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7) ABSTRACT

Cardiac monitoring and/or stimulation methods and systems
provide monitoring, defibrillation and/or pacing therapies. A
signal processor receives a plurality of composite signals
associated with a plurality of sources, separates a signal
using a source separation algorithm, and identifies a cardiac
signal using a selected vector. The signal processor may
iteratively separate signals from the plurality of composite
signals until the cardiac signal is identified. The selected
vector may be updated if desired or necessary. A method of
signal separation involves detecting a plurality of composite
signals at a plurality of locations, separating a signal using
source separation, and selecting a vector that provides a
cardiac signal. The separation may include a principal
component analysis and/or an independent component
analysis. Vectors may be selected and updated based on
changes of position and/or orientation of implanted compo-
nents and changes in patient parameters such as patient
condition, cardiac signal-to-noise ratio, and disease progres-
sion.

Obtain Multiple Measurements Between Multiple
Electrode Pairs, Chosen From At Least3 -

Electrodes

950 \ 951r

!

Pre-Filter Signals To Suppress Incoherent Noise

952

!

953

Compute The Cross-Correlation Matrix

Y

Compute Eigenvalues Of The Cross-Correlation

Matrix

e Y _____

Eliminate Noise Sources Associated With Smatler

Eigenvalues

BT

Obtain Separated Sources

Perform Additional Separation Based On Higher
f‘ Order Statistics, If Necessary -

'_____}_______.

o7 L

- 958

Identify Selected Vector




Patent Application Publication Dec. 29, 2005 Sheet 1 of 12 US 2005/0288600 A1




Patent Application Publication Dec. 29, 2005 Sheet 2 of 12 US 2005/0288600 A1

Obtain Multiple Measurements Between Multiple
Electrode Pairs, Chosen From At Least 3
Electrodes

‘ [
N
'

Pre-Filter Signals To Suppress Incoherent Noise

952 ‘

Compute The Cross-Correlation Matrix
953 *
Compute Eigenvalues Of The Cross-Correlation
: Matrix
954

__;__i__;;_

Eliminate Noise Sources Associated With Smaller
Eigenvalues

o5 ;—_—__'

Obtain Separated Sources

Perform Additional Separation Based On Higher

Order Statistics, If Necessary - |
Fig. 2 V
Identify Selected Vector
- 958




Patent Application Publication Dec. 29, 2005 Sheet 3 of 12 US 2005/0288600 A1
0 Vvector 3
1+
° A A A8
£ - I “V "%f
B e ms 1 115 12.5 i 1&5 14 1
o 1 604
g7 “"r‘wf’“v” ”v"\*\r ”V ‘"V'
.21']9 10.5 11 12.5 145 15
5 oY e e
- z10™ 1&5 n 1;.5 :z wlus |ls 1;.5 114 1;.5 ;5
% ] [ 1 ¥ ] ¥ H ) ) 1 - 1 1 q(— 608
% LJ S SV Sumas Sa VA e Wasss se W et pe N LW LY V“*\,f“"‘"“
-
m _2 i 1 1, 1 1 f i 1
¥ ms’ n n 5 12 125 13 135 14 5 15
L I SR RPN SN WA RV PSS o
E Al NV Y v \/M

0.5 n ns 2 125

Time (Sec)

3 18.5 14 ‘M 5 1

Fig. 3



Patent Application Publication Dec. 29, 2005 Sheet 4 of 12 US 2005/0288600 A1

Optlmal Onentatton

il 612
° . A A /\_.VJL A x,v»\ -
: QLTIA”\F (1T —g .

107 w.s n ns 2 5
9 | 614
ZG 0 ._..»_v'-”\.-—w—r .....Tj\__,_ij\.._muv -_,_Va—‘ \ ey r-—‘ __.,.\,.gm- ‘,\

2L |

x 10 310.5 n u 5 12 11;5 1' '
g . N - 616
s I v T T ‘v" r W WL

€10~ 105 W T a— TR 28 ” s ®
i«‘fox__ A ___,»\_,,f\_ ;\‘J\_J\W A} 618
g . VJ\ T \f v xf u
. zﬂﬁ, W e 1 758 y 1is
2 A, \,x\w _ A A A AL ,,:\__f 620
s 477 A’T V “‘f .t

105 1': T 12 s s ” s %

Time (sec)

Fig. 4



Patent Application Publication Dec. 29, 2005 Sheet 5 of 12 US 2005/0288600 A1

N 491

-

492

404



Patent Application Publication Dec. 29, 2005 Sheet 6 of 12 US 2005/0288600 A1

198 ~ / 183

Fig. 6



US 2005/0288600 A1

Patent Application Publication Dec. 29, 2005 Sheet 7 of 12

Fig. 7




US 2005/0288600 A1

Patent Application Publication Dec. 29, 2005 Sheet 8 of 12

((fr4
A

« ( 102

apo.J1o9|3
juaayipuj/uen

14 T4
v /[

(s)aposjo9|q

|

8l¢
-

92JN0S JaMOd

Anonn  — Ainouty
Adesay] Buped SUOHEDIUNWIWOD
\\ 60¢
R et £
I faowapy | |
0N | 902~ !
N
Anan) S 10SS820.d-049IIN _
Adesay] >ooys ! r—
|
m welsAg jouoy |
||||||||||| )
1] 24 ./ ./ G0e
Amnon)
sonsoubelq |
Yy Vv v
Aynoiip Aynouo
Buisuag == UoloNpay |- - - - N0 UoKOSIa(g
9SION
\ vz fmom ; /Now
g b1

0ce



US 2005/0288600 A1

Patent Application Publication Dec. 29, 2005 Sheet 9 of 12

8ve —
201431 SuLIsAg
[EOIPOIA [PWIXT-Jusney (™ uonRULIOJUY
9ce e —
nun Adeloq
< 19661 Anduj
\ | vZe | We —
yuq) sonsoudelrq B SI0SU9S
N [ewalxg-1usaned
S Sve ,
0ge < > 42 N
Fm——————— Vg - yuf) SULONUON ’ SI10SUDS
. | [ -
! 1oAza noBPUIOUY aTizg | . [ewur-1usned
e ______1 |\ h
waIsAs (NdVY) ek i e — i€ -
JUSWaSeUBIA JUSTIRJ PIOUBADY so10Q SULIO)SAS
[eJIPIA] [BWINUI-1UaNIR ¢ ’ uoneuLIOU]
A " 91E . & — |
) h&ﬁuﬁ_ﬁ. 196611 / -
Indu Jusned
HAQD WOMHWO MAQ P mhowﬁom
gge -/ | rewoixg-uaney
> 413 We —~
. Wup) Supoyuoy ’ SIOSUDS
B [rwIUI-JuAneJ
oie \ £ge K




Patent Application Publication Dec. 29, 2005 Sheet 10 of 12 US 2005/0288600 A1

125
N

Source Separation

414 l

Vector Selectidn/lnformatiqn

419
420 5 E
v v e
Arrythmia Therapy Posture schemia Capture
Discrimination  Titration Monitoring ® ® & - “g::gg{i'gg’ Verification

Fig. 10



Patent Application Publication Dec. 29, 2005 Sheet 11 of 12 US 2005/0288600 A1

100 ~ SN
: l Pre-Processing / l
Pre-Filtering I

]
| |
414 Y 4

Source Separation

I |
| |
4161‘_{_ 420\|'

I lterative | ’ Use Separated
Separation | : Signal

[ I
| |
mli_

I Treat Detected |
Condition r

Fig. 11



Patent Application Publication Dec. 29, 2005 Sheet 12 of 12 US 2005/0288600 A1

422

Enter BSS

Form Covariance I ) '/_\/
/\_, Matrix o | Pre-Filter
I

Ll
o S

Find Eigenvalues
428 ] and Eigenvectors

|

|

|

|

|

|

|

|

|

414 :
Separate |
Signal |
430 !
1

|

|

|

[

|

{

|

Perform 1

P Separation :

|

|

I

|

lterations >
Nmax?

Return to Master

Use Default -

\ 439




US 2005/0288600 Al

AUTOMATIC ORIENTATION DETERMINATION
FOR ECG MEASUREMENTS USING MULTIPLE
ELECTRODES

FIELD OF THE INVENTION

[0001] The present invention relates generally to implant-
able medical devices employing cardiac signal separation
and, more particularly, to cardiac sensing and/or stimulation
devices employing automated vector selection from multiple
electrodes.

BACKGROUND OF THE INVENTION

[0002] The healthy heart produces regular, synchronized
contractions. Rhythmic contractions of the heart are nor-
mally controlled by the sinoatrial (SA) node, which is a
group of specialized cells located in the upper right atrium.
The SA node is the normal pacemaker of the heart, typically
initiating 60-100 heartbeats per minute. When the SA node
is pacing the heart normally, the heart is said to be in normal
sinus rhythm.

[0003] If the heart’s electrical activity becomes uncoordi-
nated or irregular, the heart is denoted to be arrhythmic.
Cardiac arrhythmia impairs cardiac efficiency and may be a
potential life-threatening event. Cardiac arrhythmias have a
number of etiological sources, including tissue damage due
to myocardial infarction, infection, or degradation of the
heart’s ability to generate or synchronize the electrical
impulses that coordinate contractions.

[0004] Bradycardia occurs when the heart rhythm is too
slow. This condition may be caused, for example, by
impaired function of the SA node, denoted sick sinus syn-
drome, or by delayed propagation or blockage of the elec-
trical impulse between the atria and ventricles. Bradycardia
produces a heart rate that is too slow to maintain adequate
circulation.

[0005] When the heart rate is too rapid, the condition is
denoted tachycardia. Tachycardia may have its origin in
either the atria or the ventricles. Tachycardias occurring in
the atria of the heart, for example, include atrial fibrillation
and atrial flutter. Both conditions are characterized by rapid
contractions of the atria. Besides being hemodynamically
inefficient, the rapid contractions of the atria may also
adversely affect the ventricular rate.

[0006] Ventricular tachycardia occurs, for example, when
electrical activity arises in the ventricular myocardium at a
rate more rapid than the normal sinus rhythm. Ventricular
tachycardia may quickly degenerate into ventricular fibril-
lation. Ventricular fibrillation is a condition denoted by
extremely rapid, uncoordinated electrical activity within the
ventricular tissue. The rapid and erratic excitation of the
ventricular tissue prevents synchronized contractions and
impairs the heart’s ability to effectively pump blood to the
body, which is a fatal condition unless the heart is returned
to sinus rhythm within a few minutes.

[0007] Implantable cardiac rhythm management systems
have been used as an effective treatment for patients with
serious arrhythmias. These systems typically include one or
more leads and circuitry to sense signals from one or more
interior and/or exterior surfaces of the heart. Such systems
also include circuitry for generating electrical pulses that are
applied to cardiac tissue at one or more interior and/or
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exterior surfaces of the heart. For example, leads extending
into the patient’s heart are connected to electrodes that
contact the myocardium for sensing the heart’s electrical
signals and for delivering pulses to the heart in accordance
with various therapies for treating arrhythmias.

[0008] Typical implantable cardioverter/defibrillators
include one or more endocardial leads to which at least one
defibrillation electrode is connected. Such implantable car-
dioverter/defibrillators are capable of delivering high-energy
shocks to the heart, interrupting the ventricular tach-
yarrhythmia or ventricular fibrillation, and allowing the
heart to resume normal sinus rhythm. Implantable cardio-
verter/defibrillators may also include pacing functionality.

SUMMARY OF THE INVENTION

[0009] The present invention is directed to cardiac moni-
toring and/or stimulation methods and systems that provide
monitoring, defibrillation therapies, pacing therapies, or a
combination of these capabilities. Embodiments of the
present invention relate generally to implantable medical
devices employing cardiac signal separation and, more par-
ticularly, to cardiac monitoring and/or stimulation devices
employing automated vector selection from multiple elec-
trodes.

