia detection
parameter may be a threshold heart rate (e.g., a certain
number of beats per minute over a baseline heart rate) that,
if satisfied, may indicate a tachyarrhythmia. However, the
patient may have a different (e.g., higher) baseline heart rate
during inhalation than during exhalation. If the tachyar-
rhythmia detection threshold is not adjusted to account for
this difference in baseline heart rate during inhalation and
exhalation, a false-positive detection of tachyarrhythmia
may occur during inhalation. Thus, the processing circuitry
may modify the tachyarrhythmia detection threshold by
increasing the threshold when the patient’s heart position
state corresponds to inhalation, which may improve an
accuracy of tachyarrhythmia detection during inhalation and
reduce a possibility of delivering unnecessary anti-tachyar-
rhythmia shocks, which may be uncomfortable for the
patient or may unnecessarily deplete a power source of the
medical device system. Other examples of tachyarrhythmia
detection parameters that may be modified based on the
heart position state include an amplitude threshold of the
cardiac electrogram used to detect features, such as R-waves
or P-waves, of the cardiac electrogram, or a cardiac elec-
trogram morphology parameter, such as template used to
distinguish treatable tachyarrhythmias from other tachyar-
rhythmias (e.g., supra-ventricular tachyarrhythmias).

[0033] In some examples, the processing circuitry may
modify the at least one cardiac therapy parameter value
according to the modification associated with the patient’s
current heart position state by moditying a cardiac electro-
gram sensing parameters, such as an amplitude threshold.
For example, a baseline cardiac electrogram sensing ampli-
tude threshold may be selected to enable sensing of a desired
portion of a sensed cardiac electrogram (e.g., an R-wave),
when one or more sensing electrodes are positioned approxi-
mately over a target portion of the heart such as a ventricle.
However, when the patient’s heart position is caudal to a
baseline position, such as when the patient is upright and/or
inhaling, the one or more other portions of the sensed
electrogram (e.g., a T-wave) may be more prominent. In
some such examples, oversensing of a T-wave may result in
an increased possibility of a false-positive detection of
tachyarrhythmia. Thus, it may be beneficial to increase a
sensing threshold amplitude associated with such other
portions of the cardiac electrogram to reduce a possibility of
false-positive tachyarrhythmia detection. For example, the
processing circuitry may modify the cardiac electrogram
sensing amplitude threshold by increasing a cardiac electro-
gram sensing amplitude threshold when the patient’s heart
position is more caudal. In some examples, modifying the
cardiac electrogram sensing threshold improve an accuracy
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of tachyarrhythmia detection during inhalation, which may
reduce a possibility of delivering unnecessary anti-tachyar-
rhythmia shocks that may be uncomfortable for the patient
or may unnecessarily deplete a power source of the medical
device system.

[0034] In some examples, the processing circuitry may
modify the at least one cardiac therapy parameter value
according to the modification associated with the patient’s
current heart position state by modifying an anti-tachyar-
rhythmia shock or pacing pulse magnitude (which may be a
pulse amplitude, width, or energy). For example, a baseline
anti-tachyarrhythmia shock or pacing pulse magnitude may
be selected to effectively treat a tachyarrhythmia or maintain
pacing capture when one or more defibrillation or pacing
electrodes are positioned approximately over the heart.
However, when the patient’s heart position is caudal to a
baseline position, such as when the patient is upright and/or
inhaling, one or more of the defibrillation or pacing elec-
trodes may no longer be positioned approximately over the
heart. In some examples, such movement of the heart away
from the electrodes may reduce an efficacy of an anti-
tachyarrhythmia shock or may result in loss of pacing
capture. In such examples, the processing circuitry may
modify the cardiac therapy parameter by increasing an
anti-tachyarrhythmia shock magnitude or increasing an
amplitude of one or more pacing pulses when the patient’s
heart position state corresponds to one or more postures or
respiratory states associated with a more caudal (e.g., rela-
tive to a baseline) heart position. By accounting for the
movement of the patient’s heart relative to the defibrillation
or pacing electrodes, the medical device system may deliver
effective anti-tachyarrhythmia shock therapy or maintain
pacing capture even when the heart moves away from the
electrodes.

[0035] Insome examples in which the processing circuitry
may modify the at least one cardiac therapy parameter value
according to a modification associated with a patient’s
current heart position state, the anti-tachyarrhythmia shock
therapy parameters may be a sensing vector that includes at
least two of a plurality of electrodes of a lead coupled to the
medical device and a shock vector that includes at the least
two of the plurality of electrodes. As discussed above, when
the patient’s heart position is caudal to a baseline position,
one or more electrodes (e.g., sensing and/or defibrillation
electrodes) positioned on a lead may no longer be approxi-
mately over the heart. In such examples, the processing
circuitry may account for the position of the heart by
removing one or more of the electrodes not positioned
approximately over the heart from the electrode vector, as
such electrodes may not be positioned to deliver sufficient
energy to the heart or sense cardiac electrical signals when
the heart is more caudal. For example, the one or more
electrodes removed from the sensing vector or the shock
vector may be one or more electrodes positioned on a distal
portion of the lead. In some examples, an anti-tachyarrhyth-
mia shock delivered by the medical device using such a
modified shock vector may improve an efficacy of anti-
tachyarrhythmia shock therapy, such as by increasing shock
impedance and more efficiently directing and sustaining
delivery of energy to the heart via the electrodes of the
modified shock vector.

[0036] In some techniques in which the processing cir-
cuitry may control the medical device system to at least
sense a cardiac electrogram or deliver cardiac therapy via a
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modified electrode vector, the processing circuitry may
control the medical device system to deliver cardiac therapy
by controlling the medical device system to deliver cardiac
pacing via the modified vector. As discussed above, when
the patient’s heart is positioned is caudal to a baseline
position one or more of electrodes positioned on a lead (e.g.,
sensing and/or pacing electrodes positioned on a distal
portion of the lead) may no longer be positioned approxi-
mately over a portion of the heart to which it may be
desirable to deliver pacing pulses, such as a ventricle.
Instead, for example, one or more of the electrodes may be
positioned over an atrium of the heart when the heart is
position is caudal to a baseline position. Pacing pulses
delivered via one or more electrodes positioned over a
non-target portion of the heart may not contribute to pacing
efficacy and may reduce energy efficiency of the medical
device system. Thus, it may be desirable to remove such
electrodes from a pacing vector when the heart is positioned
more caudal to improve pacing efficiency.

[0037] In any of the example techniques described herein,
the modifications to the cardiac therapy or sensing param-
eters and/or electrode vectors may be selected by a clinician
and programmed into a memory of the medical device
system. Such modifications may be selected for an indi-
vidual patient, as an amount and/or direction of that a
patient’s heart may move with changes in posture and/or
respiration may vary between patients. Thus, the clinician
may select the modifications based on a magnitude and/or
direction of movement of a particular patient’s heart with
changes in patient posture and/or respiration. For example,
patients with smaller hearts (e.g., younger and/or female
patients) may have less heart movement than patients with
larger hearts (e.g., older and/or male patients). In some
examples, hearts of younger patients may pivot with
changes in posture and/or respiration. Thus, the clinician
may select the modifications based on one or more of a
gender, age, or size (e.g., height and/or weight) of the
patient.

[0038] In some examples, the clinician may directly
observe (e.g., via fluoroscopy) an amount and/or direction of
movement of the patient’s heart with changes in posture
and/or respiration. In such examples, the medical device
system may automatically or semi-automatically modity
values of one or more cardiac therapy parameters, cardiac
sensing parameters, or electrode vectors as the patient’s
heart moves with changes in patient posture and/or respira-
tion. Thus, the techniques described herein may improve the
efficacy and efficiency of the cardiac therapy delivery by
more accurately directing energy to target portions of the
heart and by reducing the delivery of energy to non-target
locations.

[0039] A medical device of a medical device system used
in some of the example techniques may be an IMD config-
ured for implantation within the patient, such as substernally
or subcutaneously, and may be configured to sense cardiac
electrical signals and deliver cardiac therapy via at least one
electrode of the IMD. In other examples, a medical device
of a medical device system used in some of the example
techniques may be an external medical device (e.g., not
configured for implantation within the patient) configured to
sense cardiac electrical signals and deliver anti-tachyar-
rhythmia shocks via at least one electrode of the medical
device.
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[0040] FIGS. 1A-1C are conceptual diagrams of a medical
device system 10 implanted within a patient 8. FIG. 1A is a
front view of medical device system 10 implanted within
patient 8. FIG. 1B is a side view of medical device system
10 implanted within patient 8. FIG. 1C is a transverse view
of medical device system 10 implanted within patient 8.
[0041] Insome examples, the medical device system 10 is
an extravascular implantable cardioverter-defibrillator (EV-
ICD) system implanted within patient 8. However, the
techniques described herein may be applicable to other
implanted and/or external cardiac systems, including cardiac
pacemaker systems, cardiac resynchronization therapy defi-
brillator (CRT-D) systems, cardioverter systems, wearable
automated external defibrillator (WAED) systems, or com-
binations thereof, as well as other stimulation and/or sensing
systems, such as neurostimulation systems. In addition,
system 10 may not be limited to treatment of a human
patient. In alternative examples, system 10 may be imple-
mented in non-human patients, such as primates, canines,
equines, pigs, bovines, ovines, felines, or the like. These
other animals may undergo clinical or research therapies that
may benefit from the subject matter of this disclosure.
[0042] IMD 12 is configured to be implanted in a patient,
such as patient 8. In some examples, IMD 12 is implanted
subcutaneously or submuscularly on the left midaxillary of
patient 8, such that IMD 12 may be positioned on the left
side of patient 8 above the ribcage. In some other examples,
IMD 12 may be implanted at other subcutaneous locations
on patient 8 such as at a pectoral location or abdominal
location. IMD 12 includes housing 20 that may form a
hermetic seal that protects components of IMD 12. In some
examples, housing 20 of IMD 12 may be formed of a
conductive material, such as titanium, or of a combination of
conductive and non-conductive materials, which may func-
tion as a housing electrode. IMD 12 may also include a
connector assembly (also referred to as a connector block or
header) that includes electrical feedthroughs through which
electrical connections are made between lead 22 and elec-
tronic components included within the housing. Housing 20
may house one or more of processing circuitry, memories,
transmitters, receivers, sensors, sensing circuitry, therapy
circuitry, power sources and other appropriate components.
[0043] In general, medical device systems (e.g., system
10) may include one or more medical devices, leads, exter-
nal devices, or other components configured to implement
the techniques described herein. In the illustrated example,
IMD 12 is connected to at least one implantable cardiac lead
22. In other examples, two leads may be used. In some
examples, IMD 12 may be configured to deliver high-energy
anti-tachyarrhythmia (e.g., cardioversion or defibrillation)
shocks to patient’s heart 18 when a ventricular tachyarrhyth-
mias, e.g., ventricular tachycardia (VT) or ventricular fibril-
lation (VF), is detected. Cardioversion shocks are typically
delivered in synchrony with a detected R-wave when fibril-
lation detection criteria are met. Defibrillation shocks are
typically delivered when fibrillation criteria are met, and the
R-wave cannot be discerned from signals sensed by IMD 12.
[0044] Lead 22 includes an elongated lead body having a
proximal end that includes a connector (not shown) config-
ured to be connected to IMD 12 and a distal portion that
includes electrodes 32A, 32B, 34A, and 34B. Lead 22
extends subcutaneously above the ribcage from IMD 12
toward a center of the torso of patient 8. At a location near
the center of the torso, lead 22 bends or turns and extends
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intrathoracically superior under/below sternum 24. Lead 22
thus may be implanted at least partially in a substernal space,
such as at a target site between the ribcage or sternum 24 and
heart 18. In one such configuration, a proximal portion of
lead 22 may be configured to extend subcutaneously from
IMD 12 toward sternum 24 and a distal portion of lead 22
may be configured to extend superior under or below
sternum 24 in the anterior mediastinum 26 (FIG. 1C). Lead
22 may include one or more curved sections as discussed
herein to configure lead 22 to naturally (e.g., in a self-biasing
manner) extend in this way upon deployment.

[0045] For example, lead 22 may extend intrathoracically
superior under/below sternum 24 within anterior mediasti-
num 26. Anterior mediastinum 26 may be viewed as being
bounded posteriorly by pericardium 16, laterally by pleurae
28, and anteriorly by sternum 24. In some examples, the
anterior wall of anterior mediastinum 26 may also be formed
by the transversus thoraces and one or more costal carti-
lages. Anterior mediastinum 26 includes a quantity of loose
connective tissue (such as areolar tissue), some lymph
vessels, lymph glands, substernal musculature (e.g., trans-
verse thoracic muscle), and small vessels or vessel branches.
In one example, the distal portion of lead 22 may be
implanted substantially within the loose connective tissue
and/or substernal musculature of anterior mediastinum 26.
In such examples, the distal portion of lead 22 may be
physically isolated from pericardium 16 of heart 18. A lead
implanted substantially within anterior mediastinum 26 will
be referred to herein as a substernal lead. Electrical stimu-
lation, such as anti-arrthythmia pacing, cardioversion or
defibrillation, provided by lead 22 implanted substantially
within anterior mediastinum 26 may be referred to herein as
substernal electrical stimulation, substernal pacing, imped-
ance monitoring, substernal cardioversion, or substernal
defibrillation.

