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METHOD AND DEVICE FOR ESTIMATING A
MYOCARDIAL PERFORMANCE
PARAMETER

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a division of U.S. patent appli-
cation Ser. No. 13/002,599, filed Jan. 4, 2011, whichisa 371
application of PCT/SE08/00483, filed Aug. 28, 2008.

FIELD OF THE INVENTION

[0002] The present invention generally relates to implant-
able medical devices and methods, and in particular to such
devices and methods employed for estimating a myocardial
performance parameter useful for heart diagnosis and adjust-
ment of device settings.

BACKGROUND OF THE INVENTION

[0003] Heart failure is a common disease with a prevalence
of approximately 2-3 percent in the general population. The
disease has a huge impact both on health economy and the
well-being of people in western society. Cardiac Resynchro-
nization Therapy (CRT) is an established method to treat
heart failure in patients with low ejection fraction and wid-
ened 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 systolic and diastolic function.

[0004] There is therefore a need for a diagnostic parameter
that is descriptive of changes both in diastolic and systolic
cardiac properties and which can be used, among others, as
control parameter for CRT optimization.

[0005] Furthermore, the parameter should be determinable
by an implantable medical device, such as pacemaker,
defibrillator or cardioverter, having functionality for provid-
ing the cardiac resynchronization therapy to the heart failure
patient.

[0006] A vast number of diagnostic parameters have been
used in the art for optimizing CRT of an implantable medical
device, such as maximum ventricular

dP
dr

using 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 pressure in the
aorta (4) and left ventricular lateral wall acceleration (5).
[0007] 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.

[0008] Furthermore, not all prior art parameters are indeed
particularly suitable as CRT optimization parameters as they
are not descriptive of changes both in diastolic and systolic
cardiac properties.

SUMMARY OF THE INVENTION

[0009] There is therefore a need for a myocardial perfor-
mance parameter that can effectively be used in heart diag-
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nosis and heart treatment optimization, and which further-
more can be estimated without the requirement of separate,
dedicated sensors attached to implantable medical devices.

[0010] The present invention overcomes these and other
drawbacks of the prior art arrangements.

[0011] It is a general object of the present invention to
determine a myocardial performance parameter from cardiac
impedance data.

[0012] Itisa particular object of the invention to provide an
implantable medical device capable of determining a Tei-
index without dedicated, included or attached sensor equip-
ment.

[0013] Briefly, the present invention concerns an implant-
able medical device (IMD) designed for monitoring and/or
applying therapy to a heart of a patient, preferably mamma-
lian patient and more preferably a human patient. The IMD
has 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 current signal, which is applied to at
least a portion of the heart using two of the connected elec-
trodes. A resulting electric signal, preferably AC voltage sig-
nal, is collected from at least a portion of the electrode using
two connected electrodes.

[0014] The IMD has an impedance processor that deter-
mines an impedance signal, typically cardiogenic impedance
signal, based on the applied electric signal and the collected
resulting electric signal. This impedance signal is processed
by different time processors of the IMD for the purpose of
determining time parameters. An isovolumetric contraction
time (IVCT) processor estimates an IVCT of a heart cycle
based on the impedance signal. An isovolumetric relaxation
time (IVRT) is correspondingly estimated by an IVRT pro-
cessor 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.

[0015] The IMD also includes an index processor that
determines the myocardial performance parameter denoted
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 without the need for
separate and dedicated implanted sensors.

[0016] The Tei-index is of high diagnostic value as it
accounts for changes in both diastolic and systolic cardiac
performance. The index can therefore be used as diagnostic
parameter for the purpose of detecting a deterioration 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 performance, for adjusting the
cardiac therapy delivered by the IMD to the heart. For
instance, adjustment or optimization of CRT is advanta-
geously conducted in a biventricular IMD based on the esti-
mated Tei-index.

