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Description
TECHNICAL FIELD

[0001] The disclosure relates generally to implantable
medical devices and, in particular, to a system for mon-
itoring cardiac pulsatility.

BACKGROUND

[0002] Implantable cardioverter defibrillators (ICDs)
typically sense intracardiac EGM signals for detecting
arrhythmias. Ventricular tachycardia (VT) and fibrillation
(VF) are detected by analyzing cardiac intervals, some-
times in conjunction with EGM signal morphology anal-
ysis. When VT or VF is detected, the heart may be car-
dioverted or defibrillated using one or more high voltage
shocks. A shock may be delivered immediately when the
detected arrhythmia is considered to be a potentially le-
thal arrhythmia. A shock may be delivered after less ag-
gressive pacing therapies are attempted first and are un-
successful in terminating VT.

[0003] A shock is painful to the patient and uses con-
siderable battery energy. The avoidance of unnecessary
shocks is important in preventing undue pain to the pa-
tient and to conserve battery longevity of the implanted
device. An unnecessary shock may be delivered, for ex-
ample, when VT or VF is falsely detected due to over-
sensing of non-cardiac signals, T-wave oversensing, or
when a supraventricular tachycardia (SVT) is falsely de-
tected as VT or VF. A need remains, therefore, for re-
ducing the number of unnecessary shocks delivered by
ICDs.

[0004] US 2006/036288 and US 2007/299477 teach
delivery of defibrillation shocks.

SUMMARY OF THE INVENTION

[0005] The invention provides a system according to
claim 1. Preferred embodiments are defined in the de-
pendent claims. The methods disclosed herein do not
form part of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006]

Figure 1 is a schematic diagram of a medical device
system in which monitoring methods disclosed here-
in may be implemented.

Figure 2 is a functional block diagram of one embod-
iment of a medical device system providing wireless
transimpedance monitoring.

Figure 3 is a functional block diagram of the process-
ing of a transimpedance signal for use in determining
a pulsatility metric.

Figure 4A is a time-based plot of a voltage signal
used for monitoring tissue pulsatility.
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Figure 4B is a time-based plot of a pulsatility per-
centage computed from the peak amplitude signal
and the moving average signal of the voltage signal
in Figure 4A.

Figure 5 is a flow chart of a method for reducing
unnecessary defibrillation shocks in an ICD patient.
Figure 6 is a time-based plot of a voltage signal
measured using a dipole spaced apart from a trans-
mission dipole via transimpedance for monitoring
pulsatility of a volume of tissue based on changes in
transimpedance.

DETAILED DESCRIPTION

[0007] In the following description, references are
made to illustrative embodiments. It is understood that
other embodiments may be utilized without departing
from the scope of the disclosure. In some instances, for
purposes of clarity, similar reference numbers may be
used in the drawings to identify similar elements. As used
herein, the term "module" refers to an application specific
integrated circuit (ASIC), an electronic circuit, a proces-
sor (shared, dedicated, or group) and memory that exe-
cute one or more software or firmware programs, a com-
binational logic circuit, or other suitable components that
provide the described functionality.

[0008] Figure 1 is a schematic diagram of a medical
device system 10 in which monitoring methods disclosed
herein may be usefully practiced. As will be described in
detail, a system and method for wirelessly monitoring
cardiac pulsatility measures a signal correlated to tran-
simpedance using a first dipole located along a first de-
vice and a second dipole located along a second device
that is not electrically wired or mechanically coupled to
the first device. Numerous dipole pair configurations are
possible that variously employ implanted lead-based
electrodes, implanted leadless electrodes incorporated
along the housing of an implantable medical device,
and/or surface (skin) electrodes located externally on the
patients body.

[0009] To illustrate various possible configurations, a
patient 12 is shown having an implantable medical device
(IMD) 14 coupled to a transvenous intracardiac lead 20,
a leadless IMD 18, transvenously depoloyed IMDs 30,
32, and 34, an externally-worn device 40, an external
patch electrode 42, and one or more external limb elec-
trodes, referred to collectively by reference numeral 46,
coupled to an external medical device 44. It is to be un-
derstood that a patient may be provided with any of these
devices and electrodes but not necessarily all of the de-
vices and electrodes shown. The devices and electrodes
shown in Figure 1 are for illustrative purposes only and
the actual components included in a particular medical
device system will vary between embodiments depend-
ing on the particular monitoring application needed for a
given patient. The methods described herein are not lim-
ited to any particular combination of medical devices and
electrodes so long as an electrode configuration is avail-
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able allowing two distinct dipoles, located at spaced apart
body locations, to be used to measure transimpedance.
[0010] "Transimpedance" as used herein refers to the
ratio of a voltage signal measured at a body location by
a measurement dipole to a drive current signal applied
toatransmission dipole located at a body location spaced
apart from the measurement dipole. The measurement
dipole and the transmission dipole are distinct in that no
common electrode is shared between the two dipoles, in
contrast to, for example, a tripolar impedance measure-
ment system in which electrode pairs share a common
ground. The transimpedance is measured through the
intervening volume of conductive body tissue (or fluid)
located between the two dipoles and is therefore a wire-
less measurement through the body tissue since the
measurement dipole is not coupled to a common ground
with the transmission dipole. Changes in transimped-
ance, and resulting changes in voltage at ameasurement
dipole given a known drive current signal, reflect resis-
tivity and volume changes in the tissue volume of interest.
[0011] Transimpedance monitoring using separate
distinct dipoles deployed without being electrically wired
or mechanically coupled to acommon device can be par-
ticularly useful for monitoring changes in deep tissue.
Separate and distinct dipoles allow dipole placement in
a specifically selected tissue volume, which may be high-
ly localized. Use of bipolar or tripolar impedance meas-
urements will always include the polarization effects at
the drive current electrode(s). With no common ground
shared between a transmission dipole and a measure-
ment dipole, the measured signal at the measurement
dipole will be tightly related to the drive signal, providing
a signal highly correlated to the changes in impedance
in the intervening tissue with greater signal content than
impedance signals measured using a bipolar or tripolar
arrangement wherein transmission and measurement
electrodes are electrically tied to a common device.
[0012] Numerous possible transimpedance monitor-
ing configurations are available in the schematic diagram
of Figure 1. The IMD 14 includes a housing electrode 16
which may be used in conjunction with any of the tip elec-
trode 22, ring electrode 24, right ventricular (RV) coil elec-
trode 26 or superior vena cava (SVC) coil electrode 28
to form a dipole used in measuring transimpedance. The
dipole may be a transmission dipole that injects a high-
frequency current signal that does not stimulate excitable
body tissue. Alternatively the dipole may be a measure-
ment dipole that is used to measure the voltage that re-
sults from a drive current signal being conducted through
the conductive fluids presentin body tissue. For example,
a dipole selected using at least one of the electrodes
carried by lead 20 may be used in combination with a
dipole provided on one of the transvenous devices 30,
32 or 34.

