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IMPLANTABLE ELETRODE
LOCATION SELECTION

CROSS-REFERENCE TO RELATED APPLICATION

This application claims the benefit of U.S. Patent Application Serial No.
13/916,353 filed on June 12, 2013 and entitled “IMPLANTABLE ELECTRODE
LOCATION SELECTION,” which 1s incorporated by reference herein in its

entirety.

BACKGROUND

The disclosure herein relates to systems, methods, and interfaces for

implantable clectrode location selection.

Implantable clectrodes may be used in various systems, apparatus, and
methods for medical treatment of a patient. More specifically, implantable
electrodes may be located adjacent, or in contact, with tissue {¢.g., cardiac tissue,
etc.) of a patient to deliver therapy to the tissuc of the pationt and/or sense signals
from the tissue of the patient. Some ¢lectrodes may be more effective, or optimal,

at delivering therapy than others (e.g., due to location, contact, cie.).

Various pacing therapies (e.g., cardiac resynchronization therapy} may
deliver electrical pacing to the left ventricle of a patient’s heart. Implantable
electrodes used to deliver left ventricular pacing may be located in one or more
branches of the coronary sinus proximate the patient's lett ventricle. Different
fmplantation sife regions {(e.g., locations within the one or more branches) of the
coronary sinus may be more ctfective, or optimal, than others in delivering pacing

therapy.
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SUMMARY

The exemplary systers, methods, and interfaces described herein may be
configured to assistance a user {€.g., 4 physician) in the location selection for one
or more implantable electrodes for use in delivering cardiac therapy to a patient.
The systems, methods, and interfaces may be described as being non-invasive.
For example, the systems, methods, and interfaces may not use implantable
devices such as leads, probes, catheters, ete. to assist the user in the location
selection for oune or more implantable electrodes. Further, for example, the
systems, methods, and interfaces may not relate to feedback from what occurs
during pacing froron a given location of an froplanted electrode. In other words, the
exemplary systems, methods, and interfaces may be directed to selecting an
optimal implantable clectrode position before the implanted electrode 18
fmplanted, or put into, a patient from electrical and/or mechanical measurements

taken noninvasively,

More specifically, the cxemplary systems, metheds, and interfaces may use
mechanical motion data in combimation with surrogate electrical activation data to
identify one or more candidate and/or target implant site regions for the
fraplantable electrodes. The mechanical motion data may be measured using
imaging apparatus configured to image at least a portion of a patient’s heart (e.g., a
portion of the heart's blood vessel anatorny). The surrogate clectrical activation
data may be measured using one or more external electrodes {e.g., external to a
patient’s body) located adjacent a patient’s skin. In at least one embodiment, the
surrogate clectrical activation data may be noninvasive estimations of local
activation times {¢.g., g-LV times) of regions of a patient's heart taken along the
short-axis of the heart {(e.g., electrical activation times may not vary much across

the long-axis of the heart).

Additionally, one or more graphical user interfaces may display mechanical

motion information and/or surrogate clectrical activation information of g patient

D
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to, ¢.g., assist a user in the sclection of locations for one or more implantable
electrodes, and subsequently, navigating the one or more implantable electrodes to
such locations. The exemplary systems, methods, and interfaces may be described
as a tool to provide additional information to a user to aid u the location selection
for implantable electrodes and/or an automated recommendation engine to identify

locations for one or more implantable clectrodes.

One exernplary system for assisting in noninvasive location selection for an
implantable clectrode may include electrode apparatus, imaging apparatus, display
apparatus, and computing apparatus coupled to the clectrode apparatus, imaging
apparatus, and display apparatus. The electrode apparatus way include a plurality
of external electrodes configured to be located proximate tissue of a patient {e.g.,
surface clectrodes positioned in an array configured to be located proximate the
skin of the patient). The imaging apparatus may be configured to image at least a
portion of blood vessel anatomy of the patient’s heart {e.g., at least a portion of the
coronary sinus). The display apparatus may include a graphical user interface
configured to depict the at least a portion of blood vessel anatomy of the patient’s
heart for implantation of an implantable electrode. The computing apparatus may
be configured to assist a user in noninvasively selecting a location for the
implantable clectrode. The computing apparatus may be further configured to
measure mechanical motion of a plurality of implantation site regions of the at
least a portion of blood vessel anatormy of the paticnt’'s heart using the imaging
apparatus, wherein each region of the plurality of imiplantation site regions is
different frora the other regions of the plurality of implantation site regions and
measure surrogate electrical activation time of the phurality of implauntation site
regions of the patient's heart using the plurality of external electrodes of the
electrode apparatus, The surrogate electrical activation tume for each region of the
plurality of implantation site regions may be measured using one or more external
electrodes. The computing apparatus may be further configured to determine one
or more candidate site regions of the plurality of implantation site regions of the at
lcast a portion of blood vessel anatorny of the patient's heart for implantation of

the implantable electrode based on the measured mechanical motion and measured
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electrical activation time of the plurality of regions. The one or more candidate
stte regions may include mechanical motion countraction tiraes greater than or
cqual to a mechanical motion threshold based on the latest mechanical motion
contraction tiroe of the plurality of implautation site regions and electrical
activation times greater than or equal to an electrical activation threshold based on
the latest clectrical activation time of the plurality of implantation site regions
{c.g., the mechanical motion threshold may be a selected percentage of the latest
mechanical motion contraction time of the plurality of implantation site regions
and the elecirical activation threshold roay be a selecied percentage of the latest
electrical activation time of the plurality of implantation site regions}. The
computing apparatus may be further configured to identify, on the graphical use
interface, the one or more candidate site regions for implantation of the

mmplantable clectrode.

One exemplary method for assisting in noninvasive location selection for an
implantable electrode may inchude measuring mechanical motion of a plarality of
fmplantation site regions of at least a portion of blood vessel anatomy of the
patient’s heart {e.g., at least a portion of the corovary sinus) using imaging
apparatus. Each region of the plurality of implantation site regions may be
different froro the other regions of the plurality of implantation site regions. The
exemplary method may further include measuring surrogate clectrical activation
time of the plurality of iraplantation site regions of the patient's heart using a
phurality of external electrodes. The surrogate electrical activation time for each
region of the plurahity of implantation site regions may be measured using one or
more external electrodes {e.g., surface electrodes positioned in an array configured
to be located proximate the skin of the patient}. The cxemplary method may
fclade determining one or more candidate site regions of the plurahity of
implantation site regions of the at icast a portion of blood vessel anatomy of the
paticut’s heart for implantation of an tplantable electrode based on the measured
mechanical motion and measured electrical activation time of the plurality of
regions. The one or more candidate site regions may mclude mechanical motion

contraction times greater than or equal to a mechanical motion threshold based on

e
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the latest mechanical motion contraction time of the plurality of implantation site
regions and electrical activation times greater than or equal to au electrical
activation threshold based on the latest clectrical activation time of the plurality of
tmplantation site regions {¢.g., the mechavical motion threshold may be a selected
percentage of the latest mechanical motion contraction time of the plurality of
frplantation site regions and the electrical activation threshold may be a selected
percentage of the latest electrical activation time of the plurality of imaplantation
site regions}. The exeraplary method may include identifving, on a graphical user
wmiterface, the one or more candidate site regions for imaplantation of the
irnpiantable clectrode and navigating at least one implantable clectrode to at least
one of the identified one or more candidate site regions using the graphical user

mterface.

In one or more exemplary systems and/or methods, measuring surrogate
clectrical activation time of the plurality of implantation site regions of the
patient's heart using the phurality of external electrodes may include measuring
surrogate clectrical activation time of each implantation siie region using one or

more external electrodes proximate thereto.

In one or more exemplary systems and/or methods, measuring surrogate
clectrical activation time of the plurality of implantation site regions of the
paticot’s heart using the plurality of external electrodes may include deterroining
positions of the plurality of external electrodes with respect to the plurality regions
of the at least & portion of blood vessel anatomy of the patient's heart using the
imaging apparatus, associating one or more external electrodes with each region
of the plurality of regions of the at least a portion of blood vessel anatorny of the
paticnt’s heart, and rocasuring surrogate electrical activation time of cach region of
the plurality of regions of the at least a portion of blood vessel anatomy of the

patient’s heart using the one or roore external electrodes associated therewith.

In one or more exemplary systems and/or methods, one or more external

electrodes of the plurality of external electrodes may be associated with each
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region of the plurality of implantation site regions, measuring surrogate electrical
activation tiroe of the plurality of iraplantation site regious of the patient’s heart
using the plurality of external electrodes may include positioning the plurality of
external electrodes proximate tissue of the patient (e.g., where the oune or more
external electrodes associated with cach region of the plurality of imiplantation stte
regions arc positioned proximate an arca of the patient associated with the
respective region of the plurality of implantation site regions), and measuring
surrogate electrical activation time of the plurality of regions of the patient's heart
using the plurality of electrodes of the electrode apparatus may include measuring
surrogate clectrical activation time of each region of the plarality of regions of the
at least a portion of blood vessel anatormy of the paticut's heart using the one or

more external electrodes associated therewith.

In one or more exemplary systems and/or methods, the computing apparatus
may be further configured to exccute or the method may further include
determining a scar risk score for cach region of the one or more candidate site
regions, wdentifying, on the graphical user interface, at least one target site region
of the one or more candidate stte regions based on the scar visk score for
implantation of the implantable clectrode, and navigating at least one implantable
clectrode to the at least one identified target site regions using the graphical user
interface. The scar risk score may be based on at least one of peak-to-peak
araplitude of measured mechanical motion of the candidate site region,
fractionations of the electrical activity of the candidate site region measured using
the one or more clectrodes used to measure the surrogate electrical activation time
therefor, ST segment elevation of the electrical activity of the candidate site region
measured using the one or more clectrodes used to measure the surrogate
electrical activation time therefor, and low peak-to-peak amplitude of the
clectrical activity of the candidate site region measured using the one or more

electrodes used to measure the surrogate electrical activation time therefor.

One exemplary systern for assisting in noninvasive location sclection for an

implantable electrode may inchide electrode apparatus, imaging apparatus, display

-6-
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apparatus, and computing apparatus coupled to the electrode apparatus, imaging
apparatus, and display apparatus. The electrode apparatus may include a plurality
of external electrodes configured to be located proximate tissue of a patient and
the imaging apparatus configured to image at least a portion of blood vessel
anatomy of the patient's heart. The display apparatus may include a graphical user
mterface contigured to depict the at least a portion of blood vessel anatomy of the
patient's heart for implantation of an implantable electrode. The computing
apparatus may be configured to assist a user in noninvasively sclecting 4 location
for the implantable electrode. The computing apparatus may be further
configured to measure mechanical motion of a plurality of implantation site
regions of the at least a portion of blood vessel anatomy of the paticnt's beart using
the imaging apparatus {(e.g., where each region of the plurality of implantation site
regions s different from the other regions of the plurality of troplantation site
regions}, measure surrogate electrical activation time of the plurality of
fmplantation site regions of the patient's heart using the plurality of external
clectrodes of the electrode apparatus (e.g., where the surrogate clectrical activation
time for each region of the plurality of implantation site regions is measured using
one or more external electrodes), and determine one or more candidate site regions
of the plurality of implantation site regions of the at lcast a portion of blood vessel
anatomy of the patient’s heart for implantation of the fraplantable electrode based
on the measured mechanical motion and measured electrical activation time of the

plurality of regions.

One exemplary method for assisting in noninvasive location selection for an
implantable electrode may inchude measuring mechanical motion of a plarality of
implantation site regions of at least a portion of blood vessel anatomy of the
patient’s heart using imagiog apparatus where cach region of the plurality of
implantation site regions is different from the other regions of the plurality of
wimplantation site regions and measuring surrogate electrical activation tirae of the
plurality of implantation site regions of the patient's beart using a plurality of
external clectrodes where the surrogate electrical activation time for cach region

of the plurality of implantation site regions is measured using one or more external

~1
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electrodes. The exemplary method may further include determining one or more
candidate site regions of the plurality of implantation site regions of the at least a
portion of blood vessel anatomy of the patient's heart for implantation of an
implantable clectrode based on the rocasured mechanical motion and measured

surrogate electrical activation time of the phurality of regions.

One exemplary noninvasive method may include identifving areas of late
electrical activation based on surface ECG leads in a proprietary 'belt-hike'
configuration. Sequence of ventricular activation during intrinsic rhythm and/or
right ventricular pacing may be derived from this belt. Regions of the late left
ventricle activation can be determuned frovo the derived sequence. The data can
be used in conjunction with data derived from mechanical motion of the loft-
ventricle {e.g., motion maps) to pre-select optirnal area for placewent of a left

ventricular lead.

Oune exemplary embodiment uses the ventricular activation sequence as
mapped from surface electrodes to pre-select an optimal location of a left
ventricular lead i conjunction with other methods {e.g., motion maps) of looking
at mechanical motion of the left ventricle. Activation data from external electrode
leads may be mapped to certam gross regions of the left ventricle. For example,
activation from left anterior electrodes may be mapped to the anterior left
ventricle, activation from lefi-lateral electrodes roay be mapped to the lateral wall
of the ventricle, activation from posterolateral electrodes may be mappedtoa
posterolateral location of the left ventricle, and activation from left posterior

clectrodes may be mapped to a posterior location of the left ventricle.

A preliminary target location may be selected based on the latest area of
contraction from the motion map, and clecirical activation times from the external
clectrodes corresponding to that particular area may be chosen. The activation
time-data from clectrodes corresponding to a particular anatornic arca may be
averaged to represent the activation tirae over that particular region. I the

activation data indicates early activation, e.g., if the activation time is less than a
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certain value {¢.g., a value which can be about 8¢ milliseconds to about 100
milliseconds) as measured froro onset of depolarization or it the activation time is
less than a certain percentile of the latest activation recorded from the external
electrodes (e.g., where this percentile can be any valae from about S0% to about
75%}, then that location may be ruled out as an optimal site (e.g., because of early
activation-times}. If the external clectrode activation data indicates late activation
in that area {e.g., the data does not satisfy the criteria of early activation described
above} and the external electrodes situated in the corresponding anatoraic area do
not show signs of a local scar (e.g., inclading fractionations {multiple deflections),
small g-waves at the onsct followed by r-waves, where g/t ratio is between 20-
30%, or sigos of ST segment elevation), the preliminary target location may be
selected for implanting the implantable electrode and/or lead. The signs of
scarring described here may be often chinically used for diagnosing myocardial
infarction and may be inspected visually as well. The activation map from surface
electrodes as well as the motion map over at least one cardiac cycle corresponding

to the preliminary target arca may be displayed.