[0017] The present invention also relates to a method of
determining the Tei-index based on impedance data deter-
mined from electric signals applied to and collected from the
heart using implantable electrodes.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG.1isanoverview ofa patient having an implant-
able medical device according to an embodiment and further
illustrates wireless communication between the device and an
external terminal.

[0019] FIG. 2 is a schematic block diagram of an implant-
able medical device according to an embodiment.

[0020] FIG. 3 is a schematic block diagram of an embodi-
ment of the impedance processor of the implantable medical
device in FIG. 2.

[0021] FIG. 4 is a schematic block diagram of an embodi-
ment of the IVCT processor of the implantable medical
device in FIG. 2.

[0022] FIG. 5 is a schematic block diagram of an embodi-
ment of the IVRT processor of the implantable medical
device in FIG. 2.

[0023] FIG. 6 is a schematic block diagram of an embodi-
ment of the ejection time processor of the implantable medi-
cal device in FIG. 2.

[0024] FIG. 7 is a diagram illustrating an embodiment of
estimating IVCT from impedance signals.

[0025] FIG. 8 is a diagram illustrating an embodiment of
estimating IVRT from impedance signals.

[0026] FIG.9isadiagram illustrating a simulationofa well
synchronized left ventricular contraction and the distribution
of IVRT, IVCT and ejection time in the heart cycle.

[0027] 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.

[0028] FIG. 11 is a flow diagram illustrating a method of
determining a cardiac performance parameter according to
the present invention.

[0029] FIG. 12 is a flow diagram illustrating additional
steps of the method in FIG. 11.

[0030] FIG. 13 is a flow diagram illustrating additional
steps of the method in FIG. 11.

[0031] FIG. 14 is a flow diagram illustrating additional
steps of the method in FIG. 11.

[0032] FIG. 15 is a flow diagram illustrating additional
steps of the method in FIG. 11.

[0033] FIG. 16 is a flow diagram illustrating additional
steps of the method in FIG. 11.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0034] Throughout the drawings, the same reference char-
acters will be used for corresponding or similar elements.
[0035] The present invention is related to an implantable
medical device and method that allows estimation of a myo-
cardial performance parameter that is highly descriptive of
heart performarnce, including both diastolic and systolic car-
diac performance. As a consequence, the parameter can be
used as an effective diagnostic parameter for monitoring heart
performance and status and thereby detect any significant
changes in the heart operation indicative of a disease condi-
tion, such as heart failure, and/or a worsening of an already
detected disease condition. Furthermore, the performance
parameter can, according to the invention, be used in adjust-
ing and optimizing the operation of the implantable medical
device, for instance through an adjustment of the device set-
tings employed for delivering a treatment pacing to combat
the detected disease condition.
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[0036] The performance parameter employed by the inven-
tion is the co-called Tei-index, also denoted Myocardial Per-
formance Index, in the art (6). Traditionally, the Tei-index is
determined through usage of several different non-invasive
sensors. However, the present invention teaches that the Tei-
index can surprisingly be estimated 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
signal for estimating the myocardial performance parameter,
Tei-index.

[0037] FIG. 1is a schematic overview of a human patient 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 provides therapy to the heart
10 of the patient 1, such as a pacemaker, cardiac defibrillator
or cardioverter. The IMD 100 is, in operation, connected to
one or more, two in the figure, intracardiac leads 310, 320
inserted into different heart chambers, the right and left ven-
tricles 12 in FIG. 1. The present invention is though not
limited to ventricular leads 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, includ-
ing epicardial leads can also be used.

[0038] FIG. 1 also illustrates an external programmer 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 com-
mands causing a reprogramming of different operation
parameters and modes of the IMD 100. Furthermore, the IMD
100 can upload diagnostic data descriptive of different medi-
cal 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 connected display screen 210. In the light of the present
invention, 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.

