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(54) Blood pressure measurement with implantable medical device

(57)  Animplantable medical device (100) is connect-
ed to a cardiomechanic sensor (250) implanted in or in
connection with a cardiac ventricle (12, 14). The sensor
(250) generates a deformation signal representative of
the myocardial deformation. The implantable medical de-
vice (100) processes the deformation signal by calculat-
ing the derivative thereof to generate a deformation rate

signal representative of the rate of myocardial deforma-
tion. The deformation rate signal s filtered and respective
maximum deformation rate values are identified for mul-
tiple cardiac cycles in the filtered deformation rate signal.
A value representative of the systemic blood pressure is
calculated based on a combination of the respective max-
imum deformation rate values.
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Description
TECHNICAL FIELD

[0001] The embodiments relate to blood pressure
measurements, and in particular to an implantable med-
ical device capable of estimating blood pressure of a pa-
tient.

BACKGROUND

[0002] Blood pressure measurements are commonly
used as diagnostic parameters in cardiac medicine. For
example, mean arterial pressure (MAP) representing the
average blood pressure in a patient and defined as the
average arterial pressure during a single cardiac cycle
is commonly used within the diagnostic field. Another
common diagnostic parameter is pulse pressure (PP) de-
fining the difference between systolic and diastolic blood
pressure and reflects the change in blood pressure seen
during a contraction of the heart.

[0003] Today blood pressure is measured with various
equipment. For instance, arterial pressure is most com-
monly measured via a sphygmomanometer. Minimum
systolic pressure value can be roughly estimated by pal-
pation. The ausculatory method uses a stethoscope and
a sphygmomanometer. This comprises an inflatable cuff
placed around the upper arm attached to a mercury or
aneroid manometer. Also ambulatory blood pressure de-
vices are available on the marked for home monitoring.
[0004] However, for some patients it might be advan-
tageous to monitor blood pressure continuously over cer-
tain period of times or conduct blood pressure measure-
ments periodically or upon given events. This is in par-
ticular true for cardiac patients having an implantable
medical device (IMD).

[0005] WO 02/28478 discloses a method to estimate
the static intracardiac pressure from an intracardiac dy-
namic pressure sensor. The invention disclosed in this
document is based on the finding that there is a relation
between the sensed short-term dynamic pressure signal
and the intravascular static pressure. A shortcoming with
this sensor measuring technique is that the sensor has
to be positioned at the relevant intravascular site in order
to determine the intravascular static pressure at that site.
For instance, pressures relating to the left ventricle must
be conducted with the dynamic pressure sensor posi-
tioned inside the left ventricle.

[0006] US 5,129,394 and US 6,666,826 disclose a
pressure sensor provided at the distal end of a left ven-
tricular lead or provided on a sensing catheter introduced
through the lumen of a left ventricular lead. An inflatable
balloon or an occlusion device is provided proximal to
the pressure sensor and is used to occlude the blood
flow in a coronary vein in which the pressure sensor is
provided. This blood flow occlusion is, according to the
documents, a prerequisite in order to obtain an in vivo
blood pressure that is proportional to the left ventricular
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pressure. If no such blood flow occlusion is conducted
the result from the pressure measurement is random and
not representative of left ventricular pressure.

[0007] There is therefore still a need for conducting
blood pressure measurements with an IMD that does not
have the limitations or shortcomings of the prior art. In
particular, it would be beneficial to conduct pressure
measurements relating to the left ventricle but not requir-
ing a positioning of the sensing equipmentin the ventricle
nor needing extra inflating or occluding devices.

SUMMARY

[0008] It is a general objective to provide an implant-
able medical device capable of conducting systemic
blood pressure measurements.

[0009] It is a particular objective to achieve systemic
blood pressure measurements having a sensor safely
implanted at an implantation site commonly employed
for cardiac leads connectable to an implantable medical
device.

[0010] These and other objectives are met by embod-
iments as disclosed herein.

[0011] Briefly, animplantable medical device compris-
es a lead connecting arrangement configured to be con-
nected to a cardiac lead to be implanted in or in connec-
tion with the ventricle of a subject’s heart. The cardiac
lead comprises a cardiomechanic or cardiomechanical
sensor configured to generate a deformation signal rep-
resentative of the myocardial deformation. A derivative
calculator of the implantable medical device receives the
deformation signal and is configured to generate a de-
formation rate signal representative of the rate of myo-
cardial deformation by calculating the derivative of the
deformation signal with respect to time. A signal filter unit
is configured to filter the deformation rate signal to im-
prove signal quality and to get a filtered deformation rate
signal. The filtered deformation rate signal is processed
by a peakidentifier thatis configured to identify respective
maximum deformation rate values in the filtered defor-
mation rate signal for multiple cardiac cycles. A pressure
pressure calculator then calculates a value representa-
tive of the systemic blood pressure of the subject based
onacombination of the respective maximum deformation
rate values identified by the peak identifier.