Oue exeraplary method may combine data from electromechanical mapping
and a likelihood score for scar to select an optimal site for implantable electrode
and/or lead placement. The data for combination may mchude timing of
mechanical contraction of different regions of the target ventricle, e.g., left
ventricle, as determined from a motion roap, motion curves and features of the
motton curves {(€.g., peak-amplitudes of motion curves in the different regions of
the target ventricle), clectrical activation data in different regions of the left
ventricle, and electrical signals, ¢.g., surface electrocardiogram signals, from
surface clectrodes in close proximity to different regions of the left ventricle. The
exeraplary method may combine all these differcot pieces of information to come

up with a recommendation of an optimal target site.

For example, a subset of possible candidate regions may be identified based
on certain thresholds of electrical activation times and mechanicsl contraction

times. Regions that are activating electrically later than a certain percentage of the



WO 2014/201126 PCT/US2014/041929

i

latest electrical activation time among all target regions and mechanically
contracting later than a certain percentage of the latest maechanical contraction
times amongst all target regions may be chosen as potential candidate sites for
lead placewoent. The certain percentages may be between about 70% and about
100%. Next, for example, cach region from this subset may be assigned a scar
risk score of 0-2 based on the one or more criteria and processes. For example,
initially, all regions may be assigned a scar risk score of § and the following
criteria are evaluated: peak-to-peak amplitude of a motion curve corresponding to
a region being less than a selected percentage {e.g., 0% to about 50% such as
10%} of max peak-to-peak amplitude among all target regions may add 1 to the
scar tisk score for that region. Electrical sigoals {¢.g., surface electrocardiogram
clectrodes) at or in proximity to the region showing one or more signs of scarring
that includes ST segment elevation, fractionations, low peak-to-pesk amplitudes
{e.g

g., <1 mV}imayadd 1 to the scar risk score for that region. Once evaluation

for scar risk scores 1s completed, the candidate regions may be sorted in
descending order of scar risk score. The region with the lowest sear risk score
may be sclected as the final site for the lead. If all sites are at the highest scar risk
score {e.g., 2}, then new candidate sites may be selected by lowering each of the
thresholds by a selected amount (e.g., about 10% to about 20%). For example if
mitial selected percentages were 75% each, new, lowered percentages may be
65%. In one embodiment, instead of using percentile thresholds, absolute
thresholds may be used for one or more of the variables of interest {e.g., electrical
activation times greater than or equal to a selected value between about 30

milliseconds and about 130 mulliseconds).

One exemplary method may include identifying a candidate site for left
ventricular (LV) lead implant on a 3-D model of cardiac sinus {(CS) venous
anatomy, reconstructing body-surface markers and finding the marker in closest
proxiroity of the candidate site, determining surface electrocardiogran (ECG)
electrodes {e.g., unipolar electrodes) n closest proximity to the marker previoushy
found, and display an estimate, or surrogate, of electrical activation time (¢.g., -

LV time} on a display module (g.g. monitor/screen, ete.) integrated with the 3D

-10-
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model/motion map. Further, the local electrical activation time {¢.g., the g-LV
fime} may be estimated from the estimated, or surrogate, activation time

determined from the ECG signals from surface electrodes identified previously.

One exemplary method may include determining mechanical contraction
tirnes at target sites during baseline rhythm {c.g., from motion map data of the
target veins), determine electrical activation times in target sites during baseline
rhythm via surrogate clectrical activation times {¢.g., ¢-LV times} acquired from a
surface electrocardiogram (ECG) belt, identifying candidate sites from among
mapped sites which are within a threshold {e.g., 75%) of the latest mechanical
contraction and within a given threshold (e.g. 75%) of the latest electrical
activation time, evaluating scar risk score from motion/strain curves and surface
ECG signals for cach of the candidate sites, and/or identifying optivaal sites as the

candidaie sites with the lowest scar risk score.

The above summary is not intended to describe each embodiment or every
mmpleracntation of the present disclosure. A more complete understanding will
become apparent and appreciated by referring to the following detatled description

and claims taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram of an exemplary system including electrode apparatus,

fmaging apparatus, display apparatus, and computing apparatus.

FIG. 2 1s an exernplary graphical user interface depicting mechanical motion

fnformation of a portion of a patient’s heart.

FIGS. 3A-3B are diagrams of exemplary external electrode apparatus for

measuring torso-surface potentials.

FIG. 4 is a diagram of exemplary surface locations of a patient mapped to

wmplantation site regiouns of the patient’s heart.

-11-
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FIG. § is a diagram depicting late surrogate activation time in the

posterolateral surface location of a patient measured using externval electrodes.

FIG. 618 a diagram depicting locations of external markers associated with

one or more external electrodes.

FIG. 7 1s an exemplary graphical user interface depicting blood vessel
anatomy, mechanical motion information thereof, and locations of the external

markers of FIG. 6.

FIG. 8 is a block diagram of an exemplary method of assisting in

noninvasive location selection for an implantable electrode.

FIGS. 9A-9B are exemiplary graphical user interfaces depicting blood vessel
anatomy configured to allow a user to select an implantation site region of a

paticnt’s heart.

FIG. 10 is an cxemplary graphical user interface depicting a region of a
paticnt’s heart inchuding blood vessel anatomy, mechanical motion information

and surrogate electrical activation information.

FIG. 11 is a block diagram of another exemplary method of assisting in

noninvasive location selection for an implantable electrode.

FIG. 12 is a block diagram of an cxemplary method of noninvasively

determining scar risk for an implantable site region of a patient’s heart,

FIG. 13 shows graphs of mechanical motion information for four different

fmplantable site regions of a patient’s heart.

FIG. 14 shows graphs of surrogate electrical information for the four

different implantable site regions of the patient’s heart of FI1G. 13,

FIG. 1S 1s 4 diagram of an excraplary system including an exemplary

implantable medical device (IMD).
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FIG. 16A is a diagram of the exemplary IMD of FIG. 15.

FIG. 16B is a diagram of an enlarged view of a distal end of the clectrical

lead disposed in the left ventricle of FIG. 16A.

FIG. 17A s a block diagram of an exemplary IMD, ¢.g., the IMD of FIGS.
15-16.

FIG. 178 is another block diagram of an exemplary IMB {e.g., an
implantable pulse generator) circuitry and associated leads employed in the
system of FIGS. 15-16 for providing three sensing channels and corresponding

pacing channels.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

In the following detailed description of illustrative embodiments, reference
is made to the accompanying figures of the drawing which form a part hereof, and
i which arc shown, by way of illustration, specific embodiments which may be
practiced. It is to be understood that other embodiments may be utilized and
structural changes may be made without departing from (e.g., still falling within}

the scope of the disclosure presented hereby.

Exeruplary systems, apparatus, and methods shall be described with
reference to Figures 1-17. It will be apparent to one skilled in the art that elements
or processes from one embodituent may be used in cornbination with clernents or
processes of the other embediments, and that the possible embodiments of such
methods, apparatus, and systems using combinations of features set forth herein 18
not timited to the specific embodiments shown in the Figures and/or described
herein. Further, it will be recognized that the embodiments described herein may
mnclude many elements that are not necessarily shown to scale. Still further, it will
be recognized that tirning of the processes and the size and shape of various

elements herein may be modificd but still fall within the scope of the present

13-
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disclosure, although certain timings, one or more shapes and/or sizes, or types of

elements, may be advantageous over others.

{45} From unipolar electrocardiogram {ECQG) recordings, electrical activation
times can be detected or estimated in proximity of a reference location (e.g.,
which can be a chosen location for the left ventricle lead during tmplant). Such
electrical activation times may be measured and displayed, or conveyed, to an
fmaplanter by a system which acquires the ECG signals and gencrates the metric of
clectrical activation (e.g., g-LV) time. As described herein, at least in one or more
cmbodiments , electromechanical mapping to select a icad placement site for
cardiac resynchronization therapy roay use an algorithon that uses -LV data (e.g.,
electrical activation times) in confunction with mechanical motion map timings to
best select a site for a LV lead. For example, such an algorithm may provide an
optimizing scheme that takes into account electrical and mechanical times as well
as any information about scar tissue that can be derived from ECG/motion

profile/curve measurements.

146} As described herein, various exemplary systems, methods, and interfaces
may be configured to use clectrode apparatus including external clectrodes,
fmaging apparatus, display apparatus, and computing apparatus to voninvasively
assist a user {¢.g., a physician} in selecting onc or more locations {2.g.,
wimplantation site regions) proximate a patient’s heart for one or more implantable
electrodes and/or to navigate one or more implantable electrodes to the selected
location{s). An cxemplary system 100 including clectrode apparatus 110, iroaging
apparatus 120, display apparatas 130, and computing apparatus 140 is depicted in

FIG. 1.

[47} The clectrode apparatus 110 as shown includes a plurality of electrodes
meorporated, or included within a band wrapped around the chest, or torso, of a
patient 14. The clectrode apparatus 110 18 operatively coupled to the computing
apparatus 140 {c.g., through one or wired electrical connections, wirelessly, etc.)

to provide clectrical signals from each of the electrodes to the computing

-14-
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apparatus 140 for analysis. Exemplary electrode apparatus 110 will be described

i more detail in reference o FIGK, 3A-38,

The imagiog apparatus 120 voay be any type of imaging apparatus
configured to tmage, or provide images of, at least a portion of the patient in a
non-invasive manner. For exaraple, the imaging apparatus 120 may not use any
components or parts that may be located within the patient to provide images of at
lcast a portion of the patient except non-invasive tools such as contrast solution. It
is to be understood that the exemplary systems, methods, and interfaces described
herein may noninvasively assist a user {e.g., a physician) in sciecting a location
proximate a patient’s heart for an 1maplantable electrode, and after the exeraplary
systems, methods, and interfaces have provided noninvasive assistance, the
exemplary systems, methods, and interfaces may then provide assistance to
fmplant, or navigate, an implantable electrode mto the patient, e.g., proximate the

paticnt’s heart.

For example, after the exemplary systerns, methods, and intertaces have
provided noninvasive assistance, the exemplary systems, methods, and interfaces
may then provide image guided navigation that may be used to navigate leads
meluding electrodes, leadless electrodes, wireless electrodes, catheters, etc.,
within the patient's body. Further, although the cxemplary systems, methods, and
witerfaces are described herein with reference to a patient’s heart, it is to be
understood that the exemplary systems, methods, and interfaces may be applicable

to any other portion of the patient’s body.

The imaging apparatus 120 roay be configured to capture, or take, x-ray
fmages {e.g., two dimensional x-ray images, three dimeusional x-ray images, etc.)
of the patient 14, The imaging apparatus 120 may be operatively coupled (c.g.,
through oue or wired clectrical connections, wirelessly, eic.) to the computing
apparatus 140 such that the images captured by the imaging apparatus 120 may be
transmitied to the computing apparatus 140, Further, the coroputing apparatus 140

may be configured to control the imaging apparatus 120 to, ¢.g., configure the
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imaging apparatus 120 to capture images, change one or more settings of the

fmaging apparatus 120, etc.

It will be recognized that while the imaging apparatas 120 as shown iu FIG,
I may be configured to capture x-ray images, any other alternative imaging
modality may also be used by the exemplary systems, methods, and interfaces
described herein. For example, the imaging apparatus 120 may be configured to
capture images, or image data, using isocentric fluoroscopy, bi-planc fluoroscopy,
ultrasound, computed tomography (CT), multi-slice computed tomography
(MSCT), magnetic resonance imaging {MRI), high frequency ultrasound (HIFU),
optical coherence toroography (OCT), intra-vascular ulirasound (IVUS), two
dimensional (2D) ultrasound, three dimensional (3D) ultrasound, four dimensional
(4D ultrasound, 1ntraoperative CT, intraoperative MRY, efe. Further, it 1s to be
understood that the imaging apparatus 120 may be configured to capture a
plurality of consecutive irnages {¢.g., continuously) to provide video frame data.
in other words, a plurality of images taken over time using the imaging apparatus
120 may provide motion picture data. Additionally, the frnages may also be
obtained and displayed in two, three, or four dimensions. In more advanced
forms, four-dimensional surface rendering of the heart or other regions of the body
may also be achieved by wcorporating heart data or other soft tissue data from an
atlas map or from pre-operative image data captured by MR, CT1, or
echocardiography modalities. Image datasets fror hybrid modalitics, such as
positron emission tomography (PET) combined with CT, or single photon
cmiission computer tomography (SPECT) combined with CT, could alse provide
functional image data superimposed onto anatomical data to be used to

confidently reach target locations within the heart or other arcas of interest.

The display apparatus 130 and the computing apparatus 140 may be
configured to display and analyze data such as, e.g., surrogate electrical activation
data, image data, mechanical motion data, etc. gathered, or collected, using the
clectrode apparatus 110 and the iruaging apparatus 120 to noninvasively assist a

user in location selection of an implantable electrode. In at least one
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embodiment, the computing apparatus 140 may be a server, a personal computer,
or a tablet computer. The computing apparatus 140 rmoay be configured o receive
input from tnput apparatus 142 and transmit output to the display apparatus 130.
Further, the computing apparatus 140 may include data storage that roay allow for
access to processing programs or routines and/or one or more other types of data,
e.g., for driving a graphical user interface configured to noninvasively assist a uscr

in location selection of an implantable electrode, ete.