[0039] 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 operation, connect-
able to multiple electrodes 312, 314, 322, 324 used for apply-
ing and sensing electric signals to and from the cardiac tissue
of a subject. These electrodes 312, 314, 322, 324 are prefer-
ably 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 provided in connection with the heart tissue.
For this purpose, the lead 310, 320 can include a tissue
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
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310, 320, while remaining electrodes can be ring electrodes
(indifferent electrodes), tip electrodes, defibrillation elec-
trode, or the like.

[0040] The IMD 100 can be connected to a single medical
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 hav-
ing electrodes. In either case, the at least one lead 310, 320 can
be an intracardiac lead positioned 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 epicar-
dially positioned relative the heart. Also a combination of
intracardial and epicardial leads is contemplated by the
present invention. Furthermore, a subset of the electrodes can
instead be provided elsewhere and not on any cardiac lead.
For instance, the case of the IMD 100 may constitute one of
the electrodes connected to the electrode input 110.

[0041] A signal generator 120 of the IMD 100 is electri-
cally connected to the electrode input 110. The generator 120
generates an electric signal, such as a current or voltage
signal. The signal is an alternative current (voltage) signal
having a particular frequency that is applied to at least a
portion of a heart in a subject by two electrodes 312, 322 of
the multiple connectable electrodes 312, 314, 322, 324. In
operation, the signal generator 120 generates the electric sig-
nal having a defined time-dependent voltage profile and for-
wards the signal to the electrode input 110. The input 110
directs the electric signal to the two signal applying electrodes
of which preferably one is provided in connection with or at
least close to the subject’s heart.

[0042] Two electrodes 314, 324 of the multiple connected
electrodes 312, 314, 322, 324 collect a resulting electric sig-
nal (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 genera-
tor 120. In a preferred implementation, the collected signal is
a sensed (AC) voltage signal collected using at least two
connected electrodes 314, 324.

[0043] An impedance processor 130 is electrically con-
nected to the signal generator 120 and the electrode input 110.
The processor 130 processes the electric signal (current sig-
nal) generated by the signal generator 120 and the resulting
electric signal (voltage signal) collected by at least two elec-
trodes 314, 324 connected to the electrode input 110. In more
detail, the processor 130 calculates an impedance signal
based on the generated and the resulting electric signals.
[0044] The impedance processor 130 can utilize different
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 canbe a complex
impedance signal, i.e. comprising a resistive and a reactive
component or alternatively an impedance amplitude and
phase angle. Alternatively, only the resistive or reactive com-
ponent or the impedance amplitude is used as impedance
signal of the invention.

[0045] 1In a particular embodiment, the impedance proces-
sor 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 mul-
tiple successive heart cycles.

[0046] An impedance vector is generally employed for
identifying the electrodes 312, 314, 322, 324 used for signal
application and signal sensing, respectively. As is known in
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the art, bipolar impedance vectors utilize the same two elec-
trodes for both signal application and signal sensing. In tri-
polar 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 electrodes are used and two dedicated differ-
ent signal sensing electrodes.

[0047] Generally bipolar vectors typically give amore local
representation of the tissue impedance in the close vicinity to
the electrodes. Correspondingly, tripolar and quadropolar
vectors could be advantageous when monitoring changes ina
tissue present between two medical leads to thereby mainly
get an influence of the impedance signal from the intermedi-
ate tissue and not other surrounding tissues.

[0048] In the present invention, tripolar and in particular
quadropolar impedance vectors are preferred even though
bipolar vectors may indeed be employed. In a typical qua-
dropolar setting, the IMD 100 is connected to a right ventricu-
lar 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 elec-
trodes 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.

[0049] 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 imped-
ance signal. A first processor is an isovolumetric contraction
time (IVCT) processor 140 arranged for estimating the IVCT
of a heart cycle based on the impedance signal. As is well
known in the art, IVCT is defined as the time between the
onset of the ventricular contraction (onset of myocardial
motion) and the onset of ventricular ejection. This corre-
sponds to the time from the closing of the mitralis valve (often
coincides with the R-wave) to the opening of the aortic valve.
[0050] 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 aortic valve
to the opening of the mitralis valve.