[0046] The distal portion of lead 22 is described herein as
being implanted substantially within anterior mediastinum
26. Thus, some of distal portion of lead 22 may extend out
of anterior mediastinum 26 (e.g., a proximal end of the distal
portion), although much of the distal portion may be posi-
tioned within anterior mediastinum 26. In other embodi-
ments, the distal portion of lead 22 may be implanted
intrathoracically in other non-vascular, extra-pericardial
locations, including the gap, tissue, or other anatomical
features around the perimeter of and adjacent to, but not
attached to, the pericardium 16 or other portion of heart 18
and not above sternum 24 or the ribcage. As such, lead 22
may be implanted anywhere within the “substernal space”
defined by the undersurface between the sternum and/or
ribcage and the body cavity but not including pericardium
16 or other portions of heart 18. The substernal space may
alternatively be referred to by the terms “retrosternal space”
or “mediastinum” or “infrasternal” as is known to those
skilled in the art and includes the anterior mediastinum 26.
The substernal space may also include the anatomical region
described in Baudoin, Y. P, et al., entitled “The superior
epigastric artery does not pass through Larrey’s space (trigo-
num sternocostale).” Surg.Radiol. Anat. 25.3-4 (2003): 259-
62 as Larrey’s space. In other words, the distal portion of
lead 22 may be implanted in the region around the outer
surface of heart 18, but not attached to heart 18. For
example, the distal portion of lead 22 may be physically
isolated from pericardium 16.
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[0047] Lead 22 may include an insulative lead body
having a proximal end that includes connector 30 configured
to be connected to IMD 12 and a distal portion that includes
one or more electrodes. As shown in FIG. 1A, the one or
more electrodes of lead 22 may include electrodes 32A,
32B, 34A, and 34B, although in other examples, lead 22 may
include more or fewer electrodes. Lead 22 also includes one
or more conductors that form an electrically conductive path
within the lead body and interconnect the electrical connec-
tor and respective ones of the electrodes.

[0048] Electrodes 32A, 32B may be defibrillation elec-
trodes (individually or collectively “defibrillation electrode
(s) 327). Although electrodes 32 may be referred to herein as
“defibrillation electrodes 32,” electrodes 32 may be config-
ured to deliver other types of anti-tachyarrhythmia shocks,
such as cardioversion shocks. In some examples, defibril-
lation electrodes 32A, 32B may functionally be different
sections of a single defibrillation electrode 32, such that both
defibrillation electrodes 32 are coupled to the same conduc-
tor or are otherwise configured to provide the same electrical
stimulation. Though defibrillation electrodes 32 are depicted
in FIGS. 1A-1C as coil electrodes for purposes of clarity, it
is to be understood that defibrillation electrodes 32 may be
of other configurations in other examples, such as an elon-
gated coil electrode. Defibrillation electrodes 32 may be
located on the distal portion of lead 22, where the distal
portion of lead 22 is the portion of lead 22 that is configured
to be implanted as extending along the sternum 24.

[0049] Lead 22 may be implanted at a target site below or
along sternum 24 such that a therapy vector is substantially
across a ventricle of heart 18. In some examples, a therapy
vector (e.g., a shock vector for delivery of anti-tachyarrhyth-
mia shock) may be between defibrillation electrodes 32 and
a housing electrode formed by or on IMD 12, as discussed
further below. The therapy vector may, in one example, be
viewed as a line that extends from a point on defibrillation
electrodes 32 (e.g., a center of one of the defibrillation
electrodes 32) to a point on a housing electrode of IMD 12.
As such, it may be advantageous to increase an amount of
area across which defibrillation electrodes 32 (and therein
the distal portion of lead 22) extends across heart 18.
Accordingly, lead 22 may be configured to define a curving
distal portion as depicted in FIG. 1A. In some examples, the
curving distal portion of lead 22 may help improve the
efficacy and/or efficiency of pacing, sensing, and/or defibril-
lation to heart 18 by IMD 12, in addition to the techniques
for controlling the delivery of cardiac therapy described
herein.

[0050] Electrodes 34A, 34B may be pace/sense electrodes
34A, 34B (individually or collectively, “pace/sense elec-
trode(s) 34”) located on the distal portion of lead 22.
Electrodes 34 are referred to herein as pace/sense electrodes
as they generally are configured for use in delivery of pacing
pulses and/or sensing of cardiac electrical signals. In some
instances, electrodes 34 may provide only pacing function-
ality, only sensing functionality, or both pacing functionality
and sensing functionality. In the example illustrated in FIG.
1A and FIG. 1B, pace/sense electrodes 34 are separated from
one another by defibrillation electrode 32B. In other
examples, however, pace/sense electrodes 34 may be both
distal of defibrillation electrode 32B or both proximal of
defibrillation electrode 32B. In examples in which lead 22
includes more or fewer electrodes 32, 34, such electrodes
may be positioned at other locations on lead 22. In some
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examples, IMD 12 may include one or more electrodes 32,
34 on another lead (not shown). Other lead configurations
may be used, such as various electrode arrangements. For
example, one or more pace/sense electrodes 34 may be
placed between two defibrillation electrodes 32, such as
described above. In an example, multiple pace/sense elec-
trodes 34 may be placed between two defibrillation elec-
trodes 32. In an example, two defibrillation electrodes 32
may be adjacent (e.g., such that the two defibrillation
electrodes 32 are not separated by any pace/sense electrodes
34 between the two defibrillation electrodes 32). Other
arrangements may additionally or alternatively be used.

[0051] Lead 22 may define different sizes and shapes as
may be appropriate for different purposes (e.g., for different
patients or for different therapies). As discussed above, in
some examples, the distal portion of lead 22 may have one
or more curved sections. As shown in the example of FIG.
1A, the distal portion of lead 22 is a serpentine shape that
includes two “C” shaped curves, which together may
resemble the Greek letter epsilon, “c.” Defibrillation elec-
trodes 32 are each carried by one of the two respective
C-shaped portions of the lead body distal portion. The two
C-shaped curves extend or curve in the same direction away
from a central axis of the lead body. In some examples,
pace/sense electrodes 34 may be approximately aligned with
the central axis of the straight, proximal portion of lead 22.
In such examples, mid-points of defibrillation electrodes 32
are laterally offset from pace/sense electrodes 34. Other
examples of extra-cardiovascular leads including one or
more defibrillation electrodes and one or more pace/sense
electrodes 34 carried by curving, serpentine, undulating or
zig-zagging distal portion of lead 22 also may be imple-
mented using the techniques described herein. In some
examples, the distal portion of lead 22 may be straight (e.g.,
straight or nearly straight).

[0052] In some examples, the electrode arrangement on
lead 22 may correspond to a geometry of lead 22. For
example, pace/sense electrodes 34 may be positioned on
relative peaks of a curved lead shape, while defibrillation
electrodes 32 may be positioned on relative valleys of the
curved lead shape. In other examples, the distal portion of
lead 22 may include branches, biased portions expanding
away from a central shaft, or other shapes (e.g., with one or
more of electrodes 32, 34 disposed on the branches, shaft, or
biased portions) that may provide appropriate monitoring
information or therapy. Deploying lead 22 such that elec-
trodes 32, 34 are thusly at these depicted peaks and valleys
of serpentine shape may therein increase an efficacy of
system 10. For example, electrodes 32, 34 may have access
to better sensing or therapy vectors when lead 22 is deployed
into the serpentine shape, in addition to the techniques for
controlling the delivery of cardiac therapy described herein.

[0053] Orienting the serpentine shaped lead such that
pace/sense electrodes 34 are closer to heart 18 may provide
better electrical sensing of the cardiac signal and/or lower
pacing capture thresholds than if pace/sense electrodes 34
were oriented further from heart 18. The serpentine or other
shape of the distal portion of lead 22 may have increased
fixation to patient 8 as a result of the shape providing
resistance against adjacent tissue when an axial force is
applied. Another advantage of a shaped distal portion is that
pace/sense electrodes 34 may have access to greater surface
area over a shorter length of heart 18 relative to a lead having
a straighter distal portion.
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[0054] In some examples, the elongated lead body of lead
22 may include one or more elongated electrical conductors
(not illustrated) that extend within the lead body from the
connector at the proximal lead end to electrodes 32, 34
located along the distal portion of lead 22. The one or more
elongated electrical conductors contained within the lead
body of lead 22 may engage with respective ones of elec-
trodes 32, 34. In one example, each of electrodes 32, 34 is
electrically coupled to a respective conductor within lead 22.
The respective conductors may electrically couple to cir-
cuitry, such as a therapy module or a sensing module, of
IMD 12 via connections in connector assembly, including
associated feedthroughs. The electrical conductors transmit
therapy from a therapy module within IMD 12 to one or
more of electrodes 32, 34, and transmit sensed electrical
signals from one or more of electrodes 32, 34 to the sensing
module within IMD 12.

[0055] In some examples, the elongated lead body of lead
22 may have a diameter of between 3 and 9 French (Fr),
although lead bodies having diameters less than 3 Fr and
more than 9 Fr may also be utilized. In another example, the
distal portion and/or other portions of the lead body may
have a flat, ribbon or paddle shape. In such examples, the
width across the flat portion of the flat, ribbon or paddle
shape may be between 1 and 3.5 mm Other lead body
designs may be used without departing from the scope of
this disclosure. The lead body of lead 22 may be formed
from a non-conductive material, including silicone, poly-
urethane, fluoropolymers, mixtures thereof, and other appro-
priate materials, and shaped to form one or more lumens
within which the one or more conductors extend. However,
the techniques are not limited to such constructions.
[0056] Insome examples, defibrillation electrodes 32 may
have a length greater than 5 centimeters (cm) and less than
10 cm, or a length between about 2 cm to about 16 cm. In
other examples, defibrillation electrodes 32 may be a flat
ribbon electrode, paddle electrode, braided or woven elec-
trode, mesh electrode, segmented electrode, directional elec-
trode, patch electrode or other type of electrode besides an
elongated coil electrode.

[0057] Pace/sense electrodes 34 may comprise ring elec-
trodes, short coil electrodes, hemispherical electrodes, seg-
mented electrodes, directional electrodes, or the like. In
some examples, pace/sense electrodes 34 may have substan-
tially the same outer diameter as the lead body. In one
example, pace/sense electrodes 34 may have surface areas
between 1.6-55 mm?. Pace/sense electrodes 34 may, in some
examples, have relatively the same surface area or different
surface areas. Depending on the configuration of lead 22,
pace/sense electrodes 34 may be spaced apart by the length
of defibrillation electrodes 32, plus some insulated length on
each side of defibrillation electrode 32, e.g., approximately
2-16 cm. In other examples, such as when pace/sense
electrodes 34 are between segments of a segmented defi-
brillation electrodes 32, the electrode spacing may be
smaller, e.g., less than 2 cm or less than 1 cm. The example
dimensions provided above are exemplary in nature and
should not be considered limiting of the examples described
herein. In other examples, lead 22 may include a single
pace/sense 34 or more than two pace/sense electrodes 34.
[0058] In some examples, IMD 12 may include one or
more housing electrodes (not shown) positioned on housing
20 of IMD 12. Such housing electrodes may be formed
integrally with an outer surface of hermetically-sealed hous-
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ing 20 of IMD 12, or otherwise may be coupled to housing
20. In some examples, a housing electrode may be defined
by an uninsulated portion of an outward facing portion of
housing 20 of IMD 12. In some examples, housing 20 may
define one or more additional housing electrodes, which
may be defined by corresponding divisions between insu-
lated and uninsulated portions of housing 20. In still other
examples, substantially all of housing 20 may be uninsu-
lated, such that substantially all of housing 20 defines a
housing electrode.

[0059] In general, system 10 may sense electrical signals,
such as via one or more sensing vectors that include com-
binations of pace/sense electrodes 34 and/or a housing
electrode of IMD 12. In some examples, IMD 12 may sense
cardiac electrical signals using a sensing vector that includes
one or both of the defibrillation electrodes 32 and/or one of
defibrillation electrodes 32 and one of pace/sense electrodes
34 or a housing electrode of IMD 12. The sensed electrical
intrinsic signals may include electrical signals generated by
cardiac muscle and indicative of depolarizations and repo-
larizations of heart 18 at various times during the cardiac
cycle. IMD 12 may be configured to analyze the electrical
signals sensed by the one or more sensing vectors to detect
tachyarrhythmia, such as ventricular tachycardia (VT) or
ventricular fibrillation (VF). In response to detecting the
tachyarrhythmia, IMD 12 may begin to charge a storage
element, such as a bank of one or more capacitors, and, when
charged, delivers substernal electrical stimulation therapy,
e.g., ATP, cardioversion or defibrillation shocks, and/or
post-shock pacing in response to detecting tachycardia (e.g.,
VT or VF). In some examples, IMD 12 may generate and
deliver bradycardia pacing in addition to ATP, cardioversion
or defibrillation shocks, and/or post-shock pacing.

