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Description
TECHNICAL FIELD

[0001] The present invention generally relates to im-
plantable medical devices and methods, and in particular
to such devices and methods employed for estimating a
myocardial performance parameter useful for heart di-
agnosis and adjustment of device settings.

BACKGROUND

[0002] Heart failure is a common disease with a prev-
alence of approximately 2-3 percent in the general pop-
ulation. The disease has a huge impact both on health
economy and the well-being of people in western society.
Cardiac Resynchronization Therapy (CRT) is an estab-
lished method to treat heart failure in patients with low
ejection fraction and widened QRS-complex. The optimal
method to monitor the effects of CRT is however under
debate. CRT has important effects on both systolic and
diastolic cardiac function. Heart failure affects both systo-
lic and diastolic function.

[0003] There is therefore a need for a diagnostic pa-
rameter that is descriptive of changes both in diastolic
and systolic cardiac properties and which can be used,
among others, as control parameter for CRT optimiza-
tion.

[0004] Furthermore, the parameter should be determi-
nable by an implantable medical device, such as pace-
maker, defibrillator or cardioverter, having functionality
for providing the cardiac resynchronization therapy to the
heart failure patient.

[0005] A vast number of diagnostic parameters have
been used in the art for optimizing CRT of an implantable

medical device, such as maximum ventricular -E— using
t
a ventricular pressure sensor [1], heart sound measure-
ments [2], a map of conduction time between multiple
heart sites [3], stroke volume derived from blood pres-
sure in the aorta [4] and left ventricular lateral wall accel-
eration [5].
[0006] These prior art parameters and implantable
medical devices typically require dedicated sensor
equipment, such as pressure sensors, acoustic sensors,
acceleration sensors, resulting in more complex devices
and more problematic implantation of the devices.
[0007] Furthermore, not all prior art parameters are in-
deed particularly suitable as CRT optimization parame-
ters as they are not descriptive of changes both in diasto-
lic and systolic cardiac properties.
[0008] EP 1484 083 discloses an impedance cardiog-
raphy system that measures stroke volume or mitral re-
gurgitation when parameters determining the operation
of a pacemaker are varied. After a plurality of the param-
eters have been tested one or more optimized parameter
values are determined based on the measured stroke
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volume or mitral regurgitation.

[0009] Pellett et al., The Tei Index: Methodology and
Disease State Values, Echocardiography 21(7):
669-672, 2004 discloses measurement and utility of the
Tei index for assessing global cardiac function.

SUMMARY

[0010] There is therefore a need for a myocardial per-
formance parameter that can effectively be used in heart
diagnosis and heart treatment optimization, and which
furthermore can be estimated without the requirement of
separate, dedicated sensors attached to implantable
medical devices.

[0011] The present invention overcomes these and
other drawbacks of the prior art arrangements.

[0012] Itis a general object of the present invention to
determine a myocardial performance parameter from
cardiac impedance data.

[0013] Itis aparticular object of the invention to provide
an implantable medical device capable of determining a
Tei-index without dedicated, included or attached sensor
equipment.

[0014] These and other objects are met by the inven-
tion as defined by the accompanying patent claims.
[0015] Briefly, the present invention involves an im-
plantable medical device (IMD) designed for monitoring
and/or applying therapy to a heart of a patient, preferably
mammalian patientand more preferably a human patient.
The IMD comprises an electrode input connectable to
multiple implantable electrodes preferably attached to
one or more cardiac leads connectable to the IMD. A
signal generator is electrically connected to the electrode
input and generates an electric signal, preferably AC cur-
rent signal, which is applied to at least a portion of the
heart using two of the connected electrodes. A resulting
electric signal, preferably AC voltage signal, is collected
from at least a portion of the electrode using two con-
nected electrodes.

[0016] The IMD comprises an impedance processor
that determines an impedance signal, typically cardio-
genic impedance signal, based on the applied electric
signal and the collected resulting electric signal. This im-
pedance signal is processed by different time processors
of the IMD for the purpose of determining time parame-
ters. An isovolumetric contraction time (IVCT) processor
estimates an IVCT of a heart cycle based on the imped-
ance signal. An isovolumetric relaxation time (IVRT) is
correspondingly estimated by an IVRT processor from
the impedance signal during the heart cycle. An ejection
time (ET) processor estimates the ET of the heart cycle
based on the impedance signal.

[0017] The IMD also includes an index processor that
determines the myocardial performance parameter de-
noted Tei-index in the art based on the estimated IVCT,
IVRT and ET. Thus, the Tei-index can be determined by
the IMD based solely on impedance data collected by
implanted electrodes connected to the IMD and therefore
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without the need for separate and dedicated implanted
Sensors.

[0018] The Tei-index is of high diagnostic value as it
accounts for changes in both diastolic and systolic car-
diac performance. The index can therefore be used as
diagnostic parameter for the purpose of detecting a de-
terioration of myocardial function such as occurring in
connection with a heart failure event. The Tei-index can
also be used, since it is reflective of the myocardial per-
formance, for adjusting the cardiac therapy delivered by
the IMD to the heart. For instance, adjustment or optimi-
zation of CRT is advantageously conducted in a biven-
tricular IMD based on the estimated Tei-index.

[0019] A method of determining the Tei-index based
on impedance data determined from electric signals ap-
plied to and collected from the heart using implantable
electrodes is also described, but does not form part of
the claimed invention.

SHORT DESCRIPTION OF THE DRAWINGS

[0020] The invention together with further objects and
advantages thereof, may best be understood by making
reference to the following description taken together with
the accompanying drawings, in which:

Fig. 1 is an overview of a patient having an implant-
able medical device according to an embodiment
and further illustrates wireless communication be-
tween the device and an external terminal;

Fig. 2is a schematic block diagram of an implantable
medical device according to an embodiment;

Fig. 3 is a schematic block diagram of an embodi-
ment of the impedance processor of the implantable
medical device in Fig. 2;

Fig. 4 is a schematic block diagram of an embodi-
ment of the IVCT processor of the implantable med-
ical device in Fig. 2;

Fig. 5 is a schematic block diagram of an embodi-
ment of the IVRT processor of the implantable med-
ical device in Fig. 2;

Fig. 6 is a schematic block diagram of an embodi-
ment of the ejection time processor of the implanta-
ble medical device in Fig. 2;

Fig. 7 is a diagram illustrating an embodiment of es-
timating IVCT from impedance signals;

Fig. 8 is a diagram illustrating an embodiment of es-
timating IVRT from impedance signals;

Fig. 9 is a diagram illustrating a simulation of a well
synchronized left ventricular contraction and the dis-
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tribution of IVRT, IVCT and ejection time in the heart
cycle;

Fig. 10 is a diagram illustrating a simulation of left
ventricular contraction with severe dyssynchrony in
heart failure and the distribution of IVRT, IVCT and
ejection time in the heart cycle;

Fig. 11 is a flow diagram illustrating a method of de-
termining a cardiac performance parameter;

Fig. 12 is a flow diagram illustrating additional steps
of the method in Fig. 11;

Fig. 13 is a flow diagram illustrating additional steps
of the method in Fig. 11;

Fig. 14 is a flow diagram illustrating additional steps
of the method in Fig. 11;

Fig. 15 is a flow diagram illustrating additional steps
of the method in Fig. 11; and

Fig. 16 is a flow diagram illustrating additional steps
of the method in Fig. 11.

DETAILED DESCRIPTION

[0021] Throughout the drawings, the same reference
characters will be used for corresponding or similar ele-
ments.

[0022] The description is related to an implantable
medical device and method that allows estimation of a
myocardial performance parameter that is highly descrip-
tive of heart performance, including both diastolic and
systolic cardiac performance. As a consequence, the pa-
rameter can be used as an effective diagnostic parameter
for monitoring heart performance and status and thereby
detect any significant changes in the heart operation in-
dicative of a disease condition, such as heart failure,
and/or a worsening of an already detected disease con-
dition. Furthermore, the performance parameter can, ac-
cording to the invention, be used in adjusting and opti-
mizing the operation of the implantable medical device,
for instance through an adjustment of the device settings
employed for delivering a treatment pacing to combat the
detected disease condition.

[0023] The performance parameter employed by the
invention is the so-called Teiindex, also denoted Myo-
cardial Performance Index, in the art [6]. Traditionally,
the Tei-index is determined through usage of several dif-
ferent non-invasive sensors. However, the present in-
vention teaches that the Teiindex can surprisingly be es-
timated through processing of a single parameter signal
that can be recorded by the device without the need for
any dedicated implantable sensors in or attached to the
device. Thus, the invention relates to the usage of an
impedance signal, in particular a cardiogenic impedance
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signal for estimating the myocardial performance param-
eter, Tei-index.