The computing apparatus 140 may be operatively coupled to the input
apparatus 142 and the display apparatus 130 to, ¢.g., transmit data to and from
cach of the input apparatus 142 and the display apparatus 130, For example, the
computing apparatus 140 may be electrically coupled to cach of the mput
apparatus 142 and the display apparatus 130 using, ¢.g., analog clectrical
connections, digital electrical connections, wireless connections, bus-based
connections, network-based connections, intemet-based connections, ete. As
described further herein, a user may provide input to the input apparatus 142 to
manipulate, or modify, one or more graphical depictions displayed on the display
apparatus 130 to view and/or select one or more target or candidate locations of a

portion of a patient's heart as further described herein.

Although as depicted the input apparatus 142 is a keyboard, it is to be
understood that the foput apparatus 142 voay include any apparatus capable of
providing input to the computing apparatus 140 to perform the functionality,
methods, and/or logic described herein. For exaraple, the input apparatus 142 may
fnclude a mouse, a trackball, a touchscreen (e.g., capacitive touchscreen, a
resistive touchscreen, a multi-touch touchscreen, cte.), ete. Likewise, the display
apparatus 130 may include any apparatas capabic of displaying information o a
user, such as a graphical user interface 132 including graphical depictions of
anatomy of a patient’s heart, images of a patient's heart, graphical depictions of
locations of one or more clectrodes, graphical depictions of one or more target or
candidate locations, alphanumeric representations of one or more values, graphical

depictions or actual images of implanted electrodes and/or leads, etc. For
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example, the display apparatus 130 may include a liquid crystal display, an

organic light-cmitting diode screen, a touchscreen, a cathode ray tube display, eic.

The graphical user interfaces 132 displayed by the display apparatus 130
may include, or display, onc or more regions used to display graphical depictions,
to display images, to allow sclection of one or more regions or areas of such
graphical depictions and images, ¢te. As used herein, a "region” of a graphical
user mnterface 132 may be defined as a portion of the graphical user interface 132
within which information may be displayed or functionality may be performed.
Regions may exist within other regions, which may be displayed separately or
simuhiancously. For exaraple, smaller regions may be located within larger
regions, regions may be located side-by-side, ctc. Additionally, as used herein, an
"area” of a graphical user juterface 132 may be defined as a portion of the
graphical user interface 132 located with a region that is smaller than the region it

18 located within.

The processing programs or routines stored and/or executed by the
computing apparatus 140 may include programs or routines for computational
mathematics, matrix mathernatics, decomposition algorithms, compression
algorithms {e.g., data compression algorithms), calibration algorvithms, image
construction algorithms, signal processing algorithms {(e.g., Fourier transforms,
fast Fourier fransforms, etc.), standardization algorithms, comparisoun algorithos,
vector mathematics, or any other processing required to implement one or more
exemplary methods and/or processes described herein. Data stored and/or used by
the computing apparatus 140 may inchude, for example, image data from the
imaging apparatus 120, clectrical signal data from the electrode apparatus 110,
graphics {e.g., graphical elewents, icons, buttons, windows, dialogs, pull-down
menus, graphic arcas, graphic regions, 3D graphics, etc.), graphical user
faterfaces, results from one or more processing programs or routines employed
according to the disclosure herein, or any other data that may be necessary for

carrying out the one and/or roore processes or methods described hercin.
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In one or more embodiments, the exemplary systems, methods, and
faterfaces roay be implermented using one or more computer programs executed on
prograrmamable computers, such as compnuters that include, for example, processing
capabiiitics, data storage (¢.g., volatile or non-velatile roemory and/or storage
elements), input devices, and output devices. Program code and/or logic
described herein may be applied to 1nput data to perform functionality described
herein and generate desired output information. The output information may be
applicd as input to one or more other devices and/or methods as described herein

or as would be applied in a known fashion,

The one or more programs used to implement the systems, methods, and/or
interfaces described herein may be provided using any programumable language,
e.g., a high level procedural and/or object orientated programuvung language that is
suitable for communicating with a computer system. Any such programs may, for
cxample, be stored on any suitable device, ¢.g., 4 storage media, that 15 readable
by a general or special purpose program running on a computer system (e.g.,
mcluding processing apparatus) for configuring and operating the computer
system when the suitable device is read for performing the procedures described
herein. In other words, at least in one embodiment, the exemplary systems,
methods, and/or interfaces may be implemented using a computer readable storage
medium, configured with a computer program, where the storage medium so
configured causcs the computer to opcerate in a specific and predefined manner to
perform functions described herein. Further, in at least one embodiment, the
cxemplary systerns, methods, and/or interfaces may be described as being
implemented by logic {¢.g., object code) encoded in one or more non-transitory
media that includes code for execution and, when executed by a processor, is
operable to perform operations such as the methods, processes, and/or

functionality described herein,

The computing apparatus 140 may be, for example, any fixed or mobile
computer system {¢.g., a controlicr, a mucrocontroller, a personal corputer,

minicomputer, tablet computer, ete.). The exact configuration of the computing
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apparatus 130 is not limiting, and essentially any device capable of providing
suttable coraputing capabilities and control capabilities {e.g., graphics processing,
cte.y may be used. As described herein, a digital file may be any medium (e.g.,
volatile or von-volatile mersory, a CB-ROM, a punch card, maguetic recordable
tape, ctc.} containing digital bits (e.g., encoded in binary, trinary, etc.) that may be
readable and/or writcable by coraputing apparatus 140 described herein. Also, as
described herein, a file in user-readable format may be any representation of data
{(c.g.. ASCH text, binary numbers, hexadecimal numbers, decimal numbers,
graphically, ete.} presentable on any wediom {(e.g., paper, a display, etc.) readable

and/or understandable by a user.

In view of the above, it will be readily apparent that the functionality as
described in one or more embodiments according to the present disclosure may be
fmplemented in any manner as would be known to one skilled in the art. As such,
the computer language, the computer system, or any other software/hardware
which is to be used to implement the processes described herein shall not be
himiting on the scope of the systems, processes or programs {¢.g., the functionality

provided by such systems, processes or programs) described herein.

As used herein, mechanical motion data may be defined as data relating to
the mechanical motion of one or more regions of a patient’s heart such as portions
of the walls of the patient's heart. It roay be desivable for target locations in a
patient's heart for implantable electrode placement to also have late mechaunical
motion tiraing {¢.g., later motion than other portions of the patient’s heart, motion
that is fater than a selected threshold value or time, etc.). Mechanical motion data
may be measured and determmned using the exemplary imaging apparatus 120 and
the computing apparatus 140. For example, a plurality of fraroes of image data
may be captured using the imaging apparatus 120 and analyzed by the computing
apparatus to determine mechanical motion fnformation, or data, of one or more

regions of a patient’s heart.
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Local 3D motion of the heart wall can be decomposed into two components:
the first coraponent expresses change of distances between neighboring pownts and
is referenced as a strain {¢.g., contraction, when distances decrease or expansion,
when distances increase, eic.) and the second non-strain component may not
invelve change of distances between neighboring points and may involve
translation and/or rotation. The strain may be anisotropic. Specifically, a
circumferential strain when cross sections {segments) perpendicular to the long
axis of a heart chamber change length may be differentiated from a longitudinal
strain when hnes substantially parallel to long axis change length. The exemplary
imaging apparatus 120 described herein may be configured to provide image data
to provide graphical depictions of contraction and expansion as a change in scale
of a blood vessel tree, or in other words, as a change of distance between points,

while rotation and translation are visualized without change of distances.

The imaging apparatus 120, which may be a computerized X-ray machine,
may be directed at the patient’s heart and activated to produce a time sequence of
X-ray irnages of the heart arca at the field of view. In order to exposc blood
vessels {e.g., such as the corovary vessels) at the heart arca under view, the X-ray
images may be preferably obtained under angiography procedure by injecting
contrast agent to the patient. Where the vessels to be detected are the coronary
veins, the angiography may be carried out after a balloon is inserted and inflated
mside the vein, ¢. g., the coronary sinus, so as to prevent blood flow from

dispersing the contrast agent before the images are taken.

For example, a time sequence of two-dimensional X-ray projection images
may be captured by 1ruaging apparatus of FIG. 1 and stored by the coraputing
apparatus 140. The two-dimensional images may be angiograrus taken after the
patient has been injected with conirast agent. The time sequence may include
“snapshots” {e.g., angographic cine-runs) of the coronary vessel under the same
projection angle during at least part of the cardiac cycle of the patient. Further,

the projection direction may be sclected to be substantially orthogonal to the
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surface of the heart at the region of interest or to the main velocity component

thereof,

The blood vessels of interest may be tracked through the fime sequence of
images in order to identify the movements of the vessels through at least part of
the cardiac cycle. Tracking of blood vessels through the tirac sequence of images
may be performed by calculation of local area transformations from one frame to
the next, or by tracking selected control points in the detected vessels. Yet, in
accordance with some embodiments, tracking the vessels may be performed by a

hybrid combination of the two methods.

Examples of systems and/or imaging apparatus configured to capture and
determine mechamcal motion information may be described 1o U.S. Pat. App.
Pub. No. 2005/0008210 to Evron et al. published on January 13, 2005, U.S. Pat.
App. Pub. No. 2006/0074285 to Zarkh et al. published on April 6, 2006, U.S. Pat.
App. Pub. No. 2011/0112398 to Zarkh et al. published on May 12, 2011, U.S. Pat.
App. Pub. No. 2013/0116739 to Brada ¢t al. published on May 9, 2013, US. Pat,
WNo. 6,980,675 1o Evron et al. issued on December 27, 2005, 1.8, Pat. No.
7,286,866 to Okerlund et al. issued on October 23, 2007, U.S. Pat. No. 7,308,297
to Reddy et al. issued on Decernber 11, 2011, U.S. Pat. No. 7,308,299 io Burrel et
al. issued on December 11, 2011, U.S. Pat. No. 7,321,677 to Evron et al. issued on
January 22, 2008, U.S. Pat. No. 7,346,381 to Okerlund ot al. issued on March 18,
2008, U.S. Pat. No. 7,454,248 to Burrcll et al. issued on November 18, 2008, U.S.
Pat. No. 7,499,743 to Vass ct al. issued on March 3, 2009, U.S. Pat. No. 7,565,190
to Okerhund et al. issued on July 21, 2009, U.S. Pat. No. 7,587,074 to Zarkh et al.
1ssued on September 8, 2009, U.S. Pat. No. 7,599,730 to Hunter ¢t al. issucd on
October 6, 2009, U.S. Pat. No. 7,613,500 to Vass et al. issued on November 3,
2000, U.S. Pat. No. 7,742,629 to Zarkh et al. issued on June 22, 2010, U.S. Pat.
No. 7,747,047 to Okerlund et al. tssued on June 29, 2010, UK. Pat, No. 7,778,6%5
to Evron ct al. issued on August 17, 2010, U8, Pat. No. 7,778,686 to Vass et al.
issued on August 17, 2010, U.S. Pat. No. 7,813,785 to Okerlund et al. 1ssued on
October 12, 2010, U.S, Pat. No. 7,996,063 to Vass et al. issued on August 9, 2011,
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118, Pat. No. §,060,185 to Hunter et al. issued on November 15, 2011, and U.S.
Pat. No. 8,401,616 to Verard ct al. issued on March 19, 2013, cach of which are

incorporated herein by reference in their entireties.

Mechanical motion data, or information, may be provided to a user to assist
the user m selecting a location for an implantable electrode. An excraplary
graphical user interface 132 depicting mechanical motion information of a portion
of a patient’s heart is shown in FIG. 2. The graphical user interface 132 1s
configured to depict at least a portion of blood vessel anatomy 200 of a patient's
heart and mechanical motion information with respect to the blood vessel anatomy
200. As shown, the blood vessel anatoray 200 is the coronary sinus located
proximate the left ventricle of a patient. The blood vessel anatomy 200 further
fuctades a plurality of branches 202 of, e.g., the corovary sinus. Each branch, as
well as multiple locations within cach branch, may provide candidate site regions
or locations for implantable electrodes. Implantable clectrodes may be implanted
in locations having the latest mechanical motion time. As used herein, mechanical
motion tirae may be the time between the onset of contraction and a common
fiducial poiut such as ¢.g., onset of QRS depolarization complex for that particular

cardiac cycle on an external ECG lead.

As shown, the mechanical motion time may be represented by color/grey
scaling, or coding, the blood vessel anatomy 200 according to a scale 210, As
shown, the scale 210 extends from dark grey/colors, which correspond to about 40
milliseconds (ms), to light white/colors, which correspond to about 240 ms. As
such, a user may view the graphical user interface 132 to sce, or ascertain, the
regions of the blood vessel anatomy). Additionally, the graphical user nterface
132 may alphanumerically depict the mechanical motion times 206 for one or
more regions 204 identified on blood vessel anatoray 200, Using the graphical
user interface 132, a user may select a target, or candidate, location 208 for
mmplantation that may have the latest, or near the latest, mechanical motion time.

As shown, the target location 208 may have a mechanical motion time of 240 ms.