[0013] Transvenous devices 30, 32, and 34 are shown
positioned in the left pulmonary artery, abdominal aorta,
and femoral artery, respectively, as examples of possible
implant locations. Transvenous devices 30, 32 and 34
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may be embodied as dedicated transimpedance moni-
toring devices provided with a pair of exposed electrodes
for use in transmitting a non-stimulating drive current sig-
nal or for measuring a voltage signal conducted through
body tissue resulting from a drive current signal injected
by a dipole located at a different body location.

[0014] The transvenous devices 30, 32, and 34 may
additionally include other monitoring functionality and
may include a pressure transducer, an optical transduc-
er, a flow transducer, an acoustical transducer or other
signal transducer used to sense a physiological signal
for monitoring the patient. For example, any of the trans-
venous devices 30, 32, and 34 may be provided as a
wireless blood pressure sensor, blood oxygen sensor,
heart sound sensor, blood flow sensor, or the like. The
transvenous devices 30, 32 and 34 may include an elec-
trode pair used for sensing ECG signals in addition to
being used as a dipole for performing transimpedance
measurements.

[0015] In one embodiment, a transvenous sensor 30,
32 or 34 is provided with a physiological sensor for mon-
itoring a physiological signal other than impedance and
a pair of electrodes used for transmitting a data signal to
another medical device, such as IMD 12, via a body bus
communication. Reference is made to U.S. Pat. No.
4,987,897 (Funke), which generally describes the use of
a body bus communication between medical devices. As
will be described further herein, a data signal transmitted
from an implanted sensing device via a wireless commu-
nication may be used as a drive signal for measuring a
transimpedance signal at receiving dipole of another im-
planted device.

[0016] In another transimpedance monitoring configu-
ration, an extravascular IMD 18 may be provided with an
electrode pair for use as a transmitting or a measurement
dipole. IMD 18 may include electrodes for use in moni-
toring ECG signals of the patient which may additionally
serve as a dipole for transimpedance measurements.
IMD 18 could be used in combination with any of the lead-
based electrodes 22, 24, 26 or 28 or housing electrode
16 associated with IMD 14 selected in a dipole pair or
with a dipole available on any of the transvenous IMDs
30, 32, or 34.

[0017] In addition to implantable electrodes, external
electrodes may be used in as one dipole for measuring
transimpedance. For example, wearable device 40 may
be provided with a pair of electrodes in contact with the
patient’s skin, e.g., in a wearable "wrist-watch" type of
device, that may be used as a dipole for either transmit-
ting a drive current or for measuring a voltage signal
through body tissue resulting from a drive currentinjected
by a different dipole at another body location. A wearable
wrist-watch type of device may be provided with one elec-
trode in contact with the skin of the wrist and the other
contacted by the digits of the opposing hand. Such a
dipole can be used to measure a voltage signal corre-
sponding to a relatively global transimpedance in re-
sponse to an injected drive signal at another body loca-
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tion.

[0018] Alternatively, a surface electrode in the form of
a patch electrode 42 may be used with a second surface
patch electrode (not shown) or a limb contact electrode
46 to form a dipole pair for use in transimpedance meas-
urements. Depending on the positioning of external sur-
face electrodes, a patient may be instructed to hold a
limb contact electrode 46 in proximity to a surface patch
electrode 42 to form a dipole pair in close proximity to
each other.

[0019] In some embodiments, both the transmitting
and the measurement dipole pairs may be configured as
external electrodes only with a transimpedance meas-
urement signal received by an external monitoring device
44 for analysis and use in a diagnostic algorithm. Alter-
natively the external device 44 may transmit the transim-
pedance signal to an implanted device, such as IMD 14,
for use in detecting physiological conditions or events
and in controlling a device-delivered therapy. A transim-
pedance signal measured using an external dipole con-
figuration may also be transmitted to an internal device
via a body bus communication or radiofrequency com-
munication.

[0020] In other embodiments, an external dipole may
provide a drive signal for injecting current that is conduct-
ed through a volume of body tissue and the resulting
voltage is measured at an implanted dipole pair using
any of the implanted devices shown in Figure 1. In this
case, the power source used to generate the drive current
is an external power source and not an additional drain
on the battery of an implanted device. After transimped-
ance monitoring is completed, external electrodes may
be removed and information about a patient’s condition
learned from the transimpedance signal data may be
used in programming therapies delivered by an implant-
ed device.

[0021] The various devices or electrodes shown in Fig-
ure 1 are positioned at body locations such that two dis-
tinct dipole pairs are positioned at spaced apart locations
with a volume of body tissue of interest for transimped-
ance monitoring positioned between the dipoles. The di-
poles may be positioned close together to obtain a rela-
tively localized measurement of transimpedance or sep-
arated by a greater distance to obtain a more global
measurement of transimpedance. For example, two di-
poles positioned relatively close together can be posi-
tioned on either side and along a small artery to monitor
pulse profile of the artery. A larger spacing between di-
poles can be used to obtain relatively more global meas-
urements, e.g. relating to respiration monitoring. The
spacing between dipoles may range from a few millime-
ters to several feet depending on the monitoring applica-
tion.