[0024] Fig. 1 is a schematic overview of a human pa-
tient 1 having an implantable medical device, IMD, 100
according to the present invention. In the figure, the IMD
100 is illustrated as a device that monitors and/or pro-
vides therapy to the heart 10 of the patient 1, such as a
pacemaker, cardiac defibrillator or cardioverter. The IMD
100is, in operation, connected to one or more, two in the
figure, intracardiac leads 310, 320 inserted into different
heart chambers, the right and left ventricles 12 in the
figure. The present invention is though not limited to ven-
tricularleads 310, 320 but can also be used in connection
with leads positioned in the right or left atrium 14 of the
heart 10. Actually, also non-intracardiac leads, including
epicardiac leads can also be used.

[0025] The figure also illustrates an external program-
mer or clinician’s workstation 200 that can communicate
with the IMD 100. As is well known in the art, such a
programmer 200 can be employed for transmitting IMD
programming commands causing a reprogramming of
different operation parameters and modes of the IMD
100. Furthermore, the IMD 100 can upload diagnostic
data descriptive of different medical parameters or device
operation parameters collected by the IMD 100. Such
uploaded data may optionally be further processed in the
programmer 200 before display to a clinician on a con-
nected display screen 210. In the light of the present in-
vention, such uploaded data can include the estimated
Tei-index determined by the IMD 100, other diagnostic
data determined based on the Tei-index and/or device
setting information adjusted based on the Tei-index.
[0026] Fig. 2 is a schematic block diagram of an IMD
100 according to the present invention. The IMD 100
comprises an electrode input/output 110 that is, in oper-
ation, connectable to multiple electrodes 312, 314, 322,
324 used for applying and sensing electric signals to and
from the cardiac tissue of a subject. These electrodes
312, 314, 322, 324 are preferably arranged on one or
more implantable medical leads 310, 320 connectable
to the IMD 100 through the electrode input 110. As is well
known in the art, such an implantable lead or catheter
310, 320 has a proximal end connected to the IMD 100
through the electrode input 110. This IMD-connecting
end presents one or more electric terminals that are in
electric connection with the electrodes 312, 314, 322,
324 present on the opposite distal lead end, where the
electric connection is achieved by electric conductors
running along the length of the lead body. The distal lead
end with its electrodes 312, 314, 322, 324 is then provid-
ed in connection with the heart tissue. For this purpose,
thelead 310, 320 caninclude atissue anchoring element,
such as a helical fixation element, though other fixation
elements, such as passive fixation elements, including
fines, tines, etc., are also common. The fixation element
can indeed constitute one of the electrodes of the lead
310, 320, while remaining electrodes can be ring elec-
trodes (indifferent electrodes), tip electrodes, defibrilla-
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tion electrode, or the like.

[0027] The IMD 100 can be connected to a single med-
ical lead 310, 320, then preferably having at least two
electrodes 312, 314, 322, 324. Alternatively, the IMD 100
is connected to multiple, i.e. at least two, implantable
leads 310, 320 having electrodes. In either case, the at
least one lead 310, 320 can be an intracardiac lead po-
sitioned in any of the chambers of the heart, such as right
and/or left atrium and/or ventricle. Alternatively, the at
least one lead 310, 320 could be epicardially positioned
relative the heart. Also a combination of intracardial and
epicardial leads is contemplated by the presentinvention.
Furthermore, a subset of the electrodes can instead be
provided elsewhere and not on any cardiac lead. For in-
stance, the case of the IMD 100 may constitute one of
the electrodes connected to the electrode input 110.
[0028] A signal generator 120 of the IMD 100 is elec-
trically connected to the electrode input 110. The gener-
ator 120 generates an electric signal, such as a current
orvoltage signal. The signal is an alternative current (volt-
age) signal having a particular frequency that is applied
to at least a portion of a heart in a subject by two elec-
trodes 312, 322 of the multiple connectable electrodes
312, 314, 322, 324. In operation, the signal generator
120 generates the electric signal having a defined time-
dependent voltage profile and forwards the signal to the
electrode input 110. The input 110 directs the electric
signal to the two signal applying electrodes of which pref-
erably one is provided in connection with or atleast close
to the subject’s heart.

[0029] Two electrodes 314, 324 of the multiple con-
nected electrodes 312, 314, 322, 324 collect a resulting
electric signal (resulting AC voltage or current signal)
originating from the heart tissue. This resulting voltage
(current) signal is due to the applied current (voltage)
signal from the signal generator 120. In a preferred im-
plementation, the collected signal is a sensed (AC) volt-
age signal collected using at least two connected elec-
trodes 314, 324.

[0030] Animpedance processor 130 is electrically con-
nected to the signal generator 120 and the electrode input
110. The processor 130 processes the electric signal
(current signal) generated by the signal generator 120
and the resulting electric signal (voltage signal) collected
by at least two electrodes 314, 324 connected to the elec-
trode input 110. In more detail, the processor 130 calcu-
lates an impedance signal based on the generated and
the resulting electric signals.

[0031] The impedance processor 130 can utilize dif-
ferent filter combinations, such as bandpass filters, in
order to obtain a desired impedance signal based on the
measured voltage signal and the applied current signal.
The impedance signal determined by the impedance
processor 130 can be a complex impedance signal, i.e.
comprising a resistive and a reactive component or al-
ternatively an impedance amplitude and phase angle.
Alternatively, only the resistive or reactive component or
the impedance amplitude is used as impedance signal
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of the invention.

[0032] In a particular embodiment, the impedance
processor 130 can determine the impedance signal as
an average impedance signal. In such a case, the signal
can be the average impedance of the heart determined
as the average over multiple successive heart cycles.
[0033] Animpedance vector is generally employed for
identifying the electrodes 312, 314, 322, 324 used for
signal application and signal sensing, respectively. As is
known in the art, bipolar impedance vectors utilize the
same two electrodes for both signal application and sig-
nal sensing. In tripolar impedance vectors, the current
signal is applied to a tissue over two electrodes and is
sensed over two electrodes, one of which but not the
other was employed for the signal application. Finally, in
quadropolar vectors, two dedicated signal applying elec-
trodes and two dedicated different signal sensing elec-
trodes are used.

[0034] Generally bipolar vectors typically give a more
local representation of the tissue impedance in the close
vicinity to the electrodes. Correspondingly, tripolar and
quadropolar vectors could be advantageous when mon-
itoring changes in a tissue present between two medical
leads to thereby mainly get an influence of the impedance
signal from the intermediate tissue and not other sur-
rounding tissues.

[0035] Inthe presentinvention, tripolarand in particular
quadropolar impedance vectors are preferred even
though bipolar vectors may indeed be employed. In a
typical quadropolar setting, the IMD 100 is connected to
a right ventricular lead 310 (see Figs. 1 and 2) having at
least a first 312 and second 314 electrode. The IMD 100
is also connected to a coronary sinus cardiac lead 320
(or left ventricular lead) having at least a third 322 and
fourth 324 electrode. In such a case, the signal generator
120 generates the electric signal to be applied, through
the electrode input 110, to at least a portion of the heart
using one of the first and second electrodes 312, 314
and one of the third and fourth electrodes 322, 324. The
resulting electric signal is then collected by the other of
the first and second electrodes 312, 314 and the other
of the third and fourth electrodes 322, 324.

[0036] The impedance processor 130 is connected to
three different processors 140, 150, 160 used by the IMD
100 for determining different time parameters based on
the impedance signal. A first processor is an isovolumet-
ric contraction time (IVCT) processor 140 arranged for
estimating the IVCT of a heart cycle based on the imped-
ance signal. As is well known in the art, IVCT is defined
as the time between the onset of the ventricular contrac-
tion (onset of myocardial motion) and the onset of ven-
tricular ejection. This corresponds to the time from the
closing of the mitralis valve (often coincides with the R-
wave) to the opening of the aortic valve.

[0037] Another processor, the isovolumetric relaxation
time (IVRT) processor 150 is provided for estimating the
IVRT of the heart cycle based on the impedance signal.
IVRT corresponds to the period from the closing of the
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aortic valve to the opening of the mitralis valve.

[0038] Furthermore, an ejection time (ET) processor
160 is connected to the impedance processor for esti-
mating the ejection time during the heart cycle based on
the impedance signal. ET is defined as the time period
between the opening and closing of the aortic valve for
the left ventricle. Ejection time could also be defined as
the time period when the volume of blood in the left ven-
tricle changes from a maximum value to a minimum val-
ue.

[0039] The three processors 140, 150, 160 preferably
determine the three time parameters based on the im-
pedance signal for one and the same heart cycle. This
will give the most correct time data even though it could
be possible to, for instance determine one of the time
parameters based on the impedance signal for a first
heart cycle, determine one other of the parameters based
ontheimpedance signalfora preceding or following heart
cycle, etc.

[0040] The estimated time parameters are forwarded
from the processors 140, 150, 160 to an index processor
170. The index processor 170 determines the Tei-index
of the heart cycle based on the provided estimated IVCT,
IVRT and ET parameters. In a preferred embodiment,
the index processor 170 determines the Tei-index as:

IVCT +IVRT
ET

[0041] The determined Tei-index is of diagnostic and
heart performance value and can be used by the IMD
100 for different purposes.