[0051] Furthermore, an ejection time (ET) processor 160 is
connected to the impedance processor for estimating the ejec-
tion 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 ventricle changes from a maximum value
to a minimum value.

[0052] Thethreeprocessors 140, 150, 160 preferably deter-
mine the three time parameters based on the impedance 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 on the impedance signal for a pre-
ceding or following heart cycle, etc.

[0053] The estimated time parameters are forwarded from
the processors 140, 150, 160 to an index processor 170. The
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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

[0054] The determined Tei-index is of diagnostic and heart
performance value and can be used by the IMD 100 for
different purposes.

[0055] In a first embodiment, the index processor 170 is
connected to a memory 175 in the IMD 100. The processor
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 gen-
erate the electric signal and determine the (average) imped-
ance signal at multiple separate time instance, respectively.
For instance, the impedance signal can be determined peri-
odically at different pre-defined 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 trans-
mitter/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 sig-
nal from the physician’s workstation to the receiver 190 of the
IMD 100.

[0056] 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 uploading the
determined Tei-indices to the physician’s workstation using
the transmitter 190 and the connected transmitting antenna
195. The workstation or a connected 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 myocardial performance.

[0057] In an 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 s provided for processing the calculated
Tei-indices. This processor 165 uses the Tei-index for gener-
ating status data indicative of a current heart status or myo-
cardial performance of the patient. This processing is prefer-
ably performed by comparing 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 at
least one previously determined Tei-index. Thus, the com-
parison can then be executed by comparing a current Tei-
index with a previous Tei-index or with an average of previ-
ously calculated Tei-indices.

[0058] Generally, the Tei-index should be as low as pos-
sible for optimum cardiac performance. A normal value for
the Tei-index is therefore around 0.4. Patients suffering from
heart failure or some other medical condition or disease nega-
tively affecting the heart performance often 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
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increase is further accentuated 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 conditions negatively affecting the myocardial perfor-
mance as blood pumping organ.

[0059] Thus, if the heart status processor 165 detects a
significant change (increase) in Tei-index, diagnostic data
representative of the detected negative heart condition is gen-
erated. This data can be entered in the memory 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 transmitter 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.

[0060] A second embodiment uses the Tei-index for adjust-
ment of the device settings, and in particular adjustment or
optimization of a pacing therapy scheme employed by the
IMD 100 for applying electric treatment pulses to the heart.

[0061] The IMD 100 therefore comprises a pacing signal
generator 180 connected to the electrode input 110. This
generator 180 generating pacing signals, such as resynchro-
nization pacing signal or other electric treatment pacing sig-
nals according to a cardiac (resynchronization) 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.

[0062] The pacing signal generator 180 is furthermore con-
nected to a therapy controller, which is also connected to the
index processor 170 or memory 175. This controller 185 uses
a calculated Tei-index for adjusting the therapy scheme to
thereby optimize the applied treatment pacing signal or pulse
based on the current cardiac performance. In order to provide
an automatic and optimal 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, estimat-
ing 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 performed
several times to finely adjust the therapy scheme to obtain as
optimal heart performance (low Tei-index) as possible. For
instance, 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.