23



i6

gy
o~

WO 2014/201126 PCT/US2014/041929

9|

It may be desirable for target or candidate site regions or locations for
faplantable electrode placernent to also have late electrical activation times, in
addition to late mechanical motion times. The selected region, or location, such as
region 208, however, may not have a late electrical activation time {e.g.,
indicating that the site may not be as desirable even though the mechanical motion
time indicated its desirability as an implant site). As such, it is beneficial to have
fnformation about electrical activation times and mechanical motion times
associated with a target or candidate site region to determine its suitability for

wmplaut,

Electrical activation data of one or more regions of a patient's heart may be
determined using clectrode apparatus 110 as shown in FIG. 1 and in FIGS. 3A-3B.
The exeraplary electrode apparatas 110 may be configured to measure body-
surface potentials of a patient 14 and, more particularly, torso-surface potentials of
a patient 14, As shown i FIG. 3A, the exemplary electrode apparatus 110 may
inchide a set, or array, of electrodes 112, a strap 113, and interface/amplifier
circuttry 116. The electrodes 112 may be attached, or coupled, to the strap 113
and the strap 113 may be configured to be wrapped around the torso of patient 14
such that the clectrodes 112 surround the patient's heart. As further ithustrated, the
clectrodes 112 may be positioned around the circumference of a patient 14,
inchiding the posterior, lateral, posterolateral, and anterior locations of the torso of

patient 14,

Further, the clectrodes 112 may be electrically connected to
fnterface/amplifier circuitry 116 via wired conunection 11X, The
mterface/araplifier circuitry 116 may be configured to amplify the signals from the
clectrodes 112 and provide the signals to the compuiing apparatus 140, Other
exemplary systems may use a wireless connection to transmit the signals sensed
by electrodes 112 to the interface/amplifier circuitry 116 and, in turn, the

computing apparatus 140, ¢.g., as channels of data.
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Althongh in the example of FIG. 3A the clectrode apparatus 110 includes a
strap 113, in other examples any of a variety of mechanisms, ¢.g., tape or
adhesives, may be employed to aid in the spacing and placement of electrodes
112, Tu soroe exaroples, the strap 113 way include an elastic band, strip of tape, or
cloth. In other examples, the electrodes 112 may be placed individually on the
torso of a patient 14. Further, in other exaraples, clectrodes 112 (c.g., arranged in
an array) may be part of, or located within, patches, vests, and/or other means of

sccuring the electrodes 112 to the torso of the patient 14,

The clectrodes 112 may be configured to surround the heart of the patient 14
and record, or monitor, the electrical signals associated with the depolarization
and repolarization of the heart after the signals have propagated through the torso
of patient 14. Each of the electrodes 112 may be used 1u a unipolar configuration
to sense the torso-surface potentials that reflect the cardiac signals. The
mterface/araplifier circuitry 116 may also be coupled to a return or indiffercnt
electrode (not shown} that may be used in combination with cach electrode 112
for unipolar sensing. In somce examples, there may be about 12 to about 50
electrodes 112 spatially distributed around the torso of patient. Other

configurations may have more or fewer clectrodes 112,

The computing apparatus 140 may record and analyze the torso-surface
potential signals sensed by clectrodes 112 and amphified/conditioned by the
interface/amaplifier circnitry 116. The computing apparatus 140 may be
configured to analyze the signals from the clectrodes 112 to provide surrogate
electrical activation data such as surrogate electrical activation times, ¢.g.,
reprosentative of actual, or local, electrical activation times of one or more regions
of the paticnt’s heart as will be further described herein. Measurement of
activation times can be performed by picking an appropriate fiducial point {e.g.,
peak values, minimum values, minimum slopes, maximum slopes, zero crossings,
threshold crossings, cte. of a near or far-ficld EGM) and measuring time between
the onset of cardiac depolarization (e.g., onset of QRS complexes) and the

appropriate fiducial point {e.g., within the electrical activity). The activation time
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between the onset of the QRS complex (or the peak @ wave) to the fiducial point

may be referved to as g-LV tiroe,

{75} Additionally, the computing apparatus 140 may be configared to provide

graphical user interfaces depicting the surrogate electrical activation times
obtained using the clectrode apparatus 110, Exeroplary systems, rocthods, and/or
interfaces may noninvasively use the electrical information collected using the
electrode apparatus 110 to identify, select, and/or determine whether one or more
regions of a patient’s heart may be optimal, or desirable, for implantable electrode

placement.

{76} FIG. 3B illustrates another cxemplary clectrode apparatus 110 that includes

a plurality of electrodes 112 configured to surround the heart of the patient 14 and
record, or monitor, the clectrical signals associated with the depolarization and
repolarization of the heart after the signals have propagated through the torso of
patient 14. The electrode apparatus 110 may include a vest 114 upon which the
plurality of electrodes 112 may be attached, or to which the clectrodes 112 may be
coupled. In at least one embodiment, the plurality, or array, of electrodes 112 may
be used to collect electrical information such as, ¢.g., surrogate clectrical
activation tirnes. Simtlar to the electrode apparatus 110 of FIG. 3A, the clectrode
apparatus 110 of FIG. 3B may include interface/amplifier circuitry 116 clectrically
coupled to cach of the electrodes 112 through a wired connection 118 and
configured to transmit signals from the electrodes 112 to computing apparatus

140. As illustrated, the clectrodes 112 may be distributed over the torso of paticnt
14, inchuding, for example, the anterior, lateral, and posterior surfaces of the torso

of patient 14,

~3

177} The vest 114 may be formed of fabric with the clectrodes 112 attached to the

fabric. The vest 114 may be configured to maintain the posttion and spacing of
electrodes 112 on the torso of the patient 14, Further, the vest 114 may be marked
o assist i determining the location of the electrodes 112 on the surface of the

torse of the patient 14, In some examples, there may be about 25 to about 256
p p 3
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electrodes 112 distributed around the torso of the patient 14, though other

configurations may have more or fewer electrodes 112.

As described herein, the electrode apparatus 110 may be configured to
measure clectrical information {(c.g., clectrical signals) representing different
regions of a patient’s heart. More specifically, activation times of differcot regions
of a patient's heart can be approximated from surface electrocardiogram (ECG)
activation times measured using surface clectrodes in proximity to surface arcas

corresponding to the different regions of the patient's heart.

A diagram of exerplary surface locations of paticot 14 wapped to regions of
a patient’s heart 12 to be measured using external electrode apparatus are shown
n FIG. 4. As shown, a left anterior surface location 220 may correspond to a left
anterior left veniricle region 230 of the patient’s heart 12, a left lateral surface
location 222 may correspond to a left lateral left ventricle region 232 of the
patient's heart 12, a left posterolateral surface location 224 may correspond to a
posterolateral left ventricle region 234 of the patient’s heart 12, and a posterior
surface location 226 may correspond to a posterior left ventricle region 236 of the
patient's heart 12, Thus, the electrical signals measured at the left anterior surface
location 220 may be representative, or surrogates, of electrical signals of the left
anterior left ventricle region 230, clectrical signals measured at the left lateral
surface location 222 way be represcutative, or surrogates, of electrical signals of
the left lateral left ventricle region 232, clectrical signals measured at the left
posterolateral surface location 224 may be representative, or surrogates, of
clectrical signals of the posterolateral left veuntricle region 234, and electrical

signals measured at the posterior surface location 226 may be representative, or

surrogates, of electrical signals of the posterior left ventricle reglon 236,

Unipolar ECG data collected from electrode apparatus 110 such as, e.g.,
depicted in FIGS, 3A-3B, may be used to derive a sequence of ventricular
activation. Information on regional, or local, ventricular activation may be

fnferred by looking at activation times corresponding to certain anatomic regions.
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A diagram depicting late surrogate activation time of a posterolateral surface
location of a patient measured using external electrodes is depicted i FIG. 5. As
shown, ECG activation data shows late activation (e.g., about 150 ms) in the
posterolateral surface location 224, and thus the posterolateral left ventricle region
234, which corresponds to the posterolateral surface location arca 224, may be a
target, or candidate, iraplantation site region for an implanted electrode. Further,
samples 230 from the posterolateral surface location 224 show broad, tall, and
dorainant R-waves 232 that ruay further indicate that the posterolateral loft
ventricle region 234 may be an optimal candidate, or target, implantation site

region for an implanted electrode.

So that the computing apparatus 140 is aware of where the clectrical signals
measured using the external clectrodes 112 of the electrode apparatus 110 are
coming from (e.g., such as the various surfaces locations, or areas, for example,
the left anterior surface location 220, the left lateral surface location 222, the lefi
posterolateral surface location 224, the posterior surface location 226 ete.}, the
external clectrodes 112 may be associated with one or more of the surface
locations, or areas, and thus with one or more locations, or regions, of the patient's
heart 14. Any suitable technique for associating the external electrodes (e.g.,
signals therefrom) with one or more locations, or regions, of the patient’s heart 14
may be used. For example, in ong or more embodiments, to associate the external
electrodes 112 with one or more surface locations and/or regions of the patient’s
heart, a user may particularly place, or locate, certain electrodes on particular
locations of the patient’s torse {c.g., one or more clectrodes being in proximity to
the region of the blood vessel anatomy for which measurements are (o be
provided). For example, onc or more electrodes may be configured to measure, or
be associated with, the left lateral surface location 222, and thus, a user may place
such one or more electrodes on the left lateral surface location 232 (c.g., the one
or more electrodes may be located proximate the left lateral surface location 2323,
in at least one embodiment, a band or vest may already have the electrodes 112
located in proper positions to correspond to various surface locations of a patient,

and thus, a user may simply position the band or vest about the patient to properly
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locate the external electrodes 112 about the patient. The band or vest may further
fctade ndications of where each portion of the band or vest should be located

about the patient.

Further, the external electrodes 112 may be associated with, or linked to, one
or more surface locations and/or regions of the patient’s heart using the imaging
apparatus 120 described herein. For example, the electrodes 112 and/or markers
{¢.g., washers) may be visible in one or roore fmages captured by the image
apparatus 120. The markers may be located known distances and/or locations
about the electrodes 112 such that markers may indicate where the electrodes 112

are located.

Using the imaging apparatus 120, which may image the electrodes 112
and/or markers with respect to at least a portion of the patient's heart 12, the
electrodes 112 roay be associated with the regions of the patient’s heart 12 that the
electrodes 112 are located in closest proximity to {e.g., about 8.5 centimeters to
about 10 cm). For example, a first group of external electrodes 112 {e.g., a first
group inchading one or more external electrodes) may be determined to be located
in proximity to the left lateral left ventricular region 232 using images captured by
the imaging apparatus 120, and thus, the first group of external electrodes 112
may be associated with the left lateral left ventricular region 232 of the patient's

heart 12,

A diagram of surface locations of external markers associated with one or
more electrodes used to measure surrogate electrical activation times is depicted in
FIG. 6. As shown, a first marker 240, a sccond marker 242, a third marker 244,
and a fourth marker 246 are depicted on patient 14. Each of the markers 240, 242,
244, 246 may be associated with one or more external electrodes 112, The
imaging apparatus 120 may capture one or more iroages of a portion of the
patient's heart and the markers 240, 242, 244, 246, and the computing apparatus
140 may determine which markers, and thas, which external electrodes, are

proximate to the one or more different regions of the patient's heart.
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The locations of the markers may be further depicted on exemplary
graphical user interfaces depicting a portion of the paticot's heart. For exaraple, an
cxemplary graphical user interface 250 depicting blood vessel anatomy 252 of a
portion of a patient’s heart, mechanical motion information associated with the
blood vessel anatomy 252 {e.g., the mechanical motion information being color
coded/grey scaled on the blood vessel anatomy), and the locations of the external
markers 240, 242, 244, 246 with respect to the blood vessel anatomy 252 is shown

m FIG. 7.

An exemplary method 260 of assisting in noninvasive location selection for
an itaplaniable electrode 1s depicted in FIG. 8. The exemplary method 260 may
be described as being non-invasive because no lead, clectrode, probe, or other
device roay be implanted into the patient when using the exemplary method.
Further, the exemplary method 260 may be executed using the systems, apparatus,

and graphical user interfaces described herem.

The exemplary racthod 260 may include displaying blood vessel anatomy
262 of at least a portion of a patient's heart, ¢.g., using a graphical user interface
on display apparatus. Although the exemplary method 260 displays blood vessel
anatomy of a patient’s heart, it 18 to be understood that any part of a patient's
anatomy may be displayed. The method 260 may further include measuring
mechanical motion 264 of the blood vessel anatoray of the paticot's heart and
displaying mechanical motion information 266 of the blood vessel anatomy, ¢.g.,
using a graphical user interface on a display apparatus. An exeroplary graphical
user interface 280 inchuding blood vessel anatomy 282 and gray-scaled
mechanical motion information is shown i FIG. 9A. The blood vessel anatorny
and mechanical motion information thercof may be captured using the 1maging
apparatus 120 described herein, which may be configured fo image at least a
portion of blood vessel anatomy of the patient’s heart and provide image data used
by the computing apparatus 140 to provide mechanical motion information or

daty.
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A user may view and/or use the graphical user interface 280 of FIG. 9A to
determine, or identify, one or more candidate site regions of the displayed portion
of the patient’s heart for implantation of implantable electrodes. For example, a
user may view the mechanical rootion mformation, ¢.g., grey-scaling or color-
coding applied to the blood vessel anatomy in FIG. 9A, and identify a candidate
site region 284 of the patient's heart based on the racchanical motion information.
For example, a user may identify one or more regions having, ¢.g., mechantcal
motion times greater than a threshold, having the longest mechanical motion time,
ete. A user may select the identified candidate region 284 using the graphical user
interface 280 and input apparatus 142 of the computing apparatus 140. For
exaraple, if the juput apparatus 142 1s a touchscreen, the user may touch the
identified candidate site region 284 with their finger or stylus. Further, for
cxample, if the input apparatus 142 1s a mouse, a user may "chick on” the

identified candidate site region 284 using the mouse.

Although a user is described as identifving the candidate region 284, the
computing apparatus 140 and/or another portion of the systern 100 may be
configured to identify the candidate site region 284. For example, the computing
apparatus 140 may be configured to automatically identify one or more regions of
the blood vessel anatorny based on the mechanical motion information, ¢e.g.,
implantation site region(s) having the longest mechanical motion time,
implantation site region{s) have a mechanical motion time greater than or equal to

a threshold value, etc.

The exemplary method 260 may further inchude measuring surrogate
clectrical activation timne 270 of the identificd candidate site region 284 using onc
ot more external electrodes 112 located proximate tissue of a patient {e.g., skin of
the patient's torso). As described herein the surrogate clectrical activation time of
a region, such as the candidate site region 284, may be measured using one or

more external clectrodes proximate the implantation stte region.
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In at lcast one embodiment, the positions of the external clectrodes may be
identified with respect to the iroplantation site region of the blood vessel anatomy
using imaging apparatus 120, and the one or more external electrodes that are
closest o a particular implantation site region {e.g., determived to be closest) way
be used to measure surrogate electrical activation time for the implantation site
region. In at least one ernbodirnent, cach external electrode may alrcady be
associated with a particular implantation site region of the blood vessel anatomy,
and thus, the external electrodes already associated with an implantation site
reglon may be used to measured surrogate electrical activation tivoe for the

implantation site region.