[0042] In a first embodiment, the index processor 170
is connected to a memory 175 in the IMD 100. The proc-
essor 170 can then forward the calculated Tei-index for
storage therein and until further usage. In such a case,
the signal generator 120 and impedance processor 130
preferably generate the electric signal and determine
the (average) impedance signal at multiple separate time
instance, respectively. For instance, the impedance sig-
nal can be determined periodically at different pre-de-
fined time intervals per day, week or month. Alternatively,
the impedance signal is determined upon a triggering
signal generated by some other unit of the IMD 100 or
received by an antenna 195 and connected transmitter/
receiver (TX/RX) 190 of the IMD 100. The latter case
could be realized upon the visit of the IMD patient to
his/her physician, which then requests the IMD 100 to
initiate a Tei-index determining procedure by sending a
triggering signal from the physician’s workstation to the
receiver 190 of the IMD 100.

[0043] In either case, all these Tei-indices determined
at different time instances can be stored in the memory
175 for later retrieval. Such a retrieval can be when up-
loading the determined Tei-indices to the physician’s
workstation using the transmitter 190 and the connected
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transmitting antenna 195. The workstation or a connect-
ed computer then evaluates the different Tei-indices in
order to detect a trend therein that can be indicative of a
negative heart condition, such as a heart failure event,
or indicative of a (negative or positive) change in myo-
cardial performance.

[0044] Inan alternative embodiment, the IMD 100 itself
comprises such evaluating functionality. Thus, a heart
status processor 165 is connected to the index processor
170 and/or the memory 175 and is provided for process-
ing the calculated Tei-indices. This processor 165 uses
the Tei-index for generating status data indicative of a
current heart status or myocardial performance of the
patient. This processing is preferably performed by com-
paring a determined Tei-index with a threshold value.
The threshold value can be a predefined value encoded
in the IMD 100. Alternatively, the threshold value can be
determined by the status processor 165 based on atleast
one previously determined Tei-index. Thus, the compar-
ison can then be executed by comparing a current Tei-
index with a previous Tei-index or with an average of
previously calculated Tei-indices.

[0045] Generally, the Tei-index should be as low as
possible for optimum cardiac performance. A normal val-
ue for the Tei-index is therefore around 0.4. Patients suf-
fering from heart failure or same other medical condition
or disease negatively affecting the heart performance of-
ten have Tei-index close to 1 or even above. The reason
for this is that the IVRT and IVCT both increase in, for
instance, heart failure due to increased tissue stiffness
and lack of contractile myocardial function as a result of
the heart failure. This Tei-index increase is further ac-
centuated with lack of synchronization as in patients with
left or right bundle branch block. ET generally decreases
in heart failure. In summary, the Tei-index is therefore a
sensitive marker of left cardiac failure and other condi-
tions negatively affecting the myocardial performance as
blood pumping organ.

[0046] Thus, if the heart status processor 165 detects
a significant change (increase) in Tei-index, diagnostic
data representative of the detected negative heart con-
dition is generated. This data can be entered in the mem-
ory 175 for later uploading to an external communication
unit. Alternatively, or in addition, the data can be directly
and wirelessly sent to the external unit using the trans-
mitter 190 of the IMD 100. If the IMD 100 has an alarm
unit capable of sounding an alarm signal or providing a
tactile alarm signal, such unit could run an alarm if the
heart status processor 165 detects a severe deterioration
of myocardial performance as determined based on a
significant increase in the Tei-index.

[0047] A second embodiment uses the Tei-index for
adjustment of the device settings, and in particular ad-
justment or optimization of a pacing therapy scheme em-
ployed by the IMD 100 for applying electric treatment
pulses to the heart.

[0048] The IMD 100 therefore comprises a pacing sig-
nal generator 180 connected to the electrode input 110.
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This generator 180 generating pacing signals, such as
resynchronization pacing signal or other electric treat-
ment pacing signals according to a cardiac (resynchro-
nization) therapy scheme. The generated pacing signal
is then applied to at least a portion of the heart using two
electrodes of the multiple electrodes 312, 314, 322, 324
connected to the electrode input 110.

[0049] The pacing signal generator 180 is furthermore
connected to a therapy controller, which is also connect-
ed to the index processor 170 or memory 175. This con-
troller 185 uses a calculated Tei-index for adjusting the
therapy scheme to thereby optimize the applied treat-
ment pacing signal or pulse based on the current cardiac
performance. In order to provide an automatic and opti-
mal therapy setting, the IMD 100 is preferably arranged
for, following an adjustment of the therapy scheme by
the controller 185 and application of the pacing signal
based on the updated therapy scheme, estimating an
updated Tei-index. This allows the therapy controller 185
to evaluate the previous adjustment and notify if it had
any positive or negative effect to the heart performance
as reflected by the Tei-index. This procedure can be per-
formed several times to finely adjust the therapy scheme
to obtain as optimal heart performance (low Tei-index)
as possible. Forinstance, the optimization procedure can
be performed by the IMD 100 until a calculated Tei-index
reaches a value that is below an acceptable threshold
value.

[0050] Different parameters and settings of a therapy
scheme can be adjusted in order to reach a more optimal
treatment pacing signal. A possible example is to adjust
the atri-to-ventricular (AV) timing delay and/or the ven-
tricle-to-ventricle (VV) timing delay of a cardiac resyn-
chronization therapy scheme. In a typical example, the
AV/W delay is stepped up or down from a starting or
default AV/VV delay and the Tei-index is determined fol-
lowing application of the CRT with the new delay value.
If the Tei-index improves, further stepping up or down
can be performed until the Tei-index once more increas-
es to thereby determine an optimum AV/VV delay. How-
ever, if the Tei-index instead increases, the adjustment
would then be to step down or up in AV/VV delay until
optimum delay value is reached.

[0051] A further possibility of adjusting the therapy
scheme is to use so-called multi-electrode leads 310,
320. Suchalead 310, 320 has access to multiple different
electrodes 312, 314, 322, 324 arranged at different spa-
tial positions along the lead length. The scheme adjust-
ment can then be in form of selecting a new set of two
electrodes to use for applying the therapeutic pacing sig-
nal to the heart. For instance, if a first multi-electrode lead
310 has access to N electrodes and a second lead 320
has M electrodes, N X M different combinations of inter-
lead electrode pairs are possible. If the pacing therapy
can also be applied using two electrodes on a same lead,
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M
2

binations of two signal applying electrodes in this exam-
ple. All or a subset of these combinations can be tested
and the resulting Tei-index for each combination is de-
termined. Then, the electrode combination resulting in
the lowest Tei-index or at least resulting in a Tei-index
lower than defining threshold value is selected by the
therapy controller.

[0052] Itis anticipated by the presentinvention that the
therapy controller 185 could adjust the therapy scheme
based on the Tei-index by both selecting signal applying
electrodes and adjusting AV and/ or VV delays or indeed
any other therapy scheme parameter.

[0053] In another implementation, the therapy control-
ler 185 has access to multiple predefined candidate ther-
apy schemes. Instead of adjusting a single parameter or
selecting a particular combination of application elec-
trodes, the controller 185 selects a new candidate
scheme among the available ones. In such a case, each
of the candidate schemes can be tested for a period of
time with the determination of Tei-index after each such
trial period. The candidate scheme resulting in the lowest
Tei-index is then preferably selected by the controller 185
for use up to a new testing occasion.

[0054] The IMD 100 may, for instance, be a biventricu-
lar pacemaker having the capability of pacing both ven-
tricles according to a CRT scheme. By pacing both sides
of the heart, the pacemaker can resynchronize a heart
thatdoes not beat in synchrony, which iscommonin heart
failure patients. In such a case, the IMD 100 is preferably
connected to three implantable leads, one in the atrium,
such as right atrium, one in the right ventricle and a final
one inserted through the coronary sinus to pace the left
ventricle. The Tei-index of the invention is highly reflec-
tive of any dyssynchrony and also accounts for changes
in both diastolic and systolic cardiac performance. Clin-
ical studies [7] have also been conducted indicating that
lack of effect on Tei-index is an independent predictor of
poor response after CRT. Taken together, Tei-index is
therefore well suited for CRT optimization and adjust-
ment in biventricular pacemakers.

[0055] Instead of performing the optimization in an au-
tomatic manner by the IMD 100, the therapy scheme ad-
justment can be made by an operator during implantation
of the IMD 100 and/or at follow-up visit with the help of
the physician’s workstation. In such a case, the IMD 100
merely determines Tei-index following different scheme
adjustments and upload the indices to the workstation
for use by the operator/physician in evaluating the ad-
justed scheme.

[0056] The IMD 100 can optionally include both the
therapy controller 185 and the heart status processor 165
that both use the determined Tei-index but for different
purposes. In alternative embodiments, the IMD 100 only
comprises one or indeed none of these units 165, 185.
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[0057] The units 110 to 190 of the IMD 100 can be
implemented in hardware, software of a combination of
hardware and software.