[0010] According to an embodiment, a system of the
present invention includes a housing configured for implan-
tation in a patient and more than two electrodes each
configured for sensing a composite signal. A controller is
provided in the housing. The system further includes a
memory and a signal processor. The memory is configured
to store a target vector, and the signal processor is configured
to receive a plurality of composite signals and perform a
source separation algorithm that separates a target signal
from the plurality of composite signals using the target
vector. The signal processor is further configured to update
the target vector stored in the memory by performing a
subsequent source separation, such as blind source separa-
tion.

[0011] In one configuration, the signal processor and the
memory are provided in the implantable housing. In another
configuration, the signal processor is provided in a patient-
external device or system, and the signal processor and
controller are coupled to respective communication devices
to facilitate wireless communication between the signal
processor and controller. In a further configuration, the
signal processor is provided in a network server system, and
the signal processor and controller are coupled to respective
communication devices to facilitate wireless communication
between the signal processor and controller.

[0012] In a further embodiment of the present invention, a
method of signal separation involves sensing, at least in part
implantably, a plurality of composite signals using a plural-
ity of cardiac electrodes. A source separation is performed
using the detected plurality of composite signals, the source
separation producing a plurality of vectors. Source separa-
tion may include blind source separation involving a prin-
cipal component analysis, including singular value decom-
position, and/or independent component analysis. The
method further involves reconstructing, for each vector of
the plurality of vectors, a signal from the detected plurality
of composite signals, and selecting one vector from the
plurality of vectors as a selected vector based on a selection
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criterion. Selection criteria may include, for example, find-
ing a noise signal, finding a skeletal muscle signal, or finding
another particular signal of interest.

[0013] According to another embodiment, a signal sepa-
ration method of the present invention involves sensing, at
least in part implantably, a plurality of composite signals at
a plurality of locations, and performing source separation on
the detected plurality of composite signals to produce a set
of signal vectors. The method also involves selecting, from
the set of signal vectors, a target vector associated with a
target signal. The method further involves updating selection
of the target vector by performing a subsequent source
separation on the detected plurality of composite signals.
Updating the target vector may be performed in response to
a change in, for example, pathology, therapy, posture, or
other change necessitating a change in vector to separate the
cardiac signal.

[0014] In accordance with another embodiment, a method
of signal separation involves receiving a plurality of signals
from a plurality of electrodes configured to detect cardiac
activity. The method further involves mathematically recon-
structing an electrocardiogram vector corresponding to a
signal having a largest cardiac signal-to-noise ratio using a
linear combination of the plurality of signals.

[0015] The above summary of the present invention is not
intended to describe each embodiment or every implemen-
tation of the present invention. Advantages and attainments,
together with a more complete understanding of the inven-
tion, will become apparent and appreciated by referring to
the following detailed description and claims taken in con-
junction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a top view of an implantable cardiac
device in accordance with the present invention, having at
least three electrodes;

[0017] FIG. 2 is a block diagram of a vector selection
process in accordance with the present invention;

[0018] FIG. 3 is a graph illustrating one of the raw signals
at five different orientations;

[0019] FIG. 4 is a graph illustrating selected vector ori-
ented signals at the same five orientations illustrated in FIG.
3 in accordance with the present invention,

[0020] FIG. 5 is an illustration of an implantable cardiac
device including a lead assembly shown implanted in a
sectional view of a heart, in accordance with embodiments
of the invention;

[0021] FIG. 6 is a top view of an implantable cardiac
device in accordance with the present invention, including
an antenna electrode and a lead/header arrangement;

[0022] FIG. 7 is a diagram illustrating components of a
cardiac monitoring and/or stimulation device including an
electrode array in accordance with an embodiment of the
present invention;

[0023] FIG. 8 is a block diagram illustrating various
components of a cardiac monitoring and/or stimulation
device in accordance with an embodiment of the present
invention;
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[0024] FIG. 9 is a block diagram of a medical system that
may be used to implement system updating, coordinated
patient monitoring, diagnosis, and/or therapy in accordance
with embodiments of the present invention;

[0025] FIG. 10 is a block diagram illustrating uses of
vector selection in accordance with the present invention;

[0026] FIG. 11 is a block diagram of a signal separation
process in accordance with the present invention; and

[0027] FIG. 12 is an expanded block diagram of the
process illustrated in FIG. 11, illustrating an iterative inde-
pendent component analysis in accordance with the present
invention.

[0028] While the invention is amenable to various modi-
fications and alternative forms, specifics thereof have been
shown by way of example in the drawings and will be
described in detail below. It is to be understood, however,
that the intention is not to limit the invention to the particular
embodiments described. On the contrary, the invention is
intended to cover all modifications, equivalents, and alter-
natives falling within the scope of the invention as defined
by the appended claims.

DETAILED DESCRIPTION OF VARIOUS
EMBODIMENTS

[0029] In the following description of the illustrated
embodiments, references are made to the accompanying
drawings, which form a part hereof, and in which is shown
by way of illustration, various embodiments in which the
invention may be practiced. It is to be understood that other
embodiments may be utilized, and structural and functional
changes may be made without departing from the scope of
the present invention.

[0030] An implanted device according to the present
invention may include one or more of the features, struc-
tures, methods, or combinations thereof described herein-
below. For example, a cardiac monitor or a cardiac stimu-
lator may be implemented to include one or more of the
advantageous features and/or processes described below. Tt
is intended that such a monitor, stimulator, or other
implanted or partially implanted device need not include all
of the features described herein, but may be implemented to
include selected features that provide for unique structures
and/or functionality. Such a device may be implemented to
provide a variety of therapeutic or diagnostic functions.

[0031] A wide variety of implantable cardiac monitoring
and/or stimulation devices may be configured to implement
an automated vector selection and updating methodology of
the present invention. A non-limiting, representative list of
such devices includes cardiac monitors, pacemakers, car-
diovertors, defibrillators, resynchronizers, and other cardiac
sensing and therapy delivery devices. These devices may be
configured with a variety of electrode arrangements, includ-
ing transvenous, endocardial, and epicardial electrodes (i.e.,
intrathoracic electrodes), and/or subcutaneous, non-intratho-
racic electrodes, including can, header, and indifferent elec-
trodes, and subcutaneous array or lead electrodes (ie.,
non-intrathoracic electrodes).

[0032] Embodiments of the present invention may be
implemented in the context of a wide variety of cardiac
devices, such as those listed above, and are referred to herein
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generally as patient-internal medical devices (PIMD) for
convenience. A PIMD implemented in accordance with the
present invention may incorporate one or more of the
electrode types identified above andjor combinations
thereof.

[0033] In general, the quality of the electrocardiogram or
electrogram sensed from one pair of electrodes of a PIMD
depends on the orientation of the electrodes with respect to
the depolarization wavefront produced by the heart. The
quality of the electrocardiogram (ECG) sensed from the
electrodes located on a PIMD is also subject to the orien-
tation of the PIMD, and PIMD movement after implantation.
Because the physiology of each patient is different, optimal
electrode positioning varies from patient to patient. More-
over, optimal orientation may change due to the variation of
the ECG axis caused by external electrical stimuli, move-
ment of the implant, or pathological changes of the heart, for
example.

[0034] The signal sensed on an electrode bi-pole is the
projection of the ECG vector in the direction of the bi-pole.
Vector selection algorithms of the present invention advan-
tageously exploit the strong correlation of signals from a
common origin (the heart) across spatially distributed elec-
trodes. One approach involves finding the direction (vector)
along which the power of the cardiac signal is maximized,
and projecting the ECG signal in this optimized direction.
Another approach involves finding the direction along which
the signals are the most correlated, and projecting the ECG
signal in this optimized direction.

[0035] This and other approaches employ more than two
electrodes of varying location, and possibly of varying
configuration. In one embodiment, for example, two or more
electrodes can conveniently be located on the PIMD header,
whereas the can of the PIMD itself may be the third
electrode. In another embodiment, one electrode may be
located on the PIMD header, another is the can electrode,
and a third may be a PIMD antenna used for RF telemetry.

[0036] Methods of determining vector orientation in
accordance with the present invention involve receiving two
or more signals from three or more electrodes configured to
detect cardiac activity. An electrocardiogram vector may
then be mathematically reconstructed from the signals. For
example, a reconstructed signal having a largest cardiac
signal-to-noise ratio, using a linear combination of the
plurality of signals, may be selected as having a useful
vector for PIMD’s in accordance with the present invention.

[0037] FIG. 1is a top view of a PIMD 182 in accordance
with the present invention, having at least three electrodes.
The PIMD 182 shown in the embodiment illustrated in FIG.
1 includes a first electrode 181a, a second electrode 1815,
and a third electrode 181c provided with a can 103. The
PIMD 182 detects and records cardiac activity. The can 103
is illustrated as incorporating a header 189 that may be
configured to facilitate removable attachment between one
or more leads and the can 103. The can 103 may include any
number of electrodes positioned anywhere in or on the can
103, such as optional electrodes 181d, 181¢, 181, and 181g.
Each electrode pair provides one vector available for the
sensing of ECG signals.

[0038] FIG. 2 is a block diagram of a vector selection
process 950 in accordance with the present invention. The
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vector selection process 950 starts at block 951, where
multiple concurrent measurements are obtained between
multiple respective electrode pairs, chosen from at least
three electrodes. Block 952 provides for pre-filtering the
collected signals with, for example, a linear-phase filter to
suppress broadly incoherent noise, and to generally maxi-
mize the signal-to-noise ratio.

[0039] Block 953 indicates the computation of the cross-
correlation matrix, which may be averaged over a relatively
short time interval, such as about 1 second. This block
enhances the components that are mutually correlated.
Block 954 is then provided for computation of the eigen-
values of the cross-correlation matrix. The smaller eigen-
values, normally associated with noise, may then be used at
block 955 to eliminate noise, by removing the noise com-
ponents of the composite signals associated with those
eigenvalues.

[0040] At block 956, signals may be separated from the
composite signals using the eigenvalues. Separated sources
may be obtained by taking linear combinations of the
recorded signals, as specified in the eigenvectors corre-
sponding to the larger eigenvalues. Optionally, block 957
provides for performing additional separation based on
higher order statistics, if the cardiac signal is not found
among the signals separated at block 956.

[0041] At block 958, the optimized cardiac signal may be
identified based on the selection criteria, along with its
associated vector, among the separated signals. Typically,
the signal is found among the signals associated with the
largest eigenvalues.

[0042] FIGS. 3 and 4 illustrate the result of performing
the process illustrated in FIG. 2 on signals associated with
vectors at five angular positions relative to an arbitrary 0
degree orientation. Experimental data were gathered from
three disc electrodes oriented at five different rotations. In
FIG. 3, the third signal from each rotation is shown. Angular
rotation 0 is illustrated as a trace 602, angular rotation 45
degrees is illustrated as a trace 604, angular rotation 90
degrees is illustrated as a trace 606, angular rotation 135
degrees is illustrated as a trace 608, and angular rotation 180
degrees is illustrated as a trace 610. The cardiac signal is
most evident in trace 602, but may be detected by the peaks
evident in most traces. Angular rotation 135 of the trace 608
is the rotation with the smallest level of cardiac signal,
corresponding to a vector approximately parallel to the
depolarization wavefront.