After the implantation site region of the blood vessel anatomy has been
selected 268 and the surrogate electrical activation time has been rocasured 270,
the exemplary method 260 may inchade displaying the measured surrogate
activation time for the identified iraplantation site region 284, For exaraple, the
measured activation time 286 may be alphanumerically depicted proximate the
identified implantation site region 284 of the blood vesscl anatomy 282 on the
graphical user nterface 280 as shown 1o FIG. 98, If the identified 1mplantation
site region does not have a desirable surrogate electrical activation time 286 {¢.g.,
the implantation site region does vot have a late electrical activation time, the
electrical activation time is not greater than or equal to a threshold value, etc ), 2
user may select another implantation site region of the blood vesscl anatomy 282,
¢.g., as shown by the arrow 271 looping back to identifying an implantation site

region of blood vessel anatory 268,

A user may then use the exemplary systerns and interfaces described herein
to navigate an iroplantable electrode to one or more of the wdentified fmplantation
site regions 274, For example, the systems and graphical user interfaces described
herein may provide real-time navigation of an implantable electrode {(e.g., located
on a lead, a wireless electrode, located on a device, ¢tc.) to an implantation site

region such as the identified implantation sitc region {c.g., a site region wdentified
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noninvasively as being associated with a late mechanical motion time and a late

electrical activation time).

Although the exemplary method 270 may ruecasure the surrogate electrical
activation time 270 after an implantation site region of the blood vessel anatomy
has been wdentified 268, 1t is to be understood that the exemplary systems,
methods, and/or interfaces may be configured to measure surrogate electrical
activation tirac 270 of a plurality of implantation site regions of the patient’s heart
prior to the identification of a particular region 268 and/or may display the
measured surrogate clectrical activation times 272 of all the implantation site
regions. For example, an exemplary graphical user interface 290 depicting a
portion of a patient’s heart and blood vessel anatomy 292 thereof including
mechanical motion information such as grey-scaling and alphamumernic values
representing mechanical motion timings is shown in FIG. 16, The exemplary
graphical user interface 290 further depicts surrogate activation times 296 for cach
of the first implantation site region 293, second implantation site region 294, third

mmplantation site region 295, and fourth implantation site region 296.

One or more exemplary systems, methods, and/or interfaces may use
measured mechanical motion data and measured surtogate electrical activation
times to identify one or more candidate and/or target site regions for implantation,
or location selection, of an implantable clectrode for dehivering therapy {e.g., from
a larger number of potential implantation sites). An exemplary method 300 of
assisting in such noninvasive location selection for an fraplantable electrode 1s
depicted in FIG. 11. Generally, the exemplary method 300 may (e.g.,
automatically or by user selection) determine one or more candidate and/or target
site regrous for implanting an implantable electrode for delivery of therapy based
on mechanical motion information of a portion of a patient's heart, surrogate
electrical activation times of implantation site regions of the patient’s heart, and,
optionally, information relating to scar risk for one or more implantation site

regions of the patient’s heart.
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The exemplary method 300 may include measuring mechanical motion 302
of a plurality of implantation site regions {e.g., identified site regions, such as, for
cxample, the first implantation site region 293, the second implantation site region
294, the thurd implantation site region 295, and the fourth implantation site region
296 shown on the graphical user interface 290 of FIG. 10} of a portion of blood
vessel anatomy of a patient's heart using, ¢.g., iraaging apparatus 120, to provide
mechanical motion data, or information, such as mechanical contraction times.
Each implantation site region may be g defined portion or area of the patient's
heart and/or of the blood vessel anatomy of the patient’s heart, Further, cach
implantation site region may be different that the other implantation site regions.

In other words, the implantation site regions may not be duplicative.

Surrogate electrical activation time may be measured 304 for each of the
fmplantation stie regions using, e.g., clectrode apparatus 110, such that each
mmplantation sitc region has a mechanical contraction tirae and surrogate electrical
activation time associated therewith {e.g., measurements using one electrode of
the electrode apparatus for cach site region, averaged messurements from multiple

electrodes of the clectrode apparatus for cach site region, etc.).

In one exemplary embodiment, the racasured mechauical contraction times
and measured surrogate electrical activation times for the first implantation site
region 293, the second implantation site region 294, the third implantation site
region 293, and the fourth implantation site region 296 of the portion of a patient's
heart from the graphical user interface 290 of FIG. 10 1s depicted below in Table

i

Site # Mechanical Electrical
Times Times
1 163 ms 50 ms

2 184 ms 100 ms

3 222 ms 120 ms
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(183}

4 240 ms &0 ms
Table 1.

The exemplary roecthod 300 may then determune one or more candidate site
regions 306 from the plurality of implantation site regions based on the measured
mechanical contraction times and measured electrical activation times, The
determination of one or more candidate site regions 306 may use comparisons,
percentages, thresholds, averages, means, peak-to-peak aroplitudes, maximum
slope, minimum slope, other motion curve metrics, etc. of the measured
mechanical contraction times and/or the measured surrogate clectrical activation

fimes.

For exarple, cach of the mechanical contraction tiraes may be corapared to
a threshold value or time to determine whether the implantation site region may be
a candidate site region. The threshold value or time roay be a fixed, or set, value
determined, ¢.g., by a user or the computing apparatus, or may be based or
calculated on other data such as some or all of the measured mechanical
contraction times for the implantation site regions. For example, a mechanical
motion threshold value or time may be based on the latest mechanical motion

contraction time measured among the implantation site regions.

Io the example depicted in FIG. 10 and Table 1, the fourth iroplantation site
region 296 has the latest mechanical contraction time, which is 240 ms. The
mechanical motion threshold value may be a selected percentage, such as, e.g.,
50%, 60%, 65%, T0%, 75%, 80%, 90%, 95%, ctc., of the latest mechanical
contraction tirac. In this example, the selected percentage may be 75%, which
would yield a mechanical motion threshold of 180 ms (e.g., 240 ms x 75% = 180

ms).

Each of the surrogate electrical activation times may be compared to a
threshold value or time to determine whether the implantation site region may be a

candidate site region. The threshold value or time may be a fixed, or set, value
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determined, ¢.g., by a user or the computing apparatus, or may be based or
calculated on other data such as some or all of the measured surrogate electrical
activation times for the implantation site regions. For cxample, an electrical
activation threshold value or timae may be based on the latest surrogate electrical

activation time measured among the implantation site regions.

in the example depicted in FIG. 10 and Table 1, the third implantation site
region 295 has the latest surrogate electrical activation time, which is 120 ms.
The clectrical activation threshold value may be a selected percentage, such as,
e.g., 30%, 60%, 65%, 70%, 75%, 80%, 90%, 95%, ctc., of the latest surrogate
clectrical activation time. In this example, the selected percentage may be 75%,
which would vield an clectrical activation threshold of 90 ms (e.g., 120 ms x 75%

= 90 mus).

Using the mechanical motion threshold value and the clectrical activation
threshold value, the exemplary method 300 may determine one or more candidate
site regions 306. For exarnple, an implantation site region may be identified or
selected as a candidate site region if the implantation site region has a mechanical
contraction time greater than or equal to the mechanical motion threshold and a
surtogate clectrical activation time greater thav or equal to the electrical activation
threshold. As such, in the example of FIG. 10 and Table 1, the candidate sites
must have a roechanical contraction time greater than or equal to 180 ws, i.c., the
mechanical motion threshold value, and a surrogate electrical activation time
greater than or equal to 90 ms, 1., the clectrical activation threshold value, Using
such thresholds, the exemplary method 300 may determine that the second site
294 and third site 295 may be candidate site regions 306 for implantation of an

implantable electrode to deliver therapy.

Additionally, if none of the implavtation site region satisfies both the
electrical activation threshold value and the mechanical motion threshold value,
the threshold values may be decreased by a selected value or percentage, and each

of the implantation stte regions may be re-evaluated. In at least one embodiment,

-36-
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the selected percentages used to calculate the threshold values may be decreased
by a fixed amount such as, e.g., 3%. Likewise, if all the implantation site regions
satisfy both the electrical activation threshold value and the mechanical motion
threshold value, the threshold values may be increased by a selected value or
percentage, and each of the implantation site regions may be re-evaluated.

Further, if only onc iraplantation site region satisfies the electrical activation
threshold value and the mechanical motion threshold value, this site region may be

sclected for frplantation of the electrode.

The exemplary method 300 may also include graphically identifying the one
ot more candidate site regions 310 for imaplantation of the implantable electrode,
¢.g., using the exemplary graphical user interfaces described herein, etc. For
exarnple, the candidate site regions may be highlighted on a graphical user
interface, or arrows may be depicted pointing to the candidate site regions selected

from the originally or initially identified potential site regions.

Each of the onc or more candidate site regions may have an associated scar
risk. As such, the exemplary systems, methods, and graphical user interfaces may
optionally consider the scar risk for cach of the one or more candidate site regions
to further selected one or more target site regions from the candidate site regions
{c.g., reducing the number of site regions that may be desirable for clectrode
wmplantation). For exaraple, the exemplary method 300 way juclade determining
a scar risk for each of the candidate site regions 30¥, and based on the scar risk,
identify the target site regions from the candidate site regions 310, Simular to the
exemplary method 260, the exemplary method 300 may include navigating an
mmplantable clectrode to one or more of the candidate and/or target site regions
312 {e.g., after the candidate or target site region has been selected noninvasively).
For example, the systems and graphical user interfaces described herein may
provide real-time navigation of an ioplantable electrode (e.g., located on a lead, a
wircless electrode, located on a device, ete.) to an implantation site region {e.g., a
site region dentified noninvasively using both mechanical motion times and

electrical activation times, as well as optionally scar risk information).
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[109] As described herein, scar risk information may be used to further reduce the
number candidate sttes suitable for electrode moplant. Although, any process of
reducing the number of candidate sites based on scar information may be used,
one exeraplary method 350 of using scar visk information for vowinvasively
selecting mplantation site regions is depicted in FIGS. 12-14. The exemplary
method 350 may first sct the scar risk score for a particular region (e.¢., selected
from the one or more candidate regions, etc.} to zero. The mechanical motion data
and/or surrogate clectrical data for that particular region may be cvaluated to
determine the scar risk score. For exarmple, the mechanical motion data, or curve,
may be cvaluated as described with reference to FIG. 13, and the surrogate
electrical activation data, or curve, may be evaluated as described with reference

to FIG. 14

{110} The mechanical motion data, or curves, for the first implantation site region
293, the sccond iraplantation site region 294, the third imaplantation site region
295, and the fourth implantation site region 296 during one cardiac cycle are
depicted in FIG. 13, As shown, the maximum peak-to-peak values for the first
foplantation stie region 293, the second implautation site region 294, the third
implantation site region 295, and the fourth implantation site region 296 are 11

millimeters {mm), 12 mm, & mm, and 7 mm, respectively.

[11§} A threshold value may be deterroined based on the maximuom peak-to-peak
amplitude. In this example, the maximum peak-to-peak amplitude of the
fplantation site regions may be 12 rurm. For example, a threshold for indication
of scarring may be 10% of the maximum peak-to-peak amplitude, and therefore,

the threshold may be 1.2 mam,

(112} The exemplary method 300 may increase the scar risk score for a particular
wmplantation site region by one 358 1f the implastation site region's peak-to-peak
arnplitude is less than the threshold value 354 (which, e.g., 15 10% of the
maximum peal-to-peak aroplitude of all the implantation site regions). In the

example depicted in FHG. 13, none of the first implantation site region 293, the
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sccond implantation site region 294, the third implantation site region 295, and the
fourth implantation site region 296 have a peak-to-peak amplitude less than 1.2
mm, and thus, the scar risk score for cach of the first implantation site region 293,
the second implantation site region 294, the third implantation site region 295, and

the fourth implantation site region 296 is not increased.

The swrogate electrical activation data, or curves, for the first implantation
site region 293, the second implantation site region 294, the third implantation site
region 295, and the fourth implantation site region 296 for the same cardiac cycle
as in FIG. 13 arc depicted in FIG. 14, As shown, the maximum peak-to-peak
values for the first implantation site region 293, the second implantation site
region 294, the third implantation site region 2935, and the fourth implantation site
region 296 are 7 mullivolts (mV), 0.5 oV, 3.3 wV, and 5.4 mV, respectively. A

threshold value may be selected to be a minimum value such as, e.g., I mV.

The exemplary method 300 may increase the scar risk score for a particular
mmplantation site region by one 358 if the implantation site region's peak-to-peak
amplitude is fess than the threshold value 356 {e.g., 1 mV). In the example
depicted in FIG. 14, only the second implantation site region 294 has a peak-to-
peal amplitade less than 1 maV, and thus, the scar risk score for only the second

implantation site region 294 is increased by one 358,

Additionally, the surrogate electrical activation data for cach implantation
site region may be evaluated using other metrics that may mdicate scar risk such
as, e.g., fractionations, ST segment elevation, etc. If the other metrics indicate
scar risk {(¢.g., such as inclusion of fractions and/or ST segracnt clevations), the
process 356 may increase the scar risk score for the particular site by one 358, As
shown in FIG. 14, the second implantation site region 294 indicates both
fractionations and ST segment elevation, and thus, the scar risk score for the

sccond implantation site region 294 1s increased by one 358,

The exemplary method 350 may then update the scar risk score 360 for cach

of the candidate site regions. The scar risk score, or other metrics related to

230.
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scarring, may be evaluated by any other methods and/or processes described
herewn such as, ¢.g., exemplary method 300 10 process 308. As described herein,
the second and third implantation site regions 294, 295 were selected as candidate
sites in process 306 of exemplary method 300, Since the scar risk for the second
implantation site region 294 s higher {¢.g., the scar risk score for the second
fplantation site region 294 is one, which may be indicative of scar) than the scar
risk score for the third implantation site region 295 (e.g., the scar risk score for the
third implantation site region 295 1s zero), the third implantation site region 295
may be identified, or selected, 310 as a target site region in the exemplary method
300, As described herein, after a target site region has been identified 310, a user
may then vavigate an implantable clectrode to the target site region 312 {e.g.,
this exampie, the user may navigate an implantable electrode to the third

mmplantation site region 295},

The implantable clectrodes that may be implanted using the exemplary
systems, methods, and graphical user interfaces described herein may be part of an
mmaplantable medical device (IMD) and/or located on one or more leads contfigured
to be located proximate one or wore portions of a patient’s heart. For example, the
cxemplary systems, methods and processes may be used by an exemplary therapy

aystern 10 described heremn with reference to FIGS, 15-17,

FIG. 15 1s a conceptual diagrar iliustrating an exemplary therapy system 10
that may be used to deliver pacing therapy to a patient 14. Patient 14 may, but not
necessartly, be a human. The therapy system 10 may include an implantable
medical device 16 (IMD), which may be coupled to leads 18, 28, 22. The IMD 16
may be, ¢.g., an implantable pacernaker, cardioverter, and/or defibrillator, that
provides electrical signals to the heart 12 of the patient 14 via electrodes coupled
to one or more of the leads 1¥, 20, 22 (e.g., electrodes that may be implanted in
accordance with the description herein, such as, with use of non-invasive selection

of implantation site regions).