[0060] Processing circuitry of IMD 12 may sense patient
parameters indicative of a current heart position status of
heart 18 based on signals sensed via one or more sensors of
system 10. It should be noted that although such processing
circuitry may be contained within IMD 12 and/or within
another device of system 10 (e.g., external device 38), the
processing circuitry is described herein as being a compo-
nent of IMD 12 for the sake of clarity. In some examples,
processing circuitry of system 10 may determine a current
posture of patient 8 and/or a respiratory state of patient 8.
For example, system 10 may include one or more acceler-
ometers or gyrometers (not shown). The one or more accel-
erometers may comprise one or more three-axis accelerom-
eters. In some examples, such accelerometers or gyrometers
may be a component of IMD 12 of system 10. Signals
generated by such sensors may be indicative of, for example,
a current posture of patient 8, such as an upright posture, a
seated posture, a supine or prone posture, or other postures.
In some examples, heart 18 may be positioned up to about
6 cm more caudal, relative to a baseline position, when
patient 8 is in an upright posture compared to when patient
8 is in a supine posture.

[0061] In some examples, processing circuitry of IMD 12
may determine a respiratory state of patient 8 by determin-
ing one or more of an inhalation phase, a respiratory depth,
or a respiratory rate of patient 8. In some such examples,
processing circuitry of IMD 12 may compare the respiratory
depth and/or the respiratory rate to one or more correspond-
ing threshold(s). If the respiratory depth and/or respiratory
rate satisfy the corresponding threshold(s), the processing
circuitry may, for example, identify the respiratory depth as
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being “deep” and/or respiratory rate as being “elevated.” In
some such examples, processing circuitry of IMD 12 may
further identify a magnitude of such aspects of patient 8’s
respiratory state, such as identify the respiratory depth as
being “moderately deep” or “very deep.” Such magnitudes
of the respiratory state may correspond to different position
states of heart 18. For example, heart 18 may be positioned
more caudal (e.g., up to about 2-4 cm more caudal) during
very deep respiration than during moderately deep respira-
tion.

[0062] In some examples, processing circuitry of IMD 12
may determine a respiration state of patient 8 based on an
impedance between two or more eclectrodes (e.g., two or
more of pace/sense electrodes 34 and/or a housing electrode
on housing 20). In other examples, system 10 may include
one or more other sensors configured to determine a respi-
ration state of patient 8, such as a microphone configured to
detect sounds associated with respiration of patient 8, a
magnetometer configured to measure changes in dimensions
of anatomical structures of the thorax of patient 8 during
respiration, or a pressure sensor configured to measure
changes in pressure exerted on lead 22 associated with
changes respiration state. In some examples, an accelerom-
eter may produce a signal that varies based on respiration,
e.g., based on vibrations and/or movement associated with
respiration. Regardless of the configuration of such sensors,
processing circuitry of IMD 12 may determine a posture of
patient 8 and/or a respiration state of patient 8 based on the
signals obtained therefrom, and associate the posture and/or
respiration state of patient 8 with a current heart position
state of heart 18 of a plurality of heart position states stored
in a memory of system 10 and in association with a
respective modification of at least one of a plurality of
cardiac sensing, cardiac therapy, or vector parameters.

[0063] In some examples, processing circuitry of IMD 12
then may modify at least one cardiac therapy and/or sensing
parameter value, according to the modification associated
with the current heart position state of heart 18, and control
the delivery of the cardiac therapy. For example, processing
circuitry of IMD 12 may control delivery of (and IMD may
thus deliver) an anti-tachyarrhythmia shock via defibrilla-
tion electrodes 32, and or cardiac pacing via pace/sense
electrodes 34, according to the modified at least one cardiac
therapy parameter value. In some other examples, process-
ing circuitry of IMD 12 may modify an electrode vector,
such as a cardiac therapy delivery vector that includes at
least two of defibrillation electrodes 32 or a sensing vector
that includes at least two of pace/sense electrodes 34, based
on the current heart position state of heart 18. In such
examples, processing circuitry of IMD 12 may control IMD
12 to at least sense a cardiac electrogram via the modified
sensing vector or deliver cardiac therapy via the modified
electrode vector.

[0064] In some examples, processing circuitry of IMD 12
may modify a cardiac therapy and/or sensing parameter
value, according to a modification associated with patient
8’s current heart position state in a memory of system 10, by
modifying a tachyarrhythmia detection parameter. For
example, the tachyarrhythmia detection parameter may be a
threshold heart rate (e.g., a certain number of beats per
minute over a baseline heart rate) of patient 8. If satisfied,
the threshold heart rate may indicate that patient 8 is
experiencing tachyarrhythmia. However, patient 8 may have
a higher baseline heart rate during inhalation than during
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exhalation. Thus, processing circuitry of IMD 12 may
modify the tachyarrhythmia detection threshold by increas-
ing the tachyarrhythmia detection threshold heart rate when
patient 8’s heart position state corresponds to an inhalation
phase of respiration. In some examples, using an increased
a tachyarrhythmia detection threshold heart rate during
inhalation may improve a tachyarrhythmia-detection accu-
racy of system 10, such as by reducing a possibility of
false-positive  tachyarrhythmia detections. In some
examples, reducing a possibility of false-positive tachyar-
rhythmia detections may reduce a possibility of delivering
unnecessary anti-tachyarrhythmia shocks to patient 8, which
may avoid associated and unnecessary discomfort to patient
8 and/or avoid unnecessary depletion of a power source of
system 10.

[0065] In some examples, processing circuitry of IMD 12
may modify a cardiac therapy and/or sensing parameter
value by which IMD 12 may deliver cardiac therapy, accord-
ing to a modification associated with patient 8’s current
heart position state in a memory of system 10, by modifying
a cardiac electrogram sensing amplitude threshold. For
example, a clinician may select a baseline cardiac electro-
gram sensing amplitude threshold, when programming IMD
12, that may enable IMD 12 to sense a target portion of a
cardiac electrogram via pace/sense electrodes 34 (e.g., an
R-wave) for tachyarrhythmia detection when one or more of
pace/sense electrodes 34 are positioned approximately over
a particular portion of heart 18 such as a ventricle. However,
when heart 18 is caudal to a baseline position, such as when
patient 8 is in an upright posture and/or inhaling, one or
more other portions of the sensed electrogram (e.g., a
T-wave) may be more prominent. In some such examples,
oversensing of a T-wave or other non-target portions of the
electrogram by IMD 12 may result in an increased possi-
bility of a false-positive detection of tachyarrhythmia. Thus,
a clinician may program IMD 12 to increase a sensing
threshold amplitude associated with such other portions of
the cardiac electrogram to reduce a possibility of false-
positive tachyarrhythmia detection. For example, processing
circuitry of IMD 12 may modify the cardiac electrogram
sensing amplitude threshold by increasing a cardiac electro-
gram sensing amplitude threshold of IMD 12 when a current
position of heart 18 is caudal to a baseline position, which
may enable system 10 to better sense a target portion of the
cardiac electrogram when heart 18 is in such positions.

[0066] In some examples, processing circuitry of IMD 12
may modify a cardiac therapy parameter value, according to
a modification associated with patient 8’s current heart
position state in a memory of system 10, by modifying an
anti-tachyarrhythmia shock magnitude or an amplitude of
one or more pacing pulses by which IMD 12 may deliver
cardiac therapy. For example, a clinician may select a
baseline anti-tachyarrhythmia shock magnitude or a baseline
pacing pulse amplitude (e.g., when programming IMD 12)
that may effectively treat a tachyarrhythmia or provide
pacing capture of heart 18 when defibrillation electrodes 32
or pace/sense electrodes 34 are positioned approximately
over heart 18. However, when heart 18 is caudal to a
baseline position, such as when the patient 8 is upright
and/or inhaling, one or more of defibrillation electrodes 32
or pace/sense electrodes 34 may no longer be positioned
approximately over heart 18. In such cases, an efficacy of an
anti-tachyarrhythmia shock delivered by IMD 12 may be
reduced or pacing capture may not be maintained during
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delivery of cardiac pacing pulses by IMD 12. Thus, in such
examples, processing circuitry of IMD 12 may modify a
cardiac therapy parameter by increasing an anti-tachyar-
rhythmia shock magnitude or increasing an amplitude of one
or more pacing pulses when patient 8’s posture and/or
respiratory state corresponds to a lower heart position state.
In some such examples, increasing an anti-tachyarrhythmia
shock magnitude or increasing an amplitude of one or more
pacing pulses may improve an efficacy of anti-tachyarrhyth-
mia shock therapy or pacing capture, which may result in an
improved clinical outcome of cardiac therapy for patient 8,
compared to example cardiac therapy techniques that do not
take into account a position of a patient’s heart.

[0067] In some examples, processing circuitry of IMD 12
may modify a cardiac therapy parameter value, according to
a modification associated with a current heart position state
of patient 8 in a memory of system 10, by modifying at least
one of a sensing vector that includes at least two of pace/
sense electrodes 34 or a shock vector that includes at the
least two of defibrillation electrodes 32. As discussed above,
when heart 18 is caudal to a baseline position, one or more
of pace/sense electrodes 34 and/or defibrillation electrodes
32 may no longer be positioned approximately over heart 18.
In such examples, processing circuitry of IMD 12 may be
configured to modify at least one electrode vector by remov-
ing one or more of pace/sense electrodes 34 from the sensing
vector or by removing one or more of defibrillation elec-
trodes 32 from the shock vector. The electrodes 34 or 32
removed from the sensing vector or shock vector may be the
ones of electrodes 32, 34 no longer positioned over heart 18
when heart 18 is caudal to a baseline position. For example,
processing circuitry of IMD 12 may remove from an elec-
trode vector one or more electrodes positioned on a distal
portion of the lead, such as one or more most-superior or
most-distal ones of electrodes 32 or 34. In some examples,
an anti-tachyarrhythmia shock delivered by IMD 12 using
such a modified shock vector may improve an efficacy of
anti-tachyarrhythmia shock therapy, such as by increasing
shock impedance. In some examples, the increased shock
impedance of the modified shock vector may more effi-
ciently direct and sustain delivery of energy to heart 18 via
the remaining ones of defibrillation electrodes 32 of the
modified shock vector, even though IMD 12 may deliver less
total energy via the modified shock vector than via a
corresponding unmodified shock vector.

[0068] Inany such examples in which processing circuitry
of IMD 12 may modify a cardiac therapy parameter value,
according to a modification associated with patient 8’s
current heart position state in a memory of system 10, the
magnitude of the modification may be based on a magnitude
of heart movement associated with patient 8’s current heart
position state. For example, a magnitude of a modification of
a cardiac therapy parameter value associated with a first
heart position state in which heart 18 is relatively more
caudal may be greater than a magnitude of a modification of
a cardiac therapy parameter associated with a second heart
position state in which heart 18 is cranial to the first heart
position state, but still more caudal than a baseline position.
In some examples, a difference in positions of heart 18
between such heart positions states may be several centi-
meters, such as up to about 4 cm.

[0069] Insome techniques in which processing circuitry of
IMD 12 may control IMD 12 to at least sense a cardiac
electrogram of patient 8 via a modified vector or deliver
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cardiac therapy to heart 18 via a modified electrode vector,
processing circuitry of IMD 12 may control system 10 to
deliver cardiac therapy by controlling IMD 12 to deliver
cardiac pacing to heart 18 via the modified vector. As
discussed above, when the heart 18 is positioned caudal to
a baseline position, such as when patient 8 is upright and/or
inhaling, one or more of, pace/sense electrodes 34 may no
longer be positioned approximately over a portion of heart
18 to which it may be desirable to deliver pacing pulses,
such as a ventricle of heart 18. Instead, one or more of the
electrodes may be positioned over an atrium of heart 18
when heart 18 is positioned caudal to a baseline position.
Pacing pulses delivered via one or more of pace/sense
electrodes 34 positioned over a non-target portion of heart
18 may not contribute to pacing efficacy and may reduce
energy efficiency of system 10. Thus, it may be desirable to
remove such electrodes 34 from a pacing vector when heart
18 is positioned caudal to a baseline position, which may
improve pacing efficiency.

[0070] In any of the example techniques described herein,
the modifications to the cardiac therapy parameters and/or
electrode vectors of system 10 may be selected by a clinician
and programmed into a memory of system 10. In some
examples, the clinician may select the modifications (e.g., a
parameter to modify and/or a magnitude of a modification)
based on one or more physiological aspects of patient 8 that
may be associated with an amount and/or direction that heart
18 may move with changes in the posture and/or respiration
state of patient 8. In some examples, the clinician may
directly observe (e.g., via fluoroscopy) an amount and/or
direction of movement of heart 18 with changes in the
posture and/or respiration state of patient 8. In such
examples, processing circuitry of IMD 12 may automati-
cally or semi-automatically modify values of one or more
cardiac therapy parameters and/or sensing parameters as
heart 18 moves with changes in the posture and/or respira-
tion state of patient 8, which may improve the efficacy
and/or efficiency of the cardiac therapy delivered by system
10, such as by more accurately directing energy to target
portions of the heart and/or by reducing the delivery of
energy to non-target locations.