[0043] FIG. 4 represents the resulting target signal at each
rotation, after performing the method 950 represented in
FIG. 2 on the raw data represented by FIG. 3. In FIG. 4,
angular rotation 0 is illustrated as a trace 612, angular
rotation 45 degrees is illustrated as a trace 614, angular
rotation 90 degrees is illustrated as a trace 616, angular
rotation 135 degrees is illustrated as a trace 618, angular
rotation 180 degrees is illustrated as a trace 620. Evident in
all traces, but most obvious when comparing the trace 608
of FIG. 3 with the trace 618 of FIG. 4, the cardiac signal is
significantly more pronounced when applying the method
950 in accordance with the present invention.

[0044] For purposes of illustration, and not of limitation,
various embodiments of devices that may use vector selec-
tion and orientation in accordance with the present invention
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are described herein in the context of PIMD’s that may be
implanted under the skin in the chest region of a patient. A
PIMD may, for example, be implanted subcutaneously such
that all or selected elements of the device are positioned on
the patient’s front, back, side, or other body locations
suitable for sensing cardiac activity and/or delivering car-
diac stimulation therapy. It is understood that elements of the
PIMD may be located at several different body locations,
such as in the chest, abdominal, or subclavian region with
electrode elements respectively positioned at different
regions near, around, in, or on the heart.

[0045] The primary housing (e.g., the active or non-active
can) of the PIMD, for example, may be configured for
positioning outside of the rib cage at an intercostal or
subcostal location, within the abdomen, or in the upper chest
region (e.g., subclavian location, such as above the third rib).
In one implementation, one or more leads incorporating
electrodes may be located in direct contact with the heart,
great vessel or coronary vasculature, such as via one or more
leads implanted by use of conventional transvenous delivery
approaches. In another implementation, one or more elec-
trodes may be located on the primary housing and/or at other
locations about, but not in direct contact with the heart, great
vessel or coronary vasculature.

[0046] In a further implementation, for example, one or
more electrode subsystems or electrode arrays may be used
to sense cardiac activity and deliver cardiac stimulation
energy in a PIMD configuration employing an active can or
a configuration employing a non-active can. Electrodes may
be situated at anterior and/or posterior locations relative to
the heart. Examples of useful electrode locations and fea-
tures that may be incorporated in various embodiments of
the present invention are described in commonly owned,
co-pending U.S. patent application Ser. No. 10/465,520 filed
Jun. 19, 2003 and entitled “Methods and Systems Involving
Subcutancous Electrode Positioning Relative to a Heart”;
Ser. No. 10/795,126 filed Mar. 5, 2004 and entitled “Wire-
less ECG In Implantable Devices”; and Ser. No. 10/738,608
filed Dec. 17, 2003 and entitled “Noise Canceling Cardiac
Electrodes,” which are hereby incorporated herein by ref-
erence.

[0047] Certain configurations illustrated herein are gener-
ally described as capable of implementing various functions
traditionally performed by an implantable cardioverter/
defibrillator (ICD), and may operate in numerous cardiover-
sion/defibrillation modes as are known in the art. Examples
of ICD circuitry, structures and functionality, aspects of
which may be incorporated in a PIMD of a type that may
benefit from electrode orientation and vector selection and
updating methods and implementations are disclosed in
commonly owned U.S. Pat. Nos. 5,133,353; 5,179,945,
5,314,459; 5,318,597, 5,620,466, and 5,662,688, which are
hereby incorporated herein by reference.

[0048] In particular configurations, systems and methods
may perform functions traditionally performed by pacemak-
ers, such as providing various pacing therapies as are known
in the art, in addition to cardioversion/defibrillation thera-
pies. Examples of pacemaker circuitry, structures and func-
tionality, aspects of which may be incorporated in a PIMD
of a type that may benefit from electrode orientation and
vector selection and updating methods and implementations
are disclosed in commonly owned U.S. Pat. Nos. 4,562,841;
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5,284,136; 5,376,106; 5,036,849; 5,540,727; 5,836,987,
6,044,298; and 6,055,454, which are hereby incorporated
herein by reference. It is understood that PIMD configura-
tions may provide for non-physiologic pacing support in
addition to, or to the exclusion of, bradycardia and/or
anti-tachycardia pacing therapies.

[0049] A PIMD in accordance with the present invention
may implement diagnostic and/or monitoring functions as
well as provide cardiac stimulation therapy. Examples of
cardiac monitoring circuitry, structures and functionality,
aspects of which may be incorporated in a PIMD of a type
that may benefit from electrode orientation and vector
selection and updating methods and implementations are
disclosed in commonly owned U.S. Pat. Nos. 5,313,953,
5,388,578; and 5,411,031, which are hereby incorporated
herein by reference.

[0050] Various embodiments described herein may be
used in connection with congestive heart failure (CHF)
monitoring, diagnosis, and/or therapy. A PIMD of the
present invention may incorporate CHF features involving
dual-chamber or bi-ventricular pacing/therapy, cardiac
resynchronization therapy, cardiac function optimization, or
other CHF related methodologies. For example, any PIMD
of the present invention may incorporate features of one or
more of the following references: commonly owned U.S.
patent application Ser. No. 10/270,035, filed Oct. 11, 2002,
entitled “Timing Cycles for Synchronized Multisite Cardiac
Pacing;” and U.S. Pat. Nos. 6,411,848; 6,285,907; 4,928,
688; 6,459,929; 5,334,222; 6,026,320; 6,371,922; 6,597,
951; 6,424,865, and 6,542,775, each of which is hereby
incorporated herein by reference.

[0051] A PIMD may be used to implement various diag-
nostic functions, which may involve performing rate-based,
pattern and rate-based, and/or morphological tachyarrhyth-
mia discrimination analyses. Subcutaneous, cutaneous, and/
or external sensors may be employed to acquire physiologic
and non-physiologic information for purposes of enhancing
tachyarrhythmia detection and termination. It is understood
that configurations, features, and combination of features
described in the present disclosure may be implemented in
a wide range of implantable medical devices, and that such
embodiments and features are not limited to the particular
devices described herein.

[0052] Referring now to FIG. 5, the implantable device
illustrated in FIG. 5 is an embodiment of a PIMD including
a cardiac rhythm management (CRM) device with an
implantable pacemaker/defibrillator 400 electrically and
physically coupled to an intracardiac lead system 402. The
intracardiac lead system 402 is implanted in a human body
with portions of the intracardiac lead system 402 inserted
into a heart 401. Electrodes of the intracardiac lead system
402 may be used to detect and analyze cardiac signals
produced by the heart 401 and to provide stimulation and/or
therapy energy to the heart 401 under predetermined con-
ditions, to treat cardiac arrhythmias of the heart 401.

[0053] The CRM 400 depicted in FIG. 5 is a multi-
chamber device, capable of sensing signals from one or
more of the right and left atria 420, 422 and the right and left
ventricles 418, 424 of the heart 401 and providing pacing
pulses to one or more of the right and left atria 420, 422 and
the right and left ventricles 418, 424. Low energy pacing
pulses may be delivered to the heart 401 to regulate the heart
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beat or maintain a cardiac rhythm, for example. In a con-
figuration that includes cardioversion/defibrillation capabili-
ties, high energy pulses may also be delivered to the heart
401 if an arrhythmia is detected that requires cardioversion
or defibrillation.

[0054] The intracardiac lead system 402 includes a right
ventricular lead system 404, a right atrial lead system 405,
and a left atrialventricular lead system 406. The right
ventricular lead system 404 includes an RV-tip pace/sense
electrode 412, an RV-coil electrode 414, and one or more
electrodes 461, 462, 463 suitable for measuring transtho-
racic impedance. In one arrangement, impedance sense and
drive electrodes 461, 462, 463 are configured as ring elec-
trodes. The impedance drive electrode 461 may be located,
for example, in the right ventricle 418. The impedance sense
electrode 462 may be located in the right atrium 420.
Alternatively or additionally, an impedance sense electrode
463 may be located in the superior right atrium 420 or near
the right atrium 420 within the superior vena cava.

[0055] The RV-tip electrode 412 is positioned at an appro-
priate location within the right ventricle 418 for pacing the
right ventricle 418 and sensing cardiac activity in the right
ventricle 418. The right ventricular lead system may also
include one or more defibrillation electrodes 414, 416,
positioned, for example, in the right ventricle 418 and the
superior vena cava, respectively.

[0056] The atrial lead system 405 includes A-tip and
A-ring cardiac pace/sense electrodes 456, 454. In the con-
figuration of FIG. 5, the intracardiac lead system 402 is
positioned within the heart 401, with a portion of the atrial
lead system 405 extending into the right atrium 420. The
A-tip and A-ring electrodes 456, 454 arc positioned at an
appropriate location within the right atrium 420 for pacing
the right atrium 420 and sensing cardiac activity in the right
atrium 420.

[0057] The lead system 402 illustrated in FIG. 5 also
includes a left atrial/left ventricular lead system 406. The left
atrial/left ventricular lead system 406 may include, one or
more electrodes 434, 436, 417, 413 positioned within a
coronary vein 465 of the heart 401. Additionally, or alter-
natively, one or more electrodes may be positioned in a
middle cardiac vein, a left posterior vein, a left marginal
vein, a great cardiac vein or an anterior vein.

[0058] The left atrial/left ventricular lead system 406 may
include one or more endocardial pace/sense leads that are
advanced through the superior vena cava (SVC), the right
atrium 420, the valve of the coronary sinus, and the coronary
sinus 450 to locate the LA-tip 436, LA-ring 434, LV-tip 413
and LV-ring 417 electrodes at appropriate locations adjacent
to the left atrium 422 and left ventricle 424, respectively. In
one example, lead placement involves creating an opening
in a percutaneous access vessel, such as the left subclavian
or left cephalic vein. For example, the lead system 402 may
be guided into the right atrium 420 of the heart via the
superior vena cava.

[0059] From the right atrium 420, the left atrial/left ven-
tricular lead system 406 is deployed into the coronary sinus
ostium, the opening of the coronary sinus 450. The left
atrial/left ventricular lead system 406 is guided through the
coronary sinus 450 to a coronary vein of the left ventricle
424. This vein is used as an access pathway for leads to
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reach the surfaces of the left atrium 422 and the left ventricle
424 which are not directly accessible from the right side of
the heart. Lead placement for the left atrial/left ventricular
lead system 406 may be achieved via subclavian vein access.
For example, a preformed guiding catheter may be used for
insertion of the LV and LA electrodes 413, 417, 436, 434
adjacent the left ventricle 424 and left atrium 422, respec-
tively.

[0060] TLead placement for the left atrial/left ventricular
lead system 406 may be achieved via the subclavian vein
access and a preformed guiding catheter for insertion of the
LV and LA electrodes 413, 417, 436, 434 adjacent the left
ventricle 424 and left atrium 422, respectively. In one
configuration, the left atrial/left ventricular lead system 406
is implemented as a single-pass lead. It is understood that the
descriptions in the preceding paragraphs with regard to
LV-tip 413 and LV-ring 417 electrodes are equally applicable
to a lead configuration employing distal and proximal LV
ring electrodes (with no LV-tip electrode).

[0061] Additional configurations of sensing, pacing and
defibrillation electrodes may be included in the intracardiac
lead system 402 to allow for various sensing, pacing, and
defibrillation capabilities of multiple heart chambers. In
other configurations, the intracardiac lead system 402 may
have only a single lead with electrodes positioned in the
right atrium or the right ventricle to implement single
chamber cardiac pacing. In yet other embodiments, the
intracardiac lead system 402 may not include the left atrial/
left ventricular lead 406 and may support pacing and sensing
of the right atrium and right ventricle only. Any intracardiac
lead and electrode arrangements and configurations are
considered to be within the scope of the present system in
accordance with embodiments of the invention.