[0063] Different parameters and settings of a therapy
scheme can be adjusted in order to reach a more optimal
treatmernt pacing signal. A possible example is to adjust the
atrial-to-ventricular (AV) timing delay and/or the ventricle-
to-ventricle (VV) timing delay of a cardiac resynchronization
therapy scheme. In a typical example, the AV/VV delay is
stepped up or down from a starting or default AV/VV delay
and the Tei-index is determined following 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 increases to thereby determine an optimum
AV/VV delay. However, ifthe Tei-index instead increases, the
adjustment would then be to step down or up in AV/VV delay
until optimum delay value is reached.
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[0064] A further possibility of adjusting the therapy
scheme is to use so-called multi-electrode leads 310, 320.
Such a lead 310, 320 has access to multiple different elec-
trodes 312, 314, 322, 324 arranged at different spatial posi-
tions along the lead length. The scheme adjustment can then
be in form of selecting a new set of two electrodes to use for
applying the therapeutic pacing signal 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, NxM
different combinations of inter-lead electrode pairs are pos-
sible. If the pacing therapy can also be applied using two
electrodes on a same lead, there is in total

v ()

different combinations of two signal applying electrodes in
this example. All or a subset of these combinations can be
tested and the resulting Tei-index for each combination is
determined. 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.

[0065] It is anticipated by the present invention 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.

[0066] In another implementation, the therapy controller
185 has access to multiple predefined candidate therapy
schemes. Instead of adjusting a single parameter or selecting
a particular combination of application electrodes, the con-
troller 185 selects a new candidate scheme among the avail-
able 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.

[0067] The IMD 100 may, for instance, be a biventricular
pacemaker having the capability of pacing both ventricles
according to a CRT scheme. By pacing both sides of the heart,
the pacemaker can resynchronize a heart that does not beat in
synchrony, which is common in heart failure patients. In such
a case, the IMD 100 is preferably connected to three implant-
able 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 reflective of any dyssynchrony and also accounts for
changes in both diastolic and systolic cardiac performance.
Clinical 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 adjustment in biven-
tricular pacemakers.

[0068] Instead of performing the optimization in an auto-
matic manner by the IMD 100, the therapy scheme adjust-
ment can be made by an operator during implantation of the
IMD 100 and/or at follow-up visit with the help of the phy-
sician’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 adjusted scheme.
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[0069] 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.

[0070] The units 110 to 190 of the IMD 100 can be imple-
mented in hardware, software of a combination of hardware
and software.

[0071] FIG. 3 is a schematic block diagram of an embodi-
ment of the impedance processor 130 of the IMD. The imped-
ance processor 130 comprises a first derivative generator 132
and a second derivative generator 134. The first derivative
generator 132 processes the impedance signal determined by
the processor 130 and calculates a first time derivative of the
impedance signal for at least a portion of a relevant 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.

[0072] The units 132 and 134 of the impedance processor
130 can be implemented in hardware, software of a combi-
nation of hardware and software. The units 132 and 134 may
all be implemented in the impedance processor 130. In an
alternative implementation, at least one of the units 132 and
134 is arranged elsewhere in the IMD.

[0073] FIG. 4 is a schematic block diagram of an embodi-
ment of the IVCT processor 140. FI1G. 7 is a diagram illus-
trating the impedance signal (Z), the first time derivative
signal

()

and the second time derivative
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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 identi-
fying the impedance signal sample corresponding to a zero
value of the first time derivative following the start of the heart
cycle.

[0074] In a typical embodiment, the zero identifier 142
passes through the samples containing the first time derivative
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 characteristic 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
cycleis the left ventricular (LV) QRS complex, as indicated in
FIG. 7.

[0075] Once the zero identifier 142 has located the correct
(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 FI1G. 7.
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[0076] 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 contrast and
depending on the particular patient, the IMD and the positions
of the electrodes used for signal application 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 different approaches can be taken.
[0077] A first embodiment limits the search among first
time derivative occurring close to a clearly identifiable char-
acteristic in the Z,

dz  d'Zz
FTRar T

signal. For instance, the global maximum of the impedance
signal during the current heart cycle is first identified by the
zero identifier 142. The identifier 142 then limits the search
for the zero value first time derivative sample among samples
close in time to this identified global impedance maximum.
Forinstance, 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-T,,S+T,], where T, is
a defined window-defining value.

[0078] In another embodiment, statistics are emploved 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 sample window that
will encompass the relevant sample having 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.