[0058] Fig. 3 is a schematic block diagram of an em-
bodiment of the impedance processor 130 of the IMD.
The impedance processor 130 comprises a first deriva-
tive generator 132 and a second derivative generator
134. The first derivative generator 132 processes the im-
pedance signal determined by the processor 130 and
calculates a first time derivative of the impedance signal
for atleast a portion of arelevant heart cycle. The second
derivative generator 134 correspondingly calculates the
second time derivative of the impedance signal. These
derivative signals are then employed by the IVCT and
IVRT processors of the IMD or estimating the IVCT and
IVRT parameters, respectively.

[0059] The units 132 and 134 of the impedance proc-
essor 130 can be implemented in hardware, software of
a combination of hardware and software. The units 132
and 134 may all be implemented in the impedance proc-
essor 130. In an alternative implementation, at least one
ofthe units 132 and 134 is arranged elsewhere in the IMD.
[0060] Fig. 4 is a schematic block diagram of an em-
bodiment of the IVCT processor 140. Fig. 7 is a diagram
illustrating the impedance signal (Z), the first time deriv-

az

ative signal (—;] and the second time derivative

d*z

>~ | of the impedance signal during a heart cycle.

With reference to Figs. 4 and 7, the IVCT processor 140
comprises a zero identifier 142 for processing the first
time derivative of the impedance signal. This identifier
142 is employed for identifying the impedance signal
sample corresponding to a zero value of the first time
derivative following the start of the heart cycle.

[0061] In atypical embodiment, the zero identifier 142
parses through the samples containing the first time de-
rivative data from the start of the heart cycle until a zero
value sample is located. In this context, the start of heart
cycle can be any defined and identifiable event of a heart
cycle. A preferred such event corresponds to a charac-
teristic that is identifiable in the impedance signal or in
some other signal collected by the IMD. A typical example
of a suitable start of the heart cycle is the left ventricular
(LV) QRS complex, as indicated in Fig. 7.

[0062] Once the zeroidentifier 142 has located the cor-
rect (zero value) first derivative sample it identifies the
sample number of the impedance sample coincides in
time with located first derivative sample. This sample has
been marked as sample A in Fig. 7.

[0063] Note that the first derivative sample having zero
first time derivative located by the zero identifier 142 must
not necessarily be the first zero value first time derivative
sample following the start of the heart cycle. In clear con-
trast and depending on the particular patient, the IMD
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and the positions of the electrodes used for signal appli-
cation and collection, the first time derivative may indeed
be zero at at least one further occasion following the start
of the heart cycle but before the relevant sample A in Fig.
7. In order to locate the correct zero value sample differ-
ent approaches can be taken.

[0064] A firstembodiment limits the search among first
time derivative occurring close to a clearly identifiable

2

characteristic in the Z, E or signal. For in-

dar*
stance, the global maximum of the impedance signal dur-
ing the current heart cycle is first identified by the zero
identifier 142. The identifier 142 then limits the search
forthe zero value first time derivative sample among sam-
ples close in time to this identified global impedance max-
imum. For instance, if the global maximum value has
sample number S, the search can be limited to the time
or sample window encompassing the sample numbers
[S- T4 S+ T,], where T, is a defined window-defining
value.

[0065] Inanotherembodiment, statistics are employed
to define a search window relative the start of the heart
cycle. Thus, impedance signals collected from multiple
different patients can be analyzed in order to identify,
given a same sampling frequency, a suitable time or sam-
ple window that will encompass the relevant sample hav-
ing zero first time derivative. In such a case, the search
can be limited to the interval [X, X + T,], where X is start-
defining value and T, is a defined window-defining value.
[0066] ThelVCT processor 140 also comprises a max-
imum identifier 144 employed for processing the second
time derivative of the impedance signal. This processor
140 is arranged for identifying the local maximum in the
second time derivative signal following the start of the
heart cycle but preceding the timing of the sample A iden-
tified by the zero identifier 142. In a typical implementa-
tion, the maximum identifier 144 first identifies the second
time derivative coinciding in time with the sample A iden-
tified by the zero identifier 142. The maximum identifier
144 then parses the second time derivative sample back-
wards in time up to the first sample for the current heart
cycle. The identifier 144 then notifies the second time
derivative sample having the largest respective second
time derivative value. Thereafter, the impedance sample
coinciding intime relative the local maximum second time
derivative sample is identified. This sample has been
marked as sample B in Fig. 7.

[0067] Atime calculator 146 of the IVCT processor 140
calculates the IVCT parameter as the period of time be-
tween the sample B identified by the maximum identifier
144 and the sample coinciding with the start of the heart
cycle. In a preferred implementation, the time calculator
146 comprises a sample counter 141 for counting the
number of samples between the start of the heart cycle
and the sample B. A frequency divider 143 of the time
calculator 146 determines the IVCT for the current heart
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cycle by dividing the counted number of samples with
the sampling frequency for the impedance signal. This
will give an IVCT parameter defined in seconds, millisec-
onds or some other time quantity. The period of the heart
cycle corresponding to isovolumetric contraction is
marked in Fig. 7.

[0068] The units 141 to 146 of the IVCT processor 140
can be implemented in hardware, software of a combi-
nation of hardware and software. The units 141 to 146
may all be implemented in the IVCT processor 140. In
an alternative implementation, at least one of the units
141 to 146 is arranged elsewhere in the IMD.

[0069] Fig. 5is a schematic block diagram of an em-
bodiment of the IVCT processor 140. Fig. 8 is a diagram
illustrating the impedance signal (Z), the first time deriv-

az
ative signal (_c_lt— and the second time derivative

2

dr?

With reference to Figs. 5 and 8, the IVRT processor 150
comprises a zero identifier 152 for processing the first
time derivative of the impedance signal. This identifier
152 is employed for identifying the impedance signal
sample corresponding to a zero value of the first time
derivative following the start of the heart cycle. The op-
eration of this zero identifier 152 is similar to the corre-
sponding zero identifier of the IVCT processor in Fig. 4.
The discussion above in connection with the zero iden-
tifier of Fig. 4 therefore applies mutatis mutandis to the
present zero identifier 152. As a result, the zero identifier
152 identifies the sample A marked in Fig. 8.

[0070] The IVRT processor 150 also comprises a glo-
bal minimum identifier 154 for processing the first time
derivative of the impedance signal. The identifier 154 is
arranged for identifying a global minimum of the first time
derivative occurring after the sample A identified by the
zero identifier 152. Thus, the global minimum identifier
154 preferably identifies the first time derivative sample
coinciding in time with the sample A. The identifier 154
then parses through the first time derivative samples to
the end of the current heart cycle. The sample having
the smallest first time derivative value of the parsed sam-
ples is identified by the global minimum identifier 154.
The impedance sample coinciding in time with this iden-
tified sample is marked as sample C in Fig. 8.

[0071] Alocal minimum identifier 158 is provided in the
IVRT processor 150 for processing the second time de-
rivative of the impedance signal. The identifier 158 is ar-
ranged for identifying a first local minimum in the second
time derivative occurring preceding the timing of the sam-
ple C identified by the global minimum identifier 154 but
occurring following the timing of the sample A identified
by the zero identifier 152. The identified minimum is pref-
erably the first minimum of the second time derivative

of the impedance signal during a heart cycle.
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preceding sample C. In a particular embodiment, the lo-
cal minimum identifier 158 first notifies the sample num-
bers of the second time derivative sample sequence cor-
responding in time to sample A and sample C. The iden-
tifier 158 then parses the second time derivative samples
backwards in time starting from the sample coinciding
with sample C. The first sample corresponding to a local
minimum in the second time derivative signalis theniden-
tified and the corresponding sample of the impedance
signal sequence is identified. This sample is marked as
sample D in Fig. 8.

[0072] The processor 150 also comprises a time cal-
culator 156 arranged for calculating the IVRT parameter
as the period of time between sample A and sample D.
In a preferred implementation, the time calculator 156
comprises a sample counter 151 for counting the number
of samples between the sample A and the sample D. A
frequency divider 153 of the time calculator 156 deter-
mines the IVRT for the current heart cycle by dividing the
counted number of samples with the sampling frequency
for the impedance signal. This will give an IVRT param-
eter defined in seconds, milliseconds or some other time
quantity. The period of the heart cycle corresponding to
isovolumetric relaxation is marked in Fig. 8.

[0073] The units 151 to 158 of the IVRT processor 150
can be implemented in hardware, software of a combi-
nation of hardware and software. The units 151 to 158
may all be implemented in the IVRT processor 150. In
an alternative implementation, at least one of the units
151 to 158 is arranged elsewhere in the IMD.

[0074] Fig. 6 is a schematic block diagram of an em-
bodiment of the ejection time processor 160. The proc-
essor 160 preferably comprises a sample counter 161
for counting the number of samples between the sample
A and the sample B identified by the zero identifier of the
IVRT/IVCT processor and the maximum identifier of the
IVCT identifier, respectively. Thus, ET is defined as the
period of time from the end of the isovolumetric contrac-
tion up to the start of the isovolumetric relaxation in the
current heart cycle.