[0062] A PIMD may incorporate circuitry, structures and
functionality of the implantable medical devices disclosed in
commonly owned U.S. Pat. Nos. 5,203,348; 5,230,337,
5,360,442; 5,366,496; 5,397,342; 5,391,200; 5,545,202;
5,603,732; and 5,916,243, which are hereby incorporated
herein by reference.

[0063] FIG. 6 is a top view of a PIMD 182 in accordance
with the present invention, having at least three electrodes.
One electrode is illustrated as an antenna 105 of the PIMD
that may also be used for RF communications. The PIMD
182 shown in the embodiment illustrated in FIG. 6 includes
a first electrode 198 and a second electrode 199 coupled to
a can 103 through a header 189, via an electrode module
196. The first electrode 198 and second electrode 199 may
be located on a lead 183 (single or multiple lead, or electrode
array), or may be located directly in or on the electrode
module 196.

[0064] The PIMD 182 detects and records cardiac activity.
The can 103 is illustrated as incorporating the header 189.
The header 189 may be configured to facilitate removable
attachment between an electrode module 196 and the can
103, as is shown in the embodiment depicted in FIG. 6. The
header 189 includes a female coupler 192 configured to
accept a male coupler 193 from the electrode module 196.
The male coupler 193 is shown having two electrode con-
tacts 194, 195 for coupling one or more electrodes 198, 199
through the electrode module 196 to the can 103. An
electrode 181/ and an electrode 181k are illustrated on the
header 189 of the can 103 and may also be coupled through
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the electrode module 196 to the can 103. The can 103 may
alternatively, or in addition to the header electrodes 1814,
181k and/or first and second electrodes 198, 199, include
one or more can clectrodes 1812, 1815, 181c.

[0065] Electrodes may also be provided on the back of the
can 103, typically the side facing externally relative to the
patient after implantation. For example, electrodes 181m,
181p, and 181r are illustrated as positioned in or on the back
of the can 103. Providing electrodes on both front and back
surfaces of the can 103 provides for a three-dimensional
spatial distribution of the electrodes, which may provide
additional discrimination capabilities from vector selection
methods in accordance with the present invention. Further
description of three-dimensional —configurations —are
described in U.S. patent application Ser. No. 10/795,126
entitled “Wireless ECG In Implantable Devices”, previously
incorporated by reference.

[0066] In this and other configurations, the header 189
incorporates interface features (e.g., electrical connectors,
ports, engagement features, and the like) that facilitate
electrical connectivity with one or more lead and/or sensor
systems, lead and/or sensor modules, and electrodes. The
header 189 may also incorporate one or more electrodes in
addition to, or instead of, the electrodes provided by the lead
183, such as electrodes 1814 and 181k, to provide more
available vectors to the PIMD. The interface features of the
header 189 may be protected from body fluids using known
techniques.

[0067] The PIMD 182 may further include one or more
sensors in or on the can 103, header 189, electrode module
196, or lead(s) that couple to the header 189 or electrode
module 196. Useful sensors may include electrophysiologic
and non-electrophysiologic sensors, such as an acoustic
sensor, an impedance sensor, a blood sensor, such as an
oXygen saturation sensor (oximeter or plethysmographic
sensor), a blood pressure sensor, minute ventilation sensor,
or other sensor described or incorporated herein.

[0068] In one configuration, as is illustrated in FIG. 7,
electrode subsystems of a PIMD system are arranged about
a patient’s heart 510. The PIMD system includes a first
electrode subsystem, comprising a can electrode 502, and a
second electrode subsystem 504 that includes at least two
electrodes or at least one multi-element electrode. The
second electrode subsystem 504 may include a number of
electrodes used for sensing and/or electrical stimulation.

[0069] In various configurations, the second electrode
subsystem 504 may include a combination of electrodes.
The combination of electrodes of the second electrode
subsystem 504 may include coil electrodes, tip electrodes,
ring electrodes, multi-element coils, spiral coils, spiral coils
mounted on non-conductive backing, screen patch elec-
trodes, and other electrode configurations as will be
described below. A suitable non-conductive backing mate-
rial is silicone rubber, for example.

[0070] The can electrode 502 is positioned on the housing
501 that encloses the PIMD electronics. In one embodiment,
the can electrode 502 includes the entirety of the external
surface of housing 501. In other embodiments, various
portions of the housing 501 may be electrically isolated from
the can electrode 502 or from tissue. For example, the active
area of the can electrode 502 may include all or a portion of
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either the anterior or posterior surface of the housing 501 to
direct current flow in a manner advantageous for cardiac
sensing and/or stimulation.

[0071] Portions of the housing may be electrically isolated
from tissue to optimally direct current flow. For example,
portions of the housing 501 may be covered with a non-
conductive, or otherwise electrically resistive, material to
direct current flow. Suitable non-conductive material coat-
ings include those formed from silicone rubber, polyure-
thane, or parylene, for example.

[0072] FIG. 8 is a block diagram depicting various com-
ponentry of different arrangements of a PIMD in accordance
with embodiments of the present invention. The compo-
nents, functionality, and configurations depicted in FIG. 8
are intended to provide an understanding of various features
and combinations of features that may be incorporated in a
PIMD. It is understood that a wide variety of device con-
figurations are contemplated, ranging from relatively sophis-
ticated to relatively simple designs. As such, particular
PIMD configurations may include some componentry illus-
trated in FIG. 8, while excluding other componentry illus-
trated in FIG. 8.

[0073] Tllustrated in FIG. 8 is a processor-based control
system 205 which includes a micro-processor 206 coupled
to appropriate memory (volatile and/or non-volatile) 209, it
being understood that any logic-based control architecture
may be used. The control system 205 is coupled to circuitry
and components to sense, detect, and analyze clectrical
signals produced by the heart and deliver electrical stimu-
lation energy to the heart under predetermined conditions to
treat cardiac arrhythmias. The control system 203 and asso-
ciated components also provide pacing therapy to the heart.
The electrical energy delivered by the PIMD may be in the
form of low energy pacing pulses or high-energy pulses for
cardioversion or defibrillation.

[0074] Cardiac signals are sensed using the electrode(s)
214 and the can or indifferent electrode 207 provided on the
PIMD housing. Cardiac signals may also be sensed using
only the electrode(s) 214, such as in a non-active can
configuration. As such, unipolar, bipolar, or combined uni-
polar/bipolar electrode configurations as well as multi-ele-
ment electrodes and combinations of noise canceling and
standard electrodes may be employed. The sensed cardiac
signals are received by sensing circuitry 204, which includes
sense amplification circuitry and may also include filtering
circuitry and an analog-to-digital (A/D) converter. The
sensed cardiac signals processed by the sensing circuitry 204
may be received by noise reduction circuitry 203, which
may further reduce noise before signals are sent to the
detection circuitry 202.

[0075] Noise reduction circuitry 203 may also be incor-
porated after sensing circuitry 202 in cases where high
power or computationally intensive noise reduction algo-
rithms are required. The noise reduction circuitry 203, by
way of amplifiers used to perform operations with the
electrode signals, may also perform the function of the
sensing circuitry 204. Combining the functions of sensing
circuitry 204 and noise reduction circuitry 203 may be
useful to minimize the necessary componentry and lower the
power requirements of the system.

[0076] In the illustrative configuration shown in FIG. 8§,
the detection circuitry 202 is coupled to, or otherwise
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incorporates, noise reduction circuitry 203. The noise reduc-
tion circuitry 203 operates to improve the SNR of sensed
cardiac signals by removing noise content of the sensed
cardiac signals introduced from various sources. Typical
types of cardiac signal noise includes electrical noise and
noise produced from skeletal muscles, for example. A num-
ber of methodologies for improving the SNR of sensed
cardiac signals in the presence of skeletal muscular induced
noise, including signal separation techniques incorporating
combinations of electrodes and multi-element electrodes,
are described hereinbelow.

[0077] Detection circuitry 202 may include a signal pro-
cessor that coordinates analysis of the sensed cardiac signals
and/or other sensor inputs to detect cardiac arrhythmias,
such as, in particular, tachyarrhythmia. Rate based and/or
morphological discrimination algorithms may be imple-
mented by the signal processor of the detection circuitry 202
to detect and verify the presence and severity of an arrhyth-
mic episode.

[0078] The detection circuitry 202 communicates cardiac
signal information to the control system 205. Memory
circuitry 209 of the control system 205 contains parameters
for operating in various sensing, defibrillation, and, if appli-
cable, pacing modes, and stores data indicative of cardiac
signals received by the detection circuitry 202. The memory
circuitry 209 may also be configured to store historical ECG
and therapy data, which may be used for various purposes
and transmitted to an external receiving device as needed or
desired.

[0079] In certain configurations, the PIMD may include
diagnostics circuitry 210. The diagnostics circuitry 210
typically receives input signals from the detection circuitry
202 and the sensing circuitry 204. The diagnostics circuitry
210 provides diagnostics data to the control system 205, it
being understood that the control system 205 may incorpo-
rate all or part of the diagnostics circuitry 210 or its
functionality. The control system 205 may store and use
information provided by the diagnostics circuitry 210 for a
variety of diagnostics purposes. This diagnostic information
may be stored, for example, subsequent to a triggering event
or at predetermined intervals, and may include system
diagnostics, such as power source status, therapy delivery
history, and/or patient diagnostics. The diagnostic informa-
tion may take the form of electrical signals or other sensor
data acquired immediately prior to therapy delivery.

[0080] According to a configuration that provides cardio-
version and defibrillation therapies, the control system 205
processes cardiac signal data received from the detection
circuitry 202 and initiates appropriate tachyarrhythmia
therapies to terminate cardiac arrhythmic episodes and
return the heart to normal sinus rhythm. The control system
205 is coupled to shock therapy circuitry 216. The shock
therapy circuitry 216 is coupled to the electrode(s) 214 and
the can or indifferent electrode 207 of the PIMD housing.

[0081] Upon command, the shock therapy circuitry 216
delivers cardioversion and defibrillation stimulation energy
to the heart in accordance with a selected cardioversion or
defibrillation therapy. In a less sophisticated configuration,
the shock therapy circuitry 216 is controlled to deliver
defibrillation therapies, in contrast to a configuration that
provides for delivery of both cardioversion and defibrillation
therapies. Examples of PIMD high energy delivery circuitry,
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structures and functionality, aspects of which may be incor-
porated in a PIMD of a type that may benefit from aspects
of the present invention are disclosed in commonly owned
U.S. Pat. Nos. 5,372,606; 5,411,525; 5,468,254; and 5,634,
938, which are hereby incorporated herein by reference.

[0082] Arrhythmic episodes may also be detected and
verified by morphology-based analysis of sensed cardiac
signals as is known in the art. Tiered or parallel arrhythmia
discrimination algorithms may also be implemented using
both rate-based and morphologic-based approaches. Further,
a rate and pattern-based arrhythmia detection and discrimi-
nation approach may be employed to detect and/or verify
arrhythmic episodes, such as the approach disclosed in U.S.
Pat. Nos. 6,487,443; 6,259,947; 6,141,581, 5,855,593; and
5,545,186, which are hereby incorporated herein by refer-
ence.

[0083] In accordance with another configuration, a PIMD
may incorporate a cardiac pacing capability in addition to, or
to the exclusion of, cardioversion and/or defibrillation capa-
bilities. As is shown in FIG. 8, the PIMD includes pacing
therapy circuitry 230 that is coupled to the control system
205 and the electrode(s) 214 and can/indifferent electrodes
207. Upon command, the pacing therapy circuitry 230
delivers pacing pulses to the heart in accordance with a
selected pacing therapy.