[0079] The IVCT processor 140 also includes a maximum
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 identified by the zero
identifier 142. In a typical implementation, the maximum
identifier 144 first identifies the second time derivative coin-
ciding in time with the sample A identified by the zero iden-
tifier 142. The maximum identifier 144 then parses the second
time derivative sample backwards 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 in time relative the local maxi-
mum second time derivative sample is identified. This sample
has been marked as sample B in FIG. 7.

[0080] A time calculator 146 of the IVCT processor 140
calculates the IVCT parameter as the period of time between
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 cycle by dividing the counted
number of samples with the sampling frequency for the
impedance signal. This will give an IVCT parameter defined
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in seconds, milliseconds or some other time quantity. The
period of the heart cycle corresponding to isovolumetric con-
traction is marked in FIG. 7.

[0081] Theunits 141 to 146 of the IVCT processor 140 can
be implemented in hardware, software of a combination 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.

[0082] FIG. 5 is a schematic block diagram of an embodi-
ment of the IVCT processor 140. FIG. 8 is a diagram illus-
trating the impedance signal (Z), the first time derivative
signal

(%)

and the second time derivative
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of the impedance signal during a heart cycle. 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 identi-
fying the impedance signal sample corresponding to a zero
value of the first time derivative following the start of the heart
cycle. The operation ofthis zero identifier 152 is similar to the
corresponding zero identifier of the IVCT processor in FIG.
4. The discussion above in connection with the zero identifier
of FIG. 4 therefore applies mutatis mutandis to the present
zero identifier 152. As a result, the zero identifier 152 identi-
fies the sample A marked in FIG. 8.

[0083] The IVRT processor 150 also comprises a global
minimum identifier 154 for processing the first time deriva-
tive 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 samples is identified by the global mini-
mum identifier 154. The impedance sample coinciding in
time with this identified sample is marked as sample C in FIG.
8.

[0084] A local minimum identifier 158 is provided in the
IVRT processor 150 for processing the second time derivative
of the impedance signal. The identifier 158 is arranged for
identifying a first local minimum in the second time deriva-
tive occurring preceding the timing of the sample 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 preferably the first minimum
of the second time derivative preceding sample C. In a par-
ticular embodiment, the local minimum identifier 158 first
notifies the sample numbers of the second time derivative
sample sequence corresponding in time to sample A and
sample C. The identifier 158 then parses the second time
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derivative samples backwards in time starting from the
sample coinciding with sample C. The first sample corre-
sponding to a local minimum in the second time derivative
signal is then identified and the corresponding sample of the
impedance signal sequence is identified. This sample is
marked as sample D in FIG. 8.

[0085] The processor 150 also comprises a time calculator
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 determines 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 parameter defined in seconds, milliseconds or some
other time quantity. The period of the heart cycle correspond-
ing to isovolumetric relaxation is marked in FIG. 8.

[0086] Theunits 151 to 158 of the IVRT processor 150 can
be implemented in hardware, software of a combination 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.

[0087] FIG. 6 is a schematic block diagram of an embodi-
ment of the ejection time processor 160. The processor 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, respec-
tively. Thus, ET is defined as the period of time from the end
of the isovolumetric contraction up to the start of the isovolu-
metric relaxation in the current heart cycle.

[0088] A frequency divider 163 of the ET processor 160
determines the ET for the current heart cycle by dividing 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 other time quantity.

[0089] The units 161 and 163 of the ET processor 160 can
be implemented in hardware, software of a combination of
hardware and software. The units 161 and 163 may all be
implemented inthe ET processor 160. Inan alternative imple-
mentation, at least one of the units 161 and 163 is arranged
elsewhere in the IMD.

[0090] The above-described units and algorithms for cal-
culating 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 limited
thereto but can use any other processing of the impedance
signal, the first and/or second time derivative of the imped-
ance signal for identifying the relevant isovolumetric contract
and relaxation periods and the ejection period.