[0022] In a general sense, a voltage signal strength at
the measurement dipole will relate positively to the trans-
mitted drive current and intra-dipole spacing (electrode
separation within each dipole), and negatively relates to
inter-dipole spacing (distance between the transmitting
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dipole and the measurement dipole). Local pulsatility
monitoring can be conducted with dipoles having close
intra-dipole and inter-dipole spacing. In this configura-
tion, the intra-dipole spacings can be in the range of a
few millimeters to tens of millimeters, e.g. approximate
2 mm to approximately 1 cm. The inter-dipole spacing
can be in the range of a few millimeters to a few centim-
eters, e.g. in the range of approximately 3 mm to approx-
imately 10 centimeters. The dipoles can be aligned with
each other to maintain an adequate drive current in the
micro-ampere to few milliamperes range.

[0023] For more global pulsatility measurements, e.g.
through the patient’s torso, larger inter-dipole spacing is
needed. In order to maintain adequate signal strength
for relatively more global measurements, a relatively
stronger drive currentand/or a larger intra-dipole spacing
is needed. If the drive current signal is in the range of a
few milliamperes, an intra-dipole spacing ranging from
approximately 2 centimeters to approximately 100 cen-
timeters is expected to provide adequate signal strength,
depending in part on the electrical properties of the in-
tervening tissue, for obtaining a global pulsatility meas-
urement.

[0024] Each electrode on each dipole is provided with
a surface area large enough to ensure a low current den-
sity level during drive current transmission for stimulation
avoidance. For intermittent injection of an alternating
drive current having an amplitude in the milli-ampere
range and afrequency in the kilohertzrange, an electrode
surface area of a few square millimeters will be sufficient,
e.g. approximately 10 square millimeters or more. The
electrode surface area needed to prevent tissue stimu-
lation will vary between embodiments depending on sur-
rounding tissue type and other factors.

[0025] The various ranges and distances described in
the foregoing examples relating to electrode size and
spacing between and within dipoles are intended to be
illustrative, without limitation. Practice of the methods de-
scribed herein are not limited to any particular range of
inter-dipole spacing, intra-dipole spacing and electrode
size as these specifications will be selected as appropri-
ate for a particular monitoring application.

[0026] In one embodiment, the dipoles are positioned
to include a portion of the heart therebetween to allow
transimpedance measurements of cardiac tissue to be
measured. In other embodiments, the dipoles may be
positioned within a blood vessel or heart chamber such
that transimpedance measurements of a volume of blood
between the dipoles can be monitored. In still other em-
bodiments, a volume of muscle tissue, nerve tissue (in-
cluding brain or spinal cord), or other organs may be mon-
itored.

[0027] Figure 2 is a functional block diagram of one
embodiment of a medical device system providing wire-
less transimpedance monitoring. The system 100 in-
cludes two medical devices 110 and 150 capable of wire-
less bidirectional communication via a body bus. Each
device 110 and 150 is provided with at least one pair of
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electrodes 116 and 156, respectively, used for transmit-
ting and receiving communication data. The electrodes
are also used as a dipole for wirelessly monitoring tran-
simpedance in a portion of a patient’s body.

[0028] In some embodiments, one device 110 func-
tions as a master device and the other device150 func-
tions as a supporting device that responds to requests
for data from the master device 110. In other embodi-
ments, both devices 110 and 150 may make a data re-
quest with the other device responding to such requests.
Forillustrative purposes, the following functional descrip-
tion of system 100 describes the device 110 functioning
as a master device capable of requesting data from the
supporting device 150 with the supporting device 150
functioning as a physiological monitor for acquiring data
about a patient condition.

[0029] Master device 110 includes a control module
112, which may be a microprocessor and associated
memory, a state machine, or other appropriate circuitry
for performing operations and algorithms that control the
various functions of device 110. Control 112 may issue
a data request by generating transmission data 114 that
specifies the type of data being requested from support-
ing device 150 and any transmission instructions. This
transmission data is transmitted from the master device
110 to the supporting device 110 via a body bus commu-
nication using electrodes 116.

[0030] Supporting device 150 receives the transmis-
siondata via electrodes 156. The receive waveform block
158 is coupled to the electrodes for receiving the analog
transmission data and may amplify and filter the analog
waveform and perform analog-to-digital conversion of
the waveform. The received waveform undergoes signal
extraction at block 160 to determine what data is being
requested and any other data transmission instructions.
[0031] If additional physiological signal datais required
that has not already been acquired by the supporting
device, physiological signals may be sensed by sensing
block 164. The electrodes 156 may be used as meas-
urement electrodes for monitoring a transimpedance sig-
nal. In some embodiments, the electrodes 156 may be
used for sensing EGM, ECG, EEG or EMG signals when
physiological sensing is required. Additionally or alterna-
tively, other physiological signal sensors may be included
in device 150 for sensing pressure, flow, oxygen satura-
tion, or any of the other types of physiological signals
listed herein.

[0032] Data packets are assembled at block 162 for
signal transmission back to the master device 110 ac-
cording to the instructions extracted from the received
transmission request. The data packets may include raw
physiological signal data or processed signal data. The
control module 152 receives the data packets and gen-
erates the transmission data 154 to be sent back to mas-
ter device 110 in accordance with the data request in-
structions. The transmission data is transmitted via elec-
trodes 156 through a body bus communication pathway
to the master device 110.
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[0033] The masterand supportingdevices may be con-
figured to monitor a transimpedance signal in a variety
of ways. In one embodiment, the master device injects
a drive current signal via electrodes 116. The supporting
device measures the resulting voltage using electrodes
156 and the analog voltage signal is received at block
158 for amplification and filtering. The analog voltage sig-
nal may be used directly or further analyzed using the
known current drive signal to compute a transimpedance
signal. The voltage signal (or a computed transimped-
ance signal) may be analyzed by signal extraction block
160 and processed transimpedance data may be assem-
bled in data packets at block 162 for transmission back
to the master device 110.