[0075] A frequency divider 163 of the ET processor
160 determines the ET for the current heart cycle by di-
viding the counted number of samples with the sampling
frequency for the impedance signal. This will give an ET
parameter defined in seconds, milliseconds or some oth-
er time quantity.

[0076] The units 161 and 163 of the ET processor 160
can be implemented in hardware, software of a combi-
nation of hardware and software. The units 161 and 163
may all be implemented in the ET processor 160. In an
alternative implementation, at least one of the units 161
and 163 is arranged elsewhere in the IMD.

[0077] The above-described units and algorithms for
calculating the IVCT, IVRT and ET during a heart cycle
are preferred calculation algorithms due to their simplicity
and robustness. The present invention is though not lim-
ited thereto but can use any other processing of the im-
pedance signal, the first and/or second time derivative
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of the impedance signal for identifying the relevant iso-
volumetric contract and relaxation periods and the ejec-
tion period.

[0078] Fig. 9 is a diagram illustrating an illustration of
a well synchronized left ventricular contraction. Five left
ventricular segments are illustrated, E1 to E5. The curve
E is the sum of the five segments and represents the
global LV function. The respective phases, IVCT (about
40 ms), ET (about 210 ms) and IVRT (about 40 ms) are
indicated in the figure. The Tei-index for this well-per-
forming heart is 0.38.

[0079] A corresponding simulation of left ventricular
contraction but with severe dyssynchrony in heart failure
is illustrated in Fig. 10. As in Fig. 10, five separate left
ventricular segments (E1 to E5) and the sum of these
segments (E) are illustrated. It is clear from the figure
that during this heart failure condition, IVCT is prolonged
(about 90 ms), ET is shortened (about 170 ms) and IVRT
is prolonged (about 140 ms) as compared to a healthy
heart. The resulting Tei-index is significantly increased
as compared to the situation illustrated in Fig. 9 and now
becomes 1.35.

[0080] These simple simulations indicate that the Tei-
index is a very sensitive diagnostic parameter this is well
suited as representative of the myocardial performance
and can therefore be of great value in heart diagnosis
and IMD therapy adjustments.

[0081] Fig. 11 is a flow diagram illustrating a method
for determining a Tei-index for a subject usingimpedance
data. The method starts in step S1, where an electric
signal (current or voltage signal) is applied to a least a
portion of a heart in the subject using two implantable
electrodes. A resulting electric signal (voltage or current
signal) is collected or measured from at least a portion
of the heart using two implanted electrodes in step S2.
As has been discussed herein, the measuring electrodes
may be the same as the applying electrodes, one of the
electrodes are used for both signal application and col-
lection or dedicated application and collection electrodes
are used.

[0082] Step S3 determines an impedance signal for at
least one heart cycle based on the applied electric signal
and the collected resulting signal. The impedance signal
can represent the impedance changes of at least a por-
tion of the heart, preferably at least a part of the left ven-
tricle, for one heart cycle. Alternatively, the impedance
is determined for multiple successive heart cycles. An
average of the impedance during these multiple heart
cycle can then be determined in order to compensate for
temporary variation in the impedance.

[0083] Theimpedance signalisthen processedin step
S4 for the purpose of the determining the three time pa-
rameters of the invention, i.e. isovolumetric contraction
time, isovolumetric relaxation time and ejection time. A
next step S5 calculates the Tei-index for the current heart
cycle (possibly average heart cycle) based on the esti-
mated IVCT, IVRT and ET. The method then ends.
[0084] The procedure for establishing a Tei-index of



17 EP 2 318 096 B1 18

the invention and illustrated in Fig. 11 can preferably be
conducted periodically, such as scheduled at defined
time instance(s) per day or week. Alternatively, the pro-
cedure may be initiated upon a special triggering event,
such as the reception of a request for initiating a Tei-
index estimation.

[0085] Fig. 12 is a flow diagram illustrating additional
preferred steps of the Tei-index determining method of
Fig. 11. The method continues from step S3 of Fig. 11.
A next step S10 calculates a first time derivative of the
impedance signal for atleast a portion of the currentheart
cycle, preferably during the whole or at least substantially
the whole heart cycle. Step S11 correspondingly calcu-
lates the second time derivative of the impedance signal
for at least a portion of the heart cycle. The estimation of
the IVCT and IVRT parameters in step S4 of Fig. 11 is
then performed at least partly based on the calculated
first and second time derivatives.

[0086] Fig. 13 is a flow diagram illustrating an embod-
iment of determining the isovolumetric contraction time
based on the impedance signal. The method continues
from step S3 of Fig. 11. A next step S20 identifies an
impedance signal sample corresponding to a zero value
of the first time derivative following the start of the current
heart cycle. This step S20 is conducted as previously
discussed in connection with Figs. 4 and 7. A next step
S21 identifies an impedance signal sample correspond-
ing to a maximum in the second time derivative following
the start of the heart cycle but preceding a timing of the
signal sample identified in step S20. The isovolumetric
contraction time is then determined as the period of time
between the impedance sample identified in step S21
and the start of the heart cycle.

[0087] This time is preferably determined by counting,
in step S22, the number of samples between the start of
the heart cycle and the sample identified in step S21.
Step S23 divides the counted number of samples with
the sampling frequency of the impedance signal in order
to getthe IVCT parameter expressed in the time domain
(seconds or milliseconds). The method then continues
to step S4 of Fig. 11 for calculating the remaining two
time parameters.

[0088] Fig. 14 is a flow diagram illustrating an embod-
iment of determining the isovolumetric relaxation time
based on the impedance signal. The method continues
from step S3 of Fig. 11. A next step S30 identifies an
impedance signal sample corresponding to a zero value
of the first time derivative following the start of the current
heart cycle. This step S30 is conducted similar to step
S20 of Fig. 13. Step S31 identifies a sample correspond-
ing to a global minimum of the first time derivative follow-
ing the sample identified in step S30. An impedance sig-
nal sample coinciding with a first local minimum of the
second time derivative preceding the timing of the sample
identified in step S31 but following the timing of the sam-
ple identified in step S30 is identified in step S32. The
isovolumetricrelaxation time is then defined as the period
of time between the samples identified in steps S30 and
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S32.

[0089] This time is preferably determined by counting,
in step S33, the number of samples between the samples
identified in step S30 and S32. Step S34 divides the
counted number of samples with the sampling frequency
of the impedance signal in order to get the IVRT param-
eter expressed in the time domain (seconds or millisec-
onds). The method then continues to step S4 of Fig. 11
for calculating the remaining two time parameters.
[0090] The calculation of the IVRT and IVCT parame-
ters can be performed sequentially or in parallel.

[0091] Ejection time is then defined as the period of
time from the end of IVCT up to the start of IVRT. ET can
be determined by counting the number of samples be-
tween the sample identified in step S30 of Fig. 14 or step
S20 of Fig. 13 and the sample identified in step S21 of
Fig. 14. The counted number of samples is divided by
the sampling frequency of the impedance signal in order
to get the ET parameter expressed in the time domain
(seconds or milliseconds).

[0092] Fig. 15 s a flow diagram illustrating a particular
use of the Tei-index determined according to the inven-
tion. The method continues from step S5 of Fig. 11. A
next step S40 adjusts a cardiac therapy scheme, such
as a cardiac resynchronization therapy scheme, based
on the calculated Tei-index. This adjustment can, for in-
stance, be realized as an adjustment of the AV and/or
VV timing delay of applied pacing pulses. Another pos-
sible realization is the change of electrode pair used for
applying the therapy pacing signal. A further example is
the change of a current therapy scheme to one out of
multiple available predefined candidate schemes from a
scheme library.

[0093] A nextstep S41 applies pacing signal to at least
a portion of the heart according to the adjusted therapy
scheme. In a preferred embodiment, a new Tei-index cal-
culation procedure is preferably initiated following a time
period after application of the adjusted therapy scheme.
This allows evaluation of whether the new scheme re-
sulted in an improvementin cardiac performance (reduc-
tion in Tei-index) or a deterioration of the performance
(increase in Tei-index). An iterative scheme adjustment
procedure can then be conducted with Tei-index-de-
pendent evaluation of the adjusted scheme in order to
identify a therapy scheme thatis optimal or at least suited
for the current condition of the patient’s heart.