[0084] Control signals, developed in accordance with a
pacing regimen by pacemaker circuitry within the control
system 205, are initiated and transmitted to the pacing
therapy circuitry 230 where pacing pulses are generated. A
pacing regimen, such as those discussed and incorporated
herein, may be modified by the control system 205. In one
particular application, a sense vector optimization approach
of the present invention may be implemented to enhance
capture detection and/or capture threshold determinations,
such as by selecting an optimal vector for sensing an evoked
response resulting from application of a capture pacing
stimulus.

[0085] The PIMD shown in FIG. 8 may be configured to
receive signals from one or more physiologic and/or non-
physiologic sensors. Depending on the type of sensor
employed, signals generated by the sensors may be com-
municated to transducer circuitry coupled directly to the
detection circuitry 202 or indirectly via the sensing circuitry
204. 1t is noted that certain sensors may transmit sense data
to the control system 205 without processing by the detec-
tion circuitry 202.

[0086] Communications circuitry 218 is coupled to the
microprocessor 206 of the control system 205. The commu-
nications circuitry 218 allows the PIMD to communicate
with one or more receiving devices or systems situated
external to the PIMD. By way of example, the PIMD may
communicate with a patient-worn, portable or bedside com-
munication system via the communications circuitry 218. In
one configuration, one or more physiologic or non-physi-
ologic sensors (subcutaneous, cutancous, or external of
patient) may be equipped with a short-range wireless com-
munication interface, such as an interface conforming to a
known communications standard, such as Bluetooth or IEEE
802 standards. Data acquired by such sensors may be
communicated to the PIMD via the communications cir-
cuitry 218. Tt is noted that physiologic or non-physiologic
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sensors equipped with wireless transmitters or transceivers
may communicate with a receiving system external of the
patient.

[0087] The communications circuitry 218 preferably
allows the PIMD to communicate with an external program-
mer. In one configuration, the communications circuitry 218
and the programmer unit (not shown) use a wire loop
antenna and a radio frequency telemetric link, as is known
in the art, to receive and transmit signals and data between
the programmer unit and communications circuitry 218. In
this manner, programming commands and data are trans-
ferred between the PIMD and the programmer unit during
and after implant. Using a programmer, a physician is able
to set or modify various parameters used by the PIMD. For
example, a physician may set or modify parameters affecting
sensing, detection, pacing, and defibrillation functions of the
PIMD, including pacing and cardioversion/defibrillation
therapy modes.

[0088] Typically, the PIMD is encased and hermetically
sealed in a housing suitable for implanting in a human body
as is known in the art. Power to the PIMD is supplied by an
electrochemical power source 220 housed within the PIMD.
In one configuration, the power source 220 includes a
rechargeable battery. According to this configuration, charg-
ing circuitry is coupled to the power source 220 to facilitate
repeated non-invasive charging of the power source 220.
The communications circuitry 218, or separate receiver
circuitry, is configured to receive RF energy transmitted by
an external RF energy transmitter. The PIMD may, in
addition to a rechargeable power source, include a non-
rechargeable battery. It is understood that a rechargeable
power source need not be used, in which case a long-life
non-rechargeable battery is employed.

[0089] The detection circuitry 202, which is coupled to a
microprocessor 206, may be configured to incorporate, or
communicate with, specialized circuitry for processing
sensed cardiac signals in manners particularly useful in a
cardiac sensing and/or stimulation device. As is shown by
way of example in FIG. 8, the detection circuitry 202 may
receive information from multiple physiologic and non-
physiologic sensors.

[0090] The detection circuitry 202 may also receive infor-
mation from one or more sensors that monitor skeletal
muscle activity. In addition to cardiac activity signals,
electrodes readily detect skeletal muscle signals. Such skel-
etal muscle signals may be used to determine the activity
level of the patient. In the context of cardiac signal detection,
such skeletal muscle signals are considered artifacts of the
cardiac activity signal, which may be viewed as noise.

[0091] The components, functionality, and structural con-
figurations depicted herein are intended to provide an under-
standing of various features and combination of features that
may be incorporated in a PIMD. It is understood that a wide
variety of PIMDs and other implantable cardiac monitoring
and/or stimulation device configurations are contemplated,
ranging from relatively sophisticated to relatively simple
designs. As such, particular PIMD or cardiac monitoring
and/or stimulation device configurations may include par-
ticular features as described herein, while other such device
configurations may exclude particular features described
herein.

[0092] The PIMD may detect a variety of physiological
signals that may be used in connection with various diag-

Dec. 29, 2005

nostic, therapeutic or monitoring implementations. For
example, the PIMD may include sensors or circuitry for
detecting respiratory system signals, cardiac system signals,
and signals related to patient activity. In one embodiment,
the PIMD senses intrathoracic impedance, from which vari-
ous respiratory parameters may be derived, including, for
example, respiratory tidal volume and minute ventilation.
Sensors and associated circuitry may be incorporated in
connection with a PIMD for detecting one or more body
movement or body posture or position related signals. For
example, accelerometers and GPS devices may be employed
to detect patient activity, patient location, body orientation,
or torso position.

[0093] Referring now to FIG. 9, a PIMD of the present
invention may be used within the structure of an advanced
patient management (APM) system 300. The advanced
patient management system 300 allows physicians to
remotely and automatically monitor cardiac and respiratory
functions, as well as other patient conditions. In one
example, a PIMD implemented as a cardiac pacemaker,
defibrillator, or resynchronization device may be equipped
with various telecommunications and information technolo-
gies that enable real-time data collection, diagnosis, and
treatment of the patient. Various PIMD embodiments
described herein may be used in connection with advanced
patient management. Methods, structures, and/or techniques
described herein, which may be adapted to provide for
remote patient/device monitoring, diagnosis, therapy, or
other APM related methodologies, may incorporate features
of one or more of the following references: U.S. Pat. Nos.
6,221,011; 6,270,457; 6,277,072; 6,280,380; 6,312,37§;
6,336,903; 6,358,203; 6,368,284; 6,398,728; and 6,440,066,
which are hereby incorporated herein by reference.

[0094] Asis illustrated in FIG. 9, the medical system 300
may be used to implement coordinated patient measuring
and/or monitoring, diagnosis, and/or therapy in accordance
with embodiments of the invention. The medical system 300
may include, for example, one or more patient-internal
medical devices 310, such as a PIMD, and one or more
patient-external medical devices 320, such as a monitor or
signal display device. Each of the patient-internal 310 and
patient-external 320 medical devices may include one or
more of a patient monitoring unit 312, 322, a diagnostics
unit 314, 324, and/or a therapy unit 316, 326.

[0095] The patient-external medical device 320 performs
monitoring, and/or diagnosis and/or therapy functions exter-
nal to the patient (i.e., not invasively implanted within the
patient’s body). The patient-external medical device 320
may be positioned on the patient, near the patient, or in any
location external to the patient.

[0096] The patient-internal and patient-external medical
devices 310, 320 may be coupled to one or more sensors
341, 342, 345, 346, patient input/trigger devices 343, 347
and/or other information acquisition devices 344, 348. The
sensors 341, 342, 345, 346, patient input/trigger devices
343, 347, and/or other information acquisition devices 344,
348 may be employed to detect conditions relevant to the
monitoring, diagnostic, and/or therapeutic functions of the
patient-internal and patient-external medical devices 310,
320.

[0097] The medical devices 310,320 may each be coupled
to one or more patient-internal sensors 341, 345 that are
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fully or partially implantable within the patient. The medical
devices 310, 320 may also be coupled to patient-external
sensors positioned on, near, or in a remote location with
respect to the patient. The patient-internal and patient-
external sensors are used to sense conditions, such as
physiological or environmental conditions, that affect the
patient.

[0098] The patient-internal sensors 341 may be coupled to
the patient-internal medical device 310 through one or more
internal leads 353. Still referring to FIG. 9, one or more
patient-internal sensors 341 may be equipped with trans-
celver circuitry to support wireless communications
between the one or more patient-internal sensors 341 and the
patient-internal medical device 310 and/or the patient-ex-
ternal medical device 320.

[0099] The patient-external sensors 342 may be coupled to
the patient-internal medical device 310 and/or the patient-
external medical device 320 through one or more internal
leads 355 or through wireless connections. Patient-external
sensors 342 may communicate with the patient-internal
medical device 310 wirelessly. Patient-external sensors 342
may be coupled to the patient-external medical device 320
through one or more internal leads 357 or through a wireless
link.

[0100] In an embodiment of the present invention, the
patient-external medical device 320 includes a visual display
configured to simultaneously display non-electrophysiologi-
cal signals and ECG signals. For example, the display may
present the information visually. The patient-external medi-
cal device 320 may also, or alternately, provide signals to
other components of the medical system 300 for presenta-
tion to a clinician, whether local to the patient or remote to
the patient.

[0101] Referring still to FIG. 9, the medical devices 310,
320 may be connected to one or more information acquisi-
tion devices 344, 348, such as a database that stores infor-
mation useful in connection with the monitoring, diagnostic,
or therapy functions of the medical devices 310, 320. For
example, one or more of the medical devices 310, 320 may

be coupled through a network to a patient information server
330.

[0102] The input/trigger devices 343, 347 are used to
allow the physician, clinician, and/or patient to manually
trigger and/or transfer information to the medical devices
310, 320. The input/trigger devices 343, 347 may be par-
ticularly useful for inputting information concerning patient
perceptions, such as a perceived cardiac event, how well the
patient feels, and other information not automatically sensed
or detected by the medical devices 310, 320. For example,
the patient may trigger the input/trigger device 343 upon
perceiving a cardiac event. The trigger may then initiate the
recording of cardiac signals and/or other sensor signals in
the patient-internal device 310. Later, a clinician may trigger
the input/trigger device 347, initiating the transfer of the
recorded cardiac and/or other signals from the patient-
internal device 310 to the patient-external device 320 for
display and diagnosis. The input/trigger device 347 may also
be used by the patient, clinician, and/or physician as an
activation stimulus to the PIMD to update and/or select a
vector.

[0103] In one embodiment, the patient-internal medical
device 310 and the patient-external medical device 320 may
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communicate through a wireless link between the medical
devices 310, 320. For example, the patient-internal and
patient-external devices 310, 320 may be coupled through a
short-range radio link, such as Bluetooth, IEEE 802.11,
and/or a proprietary wireless protocol. The communications
link may facilitate uni-directional or bi-directional commu-
nication between the patient-internal 310 and patient-exter-
nal 320 medical devices. Data and/or control signals may be
transmitted between the patient-internal 310 and patient-
external 320 medical devices to coordinate the functions of
the medical devices 310, 320.

[0104] In another embodiment, patient data may be down-
loaded from one or more of the medical devices periodically
or on command, and stored at the patient information server
330. The physician and/or the patient may communicate
with the medical devices and the patient information server
330, for example, to acquire patient data or to initiate,
terminate or modify recording and/or therapy.

[0105] The data stored on the patient information server
330 may be accessible by the patient and the patient’s
physician through one or more terminals 350, e.g., remote
computers located in the patient’s home or the physician’s
office. The patient information server 330 may be used to
communicate to one or more of the patient-internal and
patient-external medical devices 310,320 to provide remote
control of the monitoring, diagnosis, and/or therapy func-
tions of the medical devices 310, 320.

[0106] In one embodiment, the patient’s physician may
access patient data transmitted from the medical devices
310, 320 to the patient information server 330. After evalu-
ation of the patient data, the patient’s physician may com-
municate with one or more of the patient-internal or patient-
external devices 310, 320 through an APM system 340 to
initiate, terminate, or modify the monitoring, diagnostic,
and/or therapy functions of the patient-internal and/or
patient-external medical systems 310, 320.

[0107] In another embodiment, the patient-internal and
patient-external medical devices 310, 320 may not commu-
nicate directly, but may communicate indirectly through the
APM system 340. In this embodiment, the APM system 340
may operate as an intermediary between two or more of the
medical devices 310, 320. For example, data and/or control
information may be transferred from one of the medical
devices 310, 320 to the APM system 340. The APM system
340 may transfer the data and/or control information to
another of the medical devices 310, 320.