[0034] In another embodiment, master device 110
transmits a request to supporting device 150 for a drive
current signal to enable master device 100 to perform
transimpedance measurements. In this case, the sup-
porting device 150 responds to the request by injecting
a drive current signal using electrodes 156. A resulting
voltage signal measured at electrodes 116 by the master
device 110 is received at block 118 and processed by
signal extraction block 120 to determine transimpedance
information at block 124.

[0035] Alternatively, the supporting device 150 may be
transmitting a data signalrelating to a physiological signal
monitored by supporting device 150, such as a pressure,
flow, or other signal. The data signal is transmitted via
electrodes 156 to master device 110, on a continuous or
periodic basis or upon request from master device 110.
The data signal being transmitted may be a raw physio-
logical signal or processed physiological data. The trans-
mitted data signal can additionally serve as the injected
drive current signal for measuring transimpedance. As
such, whenever master device 110 receives adata signal
waveformfrom supporting device 150, master device 110
may additionally measure the transimpedance signal by
measuring the voltage signal at electrodes 116 and com-
puting the transimpedance. A communication data pack-
et can include information on the drive current signal in-
jected by the supporting device to enable computation
of the transimpedance signal from the voltage signal.
[0036] In this way, data transmission from supporting
device 150 provides physiological data needed by master
device 110 for detecting events and/or making therapy
delivery decisions and provides a drive signal for moni-
toring transimpedance by master device 110. Supporting
device may be a wireless physiological sensor implanted
intra- or extravascularly, remotely from the master device
110. The master device 110 may be an ICD, pacemaker,
drug pump or other therapy delivery device.

[0037] A receive waveform block 118 in master device
110 may provide analog amplification and filtering and
analog-to-digital conversion of a received signal. Signal
extraction block 120 extracts physiological signal infor-
mation from the digitized signal. Data packets are as-
sembled at block 122 from the extracted signal for use
by control module 112. These data packets include the
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physiological data acquired by the supporting device 150
and may include other device- or communication-related
data.

[0038] Transimpedance signal block 124 determines
the transimpedance signal from the received waveform.
When a data communication signal is used as the drive
signal for performing transimpedance measurements,
the transimpedance signal block may include a number
of processing steps for extracting signal variation caused
by pulsatile changes in the resistivity and conductance
of the body tissue from the data communication carrier
signal.

[0039] Numerous methods may be used for extracting
the desired transimpedance-related signal. In one em-
bodiment, a phase locked loop (PLL) or frequency locked
loop (FLL) can be employed to lock into a carrier frequen-
cy of the data communication transmission signal. A mul-
tiplier block (not shown explicitly) multiplies the incoming
signal with a reference signal and a 90 degree phase-
shifted reference signal from the PLL or FLL (fixed am-
plitude). This process will shift the transimpedance-relat-
edinformation to baseband providing in-phase and quad-
rature components. Alow-pass filter will expose the phys-
iologic variations on the data transmission transimped-
ance signal. A magnitude operation using in-phase and
quadrature components will provide a transimpedance
related magnitude signal. An arctangent of division of
quadrature to in-phase component operation will give a
phase signal.

[0040] In an alternative technique, a narrow-band filter
centered around the data transmission carrier frequency
can provide a signal that when amplified, rectified with a
diode, and RC low-pass filtered will provide a transim-
pedance-related magnitude signal.

[0041] Eventdetection block 126 is a processing block
which may use the physiological data packets 122 from
supporting device 150, transimpedance data from block
124, and any other physiological data acquired by the
master device 110 to detect physiological conditions or
events. Therapy module 130 delivers a therapy as need-
ed in response to event detection block 126 and under
the control of control module 112.

[0042] Figure 3 is a functional block diagram 200 of
the processing of a transimpedance signal for use in de-
termining a pulsatility metric. One purpose of monitoring
transimpedance is for verifying a pulsatile signal as evi-
dence of tissue perfusion or heart function. At block 202,
a voltage signal resulting from an injected drive current
signal at a first dipole is measured using a second dipole
spaced apart from the first dipole. The voltage signal may
be amplified by an analog amplifier at block 204 and then
filtered at block 206. Filter 206 may be a low pass or
bandpass filter having a pass band corresponding to a
cardiac pulsatility frequency range, e.g. a pass band of
approximately 0.5 Hz to approximately 10 Hz, though
other narrower or wider ranges may be used. A lower cut
off frequency may be selected to remove or reduce res-
piration noise from the impedance signal.
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[0043] In some embodiments, the voltage signal is
used directly without computing transimpedance, e.g.
when the current drive signal is a fixed signal, e.g. a 100
KHz sine wave. In other embodiments, transimpedance
is computed from the measured voltage signal and the
known drive signal. In particular, when the drive signal
is a time varying signal such as a body bus data commu-
nication signal, the known carrier signal information can
be used in asignal extraction process as described above
for obtaining a pulsatile voltage signal correlated to pul-
satile changes in transimpedance in the tissue.

[0044] The filtered signal is provided as input to a mov-
ing average block 208 which computes a moving average
of the filtered signal over a selected time window. For
example, the moving average time window may be in the
range of approximately 2 seconds to approximately one
minute or more. In one embodiment, a moving average
of the voltage signal is computed over approximately 4
seconds. The moving average time window is selected
to be long enough to allow a change in pulsatility asso-
ciated with a monitored condition or event of interest to
occur within the time window.

[0045] The filtered signal output of block 206 is re-
ceived as input to a rectifier block 210. Rectifier 210 pro-
vides a rectified signal to a peak track and hold block
212, which tracks and holds a peak amplitude of the rec-
tified signal. The peak track and hold block 212 holds the
value of a detected peak amplitude for a selected hold
interval. The selected hold intervalis a portion of the mov-
ing average window to allow a change in pulsatility rela-
tive to the moving average to be detected with a desired
time resolution. The desired time resolution will depend
on the type of condition being monitored. For example,
if pulsatility is being monitored for use in verifying a need
for delivering a cardiac shock from an ICD, the change
in pulsatility due to the onset of fibrillation will likely occur
within a short time interval of one second or less. For this
type of application, the peak hold interval may be approx-
imately 1 to 2 seconds and the moving average window
may be approximately 2 to 4 seconds, for example. In
other applications where a change in pulsatility occurs
more gradually over a longer period of time, the moving
average window and the peak hold window may be se-
lected to be appropriately longer intervals.