[0071] Insome examples, system 10 may include external
device 38. External device 38 may be a computing device
that is configured for use in a home, ambulatory, clinic, or
hospital setting to communicate with IMD 12 via wireless
telemetry. Examples of communication techniques used by
IMD 12 and external device 38 include radiofrequency (RF)
telemetry, which may include an RF link established via
Bluetooth, wireless local networks, or medical implant com-
munication service (MICS). The communication may
include one-way communication in which one device is
configured to transmit communication messages and the
other device is configured to receive those messages. Alter-
natively, or additionally, the communication may include
two-way communication in which each device is configured
to transmit and receive communication messages.

[0072] External device 38 may include communication
circuitry configured to communicate with one or more
devices of system 10 (e.g., IMD 12) in accordance with the
techniques described above. For example, external device 38
may be used to program commands or operating parameters
of IMD 12 for controlling functioning of IMD 12 when
external device 38 is configured as a programmer for IMD
12. External device 38 may be used to communicate with
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IMD 12 to retrieve data such as operational data, physi-
ological data accumulated in IMD memory, or the like. As
such, external device 38 may function as a programmer for
IMD 12, an external monitor for IMD 12, or a consumer
device such as a smartphone. External device 38 may be
coupled to a remote patient monitoring system, such as
CARELINK®, available from Medtronic plc, of Dublin,
Ireland. In other examples, a clinician may use external
device 38 to program or update therapy parameters that
define cardiac therapy, and/or program or update modifica-
tions to the cardiac therapy parameters, sensing parameters,
and/or electrode vectors associated with the plurality of
heart position states, or perform other activities with respect
to IMD 12. The clinicians may be a physician, technician,
surgeon, electrophysiologist, or other healthcare profes-
sional. In some examples, the user may be patient 8.
[0073] Although described herein in the context of
example IMD 12, the techniques for controlling the delivery
of cardiac therapy described herein may be implemented
with other types of IMD configured to deliver cardiac
therapy. In some examples, the techniques described herein
may be implemented with an external defibrillation device,
or other devices or systems configured to deliver cardiac
therapy. In some examples, system 10 also may include an
implantable monitoring device, such as the Reveal LINQ™,
commercially available from Medtronic plc.

[0074] FIG. 2 is a functional block diagram illustrating an
example configuration of IMD 12 of FIGS. 1A-1C, which
may be used to perform any of the techniques described with
respect to FIGS. 1A-1C. As shown in FIG. 2, IMD 12
includes processing circuitry 102, sensing circuitry 104,
therapy delivery circuitry 106, sensors 108, communication
circuitry 110, and memory 112. In addition, IMD 12 includes
one or more electrodes 116, which may be any one or more
of the previously-described electrodes of IMD 12, one or
more of which may be carried by lead 22 or disposed on
housing 20 of IMD 12. In some examples, memory 112
includes computer-readable instructions that, when executed
by processing circuitry 102, cause IMD 12 and processing
circuitry 102 to perform various functions attributed to IMD
12 and processing circuitry 102 herein. Memory 112 may
include any volatile, non-volatile, magnetic, optical, or
electrical media, such as a random access memory (RAM),
read-only memory (ROM), non-volatile RAM (NVRAM),
electrically-erasable programmable ROM (EEPROM), flash
memory, or any other digital media.

[0075] Processing circuitry 102 may include fixed func-
tion circuitry and/or programmable processing circuitry.
Processing circuitry 102 may include any one or more of a
microprocessor, a controller, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), a
field-programmable gate array (FPGA), or equivalent dis-
crete or analog logic circuitry. In some examples, processing
circuitry 102 may include multiple components, such as any
combination of one or more microprocessors, one or more
controllers, one or more DSPs, one or more ASICs, or one
or more FPGAs, as well as other discrete or integrated logic
circuitry. The functions attributed to processing circuitry 102
herein may be embodied as software, firmware, hardware or
any combination thereof.

[0076] In some examples, processing circuitry 102 may
receive (e.g., from external device 38), via communication
circuitry 110, a respective value for each of a plurality of
cardiac sensing parameters, cardiac therapy parameters
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(e.g., anti-tachyarrhythmia shock therapy parameters and/or
cardiac pacing parameters), and/or electrode vectors. Pro-
cessing circuitry 102 may store such parameters and/or
electrode vectors in therapy and sensing programs 118 of
memory 112. Processing circuitry 102 also may receive, in
association with each of a plurality of heart position states
120, a respective modification 122 of at least one of the
cardiac sensing parameters, cardiac therapy parameters,
and/or electrode vectors. Processing circuitry 102 may store
the heart position states in heart position states 120 of
memory 112, and may store the respective modifications in
modifications 122 of memory 112. The modifications may
take the form of, as examples, a look-up table or other data
structure, or a function.

[0077] Processing circuitry 102 may monitor a posture
and/or a respiration state of patient 8 via one or more of
electrodes 116 and sensors 108. In some examples, process-
ing circuitry 102 may determine a respiration state of patient
8 based on an impedance between two or more of electrodes
116, such as between housing 20 of IMD 12, which may
function as a housing electrode, and an electrode positioned
on lead 22. Therapy delivery circuitry 106 and/or sensing
circuitry 104 may include circuitry to generate a signal, e.g.,
current or voltage source circuitry, having a known current
or voltage amplitude, and switching circuitry to couple the
signal to selected ones of electrodes 116. Sensing circuitry
104 may include circuitry to sample the signal and measure
the other of voltage or current. Processing circuitry 102 may
determine an impedance value associated with the imped-
ance signal based on such measurements. In other examples,
processing circuitry 102 may determine a respiration state
based on variations in an amplitude of an electrogram
(EGM) signal sensed by electrodes 116 that may be asso-
ciated with movement of heart 18 that may occur with
respiration of patient 8.

[0078] In some examples, sensors 108 may include one or
more gyrometers and/or accelerometers. In some examples,
such accelerometers may comprise one or more three-axis
accelerometers. Signals generated by such gyrometers and/
or accelerometers may be indicative of a current posture of
patient 8, such as an upright posture, a seated posture, a
supine or prone posture, or other postures. In some
examples, an accelerometer may produce a signal that varies
based on respiration, e.g., based on vibrations and/or move-
ment associated with respiration. For example, a cyclic
component of a signal sensed by an accelerometer may be
associated with movement of IMD 12 as the implant site of
IMD 12 within patient 8 moves (e.g., tilts) with respiration.
[0079] In other examples, sensors 108 may include one or
more other sensors configured to determine a respiration
state of patient 8, such as a microphone configured to detect
sounds associated with respiration of patient 8, a magne-
tometer configured to sense motion within the earth’s mag-
netic field associated with respiration of patient 8, or a
pressure sensor configured to measure changes in pressure
exerted on lead 22 associated with changes respiration state.
[0080] Sensing circuitry 106 may include filters, amplifi-
ers, and/or analog-to-digital conversion circuitry, as
examples, to condition any of these sensed signals for
analysis by processing circuitry 102 and/or to detect features
of the signals. For example, sensing circuitry 106 may
condition an EGM signal to extract variations in an ampli-
tude of the EGM signal that may be associated with move-
ment of heart 18 occurring with respiration of patient 8. In
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examples in which sensors 108 include a microphone,
sensing circuitry 106 may condition an audio signal sensed
by a microphone to separate respiratory sounds from inter-
fering background noise. In examples in which sensors 8
include a pressure sensor, sensing circuitry 106 may condi-
tion a signal sensed by a pressure sensor to filter out
variations caused by atmospheric pressure. In any such
examples, processing circuitry 102 may determine a posture
of patient 8 and/or a respiration state of patient 8 based on
the signals obtained from electrodes 116 and sensors 108,
and may associate patient 8’s posture and/or respiration state
with a current heart position state of heart 18 of the plurality
of'heart position states 120 stored in heart position states 120
of memory 112.

[0081] Insome examples, heart position states 120 may be
defined by one or more threshold posture and/or respiration
values. For example, one or more of heart position states 120
may be defined, at least in part, by a threshold respiration
depth value. In such examples, processing circuitry 102 may
determine a respiration depth value associated with patient
8’s respiration state, such as by determining an impedance
between two or more of electrodes 116 and/or analyzing
signals sensed by one or more of sensors 108, and determine
a current heart position state of heart 18 based, at least in
part, on whether the determined respiration depth value
satisfies the threshold respiration depth value. In examples
in which a heart position state is associated with a posture,
the heart position state may be defined, at least in part, by a
threshold value associated with the posture. In such
examples, the threshold value may be a value (e.g., a
voltage) derived from a signal sensed by one or more
accelerometers of sensors 108. For example, sensing cir-
cuitry 106 may condition a signal sensed by the one or more
accelerometers for analysis by processing circuitry 102,
such as by applying a low-pass filter to the signal. Process-
ing circuitry 102 then may analyze the conditioned signal to
determine a value associated with a current posture of
patient 8, and determine a current position state of heart 19
based, at least in part, on whether the determined value
satisfies the threshold value associated with the posture.

[0082] After determining patient 8’s current heart position
state as being one of heart position states 120, processing
circuitry 102 may modify at least one of a cardiac sensing
parameter value, a cardiac therapy parameter value, and/or
an electrode vector according to one or more of modifica-
tions 122 associated with the current heart position state.
Example parameters include a cardiac pacing magnitude
(e.g., a pulse amplitude or width), an anti-tachyarrhythmia
shock magnitude (e.g., a pulse amplitude, pulse width,
and/or shock energy), or cardiac electrogram sensing param-
eter, such as a threshold amplitude for detecting an R-wave,
P-wave, or other feature of the cardiac electrogram. In some
examples, the parameter is a tachyarrhythmia detection
parameter, which may be a cardiac electrogram sensing
parameter used by processing circuitry 102 to detect tach-
yarrhythmia. In some examples, the parameter is an elec-
trode vector of a plurality of electrodes 116, which process-
ing circuitry 102 may use to sense a cardiac electrogram
and/or deliver cardiac therapy via the modified electrode
vector. Processing circuitry 102 then may control IMD 12 to
deliver cardiac therapy via therapy delivery circuitry 106
according to the modified sensing parameter value, cardiac
therapy parameter value, and/or electrode vector. In some
other examples, processing circuitry 102 may modify an
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electrode vector that includes at least two defibrillation
electrodes of electrodes 116 or at least two pace/sense
electrodes of electrodes 116, based on the current heart
position state, and control IMD 12 to at least sense a cardiac
electrogram via electrodes 116 and sensing circuitry 104, or
deliver cardiac therapy via electrodes 116 and therapy
delivery circuitry 106.

[0083] In some examples, processing circuitry 102 may
modify a cardiac therapy parameter value, according to one
or more of modifications 122 associated with patient 8’s
current heart position state in memory 112, in accordance
with the techniques described above with respect to FIGS.
1A-1C. For example, processing circuitry 102 modify a
cardiac therapy parameter value, according to a modification
122 associated with patient 8’s current heart position state
120, by modifying a tachyarrhythmia detection parameter
and/or a cardiac electrogram sensing amplitude threshold
stored in therapy and sensing programs 118. In other
examples, processing circuitry 102 may modify a cardiac
therapy parameter value, according to a modification 122
associated with patient 8’s current heart position state 120,
by modifying an anti-tachyarrhythmia shock magnitude or
an amplitude of one or more pacing pulses stored in therapy
and sensing programs 118. In still other examples, process-
ing circuitry 102 may modify a cardiac therapy parameter
value, according to a modification associated with patient
8’s current heart position state in memory 112, by modifying
at least one of a sensing vector that includes at least two
pace/sense electrodes of electrodes 116, or a shock vector
that includes at least two defibrillation electrodes of elec-
trodes 116.

[0084] In some other examples, processing circuitry 102
may control IMD 12 to at least sense a cardiac electrogram
of patient 8 via a modified electrode vector or deliver cardiac
therapy to heart 18 via a modified electrode vector, in
accordance with the techniques described above with respect
to FIGS. 1A-1C. For example, processing circuitry 102 may
modify a vector including at least two of electrodes 116,
according to a modification 122 associated with patient 8’s
current heart position state 120, by modifying an electrode
vector stored in therapy and sensing programs 118.

[0085] Inany such examples, processing circuitry 102 also
may control IMD 12 to sense a cardiac electrogram or
deliver cardiac therapy (e.g., anti-tachyarrhythmia shock or
cardiac pacing), via electrodes 116 and sensing circuitry 104
or therapy delivery circuitry 106, based on one or more of
the modified sensing parameter value, cardiac therapy
parameter value, or modified electrode vector. Processing
circuitry 102 thus may improve the efficacy and/or efficiency
of the cardiac therapy delivered by system 10, such as by
more accurately directing energy to target portions of the
heart and/or by reducing the delivery of energy to non-target
locations.