[0108] In one embodiment, the APM system 340 may
communicate directly with the patient-internal and/or
patient-external medical devices 310, 320. In another
embodiment, the APM system 340 may communicate with
the patient-internal and/or patient-external medical devices
310, 320 through medical device programmers 360, 370
respectively associated with each medical device 310, 320.
As was stated previously, the patient-internal medical device
310 may take the form of an implantable PIMD.

[0109] In accordance with one approach of the present
invention, a PIMD may be implemented to separate cardiac
signals for selection of vectors in a robust manner using a
blind source separation (BSS) technique. It is understood
that all or certain aspects of the BSS technique described
below may be implemented in a device or system (implant-
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able or non-implantable) other than a PIMD, and that the
description of BSS techniques implemented in a PIMD is
provided for purposes of illustration, and not of limitation.
For example, algorithms that implement a BSS technique as
described below may be implemented for use by an
implanted processor or a non-implanted processor, such as a
processor of a programmer or computer of a patient-external
device communicatively coupled to the PIMD.

[0110] Referring now to FIGS. 10 through 12, cardiac
sensing and/or stimulation devices and methods employing
cardiac signal separation are described in accordance with
the present invention. The main principle of signal separa-
tion works on the premise that spatially distributed elec-
trodes collect components of a signal from a common origin
(e.g., the heart) with the result that these components may be
strongly correlated to each other. In addition, these compo-
nents may also be weakly correlated to components of
another origin (e.g., noise). The PIMD may be implemented
to separate these components according to their sources and
project the ECG signal in the direction along which the
power of the cardiac signal is maximized or the signals are
the most correlated. To achieve this, the methods and
algorithms illustrated in FIGS. 10 through 12 may be
implemented.

[0111] FIG. 10 illustrates a vector selection system 125 in
accordance with the present invention. A vector selection
process 414 is performed, providing a selected vector 419
along with vector selection information including, for
example, magnitude, phase angle, rates of change, trend
information, and other statistics. The selected vector 419
(and associated signal and other vector selection informa-
tion) is available for a variety of uses 420, such as, for
example, arrhythmia discrimination, therapy titration, pos-
ture detection/monitoring, ischemia detection/monitoring,
capture verification, disease diagnosis and/or progress infor-
mation, or other use. In accordance with the present inven-
tion, the vector selection process may be used, and repeated,
to track changes in the progression of patient pathology, and
to update sense vectors useful for cardiac sensing and/or
stimulation.

[0112] FIG. 11 illustrates an embodiment of a signal
source separation/update process 100 useful for vector selec-
tion in accordance with the present invention. A set of
composite signals, including at least two and up to n signals,
are selected for separation, where n is an integer. Each
electrode provides a composite signal associated with an
unknown number of sources. Pre-processing and/or pre-
filtering 412 may be performed on each of the composite
signals. It may be advantageous to filter each composite
signal using the same filtering function. Source separation
414 is performed, providing at least one separated signal. If
a treatment is desired, an appropriate treatment or therapy
418 is performed. If continued source separation is desired,
the process returns to perform such source separation 414
and may iteratively separate 416 more signals until a desired
signal is found, or all signals are separated.

[0113] The separated signal or signals may then be used
420 for some specified purpose, such as, for example, to
confirm a normal sinus rhythm, determine a cardiac condi-
tion, define a noise signal, or other desired use. One use in
accordance with the present invention is defining a vector
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useful for cardiac sensing. Electrode arrays and/or the use of
multiple electrodes provide for many possible vectors useful
for sensing cardiac activity.

[0114] Over the useful life of an implantable device,
changes may occur in one or both of the patient and the
implantable device. Certain changes may result in less than
optimum sensing of cardiac activity. As an extreme example,
consider the failure of an electrode element in an electrode
array. Before the failure, the element may be the most
beneficial for cardiac activity monitoring, but after the
failure, the cardiac signal is lost. The separation/update
process 100 would determine that the vector associated with
the failed electrode is no longer the best vector to determine
cardiac activity, and a next-best vector may be determined.
The use 420 of the results of the separation/update process
100 may be for the implantable device to update its cardiac
sense vector to the newly established optimum vector.

[0115] Updating the vector to search for the optimum
sense vector may be performed periodically, without the
need to detect a loss of cardiac signal. For example, a PIMD
may regularly perform an update of the sense vector used for
cardiac discrimination, to keep performance of the PIMD
improved and/or optimized. Updating may be useful, for
example, when pathology, therapy, posture, patient activity
level, device orientation, device migration, exceeding an
arrhythmia detection rate zone or threshold, or other system
or patient change/event occurrence suggests a change in
vector to separate the cardiac signal may be useful.

[0116] For example, in an APM environment such as
described with reference to FIG. 9, a PIMD in accordance
with the present invention may have a controller and com-
munications circuitry that transmits its cardiac composite
signals to a bedside signal processor when the patient is
asleep. The signal processor may perform a blind source
separation and analysis of the composite signals during the
patient’s sleep cycle. The signal processor may then deter-
mine the appropriate vector or vectors for the PIMD, and
reprogram the PIMD before the patient awakes. The PIMD
may then operate with the latest programming until the next
update.

[0117] FIG. 12 illustrates further embodiments of a signal
source separation process in greater detail, including some
optional elements. Entry of the process at block 422 pro-
vides access to a pre-processing facility 412, illustrated here
as including a covariance matrix computation block 424
and/or a pre-filtering block 426 such as, for example, a
band-pass filtering block. The composite signals processed
at pre-processing block 412 are provided to a signal source
separation block 415, which may include functionality of the
source separation block 414 and iterative source separation
block 416 shown in FIG. 11.

[0118] The signal source separation block 415 includes a
principal component analysis block 428, which produces an
associated set of eigenvectors and eigenvalues using a
covariance matrix or composite signals provided by pre-
processing block 412. A determination 430 is made as to
whether one eigenvalue is significantly larger than any
others in the set, making the dimension associated with this
eigenvalue a likely candidate for association with the direc-
tion along which the power of the signal is maximized. If
such a candidate is identified at block 430, the candidate
signal may immediately be separated 431 and a determina-
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tion 433 made to confirm whether the candidate signal is a
cardiac signal, before returning 444 to the master PIMD
routine that called the signal source separation process.

[0119] If there is no clear candidate eigenvalue, or if the
largest value eigenvalue did not provide a signal of interest,
an iterative process may be used to separate 432 and search
436 for the signal of interest (¢.g., cardiac signal). This
process 432, 436, 434 may be repeated until such a signal is
found, or no more signals are separable 434 as determined
by exceeding a predefined number of iterations N, or
some other termination criterion. An example of such a
criterion is an eigenvalue considered at the current iteration
being proportionately smaller than the largest eigenvalues
by some predetermined amount.

[0120] If the iterations 434 are completed and a cardiac
signal is not found at 436, then an Independent component
analysis 435 may be attempted to further process the signals
in an attempt to find the cardiac signal. If a cardiac signal is
still not found at decision 437, after exhausting all possi-
bilities, then a set of default settings 439 may be used, or an
error routine may be initiated.

[0121] In another embodiment of the present invention, a
method of signal separation involves sensing, at least in part
implantably, two or more composite signals using three or
more cardiac electrodes or electrode array elements. The
method may further involve performing a source separation
using the detected composite signals, the source separation
producing two or more vectors. A first vector and a second
vector may be selected from the set of vectors.

[0122] The use of the terms first and second vector are not
intended to imply that the vectors are the first and second
vectors separated from the composite signal, but that a first
vector and a second vector are selected from among any
vectors available for a given composite signal. First and
second signals may be identified from the detected plurality
of composite signals using the first and second vectors
respectively. The method then involves selecting either the
first vector or the second vector as a selected vector based on
a selection criterion.

[0123] Selection criteria may include finding the optimum
vector for cardiac signal identification, finding a vector that
provides the largest magnitude cardiac signal, or finding
another particular signal of interest. For example, the first
vector may be selected and used for cardiac activity sensing,
and the second vector may then be selected and used for
skeletal muscle activity sensing. The skeletal muscle signal
may then be used to further discriminate arrhythmias from
noise such as is further described in commonly owned U.S.
patent application Ser. No. 10/816,464 entitled “Subcutane-
ous Cardiac Stimulation System with Patient Activity Sens-
ing,” filed Apr. 1, 2004, which is hereby incorporated herein
by reference.

[0124] With continued reference to FIGS. 10 through 12,
one illustrative signal source separation methodology useful
with the present invention is described below. Such an
approach is particularly well suited for use in a PIMD
system. It is to be understood that the example provided
below is provided for non-limiting, illustrative purposes
only. Moreover, it is understood that signal source separation
within the context of the present invention need not be
implemented using the specific processes described below,
or each and every process described below.
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[0125] A collected signal may be pre-filtered to suppress
broadly incoherent noise and to generally optimize the
signal-to-noise ratio (SNR). Any noise suppression in this
step has the additional benefit of reducing the effective
number of source signals that need to be separated. A
Principal Component Analysis (PCA) may be performed on
the collected and/or pre-filtered signal, producing a set of
eigenvectors and associated eigenvalues describing the opti-
mal lincar combination, in a least-squares sense, of the
recorded signals that makes the components coming from
different sources orthogonal to one another. As an interme-
diate step to performing the PCA, an estimate of the spatial
covariance matrix may be computed and averaged over a
relatively short time interval (on the order of 2-3 beats) to
enhance those components that are mutually correlated.

[0126] Each eigenvalue corresponds to the power of the
signal projected along the direction of each associated
eigenvector. The cardiac signal component is typically iden-
tified by one of the largest eigenvalues. Occasionally, PCA
does not achieve a substantially sufficient level of source
independence. In such a case, an Independent Component
Analysis (ICA) may be performed to determine the actual
source direction, either upon the PCA-transformed signal, or
directly upon the collected signal. The ICA consists of a
unitary transformation based on higher-order statistical
analysis.

[0127] Forexample, separation of two mixed sources may
be achieved by rotating the complex variable formed from
the signals on an angle that aligns their probability distri-
butions with basis vectors. In another approach, an algo-
rithm based on minimization of mutual information between
components, as well as other approaches generally known in
the field of ICA, may be used to achieve reconstructed
source independence.

[0128] A PIMD may, for example, employ a hierarchical
decision-making procedure that initiates a blind source
separation algorithm upon the detection of a condition under
which the target vector may change. By way of example, a
local peak density algorithm or a curvature-based significant
point methodology may be used as a high-level detection
routine. Other sensors/information available to the PIMD
may also trigger the initiation of a blind source separation
algorithm.

[0129] The PIMD may compute an estimate of the cova-
riance matrix. It may be sufficient to compute the covariance
matrix for only a short time. Computation of the eigenvalues
and eigenvectors required for the PCA may also be per-
formed adaptively through an efficient updating algorithm.

[0130] The cardiac signal can be identified among the few
(¢.g., two or three) largest separated signals. One of several
known algorithms may be used as a selection criterion. For
example, local peak density (LPD) or beat detection (BD)
algorithms may be used. The LPD algorithm can be used to
identify the cardiac signal by finding a signal that has an
acceptable physiologic range of local peak densities by
comparing the LPD to a predetermined range of peak
densities known to be acceptable. The BD algorithm will
find a signal that has a physiologic-range of beat rate. In the
case where two signals look similar, a morphology algo-
rithm, such as a local rate of occurrence may be used for
further discrimination and/or as a selection criterion. It may
be beneficial to use the same algorithm at different levels of
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hierarchy: 1) initiation of blind source separation algorithm;
2) iterative identification of a cardiac signal.