[0046] At processing block 214, a pulsatility metric is
computed using the moving average signal from block
208 and the peak amplitude signal from peak track and
hold block 212. According to the invention, a ratio of the
peak amplitude to the moving average is computed and
expressed as a percentage. This percentage can be used
as a pulsatility metric in that itis ameasure of the detected
peak amplitudes as a percentage of the moving average.
As the blood pressure pulse in a tissue declines or as
the heart begins to beat less effectively, e.g. as in fibril-
lation, the percentage pulsatility will decline.

[0047] The output of block 214 is provided as input to
aeventdetection block 218 for use in an algorithm, which
optionally utilizes other physiological signals in combina-
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tion with the pulsatility metric, for detecting or confirming
a physiological event or condition. The output of event
detection 218 can then be used by a therapy control block
220 in making therapy delivery decisions. A decision to
start, stop or adjust a therapy may be made based, at
least in part, on the pulsatility metric. It is recognized that
the blocks in Figure 3 may be arranged in a different order
than shown and still operate to obtain a pulsatility metric
and that other methods may be used in obtaining a metric
of pulsatility using a time-varying transimpedance signal
measured using a pair of distinct and separate dipoles.
[0048] Figure 4A is a time-based plot 300 of a voltage
signal 304. Voltage signal 304 was measured using a
dipole pair configuration including a first dipole for inject-
ing a current signal and a second dipole, distinct from
the first dipole, for measuring the resulting voltage signal.
The voltage signal 304 is measured before and after in-
ducing fibrillation at 302 in an experimental subject. The
voltage signal 304 varies with cardiac pulsatility and with
respiration.

[0049] In this example, the voltage signal is measured
using a dipole formed by an RV coil electrode positioned
in the subject’s right ventricle and the housing electrode
of an ICD implanted in the left pectoral region. The drive
current was injected using a dipole formed by an elec-
trode pair carried by a catheter positioned in the right
pulmonary artery and not electrically wired to the ICD.
This positioning of the dipoles results in a large volume
of cardiac tissue between the two dipoles such that a
change in the voltage signal will be highly correlated to
a change in cardiac pulsatility.

[0050] A moving average 306 of the voltage signal 304
is computed over a four-second moving window. Voltage
signal peaks (positive or negative peaks) are detected
from a cardiac filtered voltage signal 308. The absolute
value of the voltage signal peaks are used to produce a
peak voltage signal 310.

[0051] Figure4Bisatime-based plot301 of a pulsatility
percentage computed from the peak amplitude signal
310 and the moving average signal 306. The ratio of the
peak amplitude signal 310 to the moving average signal
306 is computed as a pulsatility metric and expressed as
a percentage. Subsequent to fibrillation onset at 302, a
sudden decrease 322 in the pulsatility percentage oc-
curs. The sudden decrease 322 may slightly lag the ac-
tual onset of fibrillation at 302 due to the duration of the
selected peak hold time window. Shorter windows may
be used to detect the drop in pulsatility more quickly or
multiple staggered peak hold time windows might be
used to detect and hold sequential peak amplitudes used
to update the pulsatility metric more frequently, effective-
ly increasing the time resolution of the pulsatility metric.
[0052] In other embodiments, positive or negative
maximum peak amplitudes may be detected from the
voltage signal 304 and the absolute difference between
the moving average 306 and the peak amplitude value
may be computed as a pulsatility metric. The absolute
difference may be expressed as a percentage of the mov-
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ing average 306.

[0053] In plot 301, a pulsatility threshold 324 is shown
to illustrate a threshold that may be used for confirming
fibrillation and enabling delivery of a defibrillation shock.
In this illustrative example, a threshold of 10% is shown,
however other thresholds may be used. The threshold
selected may be tailored to a given patient and may be
an automatically adjusted threshold based on the moving
average 306, a patient heart rate, or other physiological
parameters.

[0054] A threshold applied to a pulsatility metric may
include a time requirement. For example, the pulsatility
percentage may be required to fall below the threshold
324 for at least a predefined interval of time, e.g. 2 sec-
onds, before enabling shock delivery. As long as the pul-
satility remains above the threshold, a shock may be with-
held. If the pulsatility percentage briefly falls below the
threshold 324 and then rises above the threshold again
before the required time interval expires, the shock may
continue to be withheld. A shock may be withheld indef-
initely, up to some maximum period of time, or until the
pulsatility metric remains below the threshold for the re-
quired time interval.

[0055] Figure 5 is a flow chart 400 of a method for re-
ducing unnecessary defibrillation shocks in an ICD pa-
tient. Flow chart 200 is intended to illustrate the functional
operation of the device, and should not be construed as
reflective of a specific form of software or hardware nec-
essary to practice the methods described. It is believed
that the particular form of software will be determined
primarily by the particular system architecture employed
in the device and by the particular detection and therapy
delivery methodologies employed by the device. Provid-
ing software to accomplish the described functionality in
the context ofany modern IMD, given the disclosure here-
in, is within the abilities of one of skill in the art.

[0056] Methods described in conjunction with flow
charts presented herein may be implemented in a com-
puter-readable medium that includes instructions for
causing a programmable processor to carry out the meth-
ods described. A "computer-readable medium" includes
but is not limited to any volatile or non-volatile media,
such as a RAM, ROM, CD-ROM, NVRAM, EEPROM,
flash memory, and the like. The instructions may be im-
plemented as one or more software modules, which may
be executed by themselves or in combination with other
software.

[0057] At block 402, a shockable rhythm is detected
by an ICD. The initial shockable rhythm detection may
be based on EGM event intervals, EGM signal morphol-
ogy analysis, other physiological signals, or any combi-
nation thereof.