[0091] FIG. 9 is a diagram illustrating an illustration of a
well synchronized left ventricular contraction. Five left ven-
tricular segments are illustrated, E1 to E5. The curve E is the
sum of the five segments and represents the global LV func-
tion. 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-performing heart is 0.38.

[0092] A corresponding simulation of left ventricular con-
traction but with severe dyssynchrony in heart failure is illus-
trated 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
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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.

[0093] 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 there-
fore be of great value in heart diagnosis and IMD therapy
adjustments.

[0094] FIG. 11 is a flow diagram illustrating a method for
determining a Tei-index for a subject using impedance data.
The method starts in step S1, where an electric signal (current
or voltage signal) is applied to aleast a portion of aheartin 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 mea-
suring electrodes may be the same as the applying electrodes,
one of the electrodes are used for both signal application and
collection or dedicated application and collection electrodes
are used.

[0095] 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 repre-
sent the impedance changes of at least a portion of the heart,
preferably at least a part of the left ventricle, 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.
[0096] The impedance signal is then processed in step S4
for the purpose of the determining the three time parameters
of the invention, i.e. isovolumetric contraction time, isovolu-
metric 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 estimated IVCT, IVRT and
ET. The method then ends.

[0097] The procedure for establishing a Tei-index of the
invention and illustrated in FIG. 11 can preferably be con-
ducted periodically, such as scheduled at defined time
instance(s) per day or week. Alternatively, the procedure may
be initiated upon a special triggering event, such as the recep-
tion of a request for initiating a Tei-index estimation.

[0098] 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 at least a portion of the current heart cycle, preferably
during the whole or at least substantially the whole heart
cycle. Step S11 correspondingly calculates 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.

[0099] FIG. 13 is a flow diagram illustrating an embodi-
ment 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 deriva-
tive 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 corresponding to a maximum in the second time
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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.

[0100] 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 get the 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.

[0101] FIG. 14 is a flow diagram illustrating an embodi-
ment 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 deriva-
tive 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 corresponding to a global minimum of the
first time derivative following the sample identified in step
S30. An impedance signal 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 sample identified in step S30 is identified in step S32.
The isovolumetric relaxation time is then defined as the
period of time between the samples identified in steps S30 and
S32.

[0102] This time is preferably determined by counting, in
step S33, the number of samples between the samples iden-
tified in step S30 and S32. Step S34 divides the counted
number of samples with the sampling frequency ofthe imped-
ance signal in order to get the IVRT 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.

[0103] The calculation of the IVRT and IVCT parameters
can be performed sequentially or in parallel.

[0104] 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 between 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).
[0105] \FIG. 15 is a flow diagram illustrating a particular
use of the Tei-index determined according to the invention.
The method continues from step S5 of FIG. 11. A next step
S40 adjusts a cardiac therapy scheme, such as a cardiac resyn-
chronization therapy scheme, based on the calculated Tei-
index. This adjustment can, for instance, be realized as an
adjustment of the AV and/or VV timing delay of applied
pacing pulses. Another possible 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.

[0106] A next step 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 calculation pro-
cedure is preferably initiated following a time period after
application of the adjusted therapy scheme. This allows
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evaluation of whether the new scheme resulted in an improve-
ment in cardiac performance (reduction 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-dependent evaluation of the adjusted scheme
in order to identify a therapy scheme that is optimal or at least
suited for the current condition of the patient’s heart.

[0107] FIG. 16 is a flow diagram illustrating another pos-
sible implementation of the Tei-index determined according
to the present invention. The method continues from step S5
of FIG. 11. A next step S50 compares the calculated Tei-index
with a threshold value. The threshold can be a predefined
value but is preferably an average value of previously calcu-
lated 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 then ends or returns to step S1 for the
purpose of initiating a new Tei-index determination.