[0131] Mathematical development of an example of blind
source separation algorithm in accordance with the present
invention is provided as follows. Assume there are m source
signals s;(t), . . . , s,(t) that are detected inside of the body,
comprising a desired cardiac signal and some other inde-
pendent noise, which may, for example, include myopoten-
tial noise, electrocautery response, etc. These signals are
recorded simultaneously from k sensing vectors derived
from subcutaneous sensing electrodes, where k>m in a
preferred approach. By definition, the signals are mixed
together into the overall voltage gradient sensed across the
electrode array. In addition, there is usually an additive noise
attributable, for example, to environmental noise sources.
The relationship between the source signals s(t) and
recorded signals x(t) is described below:

Jil([) yl\:l‘) 3 n ([)
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Al @2t O I\ S(D) (1)

=x(0) = yO) + (1) = As(D) +n(D, m < k

[0132] Here, x(t) is an instantaneous linear mixture of the
source signals and additive noise, y(t) is the same linear
mixture without the additive noise, n(t) is environmental
noise modeled as Gaussian noise, A is an unknown mixing
matrix, and s(t) are the unknown source signals considered
here to comprise the desired cardiac signal and other bio-
logical artifacts. There is no assumption made about the
underlying structure of the mixing matrix and the source
signals, except for their spatial statistical independence. The
objective is to reconstruct the source signals s(t) from the
recorded signals x(t).

[0133] Reconstruction of the source signals s(t) from the
recorded signals x(t) preferably involves pre-filtering x(t) to
optimize the SNR (i.e., maximize the power of s(t) against
that of n(1)). Here, a linear phase filter can be used to
minimize time-domain dispersion (tails and ringing) and
best preserve the underlying cardiac signal morphology. It is
noted that the notation x(t) is substituted for the pre-filtered
version of x(t).

[0134] An estimate of the spatial covariance matrix R is
formed as shown immediately below. This step serves to
enhance the components of the signal that are mutually
correlated and downplays incoherent noise.

x1(0)
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-continued
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[0135] Eigenvalues and eigenvectors of the covariance
matrix R may be determined using singular value decom-
position (SVD). By definition, the SVD factors R as a
product of three matrices R=USV?, where U and V are
orthogonal matrices describing amplitude preserving rota-
tions, and S is a diagonal matrix that has the squared
eigenvalues o; . . . 0 on the diagonal in monotonically
decreasing order. Expanded into elements, this SVD may be
expressed as follows.
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[0136] The columns of matrix V consist of eigenvectors
that span a new coordinate system wherein the components
coming from different sources are orthogonal to one another.
Eigenvalues o, . .. o, correspond respectively to columns 1
...k of V. Each eigenvalue defines the signal “power” along
the direction of its corresponding eigenvector. The matrix V
thus provides a rotational transformation of x(t) into a space
where each separate component of x is optimally aligned, in
a least-squares sense, with a basis vector of that space.

[0137] The largest eigenvalues correspond to the highest
power components, which typically represent the mixed
source signals y;(t), . . ., y(t). The lower eigenvalues
typically are associated with additive noise n,(t), . . ., oy (D)
Each eigenvector may then be viewed as an optimal linear
operator on X that maximizes the power of the corresponding
independent signal component. As a result, the transformed
signal is found as:

[0138] The component estimates §.(t), . . . , §,.(t) of t;(1),

., ¥m(t) are aligned with the new orthogonal system of
coordinates defined by eigenvectors. As a result, they should
be orthogonal to each other and thus independent.

[0139] In an alternative implementation, eigenvalues and
eigenvectors of the covariance matrix R may be determined
using eigenvalue decomposition (ED). By definition, the ED
solves the matrix equation RV=SV so that S is a diagonal
matrix having the eigenvalues o, . . . oy on the diagonal,
preferably in monotonically decreasing order, and so that
matrix V contains the corresponding eigenvectors along its
columns. The resulting eigenvalues and associated eigen-
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vectors may be applied in similar manner to those resulting
from the SVD of covariance matrix R.

[0140] In an alternative implementation, eigenvalues and
eigenvectors are computed directly from x(t) by forming a
rectangular matrix X of k sensor signals collected during a
time segment of interest, and performing an SVD directly
upon X. The matrix X and its decomposition may be
expressed as follows.

XY x() xi;) - % lr)

X0 || %) x2(2) - x(r7) T
. . . . =UsV

D A1) x () - x (1)

[0141] Note that in cases where T>k, a so-called
“economy-size” SVD may be used to find the eigenvalues
and eigenvectors efficiently. Such an SVD may be expressed
as follows, expanded into elements.

X = Usv
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[0142] A similar economy-sized SVD may also be used

for the less typical case where k>T. The matrices S and V
resulting from performing the SVD of data matrix X may be
applied in the context of this present invention identically as
the matrices S and V resulting from performing the SVD on
the covariance matrix R.

[0143] At this point, the mutual separation of §,(t), . . .,
§..(t) would be completed, based on the covariance statis-
tics. Occasionally, information from covariance is not suf-
ficient to achieve source independence. This happens, for
example, when the cardiac signal is corrupted with electro-
cautery, which may cause perturbations from the linearly
additive noise model. In such a case, Independent Compo-
nent Analysis (ICA) can be used to further separate the
signals.

[0144] The ICA seeks to find a linear transformation
matrix W that inverts the mixing matrix A in such manner as
to recover an estimate of the source signals. The operation
may be described as follows.

[0145] Here we substitute s(t) for the recovered estimate
of the source signals. The signal vector y(t) corresponds to
either the collected sensor signal vector x(t) or to the signal
$(t) separated with PCA. The matrix W is the solution of an
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optimization problem that maximizes the independence
between the components s,(t), . . ., s,,(t) of s(t)=Wy(t). We
treat the components of s(t) as a vector of random variables
embodied in the vector notation s, so that the desired
transformation would optimize some cost function C(s)=C(
[s4(1), - - ., s,,(1)]) that measures the mutual independence of
these components. Given the joint probability density func-
tion (pdf) f(s) and the factorized pdf (s)=f,(s))f, (s,) . . .
£ _(s,), or given estimates of these pdfs, we may solve the
following.

minCls) = min f Df(s). Fis)ds

[0146] The function Dif(s), (s)) may be understood as a
standard distance measure generally known in the art, such
as for example an absolute value difference |f(s)-F(s)-K(s)|,
Euclidean distance (f(s)-f(s), or p-norm {f(s)-f(s)*. The
distance measure approaches zero as f(s) approaches i(s),
which by the definition of statistical independence, occurs as
the components of s approach mutual statistical indepen-
dence.

[0147] In an alternative implementation, the distance mea-
sure may take the form of a Kullback-Liebler divergence
(KLD) between f(s) and i(s), yielding cost function optimi-
zations in either of the following forms.

{(S) ds
S

minC(s) :minff(s)log—
v w 1)

or
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[0148] Since the KILD is not symmetric, the two alterna-
tive measures are related but not precisely equal. One
measure could be chosen, for example, if a particular
underlying data distribution favors convergence with that
measure.

[0149] Several alternative approaches may be used to
measure the mutual independence of the components of s.
These may include the maximum likelihood method, maxi-
mization of negentropy or its approximation, and minimi-
zation of mutual information.

[0150] In the maximum likelihood method, the desired
matrix W is found as a solution of the following optimiza-
tion problem,

logf:(s;(z;)) + TlogldetW| =
i=1

max
w

.M\’

7

T m

H}f}XZ Z logfi (W] y(¢;)) + TlogldetW|

=1L

[0151] where w; are columns of the matrix W. In the
negentropy method, the cost function is defined in
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terms of differences in entropy between s and a
corresponding Gaussian random variable, resulting
in the following optimization problem,

mﬁX{H(Sgaum) -H@) =

5{= [ 15 08 S M + [ o)

[0152] where H(s) is the entropy of random vector s, and
S is a Gaussian random vector chosen to have a cova-

gauss

riance matrix substantially the same as that of s.

[0153] Inthe minimization of mutual information method,
the cost function is defined in terms of the difference
between the entropy of s and the sum of the individual
entropies of the components of s, resulting in the following
optimization problem

nvlvm{—zl f Flsilogf (si)ds + f f(S)logf(SMS}

[0154] All preceding cost function optimizations having
an integral form may be implemented using summations by
approximating the underlying pdf’s with discrete pdf’s, for
example as the result of estimating the pdf using well-known
histogram methods. We note that knowledge of the pdf, or
even an estimate of the pdf, can be difficult to implement in
practice due either to computational complexity, sparseness
of available data, or both. These difficulties may be
addressed using cost function optimization methods based
upon kurtosis, a statistical parameter that does not require a
pdf.

[0155] In an alternative method a measure of indepen-
dence could be expressed via kurtosis, equivalent to the
fourth-order statistic defined as the following for the i
component of s
kun(s)=E{s"}-3E{s’})

[0156] In this case W is found as a matrix that maximizes
kurtosis of s=Wy over all the components of s (understand-
ing y to be a vector of random variables corresponding to the
components of y(t)). In all the previous examples of ICA
optimization the solution W could be found via numerical
methods such as steepest descent, Newton iteration, etc.,
well known and established in the art. These methods could
prove numerically intensive to implement in practice, par-
ticularly if many estimates of statistics in s must be com-
puted for every iteration in W.

[0157] Computational complexity can be addressed by
several means. To begin, the ICA could be performed on the
PCA-separated signal y(t) with the dimensionality reduced
to only the first few (or in the simplest case, two) principal
components. For situations where two principal components
are not sufficient to separate the sources, the ICA could still
be performed pairwise on two components at a time, sub-
stituting component pairs at each iteration of W (or group of
iterations of W).

[0158] In oneexample, a simplified two-dimensional ICA
may be performed on the PCA separated signals. In this case,

14
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a unitary transformation could be found as a Givens rotation
matrix with rotation angle 0,

cosf  sind ]

—sinf cosd

wie) :(

[0159] where s(t)=W(0)y(t). Here W(6) maximizes the
probability distribution of each component along the basis
vectors, such that the following is satisfied.

T
0= argmgax; logf(s() | &)

[0160] This optimal rotation angle may be found by rep-
resenting vectors y(t) and s(t)

= OB (p e V)= OB (s, +i8,) e ia ™ +1c04)
[0161] as complex variables in the polar coordinate form
y=y,+iy,=pe'?, s=s,+is,=pe'? and finding the relationships
between their phase angles ¢,9":p=¢'+0, where 6 is the
rotation that relates the vectors. Then, the angle 0 may be

found from the fourth order-statistic of a complex variable
E, where k® is kurtosis of the signal s(t).

[0162] By definition, source kurtosis is unknown, but may
be found based on the fact that the amplitude of the source
signal and mixed signals are the same.

[0163] As a result, 40=Esign(¥)

with y=E[p*]-8=K o +Ko,® and pP=s, s, "=y, +y,”

[0164]

In summary, the rotation angle can be estimated as:

1 X
0= Zangle(fsign(i/)) where
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[0165] After the pre-processing step, the cardiac signal is
normally the first or second most powerful signal. In addi-
tion, there is usually in practice only one source signal that
is temporally white. In this case, rotation of the two-
dimensional vector y=y,+y,=pe'? is all that is required. In
the event that more than two signals need to be separated, the
Independent Component Analysis process may be repeated
in pair-wise fashion over the m(m-1)/2 signal pairs until
convergence is reached, usually taking about (1+m) itera-
tions.

[0166] APIMD that implements the above-described pro-
cesses may robustly separate the cardiac signal from a low
SNR signal recorded from the implantable device. Such a
PIMD robustly separates cardiac signals from noise to allow
for improved sensing of cardiac rhythms and arrhythmias.