[0012] An aspect of the embodiments relates to a
method for estimating systemic blood pressure of a sub-
ject having an implantable medical device connected to
a cardiac lead implanted in or in connection with a ven-
tricle of the subject’s heart. The cardiac lead comprises
a cardiomechanic sensor configured to generate a de-
formation signal representative of the myocardial defor-
mation. The method comprises generating a deformation
rate signal representative of the rate of myocardial de-
formation by calculating the derivative of the deformation
signal with respect to time. The deformation rate signal
is filtered to get a filtered deformation rate signal. The
method also comprises identifying respective maximum
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deformation rate values in the filtered deformation rate
signal for multiple cardiac cycles. These respective max-
imum deformation rate values are then combined to get
a calculated value representative of the systemic blood
pressure of the subject.

[0013] The embodiments allow measuring and moni-
toring systemic blood pressure at any time for a subject
having an implantable medical device. No dedicated vis-
its to the physician are thereby needed to conduct blood
pressure measurements. As a consequence, the im-
plantable medical device can, in real-time, detect various
malicious conditions to the subject and the heart, which
can be seen as a significant change in systemic blood
pressure. Additionally, a dynamic operation of the im-
plantable medical device is possible based on the blood
pressure measurements.

[0014] In contrast to the prior art, the embodiments al-
low reliable systemic blood pressure measurements
without any need for any blood vessel obstructing equip-
ment or the risk of implanting the pressure sensor in the
left ventricle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] 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 a schematic overview of a patient having an
implantable medical device according to an embod-
iment and an external data processing unit capable
of conducting wireless communication with the im-
plantable medical device;

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

Figs. 3A and 3B illustrate different embodiments of
cardiac lead sets that can be used in connection with
an implantable medical device;

Fig. 4 illustrates a cross section of an embodiment
of a cardiomechanic sensor;

Figs. 5A to 5D illustrate CMES signals for multiple
cardiac cycles together with the IEGM for four pigs
having the CMES sensor placed in a coronary left
lateral vein;

Fig. 6 illustrates ECG, aortic pressure (AP), d
(CMES)/dt from a CMES sensor located in a left sid-
ed coronary vein and average flow of the carotid ar-
tery recorded during a drug provocation for a time
duration of 1500 s and each division is 30 s;

Fig. 7 is a zoom in of the signals presented in Fig. 6
during normal condition before the drug provocation;
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Fig. 8 is a zoom in of the signals presented in Fig. 6
during the peak pressure response under the drug
provocation;

Fig. 9 is a zoom in of the signals presented in Fig. 6
during a heart beat;

Fig. 10 shows the correlation between the blood
pressure as determined according to an embodi-
ment and the mean arterial pressure;

Fig. 11 shows the correlation between the blood
pressure as determined according to an embodi-
ment and the pulse pressure;

Fig. 12 is a flow diagram illustrating a method of de-
termining blood pressure according to an embodi-
ment;

Fig. 13 is a flow diagram illustrating an embodiment
of the filtering step in Fig. 12; and

Fig. 14 is a flow diagram illustrating additional steps
of the method in Fig. 12.

DETAILED DESCRIPTION

[0016] Throughout the drawings, the same reference
numbers are used for similar or corresponding elements.
[0017] The embodiments generally relate to devices
and methods capable of estimating systemic blood pres-
sure in a subject, preferably mammalian subject and
more preferably a human subject, by means of an im-
plantable medical device (IMD) connectable to an im-
plantable cardiomechanic sensor.

[0018] The embodiments are based on the finding that
it is possible to use a cardiomechanic sensor configured
to generate a deformation signal representative of the
myocardial deformation of the cardiac myocardium in the
subject’s heart together with a special processing of the
deformation signal to get a value representative of the
systemic blood pressure in the subject.

[0019] A key advantage of the embodiments is that
systemic blood pressure measurements are possible us-
ing a cardiomechanic sensor provided in a coronary vein
of the heart. Hence, the embodiments enable systemic
blood pressure measurements without the need of hav-
ing the sensor provided in the left ventricle, which is gen-
erally notdesired due to anincreased risk of the formation
of emboli.

[0020] The cardiomechanic sensor of the embodi-
ments generates a deformation signal that is represent-
ative of the myocardial deformation. There is a relation
between myocardial deformation and strain in terms of
strain being equal to relative deformation. Hence, the sig-
nal from the cardiomechanic sensor could also be rep-
resentative of the strain of the myocardium.