[0094] Fig.16isaflowdiagramillustrating another pos-
sible implementation of the Tei-index determined accord-
ing to the present invention. The method continues from
step S5 of Fig. 11. A next step S50 compares the calcu-
lated Tei-index with a threshold value. The threshold can
be a predefined value but is preferably an average value
of previously calculated Tei-indices. If the Tei-index is
lower than the threshold, the method continues to step
S51, where the threshold value is preferably updated
based on the newly determined Tei-index. The method
thenends orreturns to step S1 for the purpose of initiating
a new Tei-index determination.
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[0095] If, however, the Tei-index is larger than the
threshold this is an indication of deterioration in the car-
diac performance and is of diagnostic value. Diagnostic
data representative of the detected (unfavorable) heart
condition is generated in step S52 based on the compar-
ison of step S50. The diagnostic data may be stored in
the IMD for later retrieval or could be sent directly to an
external communication unit. Furthermore, if the Tei-in-
dex is significantly higher than the threshold, an alarm
may be run such as an audio and/or tactile alarm notifying
the patient of the detected cardiac condition.
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Claims
1. Animplantable medical device (100) comprising:

an electrode input (110) adapted to be electri-
cally connectable to multiple electrodes (312,
314; 322, 324) of which at least one is provided
on a cardiac lead (310, 320) adapted to be con-
nectable to said implantable medical device
(100);

a signal generator (120) adapted to be electri-
cally connected to said electrode input (110) and
arranged for generating an electric signal to be
applied to at least a portion of a heart (10) in a
subject (1) by two electrodes of said multiple
electrodes (312, 314; 322, 324);

an impedance processor (130) adapted to be
electrically connected to said electrode input
(110) and said signal generator (120) and adapt-
ed to be arranged for determining animpedance
signal based on said generated electric signal
and a resulting electric signal collected by two
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electrodes of said multiple electrodes (312, 314;
322, 324), said impedance processor (130)
comprising:

a first derivative generator (132) for calcu-
lating a first time derivative of said imped-
ance signal for atleast a portion of said heart
cycle, characterized in that said imped-
ance processor (130) further comprising:

a second derivative generator (134) for
calculating a second time derivative of
said impedance signal for atleast a por-
tion of said heart cycle, said implanta-
ble medical device (100) further com-
prising:

an isovolumetric contraction time
processor (140) for estimating an
isovolumetric contraction time of a
heart cycle based on said imped-
ance signal and comprising:

a zero identifier (142) for
processing said first time de-
rivative of said impedance sig-
nal and identifying a first im-
pedance signal sample corre-
sponding to a zero value of
said first time derivative of said
impedance signal following a
start of said heart cycle;

a maximum identifier (144) for
processing said second time
derivative of said impedance
signal and identifying a sec-
ond impedance signal sample
corresponding to a largest val-
ue of said second time deriva-
tive of said impedance signal
following said start of said
heart cycle but preceding a
timing of said first impedance
signal sample; and

a time calculator (146) for cal-
culating said isovolumetric
contraction time as a period of
time between second imped-
ance signal sample and said
start of said heart cycle;

an isovolumetric relaxation time processor (150)
for estimating an isovolumetric relaxation time
of said heart cycle based on said impedance
signal and comprising:

a zero identifier (152) for processing said
first time derivative of said impedance sig-



21 EP 2 318 096 B1 22

nal and identifying said firstimpedance sig-
nal sample corresponding to said zero value
of said first time derivative of said imped-
ance signal following said start of said heart
cycle;

a global minimum identifier (154) for
processing said first time derivative of said
impedance signal and identifying a third im-
pedance signal sample corresponding to a
global minimum of said first derivative of
said impedance signal following a timing of
said first impedance signal sample;

alocal minimum identifier (158) for process-
ing said second time derivative of said im-
pedance signal and identifying a fourth im-
pedance signal sample corresponding to a
first local minimum of said second time de-
rivative of said impedance signal preceding
atiming of said third impedance signal sam-
ple but following a timing of said first imped-
ance signal sample; and

a time calculator (156) for calculating said
isovolumetric relaxation time as a period of
time between said first impedance signal
sample and said fourth impedance signal
sample;

an ejection time processor (160) for estimating
an ejection time of said heart cycle based on
said impedance signal and comprising:

a sample counter (161) for counting a
number of samples between said first im-
pedance signal sample and said second im-
pedance signal sample; and

a frequency divider (163) for calculating
said ejection time based on a division of said
counted number of samples and a sampling
frequency of said impedance signal; and

an index processor (170) for determining a Tei-
index of said heart based on said estimated is-
ovolumetric relaxation time, said estimated iso-
volumetric contraction time and said ejection
time.

2. The device according to claim 1, wherein said time

calculator (146) of said isovolumetric contraction
time processor (140) comprises:

a sample counter (141) for counting a number
of samples between said second impedance
signal sample and an impedance signal sample
coinciding with said start of said heart cycle; and
a frequency divider (143) for calculating said is-
ovolumetric contraction time based on a division
of said counted number of samples and a sam-
pling frequency of said impedance signal
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3. The device according to claim 1 or 2, wherein said

time calculator (156) of said isovolumetric relaxation
time processor (150) comprises:

a sample counter (151) for counting a number
of samples between said first impedance signal
sample and said third impedance signal sample;
and

a frequency divider (153) for calculating said is-
ovolumetric relaxation time based on a division
of said counted number of samples and a sam-
pling frequency of said impedance signal.

4. The device according to any of the claims 1 to 3,

further comprising:

a pacing signal generator (180) adapted to be
connected to said electrode input (110) and
adapted to be arranged for generating therapy
pacing signals according to a cardiac therapy
scheme, said therapy pacing signals being ap-
plicable to at least a portion of said heart (10)
by two electrodes of said multiple electrodes
(312, 314; 322, 324); and

a cardiac therapy controller (185) adapted to be
connected to said index processor (170) and
said pacing signal generator (180) and adapted
to be arranged for adjusting said cardiac therapy
scheme based on said Tei-index.

The device according to claim 4, wherein said car-
diac therapy controller (185) is adapted to be ar-
ranged for adjusting at least one of an atria-to-ven-
tricle timing delay and a ventricle-to-ventricle timing
delay of said cardiac therapy scheme based on said
Tei-index.

The device according to claim 4 or 5, wherein said
electrode input (110) is adapted to be connectable
to a cardiac multi-electrode lead (310; 320) and said
cardiac therapy controller (185) is adapted to be ar-
ranged for selecting, based on said Tei-index, an
electrode of the multiple electrodes (312, 314; 322,
324) of said multi-electrode lead (310; 320) for ap-
plying said therapy pacing signals.

The device according to any of the claims 1 to 6,
further comprising a heart status processor (165) for
generating status data indicative of a current heart
status of said subject (1) based on said Tei-index.

The device according to any of the claims 1 to 7,
wherein

said electrodeinput (110) is adapted to be electrically
connectable to a first electrode (312) and a second
electrode (314) of a right ventricular lead (310) and
a third electrode (322) and a fourth electrode (324)
of a coronary sinus cardiac lead (320);
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said signal generator (120) is adapted to be arranged
for generating said electric signal to be applied to at
leastaportion of said heart (10) by said first electrode
(312) and said third electrode (322); and

said impedance processor (130) is adapted to be
arranged for determining said impedance signal
based on said generated electric signal and said re-
sulting electric signal collected by said second elec-
trode (314) and said fourth electrode (324).

Patentanspriiche
1. Implantierbares Medizinprodukt (100), umfassend:

einen Elektrodeneingang (110), der daflr geeig-
net ist, elektrisch mit mehreren Elektroden (312,
314; 322, 324) verbindbar zu sein, von welchen
zumindest eine an einem Herzdraht (310, 320)
bereitgestellt ist, dafiir geeignet, mit dem im-
plantierbaren Medizinprodukt (100) verbindbar
Zu sein;

einen Signalgenerator (120), der dafiir geeignet
ist, mit dem Elektrodeneingang (110) elektrisch
verbunden zu werden, und dafiir eingerichtet ist,
ein elektrisches Signal zu erzeugen, das durch
zwei Elektroden der mehreren Elektroden (312,
314; 322, 324) an zumindest einen Abschnitt ei-
nes Herzens (10) in einem Probanden (1) anzu-
legen ist;

einen Impedanzprozessor (130), der dafir ge-
eignetist, elektrisch mitdem Elektrodeneingang
(110) und dem Signalgenerator (120) verbun-
den zu werden, und dafiir geeignet ist, zum Be-
stimmen eines Impedanzsignals auf Grundlage
des erzeugten elektrischen Signals und eines
resultierenden elektrischen Signals eingerichtet
zu werden, das von zwei Elektroden der meh-
reren Elektroden (312, 314; 322; 324) aufge-
nommen wird, wobei der Impedanzprozessor
(130) umfasst:

einen ersten Ableitungsgenerator (132)
zum Berechnen einer ersten Zeitableitung
des Impedanzsignals fir zumindest einen
Abschnitt des Herzzyklus, dadurch ge-
kennzeichnet, dass der Impedanzprozes-
sor (130) ferner umfasst:

einen zweiten Ableitungsgenerator
(134) zum Berechnen einer zweiten
Zeitableitung des Impedanzsignals fiir
zumindest einen Abschnitt des Herzzy-
klus, wobei das implantierbare Medi-
zinprodukt (100) ferner umfasst:

einen isovolumetrischen Kontrak-
tionszeitprozessor (140) zum Ab-
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schatzen einer isovolumetrischen
Kontraktionszeit eines Herzzyklus
auf Grundlage des Impedanzsi-
gnals, und umfassend:

einen Null-ldentifizierer (142)
zum Verarbeiten der ersten
Zeitableitung des Impedanzsi-
gnals und ldentifizieren einer
ersten Impedanzsignalprobe,
die einem Nullwert der ersten
Zeitableitung des Impedanzsi-
gnals folgend auf einen Start
des Herzzyklus entspricht;
einen Maximum-Identifizierer
(144) zum Verarbeiten der
zweiten Zeitableitung des Im-
pedanzsignals und Identifizie-
ren einer zweiten Impedanzsi-
gnalprobe, die einem grofiten
Wertderzweiten Zeitableitung
des Impedanzsignals ent-
spricht, folgend auf den Start
des Herzzyklus, aber voraus-
gehend einem Zeitintervall der
ersten Impedanzsignalprobe;
und

einen Zeitkalkulator (146) zum
Berechnen der isovolumetri-
schen Kontraktionszeit als ei-
ne Zeitperiode zwischen der
zweiten Impedanzsignalprobe
und dem Start des Herzzyklus;
einen isovolumetrischen Re-
laxationszeitprozessor (150)
zum Abschatzen einer isovo-
lumetrischen Relaxationszeit
des Herzzyklus auf Grundlage
des Impedanzsignals, und
umfassend:

einen  Null-ldentifizierer
(152) zum Verarbeiten
der ersten Zeitableitung
des Impedanzsignals und
Identifizieren der ersten
Impedanzsignalprobe,
die dem Nullwert der er-
sten Zeitableitung des Im-
pedanzsignals  folgend
auf den Start des Herzzy-
klus entspricht;

einen globalen Minimum-
Identifizierer (154) zum
Verarbeiten der ersten
Zeitableitung des Impe-
danzsignals und Identifi-
zieren einer dritten Impe-
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danzsignalprobe, die ei-
nem globalen Minimum
der ersten Ableitung des
Impedanzsignals folgend
aufein Zeitintervall der er-
sten Impedanzsignalpro-
be entspricht;

einen lokalen Minimum-
Identifzierer (158) zum
Verarbeiten der zweiten
Zeitableitung des Impe-

10

26

stimmen eines Tei-
Index des Herzens
auf Grundlage der
abgeschatzten iso-
volumetrischen Re-
laxationszeit, der ab-
geschatzten isovolu-
metrischen Kontrak-
tionszeit und der Aus-
stoRzeit.

danzsignals und ldentifi- 2
zieren einer vierten Impe-
danzsignalprobe, die ei-

Produkt nach Anspruch 1, wobei der Zeitkalkulator
(146) des isovolumetrischen Kontraktionszeitpro-
zessors (140) umfasst:

nem ersten lokalen Mini- 75
mum der zweiten Zeita- einen Probenzahler (141) zum Zahlen einer An-
bleitung des Impedanzsi- zahl von Proben zwischen der zweiten Impe-
gnals entspricht, voraus- danzsignalprobe und einer Impedanzsignalpro-
gehend einem Zeitinter- be, die mit dem Start des Herzzyklus lberein-
vall der dritten 20 stimmt; und
Impedanzsignalprobe, einen Frequenzteiler (143) zum Berechnen der
aber folgend auf ein Zeit- isovolumetrischen Kontraktionszeit auf Grund-
intervall der ersten Impe- lage einer Teilung der gezahlten Anzahl von
danzsignalprobe; und Proben und einer Abtastfrequenz des Impe-
einen Zeitkalkulator (156) 25 danzsignals.
zum Berechnen der iso-
volumetrischen Relaxati- 3. Produkt nach Anspruch 1 oder 2, wobei der Zeitkal-
onszeit als eine Zeitperi- kulator (156) des isovolumetrischen Relaxations-
ode zwischen der ersten zeitprozessors (150) umfasst:
Impedanzsignalprobe 30
und der vierten Impe- einen Probenzahler (151) zum Zahlen einer An-
danzsignalprobe; zahlvon Proben zwischen der ersten Impedanz-
einen AusstoRRzeitprozes- signalprobe und der dritten Impedanzsignalpro-
sor (160) zum Abschéat- be; und
zen einer Ausstof3zeitdes 35 einen Frequenzteiler (153) zum Berechnen der
Herzzyklus auf Grundla- isovolumetrischen Relaxationszeit auf der
ge des Impedanzsignals Grundlage einer Teilung der gezahlten Anzahl
und umfassend: von Proben und einer Abtastfrequenz des Im-
pedanzsignals.
einen Probenzéhler 40
(161) zum Zahlen ei- 4. Produkt nach einem der Anspriiche 1 bis 3, ferner
ner Anzahl von Pro- umfassend:
ben zwischen der er-
sten Impedanzsi- einen Schrittmacher-Signalgenerator (180), der
gnalprobe und der 45 dafiir geeignet ist, mit dem Elektrodeneingang
zweiten Impedanzsi- (110) verbunden zu werden, und dafiir geeignet
gnalprobe; und ist, Therapie-Schrittmachersignale gemaR ei-
einen Frequenzteiler nem Herztherapieschema zu erzeugen, wobei
(163) zum Berech- die Therapie-Schrittmachersignale an zumin-
nen der AusstoRzeit 50 dest einen Abschnitt des Herzens (10) durch
auf Grundlage einer zwei Elektroden der mehrfachen Elektroden
Teilung der gezahl- (312, 314; 322, 324) anlegbar sind; und
ten Anzahl von Pro- eine Herztherapie-Steuerung (185), die dafur
ben und einer Abtast- geeignet ist, mit dem Indexprozessor (170) und
frequenz des Impe- 55 dem Schrittmacher-Signalgenerator (180) ver-

danzsignals; und
einen Indexprozes-
sor (170) zum Be-

14

bunden zu werden, und dafiir geeignet ist, zum
Einstellen des Herztherapieschemas auf
Grundlage des Tei-Index eingerichtet zu wer-
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den.

Produkt nach Anspruch 4, wobei die Herztherapie-
Steuerung (185) daflir geeignet ist, zum Einstellen
von einer Atrium-zu-Ventrikel-Zeitverzogerung und/
oder einer Ventrikel-zu-Ventrikel-Zeitverzégerung
des Herztherapieschemas auf der Grundlage des
Tei-Index eingerichtet zu werden.

Produkt nach Anspruch 4 oder 5, wobei der Elektro-
deneingang (110) dafiir geeignet ist, mit einem Herz-
Mehrfach-Elektrodendraht (310; 320) verbindbar zu
sein, und die Herztherapie-Steuerung (185) dafir
geeignet ist, zum Auswahlen einer Elekirode der
mehreren Elektroden (312, 314; 322, 324) des Mehr-
fach-Elektrodendrahts (310; 320) zum Anlegen der
Therapie-Schrittmachersignale auf Grundlage des
Tei-Index eingerichtet zu werden.

Produkt nach einem der Anspriiche 1 bis 6, ferner
umfassend einen Herzstatusprozessor (165) zum
Erzeugen von Statusdaten, die anzeigend sind flr
einen gegenwartigen Herzstatus des Probanden (1)
auf Grundlage des Tei-Index.

Produkt nach einem der Anspriiche 1 bis 7, wobei
derElektrodeneingang (110) daflir geeignetist, elek-
trisch mit einer ersten Elektrode (312) und einer
zweiten Elektrode (314) eines rechten ventrikularen
Drahts (310) und einer dritten Elektrode (322) und
einer vierten Elektrode (324) eines Koronar-Sinus-
Herzdrahts (320) verbindbar zu sein;

der Signalgenerator (120) dafiir geeignet ist, zum
Erzeugen des elektrischen Signals, das durch die
erste Elektrode (312) und die dritte Elektrode (322)
an zumindest einen Abschnitt des Herzens (10) an-
zulegen ist, eingerichtet zu werden; und

der Impedanzprozessor (130) daflir geeignet ist,
zum Bestimmen des Impedanzsignals auf Grundla-
ge des erzeugten elektrischen Signales und des re-
sultierenden elektrischen Signals, aufgenommen
von der zweiten Elektrode (314) und der vierten Elek-
trode (324), eingerichtet zu werden.