[0167] The system operates by finding a combination of
the spatially collected low SNR signals that makes cardiac
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signal and noise orthogonal to each other (independent).
This combination achieves relatively clean extraction of the
cardiac signal even from negative SNR conditions.

[0168] A PIMD may operate in a batch mode or adap-
tively, allowing for on-line or off-line implementation. To
save power, the system may include the option for a hier-
archical decision-making routine that uses algorithms
known in the art for identifying presence of arrhythmias or
noise in the collected signal and initiating the methods of the
present invention.

[0169] Various modifications and additions can be made to
the preferred embodiments discussed hereinabove without
departing from the scope of the present invention. Accord-
ingly, the scope of the present invention should not be
limited by the particular embodiments described above, but
should be defined only by the claims set forth below and
equivalents thereof.

What is claimed is:
1. A signal separation method, comprising:

sensing, at least in part implantably, a plurality of com-
posite signals using a plurality of cardiac electrodes;

performing a source separation using the detected plural-
ity of composite signals, the source separation produc-
ing a plurality of vectors,

identifying, for each vector of the plurality of vectors, a
signal from the detected plurality of composite signals;

selecting one vector from the plurality of vectors as a
selected vector based on a selection criterion; and

using the signal associated with the selected vector.

2. The method of claim 1, wherein the selection criterion
comprises detection of a cardiac signal.

3. The method of claim 1, wherein the selection criterion
comprises detection of a cardiac signal using a local rate of
occurrence of significant points in the identified signals,
wherein the local rate of occurrence is within a predeter-
mined range.

4. The method of claim 1, wherein the selection criterion
comprises identifying a cardiac signal using a morphology
of the identified signals.

5. The method of claim 1, wherein the selection criterion
comprises identifying a cardiac signal using a local peak
density of the identified signals, wherein the local peak
density is within a predetermined range.

6. The method of claim 1, wherein the selection criterion
comprises identifying a cardiac signal using a beat detection
of the identified signals, wherein a beat rate is within a
predetermined range.

7. The method of claim 1, wherein the selection criterion
comprises finding a noise signal.

8. The method of claim 1, further comprising band-pass
filtering the sensed plurality of composite signals.

9. The method of claim 1, further comprising iteratively
separating signals from the detected plurality of composite
signals until a cardiac signal is identified.

10. The method of claim 1, wherein the detected plurality
of composite signals comprise a cardiac signal and at least
one non-cardiac signal.

11. The method of claim 1, wherein performing the source
separation comprises performing blind source separation.
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12. The method of claim 1, wherein the source separation
comprises a principal component analysis.

13. The method of claim 12, wherein the principal com-
ponent analysis includes a singular value decomposition.

14. The method of claim 1, wherein the source separation
comprises an independent component analysis.

15. The method of claim 1, wherein the source separation
comprises a principal component analysis and an indepen-
dent component analysis.

16. The method of claim 1, further comprising forming an
estimate of a spatial covariance matrix for a composite
signal matrix formed from the detected plurality of com-
posite signals.

17. The method of claim 16, further comprising perform-
ing a principal component analysis on the estimate of the
spatial covariance matrix to produce a set of singular values
and associated singular vectors.

18. The method of claim 17, wherein an eigenvector of the
associated eigenvectors that is associated with a largest
magnitude singular value of the set of singular values is used
to separate a cardiac signal from the detected plurality of
composite signals.

19. The method of claim 18, wherein signals are itera-
tively separated from the detected plurality of composite
signals using a next-largest magnitude singular value of the
set of singular values for each iteration, until a cardiac signal
is separated from the detected plurality of composite signals.

20. A signal separation method, comprising:

sensing, at least in part implantably, a plurality of com-
posite signals at a plurality of locations,

performing source separation on the detected plurality of
composite signals to produce a set of signal vectors;

selecting, from the set of signal vectors, a target vector
associated with a target signal; and

updating selection of the target vector by performing a
subsequent source separation on the detected plurality
of composite signals.

21. The method of claim 20, wherein the target vector is
selected at least in part by identifying the target signal as a
cardiac signal.

22. The method of claim 20, wherein the target vector is
selected at least in part by identifying the target signal as a
cardiac signal using a local rate of occurrence of significant
points in the target signal, wherein the local rate of occur-
rence is within a predetermined range.

23. The method of claim 20, wherein the target vector is
selected at least in part by identifying the target signal as a
cardiac signal using a morphology of the target signal.

24. The method of claim 20, wherein the target vector is
selected at least in part by identifying the target signal as a
cardiac signal using a local peak density of the target signal,
wherein the local peak density is within a predetermined
range.

25. The method of claim 20, wherein the target vector is
selected at least in part by identifying the target signal as a
cardiac signal using beat detection on the target signal,
wherein a beat rate is within a predetermined range.

26. The method of claim 20, wherein updating the target
vector is performed in response to detection of a pathologic
change.
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27. The method of claim 20, wherein updating the target
vector is performed in response to a change in orientation of
a patient-internal medical device.

28. The method of claim 20, wherein updating the target
vector is performed in response to exceeding an arrhythmia
detection rate zone or threshold.

29. The method of claim 20, wherein updating the target
vector is performed in response to patient activity level.

30. The method of claim 20, wherein updating the target
vector is performed in response to detection of a postural
change.

31. The method of claim 20, wherein updating the target
vector is performed in response to detection of a therapy
change.

32. The method of claim 20, wherein the target vector is
updated in response to detection of an activation stimulus.

33. The method of claim 20, wherein the target vector is
updated periodically.

34. The method of claim 20, wherein updating the target
vector is performed in response to a change of a signal to
noise ratio of the target signal.

35. The method of claim 20, further comprising band-pass
filtering the detected plurality of composite signals.

36. The method of claim 20, further comprising forming
an estimate of a spatial covariance matrix for the detected
plurality of composite signals.

37. The method of claim 20, further comprising perform-
ing a principal component analysis on the spatial covariance
matrix for the detected plurality of composite signals.

38. The method of claim 20, further comprising perform-
ing an independent component analysis on the detected
plurality of composite signals.

39. The method of claim 20, further comprising perform-
ing a principal component analysis and an independent
component analysis on the detected plurality of composite
signals.

40. A cardiac system, comprising:

a plurality of electrodes, each electrode configured for
sensing a composite signal, thereby providing a plural-
ity of composite signals;

a housing configured for implantation in a patient;
a controller provided in the housing;
a memory configured to store a target vector; and

a signal processor configured to receive the plurality of
composite signals and perform a source separation
algorithm that separates a target signal from the plu-
rality of composite signals using the target vector,
wherein the signal processor is further configured to
update the target vector stored in the memory by
performing a subsequent source separation.

41. The system of claim 40, wherein the signal processor

and the memory are provided in the housing.

42. The system of claim 40, wherein the signal processor
is provided in a patient-external device or system, the signal
processor and the controller coupled to respective commu-
nication devices to facilitate wireless communication
between the signal processor and controller.

43. The system of claim 40, wherein the signal processor
is provided in a network server system, the signal processor
and the controller coupled to respective communication
devices to facilitate wireless communication between the
signal processor and controller.
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44. The system of claim 40, wherein the signal processor
iteratively separates target signals from the plurality of
composite signals using different target vectors, until the
target vector that provides a cardiac signal is identified.

45. The system of claim 40, wherein the signal processor
comprises a filter configured to filter the plurality of com-
posite signals prior to separating the target signal.

46. The system of claim 40, wherein the signal processor
comprises a filter configured to band-pass filter the plurality
of composite signals prior to separating the target signal.

47. The system of claim 40, wherein the signal processor
forms an estimate of a spatial covariance matrix for the
plurality of composite signals.

48. The system of claim 40, wherein the signal processor
performs a principal component analysis on the spatial
covariance matrix for the plurality of composite signals used
to separate the target signal from the plurality of composite
signals.

49. The system of claim 40, wherein the signal processor
detects a cardiac condition using the separated target signal.

50. The system of claim 40, further comprising a lead
configured for subcutaneous non-intrathoracic placement in
a patient and coupled to the signal processor, wherein at least
some of the plurality of electrodes are supported by the lead.

51. The system of claim 40, wherein the housing com-
prises a header configured for coupling a lead to the housing,
and at least one of the plurality of electrodes is provided on
the header.

52. The system of claim 40, further comprising a lead
coupled to the signal processor, wherein at least some of the
plurality of electrodes are supported by the lead.

53. The system of claim 40, further comprising an antenna
coupled to the controller, the antenna configured to receive
a patient-externally generated signal.

54. The system of claim 53, wherein the antenna is further
configured as one or more of the plurality of electrodes.

55. The system of claim 40, wherein at least one of the
plurality of electrodes is disposed in or on the housing and
configured as a can electrode.

56. The system of claim 55, wherein the can electrode is
configured to extend between at least a portion of a front
surface of the housing and at least a portion of a rear surface
of the housing.

57. The system of claim 40, wherein at least two of the
plurality of electrodes are disposed in or on the housing and
configured as can electrodes.

58. The system of claim 40, wherein the plurality of
electrodes comprises at least four electrodes, wherein one of
the at least four electrodes does not lie in the same plane as
the other of the at least four electrodes.

59. The system of claim 40, wherein the signal processor
is configured to perform a blind source separation algorithm.

60. The system of claim 40, wherein the memory is
configured to store ECG signals.

61. An implantable cardiac device, comprising:

means for subcutaneously detecting a plurality of com-
posite signals produced by a plurality of sources;

means for performing source separation using the
detected plurality of composite signals;

means for separating a target signal from the detected
plurality of composite signals using a target vector
determined from the source separation; and

means for updating the target vector.
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62. The device of claim 61, wherein the separating means
performs a principal component analysis on the detected
plurality of composite signals.

63. The device of claim 61, wherein the separating means
produces a set of eigenvalues and associated eigenvectors,
and an eigenvector with a largest magnitude eigenvalue is
used for separating the target signal from the detected
plurality of composite signals.

64. The device of claim 61, wherein the separating means
iteratively separates the target signal from the detected
plurality of composite signals using a next-largest magni-
tude eigenvalue for each iteration, until a cardiac signal is
separated from the detected plurality of composite signals.

65. The device of claim 61, further comprising means for
identifying the separated target signal as a cardiac signal.

66. The device of claim 65, further comprising means for
detecting a cardiac condition using the cardiac signal.

67. The device of claim 66, further comprising means for
treating the cardiac condition.

68. A method, comprising:

receiving a plurality of signals from a plurality of elec-
trodes configured to detect cardiac activity; and

mathematically reconstructing an electrocardiogram vec-
tor corresponding to a signal having a largest cardiac
signal-to-noise ratio using a linear combination of the
plurality of signals.
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69. The method of claim 68, further comprising band-pass
filtering the received plurality of signals.

70. The method of claim 68, wherein mathematically
reconstructing the electrocardiogram vector comprises per-
forming blind source separation.

71. The method of claim 68, wherein mathematically
reconstructing the electrocardiogram vector comprises a
principal component analysis.

72. The method of claim 68, wherein the principal com-
ponent analysis includes a singular value decomposition.

73. The method of claim 68, wherein mathematically
reconstructing the electrocardiogram vector comprises an
independent component analysis.

74. The method of claim 68, wherein mathematically
reconstructing the electrocardiogram vector comprises a
principal component analysis and an independent compo-
nent analysis.

75. The method of claim 68, further comprising forming
an estimate of a spatial covariance matrix for a signal matrix
formed from the detected plurality of signals.

76. The method of claim 75, further comprising perform-
ing a principal component analysis on the estimate of the
spatial covariance matrix to produce a set of singular values
and associated singular vectors.
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