[0058] A data signal waveform from a supporting de-
viceis transmitted atblock 404. The data signal waveform
may be a current signal injected for use in measuring
transimpedance or may be a data signal waveform that
includes other physiological data or information being
transmitted from the supporting device to the ICD (or an-
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other device). The data signal may be transmitted in re-
sponse to arequest from the ICD upon detecting a shock-
able rhythm or may be continuously transmitted so that
it is available for use as needed by the ICD.

[0059] At block 406, the voltage signal is measured by
a dipole that is electrically coupled to the ICD, e.g. an
electrode pair carried by the ICD housing and/or lead(s)
coupled to the ICD, such thatthe ICD receives the voltage
signal directly. Alternatively, the voltage signal is meas-
ured at a dipole of a second supporting device that then
transmits the voltage signal, or processed pulsatility met-
ric data, to the ICD. The second supporting device may
or may not be electrically wired to the ICD for signal trans-
mission. The voltage signal may be extracted from a data
signal waveform that includes other physiological signal
information obtained by the supporting device.

[0060] At block 408, a pulsatility metric is computed
from the measured voltage signal as described above.
The pulsatility metric is compared to a predefined detec-
tion threshold (or automatically adjusted threshold based
on the moving average, heart rate or other parameter)
at block 410. If the pulsatility metric is greater than the
threshold, as determined at decision block 412, a shock
therapy is withheld at block 414. A supra-threshold pul-
satility metric indicates the heart is still beating effectively
and the patient may be hemodynamically stable enough
to avoid delivering a shock.

[0061] As described above, the threshold applied at
block 410 may include a time requirement such that short
fluctuations below the threshold that are less than the
defined time requirement will still result in the shock being
withheld. If the pulsatility metric falls below the threshold,
for the required time interval, the shock is delivered at
block 420.

[0062] If the shock is withheld, a timer may be started
to limit the maximum duration that shock therapy is with-
held when fibrillation is still being detected. At decision
block 416, the control module determines if a maximum
shock withholding time interval has expired. If not the
ICD continues to monitor the pulsatility metric by return-
ing to block 404. If the maximum shock withholding time
is expired (block 416), and the ICD is still detecting VF,
as determined at decision block 418, a shock therapy is
delivered at block 420.

[0063] The transmission and measurement dipoles for
monitoring transimpedance for use in reducing unneces-
sary ICD shocks may be positioned to include a portion
of the heart therebetween to allow the pulsatility of the
heart and myocardium to be monitored. Alternatively, the
two distinct dipoles may be positioned at other body lo-
cations since pulsatility in other body tissues will also
decline when the heart is in fibrillation.

[0064] Figure 6 is a time-based plot 500 of a voltage
signal measured using a measurement dipole spaced
apart from a transmission dipole for monitoring pulsatility
of a volume of tissue based on changes in transimped-
ance. In Figure 6, the magnitude signal 504 of the meas-
ured voltage and the phase signal 506 of the measured
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voltage are plotted over time, before and after fibrillation
is induced at 502 in an experimental subject. As can be
seen in Figure 6, the variation in the voltage magnitude
504 decreases significantly after fibrillation onset 502.
The voltage magnitude signal 504 may therefore be used
for computing a pulsatility metric has described above.
[0065] As also seen in Figure 6, the variation in the
phase of the voltage signal 506 also changes significantly
after the onset of fibrillation at 502. As such, the phase
change in the measured voltage signal caused by pulsa-
tile impedance changes in body tissue may be used for
determining a pulsatility metric in some embodiments.
Because the relative decrease in phase change as a per-
centage of the peak-to-peak signal prior to fibrillation on-
set 502 is smaller than the change in the voltage magni-
tude, the use of the voltage phase may be less sensitive
than the voltage magnitude. It is recognized, however,
that either the voltage magnitude or phase, or a combi-
nation of both, may be used for computing a pulsatility
metric. When the voltage phase is used, a similar signal
processing method that utilizes a moving average and a
peak amplitude of the voltage phase may be used for
computing a pulsatility percentage.

[0066] Thus, a medical device system and method for
monitoring cardiac or tissue pulsatility in a patient have
been presented in the foregoing description with refer-
ence to specific embodiments. It is appreciated that var-
ious modifications to the referenced embodiments may
be made without departing from the scope of the disclo-
sure as set forth in the following claims.

Claims
1. Animplantable medical device system, comprising:

a first dipole to deliver a non-stimulating electri-
cal current, the first dipole comprising afirstelec-
trode (22) and a second electrode (24) adapted
to be deployed along a first body location;

a second dipole to measure a voltage signal re-
sulting from the non-stimulating electrical cur-
rent being conducted through a portion of a pa-
tient’s body; the second dipole comprising a third
electrode (26) and a fourth electrode (28) differ-
ent than the first electrode and the second elec-
trode and adapted to be deployed along a sec-
ond body location spaced apart from the first
body location; and

a processor configured to compute a pulsatility
metric in response to the measured voltage sig-
nal and to detect a physiological condition in re-
sponse to the pulsatility metric; and character-
ized in that computing the pulsatility metric
comprises:

determining a peak amplitude using the
measured voltage signal;
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computing a moving average using the
measured voltage signal; and

computing a ratio of the peak amplitude and
the moving average.

The system of claim 1, further comprising: a trans-
ducer (30, 32, 34) sensing a physiological signal at
the first body location; and

adata transmission module (114) configured to wire-
lessly transmit a data signal correlated to the phys-
iological signal through the portion of the patient’s
body via the first dipole, wherein the processor is
configured to extract the measured voltage at the
second dipole from the data signal.

The system of claim 1, further comprising a therapy
delivery module (130),

wherein the processor is further configured to com-
pare the pulsatility metric to a threshold and withhold
a therapy to be delivered by the therapy delivery
module in response to the pulsatility metric exceed-
ing the threshold.

The system of claim 1, further comprising:

an event detector (126) to detect a tachycardia
in response to cardiac electrical signals sensed
by the electrodes, wherein the processor is con-
figured to compute the pulsatility metric in re-
sponse to detecting the tachycardia, compare
the pulsatility metric to a threshold, and withhold
a defibrillation shock in response to the pulsatil-
ity metric exceeding the threshold.