[0086] A clinician may enter, or processing circuitry 102
may itself determine and recommend, one or more of
therapy and sensing programs 118, heart position states 120,
or modifications 122 into memory 112, such as via external
device 38 or a remote computer, based on one or more
factors such as a gender, age, size, or observed heart motion
of patient 8. The factors may be provided to processing
circuitry 102 by the clinician, e.g., via external device 38. In
some examples, the clinician and/or processing circuitry 102
may update one or more of therapy and sensing programs
118, heart position states 120, or modifications 122 periodi-
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cally or on an as-needed basis. For example, the clinician or
processing 102 circuitry may determine that a magnitude of
one or more of modifications 122 has not effectively coun-
tered a reduction in cardiac therapy efficacy or efficiency
associated with a particular one of heart position states 120,
such as based on data stored in diagnostics/feedback 124 of
memory 112. In some such examples, the clinician may
enter one or more updated values of modifications 122 into
external device 38 or a remote computer, or processing
circuitry 102 may recommend updated values via external
device 38. Processing circuitry 102 then may receive the
updated modifications 122 (or, in other examples, updated
therapy and sensing programs 118 and/or heart positions
120) from the external device 38 or the remote computer,
and may store such updated values in memory 112.

[0087] Diagnostics/feedback 124 of memory 112 may
include data pertaining to one or more of determined heart
position states of patient 8, determined postures and/or
respiration states of patient 8, or the efficacy or efficiency of
cardiac therapy delivered by IMD 12. For example, diag-
nostics/feedback 124 may store efficacy determinations
made by processing circuitry 102 based on whether cardiac
therapy delivered by IMD 12 according to one or more
modified cardiac therapy parameter values and in associa-
tion with one of heart position states 120 was successful in
terminating a tachyarrhythmia or maintaining pacing cap-
ture. Diagnostics/feedback 124 also may store efficiency
determinations made by processing circuitry 102 based on
data pertaining to, e.g., an amount of energy delivered to
treat a tachyarrhythmia or maintain pacing capture when
processing circuitry 102 controls IMD 12 to deliver cardiac
pacing according to one or more cardiac therapy parameter
values and in association with one of the heart position states
120. In some examples, a clinician may review such efficacy
and/or efficiency determinations stored in diagnostics/feed-
back 124, and use such data in determining whether to
update one or more of therapy and sensing programs 118,
heart positions 120, or modifications 122. In some examples,
diagnostics/feedback 124 may store system diagnostics per-
taining to the functioning of IMD 12 or other components of
a medical device system including IMD 12.

[0088] Therapy and sensing programs 118 may include
values of one or more therapy and sensing parameters. In
some examples, ones of therapy and sensing programs 118
may correspond to a type of cardiac therapy, such as
anti-tachyarrhythmia shock therapy or cardiac pacing
therapy. For example, one of therapy and sensing programs
118 may include values of one or more sensing parameters
and one or more therapy parameters that may be appropriate
for the sensing a heart rate of patient 8 during cardiac pacing
therapy and delivering cardiac pacing therapy to heart 18,
such as a sensing amplitude threshold, a pacing pulse
amplitude or width, sensing or pacing electrode vectors, or
pulse delivery timing. Another one of therapy and sensing
programs 118 may include values of one or more sensing
parameters and one or more therapy parameters that may be
appropriate for the sensing a heart rate of patient 8 during
tachyarrhythmia detection, and delivering anti-tachyarrhyth-
mia therapy to heart 18, such as a tachyarrhythmia sensing
amplitude threshold, an anti-tachyarrhythmia shock magni-
tude, tachyarrhythmia sensing electrode vectors or defibril-
lation electrode vectors, or anti-tachyarrhythmia shock
delivery timing.
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[0089] Sensing circuitry 104 and therapy delivery cir-
cuitry 106 may be selectively coupled to electrodes 116, e.g.,
via switching circuitry (not shown) as controlled by pro-
cessing circuitry 102. The switching circuitry may include
one or more transistors or other circuitry for selectively
coupling electrodes 116 to other circuitry of IMD 12.
Sensing circuitry 104 may monitor signals from electrodes
116 in order to monitor electrical activity of heart (e.g., to
detect depolarizations for heart rate determination and/or to
produce a cardiac electrogram for morphological or other
analyses). Sensing circuitry 104 (or therapy delivery cir-
cuitry 106 may also generate a signal via electrodes 116,
from which sensing circuitry 104 may produce a thoracic
impedance signal, from which sensing circuitry 104 and/or
processing circuitry 102 may sense respiration, e.g., mag-
nitude and/or rate. Sensing circuitry 104 may also monitor
signals from one or more other sensor(s) 108, such as the one
or more accelerometers, gyrometers, magnetometers,
barometers, or other sensors configured to determine a
posture and/or respiration state of patient 8. Sensing cir-
cuitry 104 may monitor signals from any electrodes or other
sensors that may be positioned on IMD 12 or on another
device in communication with IMD 12. In some examples,
sensing circuitry 104 may include one or more filters and
amplifiers for filtering and amplitying signals received from
one or more of electrodes 116 and/or the one or more
sensor(s) 108. Sensing circuitry 104 may also include rec-
tification circuitry, sample-and-hold circuitry, one or more
comparators, and/or analog-to-digital conversion circuitry.
The functionality provided by such circuitry may be applied
to the signal in the analog or digital domain.

[0090] Therapy delivery circuitry 106 may include cir-
cuitry for generating a signal, such as one or more capaci-
tors, charge pumps, and/or current sources, as well as
circuitry for selectively coupling the signal to electrodes
116, e.g., transistors or other switching circuitry.

[0091] Communication circuitry 110 may include any
suitable hardware, firmware, software or any combination
thereof for communicating with another device, such as
external device 38, or another IMD or sensor, such as a
pressure sensing device. For example, communication cir-
cuitry 110 may include voltage regulators, current genera-
tors, oscillators, or circuitry for generating a signal, resistors,
capacitors, inductors, and other filtering circuitry for pro-
cessing received signal, as well as circuitry for modulating
and/or demodulating a signal according to a communication
protocol. Communication circuitry 110 may also include
transistors or other switching circuitry for selectively cou-
pling transmitted signal to or receiving signals from an
antenna of IMD 12 (not shown) or electrodes 116 (e.g., in the
case of tissue conductance communication (TCC)). Under
the control of processing circuitry 102, communication
circuitry 110 may receive downlink telemetry from, as well
as send uplink telemetry to, external device 38 or another
device. In some examples, communication circuitry 110 may
communicate with external device 38. In addition, commu-
nication circuitry 110 may communicate with a networked
computing device via an external device (e.g., external
device 38) and a computer network, such as the Medtronic
CareLink® Network developed by Medtronic, plc, of Dub-
lin, Ireland, as further described below with respect to FIG.
3

[0092] A clinician or another user may retrieve data from
IMD 12 using external device 38, or by using another local
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or networked computing device (e.g., a remote computer
located with the clinician) configured to communicate with
processing circuitry 102 via communication circuitry 110. In
some examples, the clinician may also program parameters
of IMD 12 using external device 38 or another local or
networked computing device. For example, the clinician
may update heart position states 120, modifications 122,
and/or values associated with therapy and sensing programs
118.

[0093] Although processing circuitry 102 of IMD 12 is
described above as being configured to receive signals from
sensors 108, determine a current heart position status of
patient 8, modify at least one cardiac therapy parameter
value, cardiac sensing parameter value, and/or electrode
vector according to modifications 122 associated with the
current heart position state and control IMD 12 to deliver
cardiac therapy and/or sense a cardiac electrogram accord-
ing to the modified at least one cardiac therapy parameter
value, modified cardiac sensing parameter value or modified
electrode vector, and carry out other steps of the techniques
described herein, any steps described herein as being carried
out by processing circuitry 102 of IMD 12 may carried out
by processing circuitry of one or more other devices. For
example, processing circuitry of external device 38, a
remote computer, or any other suitable implantable or exter-
nal device or server, may be configured to carry out one or
more of the steps of the techniques described herein, such as
via communication circuitry 110 of IMD 12.

[0094] FIG. 3 is a functional block diagram illustrating an
example system that includes an access point 160, a network
162, external computing devices, such as a server 164, and
one or more other computing devices 170A-170N, which
may be coupled to IMD 12 of FIG. 2 and external device 38
via network 162. In this example, IMD 12 may use com-
munication circuitry 110 to communicate with external
device 38 via a first wireless connection, and to communi-
cate with an access point 160 via a second wireless connec-
tion. In the example of FIG. 3, access point 160, external
device 38, server 164, and computing devices 170A-170N
are interconnected and may communicate with each other
through network 162.

[0095] Access point 160 may comprise a device that
connects to network 162 via any of a variety of connections,
such as telephone dial-up, digital subscriber line (DSL), or
cable modem, or other suitable connections. In other
examples, access point 160 may be coupled to network 162
through different forms of connections, including wired or
wireless connections. In some examples, access point 160
may be a user device, such as a tablet or smartphone, that
may be co-located with the patient. In some examples, IMD
12 may be configured to transmit data, such as cardiac
therapy delivery efficacy and/or efficiency data stored in
diagnostics/feedback 124 of memory 112, to external device
38. In addition, access point 160 may interrogate IMD 12,
such as periodically or in response to a command from
patient 8, a clinician, or network 162, in order to retrieve
therapy and sensing programs 118, heart position states 120,
modifications 122, diagnostics/feedback 124, or other infor-
mation stored in memory 112 of IMD 12. Access point 160
may then communicate the retrieved data to server 164 via
network 162.

[0096] In some cases, server 164 may be configured to
provide a secure storage site for data collected from IMD 12
and/or external device 38. In some cases, server 164 may
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assemble data in web pages or other documents for viewing
by trained professionals, such as clinicians, via computing
devices 170A-170N. One or more aspects of the illustrated
system of FIG. 3 may be implemented with general network
technology and functionality, which may include or be
similar to that provided by the Medtronic CareLink® Net-
work developed by Medtronic ple, of Dublin, Ireland. In
some examples, the network technology and functionality
may validate a communication transmitted from device,
such as a device purporting to be one or more of computing
devices 170A-170N (e.g., a purported remoter computer
located with a clinician) toward IMD 12. In some examples,
such security features may protect the cardiac therapy deliv-
ered by IMD 12 to patient 8 from being disrupted, hacked,
or otherwise altered by communications originating from
unauthorized sources.

[0097] In some examples, one or more of computing
devices 170A-170N (e.g., device 170A) may be a remote
computer, such as a smartphone, tablet or other smart device
located with a clinician, by which the clinician may pro-
gram, receive alerts from, and/or interrogate IMD 12. For
example, the clinician may access patient requests, symp-
toms, undesired effects, and/or efficacy indications through
device 170A, such as when patient 8 is in in between
clinician visits, such as to check on one or more aspects of
cardiac therapy delivered by IMD 12, as desired. In some
examples, the clinician may enter medical instructions for
patient 8 into an application in device 170A, such as an
instruction for patient 8 to schedule a visit with the clinician
or for patient 8 to seek other medical attention, based on data
retrieved from IMD 12 by device 170, or based on other
patient data known to the clinician. Device 170A then may
transmit the instructions for medical intervention to a receiv-
ing device located with patient 8.

[0098] FIGS. 4-6 are flow diagrams illustrating various
example techniques related to controlling the delivery of
cardiac pacing by IMD 12 to heart 18 according to a
requested value of a therapy parameter, in accordance with
examples of this disclosure. As described herein, the
example techniques illustrated in FIGS. 4-6 may be
employed using IMD 12 and an external device (e.g.,
external device 38 of FIG. 1A), in conjunction with patient
8 as described above with respect to FIGS. 2 and 3. Although
described as being performed by IMD 12, the techniques of
FIGS. 4-6 may be performed, in whole or in part, by
processing circuitry and memory of other devices of a
medical device system, as described herein. For example,
although processing circuitry 102 of IMD 12 is described as
carrying out most of the example techniques illustrated in
FIGS. 4-6 for the sake of clarity, in other examples, one or
more devices (e.g., a remote computer located with a clini-
cian or other external device or server) may carry out one or
more steps attributed herein to processing circuitry 102 of
IMD 12.

[0099] FIG. 4 is a flow diagram illustrating an example
technique for determining, in association with each of a
plurality of heart position states, a respective modification of
at least one therapy or sensing parameter. In the example
technique of FIG. 4, processing circuitry 102 may determine
a heart position state of patient 8 for each of a plurality of
postures and/or for each of a plurality of respiration states
(180), such as by receiving, from external device 38 or
another external device, one or more indications by a user of
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postures and/or respiratory states of patient 8 for which
system 10 should modify therapy and/or sensing parameters.