Revendications

Dispositif médical implantable (100) comprenant :

une entrée d’électrode (110) congue pour pou-
voir étre électriquement reliée a de multiples
électrodes (312, 314 ; 322, 324) dont 'une au
moins est prévue sur un fil cardiaque (310, 320)
congu pour pouvoir étre relié audit dispositif mé-
dical implantable (100) ;

un générateur de signal (120) congu pour étre
électriguement relié a ladite entrée d’électrode
(110) et agencé de maniéere a générer un signal
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électrique destiné a étre appliqué a au moins
une partie du coeur (10) d’'un sujet (1) au moyen
de deux électrodes parmi lesdites multiples
électrodes (312, 314 ; 322, 324) ;

un processeur d'impédance (130) congu pour
étre électriquement relié a ladite entrée d’élec-
trode (110) et audit générateur de signal (120)
et congu pour étre agencé de maniére a déter-
miner un signal d'impédance en se fondant sur
ledit signal électrique généré et sur un signal
électrique résultant recueilli par deux électrodes
parmi lesdites multiples électrodes (312, 314 ;
322, 324) ; ledit processeur d’'impédance (130)
comprenant :

un générateur de premiére dérivée (132)
destiné a calculer une premiére dérivée
temporelle dudit signal d'impédance pour
au moins une partie dudit cycle cardiaque,
caractérisé en ce que ledit processeur
d’'impédance (130) comprend en outre :

un générateur de deuxiéme dérivée
(134) destiné a calculer une deuxieéme
dérivée temporelle dudit signal d'impé-
dance pour au moins une partie dudit
cycle cardiaque, ledit dispositif médical
implantable (100) comprenant en
outre :

un processeur de durée de con-
traction isovolumétrique (140) des-
tiné a estimer une durée de con-
traction isovolumétrique d’un cycle
cardiaque en se fondant sur ledit
signal d’'impédance et
comprenant :

un identificateur de valeur nul-
le (142) destiné a traiter ladite
premiére dérivée temporelle
dudit signal d’impédance et a
identifier un premier échan-
tillon de signal d’impédance
correspondant a une valeur
nulle de ladite premiére déri-
vée temporelle dudit signal
d'impédance suivant le com-
mencement  dudit  cycle
cardiaque ;

un identificateur de valeur
maximale (144) destiné a trai-
ter ladite deuxiéme dérivée
temporelle dudit signal d’'im-
pédance et a identifier un
deuxiéme échantillon de si-
gnal d’'impédance correspon-
dant a la valeur maximale de
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ladite deuxieme dérivée tem-
porelle dudit signal d'impé-
dance suivant ledit commen-
cement dudit cycle cardiaque
mais précédant le moment du-
dit premier échantillon de si-
gnal d'impédance ; et

un calculateur de temps (146)
destiné a calculer ladite durée
de contraction isovolumétri-
que sous la forme d’une pério-
de de temps située entre le
deuxieme échantillon de si-
gnal d’impédance et ledit com-
mencement  dudit cycle
cardiaque ;

un processeur de durée de relaxa-
tion isovolumétrique (150) destiné
a estimer une durée de relaxation
isovolumétrique dudit cycle cardia-
que en se fondant sur ledit signal
d’impédance et comprenant :

un identificateur de valeur nul-
le (152) destiné a traiter ladite
premiére dérivée temporelle
dudit signal d’'impédance et a
identifier ledit premier échan-
tilon de signal d’'impédance
correspondant a ladite valeur
nulle de ladite premiére déri-
vée temporelle dudit signal
d'impédance suivant ledit
commencement dudit cycle
cardiaque ;

un identificateur de valeur mi-
nimale globale (154) destiné a
traiter ladite premiére dérivée
temporelle dudit signal d’im-
pédance et a identifier un troi-
sieme échantillon de signal
d’impédance correspondant a
une valeur minimale globale
de ladite premiére dérivée du-
dit signal d’'impédance suivant
le moment dudit premier
échantillon de signal
d’impédance ;

un identificateur de valeur mi-
nimale locale (158) destiné a
traiter ladite deuxiéme dérivée
temporelle dudit signal d’im-
pédance et a identifier un qua-
trieme échantillon de signal
d’impédance correspondant a
une premiéere valeur minimale
locale de ladite deuxiéme dé-
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rivée temporelle dudit signal
d'impédance précédantle mo-
ment dudit troisieme échan-
tillon de signal d’impédance
mais suivant le moment dudit
premier échantillon de signal
d'impédance ; et

un calculateur de temps (156)
destiné a calculer ladite durée
de relaxation isovolumétrique
sous laforme d’'une période de
temps située entre ledit pre-
mier échantillon de signal
d'impédance et ledit quatrie-
me échantillon de signal
d'impédance ;

un processeur de durée d’éjection
(160) destiné a estimer la durée
d’éjection dudit cycle cardiaque en
se fondant sur ledit signal d'impé-
dance et comprenant :

un compteur d’échantillons
(161) destiné a compter le
nombre d’échantillons pré-
sents entre ledit premier
échantillon de signal d’impé-
dance et ledit deuxiéme
échantillon de signal
d'impédance ; et

undiviseur de fréquence (163)
destiné a calculer ladite durée
d’éjection en se fondant sur la
division dudit nombre
d’échantillons comptés et la
fréequence d’échantillonnage
dudit signal d’impédance ; et

un processeur d’indice (170) des-
tiné a déterminer un indice Tei du-
dit coeur en se fondant sur ladite
durée de relaxation isovolumétri-
que estimée, ladite durée de con-
traction isovolumétrique estimée
et ladite durée d’'éjection.

2. Dispositif selon la revendication 1, dans lequel ledit
calculateur de temps (146) dudit processeur de du-
rée de contraction isovolumétrique (140) comprend :

un compteur d’échantillons (141) destiné a
compter le nombre d’échantillons situés entre
ledit deuxieme échantillon de signal d'impédan-
ce et un échantillon de signal d’'impédance coin-
cidant avec ledit commencement dudit cycle
cardiaque ; et

undiviseurdefréquence (143) destiné a calculer
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ladite durée de contraction isovolumétrique en
se fondant sur la division dudit nombre d’échan-
tillons comptés et la fréquence d’échantillonna-
ge dudit signal d'impédance.

Dispositif selon la revendication 1 ou 2, dans lequel
ledit calculateur de temps (156) dudit processeur de
durée de relaxation isovolumétrique (150)
comprend :

un compteur d’échantillons (151) destiné a
compter le nombre d’échantillons situés entre
ledit premier échantillon de signal d'impédance
et ledit troisieme échantillon de signal
d’impédance ; et

undiviseur de fréquence (153) destiné a calculer
ladite durée de relaxation isovolumétrique en se
fondant sur la division dudit nombre d’échan-
tillons comptés et la fréquence d’échantillonna-
ge dudit signal d'impédance.

4. Dispositif selon'une quelconque desrevendications

1 a 3, comprenant en outre :

un générateur de signal de stimulation (180)
congu pour étre relié a ladite entrée d’électrode
(110) et congu pour étre agencé de maniére a
générer des signaux de stimulation thérapeuti-
ques conformément a un programme de théra-
pie cardiaque, lesdits signaux de stimulation
thérapeutiques étant applicables a au moins
une partie dudit coeur (10) au moyen de deux
électrodes parmi lesdites multiples électrodes
(312, 314 ; 322, 324) ; et

un organe de commande de thérapie cardiaque
(185) congu pour étre relié audit processeur d’in-
dice (170) et audit générateur de signal de sti-
mulation (180) et congu pour étre agencé pour
régler ledit programme de thérapie cardiaque
en se fondant sur ledit indice Tei.

Dispositif selon la revendication 4, dans lequel ledit
organe de commande de thérapie cardiaque (185)
est congu pour étre agence pour régler le retard auri-
culo-ventriculaire et/ou le retard ventriculo-ventricu-
laire dudit programme de thérapie cardiaque en se
fondant sur ledit indice Tei.

Dispositif selon la revendication 4 ou 5, dans lequel
ladite entrée d’électrode (110) est congue pour pou-
voir étre reliée a un fil cardiaque a multiples électro-
des (310 ; 320) et ledit organe de commande de thé-
rapie cardiaque (185) est congu pour étre agencé
pour sélectionner, en se fondant sur ledit indice Tei,
une électrode parmi les multiples électrodes (312,
314 ; 322, 324) dudit fil a multiples électrodes (310 ;
320) destiné a appliquer lesdits signaux de stimula-
tion thérapeutiques.
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7.

Dispositif selon'une quelconque des revendications
1a6, comprenanten outre un processeur d’état car-
diaque (165) destiné a générer des données d’état
indicatives de I'état cardiaque actuel dudit sujet (1)
en se fondant sur ledit indice Tei.

Dispositif selon'une quelconque des revendications
1 a7, dans lequel

ladite entrée d’électrode (110) est congue pour pou-
voir étre électriquement reliée a une premiére élec-
trode (312) et une deuxiéme électrode (314) d’un fil
ventriculaire droit (310) et a une troisieme électrode
(322) et une quatrieme électrode (324) d’un fil car-
diaque pour le sinus coronaire (320) ;

ledit générateur de signal (120) est congu pour étre
agencé de maniére a générer ledit signal électrique
devant étre appliqué a au moins une partie dudit
coeur (10) par ladite premiére électrode (312) et la-
dite troisieme électrode (322) ; et

ledit processeur d'impédance (130) est congu pour
étre agencé de maniere a déterminer ledit signal
d’'impédance en se fondant sur ledit signal électrique
génére et ledit signal électrique résultant recueilli par
ladite deuxieme électrode (314) et ladite quatrieme
électrode (324).
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