The system of claim 1, wherein the voltage signal
comprises a magnitude and a phase and computing
the pulsatility metric comprises determining a phase
of the voltage signal.

The system of claim 1, further comprising:

a first device (110) carrying the first dipole and
comprising a first telemetry module (114) to
transmit a wireless request signal requesting the
non-stimulating electrical current; and

a second device (150) carrying the second di-
pole and comprising a second telemetry module
(154) for receiving the request signal and for
transmitting the non-stimulating electrical cur-
rent in response to the request signal.

7. The system of claim 1, further comprising:

a first device (110) carrying the first dipole; and
a second device (150) carrying the second di-
pole, the first and second devices being config-
ured for wireless communication with each oth-
er.

10

15

20

25

30

35

40

45

50

55

8. The system of claim 1, further comprising:

a first device (110) comprising a first telemetry
module and carrying the first dipole, the first de-
vice configured to wirelessly transmit a data
communication signal using the first dipole; and
a second device (150) comprising a second te-
lemetry module and carrying the second dipole,
the second device configure to receive the data
communication signal using the second dipole,
wherein the processor is configured to extract
the voltage signal from the data communication
signal.

The system of claim 8, wherein the first device is
further configured to transmit information corre-
sponding to the non-stimulating electrical current in
the data communication signal;

the processor further configured to compute a tran-
simpedance signal in response to the information
and the extracted voltage signal, and compute the
pulsatility metric in response to the transimpedance
signal.

Patentanspriiche

System einer implantierbaren medizinischen Vor-
richtung, das enthalt:

einen ersten Dipol, um einen nicht stimulieren-
den elektrischen Strom zu verabreichen, wobei
der erste Dipol eine erste Elektrode (22) und ei-
ne zweite Elektrode (24) enthalt, die ausgelegt
sind, entlang eines ersten Korperortes einge-
setzt zu werden;

einen zweiten Dipol, um ein Spannungssignal
zu messen, dass sich daraus ergibt, dass der
nicht stimulierende elektrische Strom durch ei-
nen Teil eines Kdrpers eines Patienten geleitet
wird; wobei der zweite Dipol eine dritte Elektrode
(26) und eine vierte Elektrode (28), die von der
ersten Elektrode und der zweiten Elektrode ver-
schieden sind und ausgelegt sind, entlang eines
zweiten Korperortes getrennt von dem ersten
Kdrperort eingesetzt zu werden, enthalt; und
einen Prozessor, der konfiguriert ist, eine Pul-
satilitdtsmetrik als Reaktion auf das gemessene
Spannungssignal zu berechnen und einen phy-
siologischen Zustand als Reaktion auf die Pul-
satilitdtsmetrik zu detektieren; und dadurch ge-
kennzeichnet, dass das Berechnen der Pulsa-
tilitdtsmetrik umfasst:

Bestimmen einer Spitzenamplitude unter
Verwendung des gemessenen Spannungs-
signals;

Berechnen eines gleitenden Mittelwertes
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unter Verwendung des gemessenen Span-
nungssignals; und

Berechnen eines Verhaltnisses der Spit-
zenamplitude und des gleitenden Mittelwer-
tes.

System nach Anspruch 1, das ferner enthalt: einen
Wandler (30, 32, 34), der ein physiologisches Signal
an dem ersten Korperort erfasst; und

ein Datensendemodul (114), das konfiguriert ist, ein
Datensignal, das mit dem physiologischen Signal
korreliert ist, durch den Teil des Korpers des Patien-
ten Gber den ersten Dipol drahtlos zu senden, wobei
der Prozessor konfiguriert ist, die gemessene Span-
nung an dem zweiten Dipol aus dem Datensignal zu
extrahieren.

System nach Anspruch 1, das ferner ein Therapie-
verabreichungsmodul (130) enthalt,

wobei der Prozessor ferner konfiguriert ist, die Pul-
satilititsmetrik mit einem Schwellenwert zu verglei-
chen und eine durch das Therapieverabreichungs-
modul zu verabreichende Therapie als Reaktion dar-
auf, dass die Pulsatilitdtsmetrik den Schwellenwert
Ubersteigt, zurlickzuhalten.

System nach Anspruch 1, das ferner enthalt:

einen Ereignisdetektor (126), um eine Tachy-
kardie als Reaktion auf durch die Elektroden er-
fasste elektrische Herzsignale zu detektieren,
wobei der Prozessor konfiguriert ist, die Pulsa-
tilitatsmetrik als Reaktion auf das Detektieren
der Tachykardie zu berechnen, die Pulsatilitats-
metrik mit einem Schwellenwert zu vergleichen
und einen Defibrillationsschock als Reaktion
darauf, dass die Pulsatilitatsmetrik den Schwel-
lenwert Ubersteigt, zuriickzuhalten.

System nach Anspruch 1, wobei das Spannungssi-
gnal eine GroRRe und eine Phase enthalt und das
Berechnen der Pulsatilitdtsmetrik umfasst, eine Pha-
se des Spannungssignals zu bestimmen.

System nach Anspruch 1, das ferner enthalt:

eine erste Vorrichtung (110), die den ersten Di-
pol trégt und ein erstes Telemetriemodul (114)
enthélt, um ein drahtloses Anforderungssignal,
das den nicht stimulierenden elektrischen Strom
anfordert, zu senden; und

eine zweite Vorrichtung (150), die den zweiten
Dipol tragt und ein zweites Telemetriemodul
(154) enthalt, um das Anforderungssignal zu
empfangen und um den nicht stimulierenden
elektrischen Strom als Reaktion auf das Anfor-
derungssignal zu senden.
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7. System nach Anspruch 1, das ferner enthalt:

eine erste Vorrichtung (110), die den ersten Di-
pol tragt; und

eine zweite Vorrichtung (150), die den zweiten
Dipol tragt, wobei die erste und die zweite Vor-
richtung flr eine drahtlose Kommunikation mit-
einander konfiguriert sind.