[0100] For each of the plurality of heart position states,
processing circuitry 102 then determines a difference
between the heart position state and baseline heart position
state (182). In some examples, the baseline heart position
state may be a position of heart 18 when patient 8 is supine
and not breathing deeply, rapidly, or inhaling. Fach heart
position state of the plurality of heart position states may
differ from the baseline heart position state by a magnitude
of a distance between a portion of heart 18 (e.g., an apex) in
the baseline state and the portion of the heart in the heart
position state. In some examples, processing circuitry 102
may determine the distance as being a distance in a single
plane (e.g., a transverse plane), or as being a distance in
more than one plane (e.g., a transverse plane and a frontal
plane).

[0101] Next, for each heart position state of the plurality
of heart position states, processing circuitry 102 determines
one or more respective modifications of one or more of a
sensing parameter, a therapy delivery parameter, and/or an
electrode vector based on the difference between the heart
position state and the baseline heart position (184). In some
examples, a magnitude of a modification of a cardiac therapy
parameter determined by processing circuitry 102 may cor-
respond to the magnitude of the difference between the heart
position state and the baseline heart position. For example,
heart position states in which heart 18 is relatively further
from the baseline heart positions may be associated with a
modification of a cardiac therapy parameter that is greater
than a modification of the same cardiac therapy parameter
associated with a heart position state that is relatively closer
to the baseline heart position.

[0102] Next, for each heart position state of the plurality
of heart position states, processing circuitry 102 stores the
determined one or more respective modifications of the one
or more therapy or sensing in a memory of system 10, such
as in modifications 122 of memory 112 of IMD 12 (186). In
some examples, processing circuitry 102 may store such
modifications in memory 112 in association with a particular
heart position state. For example, processing circuitry 102
may store a modification of tachyarrhythmia detection
parameter and an anti-tachyarrhythmia shock magnitude in
association with a particular heart position state, such as a
heart position state in which heart 18 is caudal to a baseline
position. In other examples, processing circuitry may store
a single modification of one or more of therapy or sensing
parameters in memory 112 in association with a heart
position state.

[0103] FIG. 5 is a flow diagram illustrating an example
technique for modifying at least one therapy or sensing
parameter value according to a modification associated with
a current heart position state of heart 18 based on determin-
ing that a heart position state of heart 18 has changed. In the
example technique of FIG. 5, processing circuitry 102 may
determine a current position state of heart 18 of patient 8
(190). For example, as discussed above with respect to
FIGS. 1A-2, processing circuitry 102 may determine a
current position state of heart 18 based on one or more of a
current posture or a current respiration state of patient 8,
which processing circuitry 102 may determine based on
signals received from electrodes of system 10 (e.g., pace/
sense electrode 34 or sensing electrodes of electrodes 116)
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or from one or more sensors 108, such as in the manner
described above with respect to FIG. 2.

[0104] Next, processing circuitry 102 determines whether
the heart position state of heart 18 has changed (192). In
some examples, processing circuitry 102 may determine
whether the heart position state of heart 18 has changed
relative to the baseline heart position state described above
(e.g., with respect to FIG. 4). In other examples, processing
circuitry 102 may determine whether the heart position state
of heart 18 has changed relative to a previously-determined
heart position state of heart 18 determined by processing
circuitry 102, such as a last-determined heart position state.
In either example, if processing circuitry 102 determines that
the heart position state of heart 18 has changed (“YES” at
192), then processing circuitry 102 modifies one or more of
a cardiac therapy parameter value, a sensing parameter, or an
electrode vector according to the modification 122 associ-
ated with the current heart position state of heart 18 in
memory 112 (194).

[0105] Ifprocessing circuitry 102 determines that the heart
position state of heart 18 has not changed (“NO” at 192),
then processing circuitry 102 returns to (190), and again
determines a current heart position state of heart 18 (e.g., an
updated current heart position state of heart 18) (194). In
some examples, processing circuitry 102 may determine a
current heart position state of heart 18 multiple times per
respiratory cycle of patient 8. For example, processing
circuitry 102 may determine a current heart position of heart
18 during an inhalation phase and during an exhalation
phase of a respiratory cycle. In other examples, processing
circuitry 102 may determine a current heart position of heart
18 according to a different timing schedule, such as during
apredetermined length of time at predetermined intervals. In
some examples, processing circuitry 102 may determine a
respiratory state of patient 8 more frequently than a posture
of patient 8. For example, a heart position state of heart 18
may change more frequently due to a respiration state of
patient 8 than due to a posture state of patient 8. In such
examples, processing circuitry 102 may determine a heart
position state of heart 18 each time processing circuitry 102
determines a current respiratory state of patient 8, regardless
of whether processing circuitry 102 has substantially con-
currently determined a new posture state of patient 8. In any
such examples, a clinician may program intervals at which
processing circuitry 102 may determine one or more of a
posture, respiration state, or heart position state into memory
112 when the clinician programs other data into memory 112
(e.g., as described above with respect to FIG. 2).

[0106] FIG. 6 is a flow diagram illustrating an example
technique for modifying an electrode vector based on deter-
mining that a heart position state of heart 18 has changed. In
the example technique of FIG. 6, processing circuitry 102
may determine a current position state of heart 18 of patient
8 (200), such as described above with respect to FIG. 5.
Next, processing circuitry 102 determines whether the heart
position state of heart 18 corresponds to one or more of an
upright posture, inhalation, deep breathing, or any other
posture and/or respiration state associated with heart 18
being positioned relatively low in the thorax of patient 8
(202). If processing circuitry 102 determines that the heart
position state of heart 18 corresponds to one or more of an
upright posture, inhalation, deep breathing, or any other
posture and/or respiration state associated with heart 18
being positioned relatively low in the thorax of patient 8



US 2024/0123244 A1

(“YES” at 202), then processing circuitry 102 modifies an
electrode vector (e.g., a sensing vector, a pacing vector, or an
anti-tachyarrhythmia vector) according to the modification
122 associated with the current heart position state of heart
18 in memory 112 (204).

[0107] Ifprocessing circuitry 102 determines that the heart
position state of heart 18 does not correspond to one or more
of an upright posture, inhalation, deep breathing, or any
other posture and/or respiration state associated with heart
18 being positioned relatively low in the thorax of patient 8
(“NO” at 202), then processing circuitry 102 returns to (200)
and again determines a current heart position state of heart
18 (e.g., an updated current heart position state of heart 18),
such as in the manner described above with respect to FIG.
5. In this manner, processing circuitry 102 may enable
system 10 to more accurately sense one or more aspects of
a cardiac electrical signal and/or deliver more efficacious
and/or more efficient cardiac therapy to heart 18. In any such
examples, improving sensing accuracy or efficacy and/or
efficiency of cardiac therapy delivery advantageously may
result in one or more of an improved clinical outcome of
patient 8 or an improved longevity of a power source of
system 10.

[0108] Although processing circuitry 102 of IMD 12 is
described above as being configured to perform one or more
of the steps of the techniques described with respect to
FIGS. 1-6, any steps of the techniques described herein may
be performed by processing circuitry of the other devices.
For example, processing circuitry of a remote computer
located with a clinician (e.g., computing device 170A), or of
any other suitable implantable or external device or server,
may be configured to perform one or more of the steps
described as being performed by processing circuitry 102 of
IMD 12. Such other implantable or external devices may
include, for example, an implantable or external monitoring
device, or any other suitable device.

[0109] Various aspects of the techniques may be imple-
mented within one or more processors, including one or
more microprocessors, DSPs, ASICs, FPGAs, or any other
equivalent integrated or discrete logic circuitry, as well as
any combinations of such components, embodied in pro-
grammers, such as physician or patient programmers, elec-
trical stimulators, or other devices. The term “processor” or
“processing circuitry” may generally refer to any of the
foregoing logic circuitry, alone or in combination with other
logic circuitry or any other equivalent circuitry.

[0110] Inone or more examples, the functions described in
this disclosure may be implemented in hardware, software,
firmware, or any combination thereof. If implemented in
software, the functions may be stored on, as one or more
instructions or code, a computer-readable medium and
executed by a hardware-based processing unit. Computer-
readable media may include computer-readable storage
media forming a tangible, non-transitory medium. Instruc-
tions may be executed by one or more processors, such as
one or more DSPs, ASICs, FPGAs, general purpose micro-
processors, or other equivalent integrated or discrete logic
circuitry. Accordingly, the terms “processor” or “processing
circuitry” as used herein may refer to one or more of any of
the foregoing structures or any other structure suitable for
implementation of the techniques described herein.

[0111] In addition, in some aspects, the functionality
described herein may be provided within dedicated hard-
ware and/or software modules. Depiction of different fea-
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tures as modules or units is intended to highlight different
functional aspects and does not necessarily imply that such
modules or units must be realized by separate hardware or
software components. Rather, functionality associated with
one or more modules or units may be performed by separate
hardware or software components, or integrated within
common or separate hardware or software components.
Also, the techniques could be fully implemented in one or
more circuits or logic elements. The techniques of this
disclosure may be implemented in a wide variety of devices
or apparatuses, including an IMD, an external programmer,
a combination of an IMD and external programmer, an
integrated circuit (IC) or a set of ICs, and/or discrete
electrical circuitry, residing in an IMD and/or external
programmer.

EXPERIMENTAL RESULTS

[0112] This disclosure includes the following discussion
which forms part of this disclosure. The following discus-
sion may provide many details and examples consistent with
this disclosure. As described further below, one or more
studies and experiments were carried out to evaluate one or
more aspects of examples of the disclosure. However, the
disclosure is not limited by the studies and experiments.
[0113] For example, the details and examples of the fol-
lowing discussion may quantify variation of cardiac signal
sensing by an EV-ICD based on respiration and posture. The
modeling in such examples may similarly be used quantify
variation in pacing and or anti-tachyarrhythmia shock
parameters desired in response to varying posture and res-
piration states to achieve therapeutic benefit with efficient
use of power resources. The examples of the following may
also further illustrate movement of the heart with changing
posture and respiration state, as well as the effect of such
movement on the position of the heart relative to the
electrical field generated using more superior/distal elec-
trode(s) for pacing and/or shock therapy.

[0114] In some examples, an EV ICD uses a defibrillation
lead placed outside the heart in the anterior mediastinal
space. In that location, the electrodes may have some
freedom of movement relative to the heart with changing
posture. The degree of influence of this motion on electro-
grams acquired via electrodes in this novel implant location
have not been systematically characterized. Studies were
carried out to quantify the variation in sensed signals due to
changes in posture and respiration.

[0115] A first modeling study used sets of MRI scans
acquired in various postures and respiratory states to derive
anthropometric data quantifying organ motion and shape
relative to a supine, end inhalation posture representative of
the implant condition. Detailed data for critical anatomy,
such as the heart and epicardial fat, was obtained from high
resolution ex vivo MRI scans and fused with the lower
resolution MRIs to create anatomies with appropriate levels
of detail for accurate simulation. Matched sets of computa-
tional meshes were created, representing a subject in various
poses, and then the ICD is “implanted” multiple times in
matched positions across these postures. Epicardial poten-
tials were separately estimated from body surface recordings
and mapped onto the myocardial surface.

[0116] FIG. 7 is a diagram illustrating four MRI scans
(top) and corresponding models (bottom) showing the loca-
tion of a patient’s heart within the patient (e.g., within the
thoracic cavity) at inhalation (INH) of the patient in a supine
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(SUP), lying down on left side (D), lying down on right
side (RD), and upright (UP) posture. As shown, the relative
position of the patient’s heart was different for each the
different postures. In one patient, 20 mm cranial/caudal
movement of the heart was observed during tidal breathing
and 60 mm of movement was observed during deep breath-
ing.

[0117] The epicardial potential data was manually anno-
tated with scoring windows identifying various types of
beats such as normal sinus rhythm (NSR) or ventricular
tachycardia (VT). An automated system computed the car-
diac signals at the ICD’s electrodes for more than 2000
datasets, scored them automatically and stored these results
in a database for statistical analysis.

[0118] From the motion analysis of the MRI image data it
was found that the average cranial-caudal motion of the
heart apex was 34 mm (range: 3 to 70 mm, N=9). An
example of the predicted signal, with scoring windows, is
shown in the FIG. 8 for four combinations of the supine
(SUP), upright (UP), inhalation (INH) and exhalation (EXH)
denoted by SUP-INH, SUP-EXH, UP-INH and UP-EXH. In
this single example, the baseline to peak amplitude, in
millivolts (mVpk) for an NSR complex ranges from 1.46 to
2.09 mVpk while a VT complex ranges from 0.75 to 2.22
mVpk. For both complexes the minimum amplitude is
associated with the supine, exhalation posture (SUP-EXH)
and the maximum amplitude is for the upright, inhalation
posture (UP-INH).

[0119] Results from the modelling were useful to assess
both signal amplitude and postural stability. The results were
also used to test guidelines for device and lead implant
locations to assure adequate signal levels in all postures for
successful arrhythmia detection. The inclusion of postural
variation is essential for assuring ambulatory performance of
an EV ICD with electrodes outside the heart.