A0
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The leads 18, 20, 22 extend into the heart 12 of the patient 14 to sense
electrical activity of the heart 12 and/or to deliver electrical stimulation to the
heart 12, In the example shown in FIG. 15, the right ventricular (RV) lead 18
extends through one or more veins (not shown), the superior vena cava {(not
shown}, and the right atrium 26, and into the right ventricle 28, The left
ventricular (LV) coronary sinus ead 20 extends through one or more veins, the
vena cava, the right atrium 26, and into the coronary sinus 30 to a region adjacent
to the free wall of the left ventricle 32 of the heart 12, The right atrial (RA) lead
22 exiends through one or more vewns and the vena cava, and into the right atrium

26 of the heart 12.

The IMD 16 may sense, among other things, electrical signals attendant to
the depolarization and repolarization of the heart 12 via electrodes coupled to at
least one of the leads IR, 20, 22, The IMB 16 may be configured to determine or
wdentify effective electrodes located on the leads 18, 20, 22 using the cxemplary
methods and processes described herein. In some examples, the IMD 16 provides
pacing therapy (e.g., pacing pulses) to the heart 12 based on the clectrical signals
sensed within the heart 12. The IMD 16 may be operable to adjust one or more
parameters associated with the pacing therapy such as, ¢.g., AV delay and other
various timiings, pulse wide, amphitude, voltage, burst length, etc. Further, the
IMD 16 may be operable to use various clectrode configurations to deliver pacing
therapy, which maay be unipolar, bipolar, quadripoloar, or further multipolar. For
example, a multipolar lead may include several electrodes that can be used for
delivering pacing therapy. Hence, a multipolar lead system may provide, or offer,
multiple electrical vectors to pace from. A pacing vector may include at least one
cathode, which may be at icast one clectrode located on at least one lead, and at
least one anode, which may be at least one electrode located on at least one lead
{c.g., the same lcad, or a different lead) and/or on the casing, or can, of the IMD.
While improvement in cardiac function as a result of the pacing therapy may
primarily depend on the cathode, the electrical parameters like impedance, pacing
threshold voltage, current drain, longevity, etc. may be more dependent on the

pacing vector, which includes both the cathode and the anode. The IMD 16 may

41-



WO 2014/201126 PCT/US2014/041929

123}

also provide defibrillation therapy and/or cardioversion therapy via electrodes
located on at least one of the leads 18, 28, 22, Further, the IMD 16 may detect
arrhythmia of the heart 12, such as fibrillation of the ventricles 28, 32, and deliver
defibritlation therapy to the heart 12 in the form of clectrical pulses. In some
examples, IMD 16 may be programmed to deliver a progression of therapies, e.g.,

pulses with increasing encrgy levels, until a fibrillation of heart 12 18 stopped.

FIG. 16A-16B are conceptual diagrams illustrating the IMD 16 and the leads
IR, 20, 22 of therapy system 10 of FIG. 15 in more detail. The leads 18, 20, 22
may be electrically coupled to a therapy delivery module {e.g., for delivery of
pacing therapy), a sensing module {¢.g., for sensing one or more signals from one
or more electrades), and/or any other modules of the IMD 16 via a connector
block 34. In some examples, the proximal ends of the leads 18, 20, 22 may
fnclude electrical contacts that electrically couple to respective electrical contacts
within the connector block 34 of the IMD 16. In addition, in some examples, the
feads 18, 20, 22 may be mechantcally coupled to the connector block 34 with the
aid of set screws, connection pins, or another suitable mechanical coupling

mechanism.

Fach of the leads 18, 20, 22 mcludes an clongated insulative lead body,
which may carry a number of conductors {¢.g., concentric coiled conductors,
straight conductors, etc.) separated from one another by insulation (¢.g., tubular
insulative sheaths). In the tllustrated example, bipolar electrodes 40, 42 are
located proxirnate to a distal end of the lead 18, In addition, the bipolar clectrodes
44, 45, 46, 47 are located proximate to a distal end of the lead 20 and the bipolar

clectrodes 48, 50 are located proximate to a distal end of the lead 22,

The electrodes 40, 44, 44, 45, 46, 47, 48 may take the form of ring
electrodes, and the electrodes 42, 50 may take the form of extendable helix tip
clectrodes mounted retractably within the insulative electrode heads 52, 54, 56,
respectively. Each of the electrodes 40, 42, 44, 45, 46, 47, 48, 50 may be

clectrically coupled to a respective one of the conductors (e.g., coiled and/or
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straight) within the lead body of its associated lead 1¥, 20, 22, and thereby
coupled to respective ones of the electrical contacts on the proximal end of the

leads 18, 20, 22.

Additionally, electrodes 44, 43, 46 and 47 may have an electrode surface
area of about 5.3 mm” to about 5.8 mm’. Electrodes 44, 45, 46, and 47 may also
be referred to as LV, LVZ, LV3, and LV4, respectively. The LV electrodes (i.e.,
lett ventricle electrode 1 (LV 1} 44, left ventricle electrode 2 (LV2) 45, lett
ventricle electrode 3 (LY 3) 46, and left ventricle 4 (LV4) 47 ¢ic.) on the lead 20
can be spaced apart at variable distances. For cxample, clectrode 44 maybea
distance of, ¢.g., about 21 millimeters (mm), away from clectrode 43, electrodes
45 and 46 may be spaced a distance of, e.g. about 1 .3mm to about 1.5 mm, away
from each other, and electrodes 46 and 47 may be spaced a distance of, e.g. 20

mm to about 21 mm, away from cach other.

The electrodes 40, 42, 44, 45, 46, 47, 48, 50 may further be used to sense
clectrical signals {¢.g., morphological waveforms within electrograms (EGM))
attendant to the depolarization and repolarization of the heart 12, The sensed
clectrical signals may be used to determine which of the electrodes 40, 42, 44, 45,
46, 47, 48, 50 are the most effective in improving cardiac function. The electrical
signals are conducted to the IMD 16 via the respective leads 18, 20, 22, In some
examples, the IMD 16 roay also deliver pacing pulses via the electrodes 40, 42,
44, 45, 46, 47, 48, 50 to cause depolarization of cardiac tissue of the patient's heart
12. Insome examples, a5 iHustrated in FIG. 16A, the IMD 16 includes one or
more housing electrodes, such as housing electrode S8, which may be formed
mtegrally with an outer surface of a housing 60 {(¢.g., hermetically-sealed housing)
of the IMD 16 or otherwise coupled to the bousing 60. Any of the electrodes 40,
42,44, 45,46, 47, 48 and 50 may be used for unipolar sensing or pacing in
corbivation with housing electrode 58, In other words, any of electrodes 40, 42,
44, 45, 46, 47, 48, 50, 58 may be used in combination to form a sensing vector,
¢.g., a sensing vector that may be used to evaluate and/or analyze the effectiveness

of pacing therapy. It is generally understood by those skilled in the art that other
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electrodes can also be selected to define, or be used for, pacing and sensing
vectors, Further, any of electrodes 40, 42, 44, 43, 46, 47, 48, 50, 58, which are
not being used to deliver pacing therapy, may be used to sense electrical activity

during pacing therapy.

As described in further detail with reference to FIG. 16A, the housing 60
may enclose a therapy delivery module that may inchude a stimulation generator
for gencrating cardiac pacing pulses and defibrillation or cardioversion shocks, as
well as a sensing module for monitoring the patient's heart thythm. The leads 1%,
20, 22 may also inchude clongated electrodes 62, 64, 66, respectively, which may
take the forrm of a coil. The IMD 16 may deliver defibrillation shocks to the heart
12 via any combination of the clongated clectrodes 62, 64, 66 and the housing
electrode 58, The electrodes 58, 62, 64, 66 may also be used to deliver
cardioversion pulses to the heart 12, Further, the clectrodes 62, 64, 66 may be
tabricated from any suitable electrically conductive material, such as, but not
fimited to, platinum, platinum alloy, and/or other materials known to be usable in
mmplantable defibrillation electrodes. Since clectrodes 62, 64, 66 are not gencrally
configured to deliver pacing therapy, any of electrodes 62, 64, 66 may be used to
sense clectrical activity {e.g., for use in determining electrode effectiveness, for
use in avalyzing pacing therapy effectiveness, etc.y and may be used 1o
combination with any of clectrodes 40, 42, 44, 45, 46, 47, 48, 50, 58. In at least
one embodiment, the RV clongated electrode 62 may be used to sensce clectrical
activity of a patient's heart during the delivery of pacing therapy (¢.g., in
combination with the housing electrode 58 forming a RV clongated cotl, or

defibriliation electrode-to-housing electrode vector).

The configuration of the exeraplary therapy systern 10 ilastrated in FIGS.
15-17 is merely one example. In other examples, the therapy system may include
epicardial leads and/or patch electrodes instead of or 1u addition to the transvenous
leads 18, 20, 22 illustrated in FIG. 15, Further, in onc or more embodiments, the
IME» 16 need not be implanted within the patient 14, For example, the IMD 16

may deliver various cardiac therapies to the heart 12 via percutancous leads that
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extend through the skin of the patient 14 to a variety of positions within or outside
of the heart 12, In one or more embodiments, the systern 10 may utihize wireless
pacing {¢.g., using energy transmission to the intracardiac pacing component(s)
via ultrasound, indactive coupling, RF, ctc.) and sensing cardiac activation using

electrodes on the can/housing and/or on subcutancous leads.

in other examples of therapy systems that provide electrical stimulation
therapy to the heart 12, such therapy systems may include any suitablc mumber of
leads coupled to the IMD 16, and each of the leads may extend to any location
within or proximate to the heart 12, For example, other examples of therapy
systems roay include three transvenous leads located as iHustrated in FIGS. 15-17.
Still further, other therapy systems may include a single lead that extends from the
IME3 16 into the right atriurn 26 or the right ventricle 28, or two leads that extend

into a respective one of the right atrium 26 and the right ventricle 28.

FIG. 17A is a functional block diagram of one exemplary configuration of
the IMD 16. As shown, the IMD 16 may include a control rodule 81, a therapy
delivery module 84 {¢.g., which may include a stimulation generator), a sensing

module 86, and a power source 90.

The control module 81 may include a processor 80, memory 82, and a
telemetry module 88, The memory 82 roay include computer-readable
instructions that, when execnted, ¢.g., by the processor &0, cause the IMD 16
and/or the control module 81 to perform various functions attributed to the IMD
16 and/or the control module 81 described heretn. Further, the memory 82 may
mclude any volatile, non-volatile, magnetic, optical, and/or electrical media, such
as a random access memory (RAM]}, read-only memory (ROM), non-volatile
RAM {(NVRAM), clectricaliy-crasable programmable ROM (EEPROM), flash
memory, and/or any other digital media. An exemplary capture management
module may be the left ventricular capture management {(LVUM) module

described tn UK, Pat. No., 7,684,863 entitled "LV THRESHCLD
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MEASUREMENT AND CAPTURE MANAGEMENT" and issued March 23,

2010, which is incorporated herem by reference in s entirety.

The processor 80 of the control module 81 may include any onc or more of a
microprocessor, a controller, a digital signal processor {DSP), an application
spectfic integrated circutt (ASIC), a field-programmable gate array (FPGA),
and/or equivalent discrete or integrated logic circuitry. In some examples, the
processor 80 may include multiple components, such as any combination of one or
MOre MICTOProcessors, ong or more controllers, one or more DSPs, one or more
ASICs, and/or one or more FPGAs, as well as other discrete or integrated logic
circuitry. The functions attributed to the processor 80 herein may be embodied as

software, firmware, hardware, or any combination thereof.

The control module 81 may be used to determine the effectivencss of the
electrodes 40, 42, 44, 45, 46, 47, 48, 50, 58, 62, 64, 66 using the exernplary
methods and/or processes described herein according to a selected one or more
prograras, which may be stored in the memory 82, Further, the control module 81
may control the therapy delivery module 84 to deliver therapy {e.g., electrical
stimulation therapy such as pacing) to the heart 12 according to a selected one or
more therapy programs, which may be stored 1o the memory 82, More,
specifically, the control module 81 {e.g., the processor 80} may control various
parameters of the electrical stivoulus delivered by the therapy delivery module 84
such as, e.g., AV delays, pacing pulses with the amplitudes, pulse widths,
frequency, or clectrode polaritics, cte., which may be specified by once or more
selected therapy programs {(e.g., AV delay adjustment programs, pacing therapy
prograrns, pacing recovery programs, capture management programs, ¢tc.). As
shownu, the therapy delivery module 84 1s electrically coupled to electrodes 40, 42,
44,45, 46, 47, 4%, 50, 58, 62, 64, 66, ¢.g., via conductors of the respective {ead 18,
20, 22, or, i the case of housing electrode 38, via an clectrical condactor disposed
within housing 60 of IMD 16. Therapy delivery module 84 nay be configured to

generate and deliver electrical stimulation therapy such as pacing therapy to the
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heart 12 using one or more of the clectrodes 40, 42, 44, 45, 46, 47, 48, 50, 38, 62,
04, 66.