8. System nach Anspruch 1, das ferner enthalt:

eine erste Vorrichtung (110), die ein erstes Te-
lemetriemodul enthdlt und den ersten Dipol
tragt, wobei die erste Vorrichtung konfiguriertist,
ein Datenkommunikationssignal unter Verwen-
dung des ersten Dipols drahtlos zu senden; und
eine zweite Vorrichtung (150), die ein zweites
Telemetriemodul enthalt und den zweiten Dipol
tragt, wobei die zweite Vorrichtung konfiguriert
ist, das Datenkommunikationssignal unter Ver-
wendung des zweiten Dipols zu empfangen, wo-
bei der Prozessor konfiguriert ist, das Span-
nungssignal aus dem Datenkommunikationssi-
gnal zu extrahieren.

System nach Anspruch 8, wobei die erste Vorrich-
tung ferner konfiguriertist, Informationen zu senden,
die dem nicht stimulierenden elektrischen Strom in
dem Datenkommunikationssignal entsprechen;
wobei der Prozessor ferner konfiguriert ist, ein Tran-
simpedanzsignal als Reaktion auf die Informationen
und das extrahierte Spannungssignal zu berechnen
und die Pulsatilitadtsmetrik als Reaktion auf das Tran-
simpedanzsignal zu berechnen.

Revendications

Systéme de médical

comportant :

dispositif implantable,

un premier dip6le pour délivrer un courant élec-
trique non stimulant, le premier dipdle compor-
tant une premiére électrode (22) et une deuxie-
me électrode (24) adaptées pour étre déployées
le long d’un premier emplacement corporel ;
un second dip6le pour mesurer un signal de ten-
sion résultant du courant électrique non stimu-
lant conduit a travers une partie d’'un corps du
patient ; le second dipdle comportant une troi-
siéme électrode (26) et une quatrieme électrode
(28) differentes de la premiére électrode et de
la deuxiéme électrode et adaptées pour étre dé-
ployées le long d’un second emplacement cor-
porel espacé du premier emplacement
corporel ; et

un processeur configuré pour calculer une gran-
deur de mesure de pulsatilité en réponse au si-
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gnal de tension mesuré et pour détecter un état
physiologique en réponse a la grandeur de me-
sure de pulsatilité ; et caractérisé en ce que le
calcul de la grandeur de mesure de pulsatilité
comporte les étapes consistant a :

déterminer une amplitude maximale en uti-
lisant le signal de tension mesuré ;
calculer une moyenne mobile en utilisant le
signal de tension mesuré ; et

calculer unrapport de 'amplitude maximale
et de la moyenne mobile.

2. Systéme selon la revendication 1, comportant en

outre :

un transducteur (30, 32, 34) détectant un signal
physiologique sur le premier emplacement
corporel ; et

un module de transmission de données (114)
configuré pour transmettre de maniére sans fil
un signal de données corrélé au signal physio-
logique a travers la partie du corps du patient
via le premier dipble, dans lequel le processeur
est configuré pour extraire la tension mesurée
sur le second dipéle a partir du signal de don-
nées.

Systeme selon la revendication 1, comportant en
outre un module d’administration de thérapie (130),
danslequel le processeur est en outre configuré pour
comparer la grandeur de mesure de pulsatilité a un
seuil et différer une thérapie devant étre administrée
par le module d’administration de thérapie en répon-
se a la grandeur de mesure de pulsatilité dépassant
le seuil.

Systeme selon la revendication 1, comportant en
outre :

un détecteur d’événement (126) pour détecter
une tachycardie en réponse aux signaux élec-
triques cardiaques détectés par les électrodes,
danslequel le processeur est configuré pour cal-
culer la grandeur de mesure de pulsatilité en
réponse a la détection de la tachycardie, com-
parer la grandeur de mesure de pulsatilité a un
seuil, et différer un choc de défibrillation en ré-
ponse a la grandeur de mesure de pulsatilité
dépassant le seuil.

Systeme selon la revendication 1, dans lequel le si-
gnal de tension comporte une amplitude et une pha-
se, etle calculde lagrandeur de mesure de pulsatilité
comporte la détermination d’'une phase du signal de
tension.

Systeme selon la revendication 1, comportant en
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outre :

un premier dispositif (110) supportant le premier
dipble et comportant un premier module de té-
Iémesure (114) pour transmettre un signal de
requéte sans fil requérant le courant électrique
non stimulant ; et

un second dispositif (150) supportant le second
dipble et comportant un second module de té-
Iémesure (154) pour recevoir le signal de requé-
te et pour transmettre le courant électrique non
stimulant en réponse au signal de requéte.

7. Systéeme selon la revendication 1, comportant en

outre :

un premier dispositif (110) supportant le premier
dipéle ; et

un second dispositif (150) supportant le second
dipéle, les premier et second dispositifs étant
configurés pour une communication sans fil 'un
avec l'autre.

8. Systéeme selon la revendication 1, comportant en

outre :

un premier dispositif (110) comportant un pre-
mier module de télémesure et supportant le pre-
mier dipdle, le premier dispositif étant configuré
pour transmettre de maniére sans fil un signal
de communication de données en utilisant le
premier dipdle ; et

un second dispositif (150) comportant un se-
cond module de télémesure et supportant le se-
cond dipdle, le second dispositif étant configuré
pour recevoir le signal de communication de
données en utilisant le second dipéle, dans le-
quel le processeur est configuré pour extraire le
signal de tension a partir du signal de commu-
nication de données.

Systéme selon la revendication 8, dans lequel le pre-
mier dispositif est en outre configuré pour transmet-
tre des informations correspondant au courant élec-
trique non stimulantdans le signalde communication
de données ;

le processeur est en outre configuré pour calculer
un signal d’adaptation d'impédance en réponse aux
informations et au signal de tension extrait, et pour
calculer la grandeur de mesure de pulsatilité en ré-
ponse au signal d’adaptation d’'impédance.
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