[0120] FIGS. 9A and 9B are conceptual illustrations of
MRI images of a patient’s heart 102 in a supine posture
(FIG. 9A) and an upright posture (FIG. 9B) during inhala-
tion along with an EV ICD 104. The shaded areas in both
FIGS. 9A and 9B indicate areas of high current density from
the delivery of defibrillation therapy using defibrillation
vector D1, which includes a housing electrode in combina-
tion with at least one lead electrode. As shown, upon
standing and during inhalation, heart 102 moved caudally as
indicated by the arrow between the images. In some
examples, this may result in the defibrillation vector D1
becoming less effective during defibrillation. As such, for
some cases, the defibrillation efficacy may be improved by
sensing the upright posture and, in response to sensing the
upright posture, disabling a vector (e.g., vector D1), increas-
ing the defibrillation energy, or both.

[0121] FIG. 10 is a graph illustrating DFT variation with
posture and respiration for a variety of modelled patients.
The stability graph compares defibrillation threshold (DFT)
in the supine, inhalation case (X axis) with the value in all
other postures (Y axis). For some patients (HB-F-004-A and
HB-F-004-B) the DFT was stable versus posture while for
others (HB-M-005-A and HB-M-005-B) it may vary widely.
It was believed that patients with an unstable DFT may
benefit from a device that increases shock energy when the
patient is sensed to be in a posture that has been determined
to be problematic.
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[0122] Various aspects of the disclosure have been
described. These and other aspects are within the scope of
the following claims and clauses.

[0123] Clause 1. A method for controlling delivery of
anti-tachyarrhythmia shock therapy by a medical device
system comprising a plurality of electrodes for delivering
the anti-tachyarrhythmia shock therapy, the method com-
prising storing, in a memory of the medical device system,
a respective value for each of a plurality of anti-tachyar-
rhythmia shock therapy parameters and, in association with
each of a plurality of heart position states, a respective
modification of at least one of the anti-tachyarrhythmia
shock therapy parameters; and by processing circuitry of the
medical device system determining a current one of the
plurality of heart position states of a patient; modifying the
at least one anti-tachyarrhythmia shock therapy parameter
value according to the modification associated with the
current heart position state; and controlling the delivery of
the anti-tachyarrhythmia shock therapy according to the
modified at least one anti-tachyarrhythmia shock therapy
parameter value.

[0124] Clause 2. The method of clause 1, further compris-
ing delivering, by therapy delivery circuitry of the medical
device system, the anti-tachyarrhythmia shock therapy
according to the modified at least one anti-tachyarrhythmia
shock therapy parameter value.

[0125] Clause 3. The method of clause 1 or 2, wherein the
medical device system comprises a medical electrical lead
comprising a proximal end coupled to an implantable car-
dioverter-defibrillator, and a distal portion including the at
least one of the plurality of electrodes and implanted sub-
stantially within an anterior mediastinum of the patient.
[0126] Clause 4. The method of any of clauses 1 to 3,
wherein the plurality of heart position states comprises a
plurality of postures of the patient.

[0127] Clause 5. The method of any of clauses 1 to 4,
wherein determining the current heart position state of the
patient comprises determining at least one of a respiratory
phase, a respiratory rate, or a respiratory depth of the patient.
[0128] Clause 6. The method of any of clauses 1 to 5,
wherein modifying the at least one anti-tachyarrhythmia
shock therapy parameter value comprises modifying a tach-
yarrhythmia detection parameter.

[0129] Clause 7. The method of clause 6, wherein modi-
fying the tachyarrhythmia detection parameter comprises
modifying a cardiac electrogram sensing amplitude thresh-
old.

[0130] Clause 8. The method of any of clauses 1 to 7,
wherein modifying the at least one anti-tachyarrhythmia
shock therapy parameter value comprises modifying an
anti-tachyarrhythmia shock magnitude.

[0131] Clause 9. The method of any of clauses 1 to 8,
wherein the plurality of anti-tachyarrhythmia shock therapy
parameters comprises a sensing vector comprising at least
two of the plurality of electrodes and a shock vector com-
prising at least two of the plurality of electrodes, and
wherein modifying the at least one anti-tachyarrhythmia
shock therapy parameter value comprises modifying at least
one of the sensing vector or the shock vector.

[0132] Clause 10. The method of clause 9, wherein modi-
fying at least one of the sensing vector or the shock vector
comprises removing one of the at least two of the plurality
of electrodes from the at least one of the sensing vector or
the shock vector.
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[0133] Clause 11. The method of clause 10, wherein
removing the one of the at least two of the plurality of
electrodes comprises removing a most superior one of the at
least two of the plurality of electrodes.

[0134] Clause 12. The method of clause 11, wherein the
distal portion of the medical electrical lead includes the at
least two of the plurality of electrodes, and wherein remov-
ing a most superior one of the at least two of the plurality of
electrodes comprises removing a most distal one of the at
least two of the plurality of electrodes.

[0135] Clause 13. The method of clause 11, wherein
determining the heart position state of the patient comprises
at least one of determining that the patient is in an upright
posture; or determining that a respiratory state of the patient
comprises at least one of an inhalation phase, a respiratory
depth satisfying a respiratory depth threshold, or a respira-
tory rate satisfying a respiratory rate threshold.

[0136] Clause 14. A medical device system for delivering
anti-tachyarrhythmia shock therapy, the system comprising:
a plurality of electrodes; a memory configured to store a
respective value for each of a plurality of anti-tachyarrhyth-
mia shock therapy parameters and, in association with each
of a plurality of heart position states, a respective modifi-
cation of at least one of the anti-tachyarrhythmia shock
therapy parameters; and processing circuitry configured to:
determine a current one of the plurality of heart position
states of the patient; modify the at least one anti-tachyar-
rhythmia shock therapy parameter value according to the
modification associated with the current heart position state;
and control the delivery of the anti-tachyarrhythmia shock
therapy via the electrodes according to the modified at least
one anti-tachyarrhythmia shock therapy parameter value.
[0137] Clause 15. The medical device system of clause 14,
further comprising therapy delivery circuitry configured to
deliver the anti-tachyarrhythmia shock therapy via the elec-
trodes according to the modified at least one anti-tachyar-
rhythmia shock therapy parameter value.

[0138] Clause 16. The medical device system of clause 14
or 15, further comprising: an implantable cardioverter-defi-
brillator; and a medical electrical lead comprising a proxi-
mal end coupled to the implantable cardioverter-defibrillator
and a distal portion including the at least one of the plurality
of electrodes configured for implantation substantially
within an anterior mediastinum of the patient.

[0139] Clause 17. The medical device system of any of
clauses 14 to 16, wherein the plurality of heart position
states comprises a plurality of postures.

[0140] Clause 18. The medical device system of any of
clauses 14 to 17, wherein the processing circuitry is con-
figured to determine the current heart position state of the
patient by at least determining at least one of a respiratory
phase, a respiratory rate, or a respiratory depth of the patient.
[0141] Clause 19. The medical device system of any of
clauses 14 to 18, wherein the processing circuitry is con-
figured to modify the at least one anti-tachyarrhythmia
shock therapy parameter value by at least modifying a
tachyarrhythmia detection parameter.

[0142] Clause 20. The medical device system of clause 19,
wherein the processing circuitry is configured to modify the
tachyarrhythmia detection parameter by at least modifying a
cardiac electrogram sensing amplitude threshold.

[0143] Clause 21. The medical device system of any of
clauses 14 to 20, wherein the processing circuitry is con-
figured to modify the at least one anti-tachyarrhythmia
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shock therapy parameter value by at least modifying an
anti-tachyarrhythmia shock magnitude.

[0144] Clause 22. The medical device system of any of
clauses 14 to 21, wherein the plurality of anti-tachyarrhyth-
mia shock therapy parameters comprises a sensing vector
comprising at least two of the plurality of electrodes and a
shock vector comprising at least two of the plurality of
electrodes, and wherein the processing circuitry is config-
ured to modify the at least one anti-tachyarrhythmia shock
therapy parameter value by at least modifying at least one of
the sensing vector or the shock vector.

[0145] Clause 23. The medical device system of clause 22,
wherein the processing circuitry is configured to modify at
least one of the sensing vector or the shock vector by at least
removing one of the at least two of the plurality of electrodes
from the at least one of the sensing vector or the shock
vector.

[0146] Clause 24. The medical device system of clause 23,
wherein the processing circuitry is configured to remove the
one of the at least two of the plurality of electrodes by at
least removing a most superior one of the at least two of the
plurality of electrodes.

[0147] Clause 25. The medical device system of clause 24,
wherein the distal portion of the medical electrical lead
includes the at least two of the plurality of electrodes, and
wherein the processing circuitry is configured to remove a
most superior one of the at least two of the plurality of
electrodes by at least removing a most distal one of the at
least two of the plurality of electrodes.

[0148] Clause 26. The medical device system of clause 24,
wherein the processing circuitry is configured to determine
the heart position state of the patient by at least one of:
determining that the patient is in an upright posture; or
determining that a respiratory state of the patient comprises
at least one of an inhalation phase, a respiratory depth
satisfying a respiratory depth threshold, or a respiratory rate
satisfying a respiratory rate threshold.

[0149] Clause 27. A method for controlling cardiac elec-
trogram sensing or delivery of cardiac therapy by an
implantable medical device system comprising a plurality of
electrodes, the method comprising, by processing circuitry
of the medical device system: determining a heart position
state of the patient; modifying a vector comprising at least
two of the plurality of electrodes based on the determined
heart position state; and controlling the medical device
system to at least sense a cardiac electrogram or deliver
cardiac therapy via the modified vector comprising the at
least two of the plurality of electrodes.

[0150] Clause 28. The method of clause 27, further com-
prising delivering, by therapy delivery circuitry of the medi-
cal device system, the cardiac therapy via the modified
vector comprising the at least two of the plurality of elec-
trodes.

[0151] Clause 29. The method of clause 27 or 28, wherein
the medical device system comprises a medical electrical
lead including a proximal end coupled to an implantable
medical device, and a distal portion including the at least
two of the plurality of electrodes and implanted substantially
within an anterior mediastinum of the patient.

[0152] Clause 30. The method of clause 29, wherein the
implantable medical device comprises an implantable car-
dioverter-defibrillator and the plurality of electrodes com-
prises a plurality of electrodes for delivering anti-tachyar-
rhythmia shock therapy, wherein the cardiac therapy
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comprises the anti-tachyarrhythmia shock therapy, and
wherein controlling the medical device system to deliver
cardiac therapy via the modified vector comprising the at
least two of the plurality of electrodes comprises controlling
the medical device system to deliver the anti-tachyarrhyth-
mia shock therapy.

[0153] Clause 31. The method of clause 29, wherein the
cardiac therapy comprises cardiac pacing, and wherein con-
trolling the medical device system to deliver cardiac therapy
via the modified vector comprising the at least two of the
plurality of electrodes comprises controlling the medical
device system to deliver the cardiac pacing.

[0154] Clause 32. The method of any of clauses 27 to 31,
wherein the plurality of heart position states comprises a
plurality of postures of the patient.

[0155] Clause 33. The method of any of clauses 27 to 32,
wherein determining the current heart position state of the
patient comprises determining at least one of a respiratory
phase, a respiratory rate, or a respiratory depth of the patient.
[0156] Clause 34. The method of any of clauses 27 to 32,
wherein moditying the vector comprising at least two of the
plurality of electrodes based on the determined heart posi-
tion state comprises removing one of the at least two of the
plurality of electrodes from the vector.

[0157] Clause 35. The method of clause 34, wherein
removing the one of the at least two of the plurality of
electrodes from the vector comprises removing a most
superior one of the at least two of the plurality of electrodes.
[0158] Clause 36. The method of clause 35, wherein
determining the heart position state of the patient comprises
at least one of: determining that the patient is in an upright
posture; or determining that a respiratory state of the patient
comprises at least one of an inhalation phase, a respiratory
depth satisfying a respiratory depth threshold, or a respira-
tory rate satisfying a respiratory rate threshold.

[0159] Clause 37. The method of any of clauses 27-36, the
method further comprising: storing, in a memory of the
medical device system, a respective value for each of a
plurality of cardiac therapy parameters and in association
with each of a plurality of heart position states, a respective
modification of at least one of the cardiac therapy param-
eters; and modifying the at least one cardiac therapy param-
eter value according to the modification associated with the
heart position state of the patient, wherein controlling the
medical device system to at least deliver the cardiac therapy
via the modified vector comprising the at least two of the
plurality of electrodes comprises controlling the delivery of
the cardiac therapy according to the modified at least one
cardiac therapy parameter value.

[0160] Clause 38. The method of clause 37, wherein the
modifying the at least one cardiac therapy parameter value
comprises modifying a tachyarrhythmia detection param-
eter.