For example, therapy delivery rmaodule 84 may deliver pacimg stimulus {e.g.,
pacing pulses) via ring clectrodes 40, 44, 45, 46, 47, 48 coupled to leads 18, 20,
and 22, respectively, and/or helical tip clectrodes 42 and 50 of leads 18 and 22.
Farther, for example, therapy delivery module 84 may deliver defibrillation
shocks to heart 12 via at least two of clectrodes 58, 62, 64, 66, In some examples,
therapy delivery module 84 may be configured to deliver pacing, cardioversion, or
defibritiation stimmlation in the form of electrical pulses. In other examples,
therapy delivery module 84 maay be configured deliver one or wore of these types
of stimulation in the form of other signals, such as sine waves, square waves,

and/or other substantially continuous time signals.

The IMD 16 may further include a switch roodule 85 and the countrol module
81 {e.g., the processor 80) may use the switch module 85 to select, e.g., viaa
data/address bus, which of the available clectrodes are used to deliver therapy
such as pacing pulses for pacing therapy, or which of the available electrodes are
used for sensing. The switch module 85 may include a switch array, switch
matrix, multiplexer, or any other type of switching device suitable to selectively
couple the sensing module 86 and/or the therapy delivery module 84 to one or
more selected electrodes. More specifically, the therapy delivery module 84 may
inchide a plurality of pacing output circuits. Each pacing output circuit of the
plurality of pacing output circuits may be selectively coupled, e.g., using the
switch module ¥3, to one or mere of the clectrodes 40, 42, 44, 45, 46, 47, 48, 30,
58, 62, 64, 66 {¢c.g., a pair of electrodes for delivery of therapy to a pacing vector).
o other words, each electrode can be selectively coupled to one of the pacing

gutput circuits of the therapy delivery module using the switching module §5.

The sensing module 86 is coupled {e.g., electrically coupled) to sensing
apparatus, which may include, among additional sensing apparatus, the electrodes

40, 42, 44, 45, 46, 47, 48, 50, 58, 62, 64, 66 t¢ monitor electrical activity of the
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heart 12, e.g., clectrocardiogram (ECGyelectrogram (EGM) signals, ctc. The
BECG/EGM signals may be used to rocasure or raonitor activation times {e.g.,
ventricular activations times, ctc.), heart rate (HR), heart rate variability (HRV),
heart rate turbulence (HRT), deceleration/acceleration capacity, deceleration
sequence incidence, T-wave alternans (TWA), P-wave to P-wave intervals (also
referred to as the P-P intervals or A-A intervals), R-wave to R-wave intervals
{(also referred to as the R-R intervals or V-V intervals), P-wave to (RS complex
mtervals (also referred to as the P-R intervals, A-V intervals, or P-(3 intervals),
(IRS-complex morphology, ST segment (1.¢., the segment that connects the QRS

complex and the T-wave), T-wave changes, QT intervals, clectrical vectors, etc.

The switch module 85 may be also be used with the sensing module 86 to
select which of the available clectrodes are used, or enabled, to, e.g., sense
clectrical activity of the patient's heart (¢.g., one or more clectrical vectors of the
paticnt’s heart using any combination of the electrodes 40, 42, 44, 45, 46, 47, 45,
50, 58, 62, 64, 66). Likewise, the switch module 85 may be also be used with the
sensing module 86 to select which of the available clectrodes are not to be used
{(e.g., disabled) to, ¢.g., sense electrical activity of the patient’s heart (e.g., one or
more clectrical vectors of the patient's heart using any combination of the

clectrodes 40, 42, 44, 45, 46, 47, 48, 50, 538, 62, 64, 66), ctc. In some examples,

via the switch module within the sensing module 86, ¢.g., by providing signals via

a data/address bus.

In some examples, sensing moduie 86 includes a channel that includes an
amplificr with a relatively wider pass band than the R-wave or P-wave amplificrs.
Signals from the selected sensing electrodes may be provided to a multiplexer, and
thercafter converted to multi-bit digital signals by an analog-to-digital converter
for storage in memory 82, ¢.g., as an electrogram (EGM). In some examples, the
storage of such EGMs in memory 82 may be under the control of a direct memory

access cireuit.
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In some examples, the control module 81 may operate as an interrupt driven
device, and raay be responsive to interrupts from pacer timing and control module,
where the interrupts may correspond to the occurrences of sensed P-waves and R-
waves and the generation of cardiac pacing pulses. Any uecessary matheroatical
calculations may be performed by the processor 8¢ and any updating of the valies
or intervals controlled by the pacer timing and control module may take place
following such interrupts. A portion of memory 82 may be configured as a
plurality of recirculating butters, capable of holding one or more serics of
measured intervals, which may be analyzed by, e.g., the processor K0 in response
to the occurrence of a pace or sense interrupt to determine whether the patient's

heart 12 is presently exhibiting atrial or ventricular tachyarrhythmia.

The telemetry module 88 of the control module 81 may include any suitable
hardware, firmware, software, or any combination thereot for communicating with
another device, such as a prograramer. For example, under the control of the
processor 80, the telemetry module 88 may receive downlink telemetry from and
send uplink telemetry to a programmer with the aid of an antcona, which may be
faternal and/or external. The processor 80 may provide the data to be uplinked to
a programuner and the control signals for the telemetry circuit within the telemetry
module 88, e.g., via an address/data bus. In some examples, the telemetry module

88 may provide received data to the processor 80 via a multiplexer.

The various components of the IMD 16 are further coupled to a power
source 90, which may include a rechargeable or non-rechargeable battery. A non-
rechargeable battery may be selected to last for several years, while a rechargeable
battery may be inductively charged from an external device, ¢.g., on a daily or

weclkly basis.

FIG. 178 1s another ctnbodiment of a functional block diagram for IMD 16.
FIG. 178 depicts bipolar RA lead 22, bipolar RV lead 18, and bipolar LV CS lead
20 without the LA C8 pace/sense electrodes and coupled with an implantable

pulse generator (IPG) circuit 31 having programmable modes and parameters of a
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bi-ventricular DDD/R type known in the pacing art. In turn, the sensor signal
processing circuit 91 mdirectly couples to the tiring circutt 83 and via data and
control bus to microcomputer circuitry 33, The IPG circuit 31 is iliustrated in a
functional block diagram divided generally into a microcomputer circuit 33 and a
pacing circuit 21. The pacing circuit 21 includes the digital controller/timer
circuit 83, the output amplifiers circuit 51, the sense amplificrs circuit 53, the RF
telemetry transceiver 41, the activity sensor circuit 35 as well as a number of other

circuits and components described below,

Crystal oscillator circuit 89 provides the basic timing clock for the pacing
circuit 21, while battery 29 provides power. Power-on-reset circuit 87 responds to
initial connection of the circuit to the battery for defining an initial operating
condition and similarly, resets the operative state of the device i respouse to
detection of a low battery condition. Reference mode circuit 37 generates stable
voltage reference and currents for the analog circuits within the pacing circuit 21,
while analog to digital converter ADC and multiplexer circuit 39 digitizes analog
signals and voltage to provide real time telemetry if a cardiac signals from sense
aroplifiers 55, for uplink transrossion via RF transmitter and receiver civcuit 41,
Voltage reference and bias circuit 37, ADC and multiplexer 39, power-on-reset
circuit 87 and crystal oscillator circuit 89 voay correspond to any of those

presently used in current marketed implantable cardiac pacemakers.

if the 1PG is programmed to a rate responsive mode, the signals output by
one or more physiologic sensor are employed as g rate control parameter (RCP) to
derive a physiologic escape interval. For example, the escape interval is adjusted
proportionally to the paticnt’s activity level developed in the paticot activity sensor
(PAS) circuit 35 1u the depicted, exemplary IPG circuit 31, The patient activity
sensor 27 is coupled to the IPG housing and may take the form of a piczoclectric
crystal transducer as 1s well known in the art and s output signal 1s processed and
used as the RCP. Sensor 27 generates electrical signals in response to sensed
physical activity that are processed by activity circuit 35 and provided to digital

controller/timer circuit 83, Activity circuit 35 and associated sensor 27 may
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correspond to the circuitry disclosed in ULS. Pat. No. 5,052,388 entitled
"METHOD AND APPARATUS FOR IMPLEMENTING ACTIVITY SENSING
IN A PULSE GENERATOR" and issued on October 1, 1991 and U.S. Pat. No.
4,428,378 entitled "RATE ADAPTIVE PACER" and issued on January 31, 1984,
each of which are incorporated herein by reference in their entireties. Similarly,
the exemplary systems, apparatus, and mcthods described herein may be practiced
in conjunction with alternate types of sensors such as oxygenation sensors,
pressure sensors, pH sensors and respiration sensors, all well known for use in
providing rate responsive pacing capabilities. Alternately, QT time way be used
as the rate indicating parameter, in which case no extra sensor is required.
Similarly, the exemplary embodiments described heremn may also be practiced in

non-rate responsive pacemakers.

Pata transmission to and from the external programmer is accomplished by
way of the telemetry antenna 57 and an associated RF transceiver 41, which
serves both to demodulate received downlink telemetry and to transmit uplink
telemetry. Uplink telemactry capabilities will typically inchude the ability to
transmit stored digital information, e.g. operating voodes and parameters, EGM
histograms, and other events, as well as real time EGMS of atrial and/or
ventricular electrical activity and marker chanvel pulses indicating the occurrence
of sensed and paced depolarizations in the atrium and ventricle, as are well known

in the pacing art.

Microcomputer 33 contains a microprocessor 80 and associated system
clock and on-processor RAM and ROM chips 82A and 828, respectively. In
addition, microcomputer circuit 33 includes a separate RAM/ROM chip 82C to
provide additional memory capacity. Microprocessor 80 normally operates in a
reduced power consumption mode and is interrupt driven. Microprocessor 80 is
awakened n response to defined interrupt events, which may include A-TRIG,
RV-TRIG, LV-TRIG signals gencrated by timers in digital timer/controller circuit
83 and A-EVENT, RV-EVENT, and LV-EVENT signals generated by scnse

amplifiers circuit 55, among others. The specific values of the intervals and
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delays timed out by digital controller/timer cirenit 83 are controlied by the
microcomputer circuit 33 by way of data and control bus from programmed-in
parameter values and operating modes. In addition, if programmed to operate as a
rate responsive pacemaker, a iwed mterrupt, ¢.g., every cyele or every two
seconds, may be provided in order to allow the microprocessor to analyze the
activity scnsor data and update the basic A-A, V-A, or V-V escape interval, as
applicable. In addition, the microprocessor 80 may also serve to define variable,

operative AV delay mntervals and the cnergy delivered to cach ventricle.

In one embodiment, microprocessor 80 is a custom microprocessor adapted
to fetch and execute imstructions stored in RAM/ROM unit K2 i a conventional
manner. It is contemplated, however, that other implementations may be suitable
to practice the present mvention. For exaraple, an off-the-shelf, commercially
avatlable microprocessor or microcontroller, or custom application-specific,
hardwired logic, or state-machine type circuit roay perform the functions of

microprocessor 80.

Digital controller/timer circutt 83 operates under the general control of the
microcomputer 33 to control timing and other functions within the pacing circuit
320 and includes a set of timing and associated logic circuits of which certain ones
pertinent to the present invention are depicted. The depicted timing circuits
mclude URVERIT timers 83A, V-V delay timer 838, intrinsic interval timers 83C
for timing clapsed V-EVENT to V-EVENT mtervals or V-EVENT to A-EVENT
mtervals or the V-V conduction interval, escape interval timers 83D for timing A-
A, V-A, and/or V-V pacing escape intervals, an AV delay iterval timer 83E for
timming the A-LVp delay (or A-RVp delay) from a preceding A-EVENT or A-
TRIG, a post-ventricular timer 83F for timing post-ventricular tirae periods, and a

date/time clock 83@G.

The AV delay interval timer 83E is loaded with an appropriate delay interval
for one ventricular charaber (e.g., either an A-RVp delay or an A-LVp delay as

determined using known methods) to time-out starting from a preceding A-PACE
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or A-EVENT. The interval timer 83E triggers pacing stimulus delivery, and can
be based on one or more prior cardiac cycles {or from a data set empirically

derived for a given patient}.

The post-event timer 83F time out the post-ventricular time period following
an RV-EVENT or LV-EVENT or a RV-TRIG or LV-TRIG and post-atrial time
periods following an A-EVENT or A-TRIG. The durations of the post-event time
periods may also be selected as programumable parameters stored in the
microcomputer 33. The post-ventricular time pertods include the PYVARP, a post-
atrial ventricular blanking period (PAVBP), a ventricular blanking period (VBP},
a post-veniricular atrial blanking period (PVARP) and a ventricular refractory
period (VRP) although other periods can be suitably defined depending, at least in
part, on the operative circuifry employed i the pacing engine. The post-atrial
time pertods include an atrial refractory period (ARP) during which an A-EVENT
1s ignored for the purpose of resetting any AV delay, and an atrial blanking period
{ABP) during which atrial sensing is disabled. It should be noted that the starting
of the post-atrial time periods and the AV delays can be comraenced substantially
stmultancously with the start or end of cach A-EVENT or A-TRIG or, in the latter
case, upon the end of the A-PACE which may foliow the A-TRIG. Similarly, the
starting of the post-veniricular time periods and the V-A escape interval can be
commenced substantially simultaneously with the start or end of the V-EVENT or
V-TRIG or, i the latter case, upon the end of the V-PACE which may follow the
V-TRIG. The microprocessor &0 aiso optionally calculates AV delays, post-
ventricular time periods, and post-atrial time periods that vary with the sensor
based escape interval established in response to the RUP(s) and/or with the

intrinsic atrial rate,

The output amplifiers circuit 51 containg a RA pace pulse generator {and a

LA pace pulse geunerator it LA pacing is provided), a RV pace pulse generator,
and a LV pace pulse generator or corresponding to any of those presently
emiployed in commercially marketed cardiac pacemakers providing atrial and

ventricular pacing. In order to trigger generation of an RV-PACE or LV-PACE
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puise, digital controller/timer circuit 83 generates the RV-TRIG signal at the time-
out of the A-RVp delay (in the case of RV pre-excitation) or the LV-TRIG at the
time-out of the A-LVp delay {in the case of LV pre-cxcitation) provided by AV
delay witerval timer B3E (or the V-V delay timer R3B). Similarly, digital
controller/timer circuit 83 generates an RA-TRIG signal that triggers output of an
RA-PACE pulse {or an LA-TRIG signal that triggers output of an LA-PACE
pulse, if provided} at the end of the V-A escape interval timed by escape interval

timers 3D,

The output amplifiers circuit 51 inchudes switching circuits for coupling
selected pace electrode pairs frow among the lead conductors and the IND CAN
electrode 20 to the RA pace pulse generator {and LA pace pulse generator if
provided), RV pace pulse generator and LV pace pulse generator. Pace/sense
clectrode pair selection and control circuit 53 selects lead conductors and
associated pace clectrode pairs to be coupled with the atrial and ventricular output
amplifiers within output amplifiers circuit ST for accomplishing RA, LA, RV and

LV pacing.