[0108] If, however, the Tei-index is larger than the thresh-
old this is an indication of deterioration in the cardiac perfor-
mance and is of diagnostic value. Diagnostic data represen-
tative of the detected (unfavorable) heart condition is
generated in step S52 based on the comparison of step S50.
The diagnostic data may be stored in the IMD for later
retrieval or could be sent directly to an external communica-
tion unit. Furthermore, if the Tei-index 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 car-
diac condition.

[0109] Although modifications and changes may be sug-
gested by those skilled in the art, it is the intention of the
inventors to embody within the patent warranted heron all
changes and modifications as reasonably and properly come
within the scope of their contribution to the art.

What is claimed is:

1. A method for determining a Tei-index of a subject com-
prising the steps of: applying an electric signal to at least a
portion of a heart in said subject by two implanted electrodes;
measuring a resulting electric signal from at least a portion of
said heart collected by two implanted electrodes; determining
an impedance signal based on said electric signal and said
resulting electric signal; estimating an isovolumetric relax-
ation time of a heart cycle based on said impedance signal;
estimating an isovolumetric contraction time of said heart
cycle based on said impedance signal; estimating an ejection
time of said heart cycle based on said impedance signal; and
determining a Tei-index of said heart based on said estimated
isovolumetric relaxation time, said estimated isovolumetric
contraction time and said ejection time.

2. The method according to claim 1, further comprising the
steps of’ calculating a first time derivative of said impedance
signal for at least a portion of said heart cycle; and calculating
a second time derivative of said impedance signal for at least
a portion of said heart cycle, wherein said steps of determin-
ing said isovolumetric relaxation time and said isovolumetric
contraction time are performed at least partly based on said
first and second time derivatives of said impedance signal.

3. The method according to claim 2, wherein said step of
determining said isovolumetric contraction time comprises:
identifying a first impedance signal sample corresponding to
a zero value of said first time derivative of said impedance
signal following a start of said heart cycle; identifying a
second impedance signal sample corresponding to a largest
value of said second time derivative of said impedance signal
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following said start of said heart cycle but preceding a timing
of said first impedance signal sample; and calculating said
isovolumetric contraction time as a period of time between
second impedance signal sample and said start of said heart
cycle.

4. The method according to claim 2, wherein said step of
determining said isovolumetric relaxation time comprises:
identifying a first impedance signal sample corresponding to
a zero value of said first time derivative of said impedance
signal following a start of said heart cycle; identifying a third
impedance signal sample corresponding to a global minimum
of said first derivative of said impedance signal following a
timing of said first impedance signal sample; identifying a
fourth impedance signal sample corresponding to a first local
minimum of said second time derivative of said impedance
signal preceding a timing of said third impedance signal
sample but following a timing of said first impedance signal
sample; and calculating said isovolumetric relaxation time as
a period of time between said first impedance signal sample
and said fourth impedance signal sample.

5. The method according to claim 3, wherein said step of
determining said ejection time comprises: counting a number
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of samples between said first impedance signal sample and
said second impedance signal sample; and calculating said
ejection time based on a division of said counted number of
samples and a sampling frequency of said impedance signal.

6. The method according to any of the claim 1, further
comprising: adjusting a cardiac therapy scheme based on said
Tei-index; and applying therapy pacing signals according to
said adjusted cardiac therapy scheme to at least a portion of
said heart by two implantable electrodes.

7. The method according to claim 6, wherein said adjusting
step comprises adjusting at least one of an atria-to-ventricle
timing delay and a ventricle-to-ventricle timing delay of said
cardiac therapy scheme based on said Tei-index.

8. The method according to claim 6, wherein said adjusting
step comprises selecting, based on said Tei-index, an elec-
trode of multiple electrodes of a multi-electrode lead (310,
320) for applying said therapy pacing signals.

9. The method according to any of the claim 1, further
comprising generating status data indicative of a current heart
status of said subject based on said Tei-index.
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