[0161] Clause 39. The method of clause 38, wherein
modifying the tachyarrhythmia detection parameter com-
prises a cardiac electrogram sensing amplitude threshold.
[0162] Clause 40. The method of clause 37, wherein
modifying the at least one cardiac therapy parameter value
comprises modifying an anti-tachyarrhythmia shock mag-
nitude.

[0163] Clause 41. The method of clause 37, wherein
modifying the at least one cardiac therapy parameter value
comprises modifying an anti-tachyarrhythmia pacing
parameter.
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[0164] Clause 42. A medical device system for controlling
cardiac electrogram sensing or delivery of cardiac therapy,
the system comprising, a plurality of electrodes; and pro-
cessing circuitry configured to: determine a heart position
state of the patient; modify a vector comprising at least two
of the plurality of electrodes based on the determined heart
position state; and control the medical device system to at
least sense a cardiac electrogram or deliver cardiac therapy
via the modified vector comprising the at least two of the
plurality of electrodes.

[0165] Clause 43. The medical device system of clause 42,
further comprising delivering, by therapy delivery circuitry
of the medical device system, the cardiac therapy via the
modified vector comprising the at least two of the plurality
of electrodes.

[0166] Clause 44. The medical device system of clause 42
or 43, wherein the medical device system comprises a
medical electrical lead including a proximal end coupled to
an implantable medical device, and a distal portion includ-
ing the at least two of the plurality of electrodes and
implanted substantially within an anterior mediastinum of
the patient.

[0167] Clause 45. The medical device system of clause 44,
wherein the implantable medical device comprises an
implantable cardioverter-defibrillator and the plurality of
electrodes comprises a plurality of electrodes for delivering
anti-tachyarrhythmia shock therapy, wherein the cardiac
therapy comprises the anti-tachyarrhythmia shock therapy,
and wherein controlling the medical device system to deliver
cardiac therapy via the modified vector comprising the at
least two of the plurality of electrodes comprises controlling
the medical device system to deliver the anti-tachyarrhyth-
mia shock therapy.

[0168] Clause 46. The medical device system of clause 44,
wherein the plurality of electrodes comprises a plurality of
electrodes for delivering cardiac pacing wherein the cardiac
therapy comprises anti-arrhythmia pacing, and wherein con-
trolling the medical device system to deliver cardiac therapy
via the modified vector comprising the at least two of the
plurality of electrodes comprises controlling the medical
device system to deliver the anti-arrhythmia pacing.

[0169] Clause 47. The medical device system of any of
clauses 42 to 46, wherein the plurality of heart positions
comprises a plurality of postures.

[0170] Clause 48. The medical device system of any of
clauses 42 to 47, wherein determining the current heart
position state of the patient comprises determining at least
one of a respiratory phase, a respiratory rate, or a respiratory
depth of the patient.

[0171] Clause 49. The medical device system of any of
clauses 42 to 47, wherein modifying the vector comprising
at least two of the plurality of electrodes based on the
determined heart position state comprises removing one of
the at least two of the plurality of electrodes from the vector.
[0172] Clause 50. The medical device system of clause 49,
wherein removing the one of the at least two of the plurality
of electrodes from the vector comprises removing a most
superior one of the at least two of the plurality of electrodes.
[0173] Clause 51. The medical device system of clause 50,
wherein determining the heart position state of the patient
comprises at least one of: determining that the patient is in
an upright posture; or determining that a respiratory state of
the patient comprises at least one of an inhalation phase, a
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respiratory depth satisfying a respiratory depth threshold, or
a respiratory rate satisfying a respiratory rate threshold.
[0174] Clause 52. The medical device system of any of
clauses 42-51, further comprising a memory, wherein the
processing circuitry is further configured to: store, in the
memory, a respective value for each of a plurality of cardiac
therapy parameters and in association with each of a plu-
rality of heart position states, a respective modification of at
least one of the cardiac therapy parameters; and modify the
at least one cardiac therapy parameter value according to the
modification associated with the heart position state of the
patient, wherein the processing circuitry is configured to
control the implantable medical device to at least deliver the
cardiac therapy via the modified vector comprising the at
least two of the plurality of electrodes by at least controlling
the delivery of the cardiac therapy according to the modified
at least one cardiac therapy parameter value.
[0175] Clause 53. The medical device system of clause 52,
wherein the processing circuitry is configured to modify the
at least one cardiac therapy parameter value by at least
modifying a tachyarrhythmia detection parameter.
[0176] Clause 54. The medical device system of clause 53,
wherein the processing circuitry is configured to modify the
tachyarrhythmia detection parameter by at least modifying a
cardiac electrogram sensing amplitude threshold.
[0177] Clause 55. The medical device system of clause 52,
wherein the processing circuitry is configured to modify the
at least one cardiac therapy parameter value by at least
modifying an anti-tachyarrhythmia shock magnitude.
[0178] Clause 56. The medical device system of clause 52,
wherein the processing circuitry is configured to modify the
at least one cardiac therapy parameter value by at least
modifying an anti-tachyarrhythmia pacing parameter.
[0179] Clause 57. A method comprising any method
described herein, or any combination of the methods
described herein.
[0180] Clause 58. A method comprising any combination
of the methods of clauses 1-13 and 27-41.
[0181] Clause 59. A system comprising means for per-
forming the method of any of clauses 1-13,27-41, 57 or 58.
[0182] Clause 60. A non-transitory computer-readable
storage medium comprising instructions stored thereon that,
when executed by processing circuitry cause the processing
circuitry to perform the method of any of clauses 1-13,27-
41, 57 or 58.
What is claimed is:
1. A method for sensing cardiac signals from a patient by
a medical device system comprising a plurality of electrodes
for sensing the cardiac signals, the method comprising:
receiving, by the medical device system, a first indication
of a respective value for each of a plurality of sensing
parameters;
storing, in a memory of a medical device system, the
respective value for each of the plurality of sensing
parameters;
receiving a second indication of a respective modification,
in association with each of a plurality of heart position
states, of at least one of the plurality of sensing param-
eters;
storing, in the memory and in association with each of the
plurality of heart position states, the respective modi-
fication of at least one of the plurality of sensing
parameters; and
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by processing circuitry of the medical devices system:

determining, via sensing circuitry of the medical device
system, that a current heart position state of the
plurality of heart position states of the patient;

modifying, based at least in part on the determination
of the current heart position state, the at least one
sensing parameter according to the modification
associated with the current heart position state stored
in the memory, wherein modifying the at least one
sensing parameter comprises at least one of modi-
fying at least one sensing threshold amplitude cor-
responding to at least one cardiac electrogram fea-
ture, or modifying a tachyarrhythmia detection
parameter; and

controlling cardiac sensing of cardiac signals from the
patient according to the modified at least one sensing
parameter value.

2. The method of claim 1, wherein the at least one cardiac
electrogram feature comprises one or more of:

a P-wave of a cardiac electrogram of the patient; or

a R-wave of the cardiac electrogram; or

a T-wave of the cardiac electrogram.

3. The method of claim 1, wherein the tachyarrhythmia
detection parameter comprises a template configured to
detect a treatable tachyarrhythmia.

4. The method of claim 3, wherein the template is
configured to distinguish the treatable tachyarrhythmia from
a supra-ventricular tachyarrhythmia.

5. The method of claim 1, wherein modifying the at least
one sensing parameter comprises modifying a sensing vec-
tor, and wherein controlling the cardiac sensing of the
cardiac signals from the patient according to the modified at
least one sensing parameter value comprises sensing the
cardiac signals along the modified sensing vector.

6. The method of claim 1, wherein the medical device
system comprises a medical electrical lead comprising a
proximal lead coupled to an implantable cardioverter-defi-
brillator, and a distal portion including at least one of the
plurality of electrodes and implanted substantially within an
anterior mediastinum of the patient.

7. The method of claim 1, wherein the first heart position
state corresponds to a first posture of the patient and the
second heart position state corresponds to a second posture
of the patient different from the first posture.

8. The method of claim 1, wherein determining that the
current heart position state of the patient is the first heart
position state comprises determining that at least one of a
respiratory phase, a respiratory rate, or a respiratory depth of
the patient satisfies at least one of a presence of a specific
respiratory phase, a respiratory rate threshold, or a respira-
tory depth threshold.

9. A medical device system for sensing cardiac signals
from a patient, the medical device system comprising:

a plurality of electrodes;

sensing circuitry;

a memory configured to:

store a respective value for each of a plurality of
sensing parameters,

store a first modification of at least one of the plurality
of sensing parameters for a first heart position state,
and

store a second modification to the at least one of the
plurality of sensing parameters for a second heart
position state, wherein the second heart position state
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is different that the first heart position state, wherein
the second modification is different from the first
modification; and

processing circuitry configured to:

receive a first indication of the respective value for each
of the plurality of sensing parameters;

receive a second indication of the first modification of
the at least one of the plurality of sensing parameters
for the first heart position state, and the second
modification to the at last one of the plurality of
sensing parameters for the second heart position
state;

determine, using the sensing circuitry, that a current
heart position state of the patient is the first heart
position state;

modify, based at least in part on the determination of
the current heart position state being the first heart
position state, the at least one sensing parameter
value according to the modification associated with
the first heart position state stored in the memory,
wherein modifying the at least one sensing parameter
comprises at least one of modifying at least one
sensing threshold amplitude corresponding to at least
one cardiac electrogram feature, or modifying a
tachyarrhythmia detection parameter; and

control cardiac sensing of cardiac signals from the
patient according to the modified at least one sensing
parameter value.

10. The medical device system of claim 9, wherein the at
least one cardiac electrogram feature comprises one or more
of:

a P-wave of a cardiac electrogram of the patient; or

a R-wave of the cardiac electrogram; or

a T-wave of the cardiac electrogram.

11. The medical device system of claim 9, wherein the
tachyarrhythmia detection parameter comprises a template
configured to detect a treatable tachyarrhythmia.

12. The medical device system of claim 11, wherein the
template is configured to distinguish the treatable tachyar-
rhythmia from a supra-ventricular tachyarrhythmia.

13. The medical device system of claim 9, wherein to
modify the at least one sensing parameter, the processing
circuitry is configured to modify a sensing vector, and
wherein to control the cardiac sensing of the cardiac signals
from the patient according to the modified at least one
sensing parameter value, the processing circuitry is config-
ured to sense the cardiac signals along the modified sensing
vector.

14. The medical device system of claim 9, further com-
prising:

an implantable cardioverter-defibrillator comprising the

sensing circuitry, the memory, and the processing cir-
cuitry; and

a medical electrical lead comprising a proximal portion

coupled to the implantable cardioverter-defibrillator,
and a distal portion including at least one of the
plurality of electrodes and implanted substantially
within an anterior mediastinum of the patient.

15. The medical device system of claim 9, wherein the
first heart position state corresponds to a first posture of the
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patient and the second heart position state corresponds to a
second posture of the patient different from the first posture.
16. The medical device system of claim 9, wherein to
determine that the current heart position state of the patient
is the first heart position state, the processing circuitry is
configured to determine that at least one of a respiratory
phase, a respiratory rate, or a respiratory depth of the patient
satisfies at least one of a presence of a specific respiratory
phase, a respiratory rate threshold, or a respiratory depth
threshold.
17. A non-transitory computer-readable storage medium
comprising instructions that, when executed by processing
circuitry of a medical device system, causes the processing
circuitry to:
receive a first indication of a respective value for each of
a plurality of sensing parameters;

receive a second indication of a first modification of at
least one of the plurality of sensing parameters for a
first heart position state, and a second modification to
the at last one of the plurality of sensing parameters for
a second heart position state, wherein the first heart
position state is different from the second heart position
state, and wherein the first modification is different
from the second modification;

determine, via sensing circuitry of the medical device

system, that a current heart position state of a patient is
the first heart position state;

modify, based at least in part on the determination of the

current heart position state being the first heart position
state, the at least one sensing parameter value according
to the modification associated with the first heart posi-
tion state stored in the memory, wherein modifying the
at least one sensing parameter comprises at least one of
modifying at least one sensing threshold amplitude
corresponding to at least one cardiac electrogram fea-
ture, or modifying a tachyarrhythmia detection param-
eter; and

control cardiac sensing of cardiac signals from the patient

according to the modified at least one sensing param-
eter value.

18. The non-transitory computer-readable storage
medium of claim 17, wherein the at least one cardiac
electrogram feature comprises one or more of:

a P-wave of a cardiac electrogram of the patient;

a R-wave of the cardiac electrogram; or

a T-wave of the cardiac electrogram.

19. The non-transitory computer-readable storage
medium of claim 17, wherein the tachyarrhythmia detection
parameter comprises a template configured to detect a
treatable tachyarrhythmia.

20. The non-transitory computer-readable storage
medium of claim 17, further comprising instructions that,
when executed by the processing circuitry causes the pro-
cessing circuitry to:

modify the at least one sensing parameter by modifying a

sensing vector, and

control the cardiac sensing of the cardiac signals from the

patient according to the modified at least one sensing
parameter value by sensing the cardiac signals along
the modified sensing vector.

#* #* #* #* #*