The sense amplifiers circuit 55 contains sense amplifiers corresponding to
any of those presently employed 1o conteraporary cardiac pacemakers for atrial
and ventricular pacing and sensing. High impedance P-wave and R-wave sense
amplifiers may be used to amplify a voltage differcuce signal that is generated
across the sense electrode pairs by the passage of cardiac depolarization
wavefronts. The high impedance sense amplifiors use high gain to amplify the
low amiplitude signals and rely on pass band filters, time domain filtering and
amplitude threshold coraparison to discriminate a P-wave or R-wave from
background electrical noise. Digital controller/timer circuit K3 controls sensitivity

scttings of the atrial and ventricular sense amplifiers 55.

The sense amplifiers are typically uncoupled from the sense clectrodes
during the blanking periods before, during, and after delivery of a pace pulse to

any of the pace electrodes of the pacing system to avoid saturation of the sense
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araplifiers. The sense amphifiers circuit 35 includes blanking circuits for
uncoupling the selected pairs of the lead conductors and the IND-CAN clectrode
20 from the inputs of the RA sense amplifier {and LA sense amplifier if provided),
RV sense amplifier and LV sense amplifier during the ABP, PVABP and VBP.
The sense amplifiers circuit 535 also includes switching circuits for coupling
sclected sense clectrode lead conductors and the IND-CAN electrode 20 to the RA
sense amplifier (and LA sense amplifier if provided), RV sense amplifier and LY
sense amplifier. Again, sense clectrode selection and control circuit 53 selects
conductors and associated sense electrode pairs to be coupled with the atrial and
ventricilar sense amplifiers within the output amplifiers circuit 51 and sense
aroplifiers circuit 35 for accomplishing RA, LA, RV and LV sensiong along desired

unipolar and bipolar sensing vectors.

[154] Right atrial depolarizations or P-waves in the RA-SENSE signal that are
sensed by the RA sense araplifier result in a RA-EVENT signal that is
communicated to the digital controller/timer circuit 83, Similarly, left atrial
depolarizations or P-waves in the LA-SENSE signal that are sensed by the LA
sense araphifier, if provided, result in a LA-EVENT signal that 1s communicated to
the digital controller/timer cirenit 83, Ventricular depolarizations or R-waves in
the RV-SENSE signal are sensed by a ventricular sense aroplifier result 1o an RV-
EVENT signal that is comumunicated to the digital controler/timer circuit 83.
Similarly, ventricular depolarizations or R-waves in the LV-SENSE signal are
sensed by a ventricular sense amplifier result in an LV-EVENT signal that is
communicated to the digital controller/timer circuit 83, The RV-EVENT, LV-
EVENT, and RA-EVENT, LA-SENSE signals may be refractory or non-
refractory, and can inadvertently be triggered by clectrical noise signals or

aberrantly conducted depolarization waves rather than true R-waves or P-waves.

[155] The techniques described in this disclosure, including those attributed to the
IMD 16, the computing apparatus 140, and/or various constituent components,
may be implemented, at least in part, in hardware, software, firraware, or any

combination thereof., For example, various aspects of the techniques may be
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implemented within one or more processors, including one or more
microprocessors, DSPs, ASICs, FPGAs, or any other equivalent 1ntegrated or
discrete logic circuitry, as well as any combinations of such components,
embaodied in programmers, such as physician or patient programmers, stimulators,
tmage processing devices, or other devices. The term "module,” "processor,” or
"srocessing circuitry” may generally refer to any of the foregoing logic circuitry,
alone or in combination with other logic circuitry, or any other equivalent

circuitry,

Such hardware, software, and/or firmware may be implemented within the
sarne device or within separate devices o support the various operations and
functions described in this disclosure. In addition, any of the described units,
modules, or coraponents roay be implerented together or separately as discrete
but interoperable logic devices. Depiction of different features as modules or
units 1s 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.

When tmmpiemented in software, the functionality ascribed to the systems,
devices and technigues described in this disclosure may be erbodied as
instructions on a compuier-readable medium such as RAM, ROM, NVRAM,
EEPROM, FLASH remory, magnetic data storage rocdia, optical data storage
media, or the like. The instructions may be executed by one or more processors to

support one or more aspects of the functionality described in this disclosure.

This disclosure has been provided with reference to tlhustrative embodiments
and is not meant to be construed in a limiting sense. As described previously, one
skilled in the art will recognize that other various iHustrative applications may use
the techoiques as described heren to take advantage of the beneficial

characteristics of the apparatus and methods described herein. Various
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maodifications of the illustrative embodiments, as well as additional embodiments

of the disclosure, will be apparent upou reference to this description.
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CLAIMS

What 1s claimed 1s;

i. A system for assisting in noninvasive location selection for an implantable
electrode comprising:

electrode apparatus comprising a phurality of external electrodes configured
to be located proximate tissue of g patient;

imaging apparatus configured to image at least a portion of blood vessel
anatomy of the patient's heart;

a display apparatus comprising a graphical user interface, wherein the
graphical user interface is configured to depict the at least a portion of biood vessel
anatoroy of the patient’s heart for implantation of an implantable electrode; and

computing apparatus coupled to the electrode apparatus, imaging apparatus,
and display apparatus and configured to assist a user 1n noninvasively selecting a
location for the implantable electrode, wherein the computing apparatus is further
configured to:

measure mechanical motion of a plurality of implantation site regions
of the at least a portion of blood vessel anatomy of the patient's heart using
the imaging apparatus, wherein cach region of the phurality of implantation
site regions is different from the other regions of the plurality of
fraplantation site regions,

measure surrogate electrical activation time of the plurality of
implantation site regions of the patient’s heart using the plurality of external
electrodes of the electrode apparatus, wherein the surrogate electrical
activation tirac for cach region of the plurality of implantation site regions 1s
measured using one or more external electrodes of the plurality of external
clectrodes,

deterroine one or more candidate site regions of the plurality of
irnpiantation site regions of the at least a portion of blood vessel anatomy of

the patient's heart for iraplantation of the implantable electrode based on the



WO 2014/201126 PCT/US2014/041929

measured mechanical motion and measured electrical activation time of the
plurality of umplantation siste regions, and
identify, on the graphical user interface, the one or more candidate

site regions for implantation of the implantable clectrode.

2. A method for assisting in nomnvasive location selection for an implantable
electrode comprising:

measuring mechanical motion of a plurality of implantation site regions of at
least a portion of blood vessel anatomy of the patient's heart using imaging
apparatus, wherein cach region of the plurality of implantation site regions is
different from the other regions of the plurality of implantation site regions;

measuring surrogate electrical activation time of the plurality of implantation
stte regions of the patient’s heart using a plurality of external clectrodes, wherein the
surrogate electrical activation time for cach region of the plurality of implantation
stte regions 18 measured using one or more external electrodes of the phurality of
external clectrodes;

determining one or more candidate site regions of the plurality of
implantation site regions of the at least a portion of blood vessel anatomy of the
patient's heart for implantation of an implantable clectrode based on the measured
mechanical motion and measured surrogate electrical activation time of the plurality
of implantation site regions;

wdentifying, on a graphical user interface, the one or more candidate site
regions for implantation of the implantable electrode; and

navigating at lcast one implantable clectrode to at least one of the identified

one or more candidate site regions using the graphical user interface.

3. A system for assisting in noninvasive location selection for an implantable
electrode comprising:

electrode means comprising a phurality of external electrodes locatable
proximate tissue of a patient;

imaging means for imaging at least a portion of blood vessel anatomy of the

patient’s heart;
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display means for depicting, on a graphical user interface, the at least a
portion of blood vessel anatomy of the patient's heart for implantation of an
implantable clectrode; and

computing means coupled to the electrode rocans, imaging means, and
display means to assist 8 user in noninvasively selecting a location for the
implantable electrode, the computing rocans further for:

measuring mechaunical motion of a plurality of implantation site
regions of the at least a portion of blood vesscl anatomy of the patient's heart
using the imaging rocans, wherein each region of the plurality of
irnpiantation site regions is different from the other regions of the plarality
of implantation site regions,

measuring surrogate electrical activation time of the plurality of
mmplantation site regions of the patient's heart using & plurality of external
electrodes, wherein the surrogate electrical activation time for each region of
the plorality of implantation site regions 18 measured using onue or more
external electrodes of the phurality of external electrodes,

determining one or more candidate site regions of the pharality of
implantation site regions of the at least a portion of blood vessel anatoray of
the patient's heart for implantation of the implantable electrode based on the
measured mechanical motion and measured electrical activation time of the
plurality of implantation site regions, and

identitying, on the graphical user interface, the one or more candidate

site regions for implantation of the implantable electrode.

4. A system or method as 1o any one of claims 1-3, wherein the one or roore
candidate site regions comprise mechanical motion contraction times greater than or
equal to a mechanical motion threshold based on the latest mechanical motion
contraction time of the plurality of implantation site regions and clectrical activation
tirnes greater than or equal to an electrical activation threshold based on the latest

electrical activation time of the plurality of implantation site regions.

60
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5. A system or method as in claim 4, wherein the mechanical motion threshold
is a selected percentage of the latest mechanical motion contraction time of the
plurality of implantation site regions and the clectrical activation threshold is a
selected percentage of the latest electrical activation tirae of the phurality of

implantation site regions.

6. A system or method as in any one of claim 1-5, wherein measuring surrogate
clectrical activation time of the plurality of implantation site regions of the patient’s
heart using the plurality of external electrodes comprises measuring surrogate
electrical activation time of cach implantation site region using one or more external

electrodes proximate thereto.

7. A system or method as in any one of clairas 1-6, wherein rcasuring
surrogate clectrical activation time of the pharality of implautation site regions of the
paticnt's heart using the plurality of external clectrodes comprises:

determining positions of the phurality of external electrodes with respect to
the plurality regions of the at least a portion of blood vessel anatomy of the patient's
heart using the frnaging apparatus or Unaging means;

associating one or more external electrodes of the plurality of external
electrodes with cach region of the plurality of regions of the at least a portion of
blood vessel anatomy of the patient’s heart; and

measuring surrogate electrical activation time of cach region of the plurality
of regions of the at least a portion of blood vessel anatomy of the patient’s heart

using the one or more exicrnal clectrodes associated therewith.

&. A system or methoed as in any one of claims 1-7, wherein one or more
external electrodes of the plarality of external electrodes are associated with cach
region of the plurality of implantation site regions, wherein the phurality of external
electrodes are configured to be positioned proximate tissue of the patient by a user,
wherein the one or more external electrodes associated with each region of the

plurality of implantation site regions arc configured to be posttioned proximate an

-0~
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arca of the patient associated with the respective region of the plurality of
implavtation site regious, wheren rocasuring surrogate electrical activation time of
the plurality of imiplantation site regions of the patient's heart using the plurality of
external electrodes comprises measuring surrogate clectrical activation tiroe of cach
region of the plurality of regions of the at least a portion of blood vessel anatormy of

the paticnt's heart using the one or more external electrodes associated therewith.

9. A system or method as in any one of clairas 1-8, wherein the computing
apparatus is further configured to exccute, the method further coruprises, or the
computing means is further for:
etermining a scar risk score for each region of the one or more candidate

site regions;

wlentifying, on the graphical user intertace, at least one target site region of
the one or more candidate site regions based on the scar risk score for implantation
of the implantable electrode; and

navigating at least one implantable electrode to the at least one dentified

target site region using the graphical user interface.

18, A system or method as in claim 9, wherein the scar risk score is based on at
least one of peak-to-peak amplitude of measured mechanical wotion of the
candidate site region, fractionations of the clectrical activity of the candidate site
region measured using the one or more clectrodes used to measure the surrogate
clectrical activation time therefor, ST segment elevation of the electrical activity of
the candidate site region measured using the onc or more electrodes used to mceasure
the surrogate electrical activation time therefor, and low peak-to-peak armplitude of
the electrical activity of the candidate site region measured using the one or more

clectrodes used to measure the surrogate clectrical activation tiroe therefor.
1, A system or method as in any one of claims 1-10, wherein the at least a

sortion of blood vessel anatomy of the patient's heart comprises at least a portion of
t fblood | anatomy of the patient's heart t least £ f

the coronary sinus.

~O2-
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12. A system or method as 1o any one of claims 1-11, wherein the plurality of
external electrodes comprises surface electrodes positioned in an array configured to

be located proximate the skin of the patient.

13, A systom as in any one of claims 1 and 3-12, wherein the computing
apparatus is further configured to execute or the computing means is further for
allowing a user to navigate at least one implantable clectrode to at least one of the

identified one or more candidate site regions using the graphical user 1nterface.

-03-
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