[0021] Without being bound by theory, it is known that
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the ambient or systemic blood pressure affects the car-
diac output and stroke volume through Frank-Starling’s
law. An increase in contractility of the heart tends to in-
crease stroke volume. Thus, an increased stroke volume
is associated with an increased contractility. A positive
value of the rate of myocardial deformation or the strain
rate is a measure of compliance since the maximum (pos-
itive) deformation rate during a cardiac cycle represents
the maximum speed at which the myocardium increases
in size in the current cardiac cycle. Generally, this max-
imum increase in size occurs in early diastole or at the
very end of systole. A positive deformation indicates an
expansion of the myocardium and a negative deforma-
tion indicates a contraction. Thus, the speed at which the
heart contracts, i.e. contractility, is manifested by a neg-
ative deformation rate. The speed at which the heart re-
laxes, i.e. compliance, is manifested by a positive defor-
mation rate.

[0022] If the heart’s size has decreased considerably
during systole, i.e. has had a negative average deforma-
tion, then during diastole there must be a high average
deformation. A high average deformation is not neces-
sarily the same as a high peak deformation rate, although
it is very likely that an increase in average deformation
would also affect the peak deformation rate. In other
words, there is a connection between high contractility,
generating a high deformation in systole and a high peak
deformation rate, indicating a high compliance.

[0023] Hence, thereis a link between deformation rate
as obtained by processing the deformation signal from
the cardiomechanic sensor and ambient or systolic blood
pressure.

[0024] The embodiments therefore use animplantable
cardiomechanic sensor generating a deformation signal
representative of the myocardial deformation and proc-
ess the deformation signal to get a deformation rate sig-
nal from which a value representative of systemic blood
pressure of the subject is obtainable according to the
embodiments.

[0025] Fig. 1 is a schematic overview of a system 1
comprising an implantable medical device (IMD) 100 ac-
cording to the embodiments and a non-implantable data
processing device 300. In the figure, the IMD 100 is il-
lustrated implanted in a human patient 20 and as a device
that monitors and/or provides therapy to the heart 10 of
the patient 20. The patient 20 must not necessarily be a
human patient but can instead be an animal patient, in
particular a mammalian patient, in which an IMD 100 can
be implanted. The IMD 100 can be in the form of a pace-
maker, cardiac defibrillator or cardioverter, such as im-
plantable cardioverter-defibrillator (ICD). The IMD 100
is, in operation, connected to one or more, two in the
figure, cardiac leads 210, 230 inserted into different heart
chambers, the right atrium and left ventricle in the figure,
or elsewhere provided in connection with a heart cham-
ber.

[0026] According to the embodiments, the IMD 100 is
connectable to at least one cardiomechanic sensor that
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is implanted in or in connection with a ventricle of the
heart 10. The cardiomechanic sensor is advantageously
arranged on a cardiac lead 210 configured to be con-
nected to the IMD.

[0027] The figure also illustrates an external data
processingdevice 300, such as programmer or clinician’s
workstation, that can communicate with the IMD 100, op-
tionally through a communication device 400 that oper-
ates similar to a base station on behalf of the data
processing device 300. As is well known in the art, such
a data processing device 300 can be employed for trans-
mitting IMD programming commands causing a repro-
gramming of different operation parameters and modes
of the IMD 100. Furthermore, the IMD 100 can upload
diagnostic data descriptive of different medical parame-
ters or device operation parameters collected by the IMD
100. Such uploaded data may optionally be further proc-
essed in the data processing device 300 before display
to aclinician. In the light of the present invention, the IMD
100 can transmit diagnostic data in terms of values rep-
resentative of systemic blood pressure and/or other di-
agnostic data relating to pressure measurements. The
data processing device 300 can further be used to trans-
mit compensation factors that can be used by the IMD
100 to calculate absolute pressures, such as absolute
mean arterial pressure (MAP) and/or pulse pressure (PP)
from the value representative of systemic blood pressure
as is further described herein.

[0028] Fig. 2illustrates an embodiment of an IMD 100
suitable for delivering cardiac therapy to a heart of a sub-
ject. The figure is a simplified block diagram depicting
various components of the IMD 100. While a particular
multi-chamber device is shown in the figure, it is to be
appreciated and understood that this is done merely for
illustrative purposes. Thus, the techniques and methods
described below can be implemented in connection with
other suitably configured IMDs. Accordingly, the person
skilled in the art can readily duplicate, eliminate, or dis-
able the appropriate circuitry in any desired combination
to provide an IMD capable of treating the appropriate
heart chamber(s) with pacing stimulation and also cardi-
oversion and/or defibrillation.

[0029] The IMD 100 comprises a housing, often de-
noted as can or case in the art. The housing can act as
return electrode for unipolar leads, which is well known
in the art. The IMD 100 also comprises a lead connector
or input/output (1/0) 110 having, in this embodiment, a
plurality of terminals 111-116. These terminals 111-114
are configured to be connected to matching electrode
terminals of one or more cardiac leads connectable to
the IMD 100 and the lead connectors 110. In addition,
the lead connector 110 comprises at least one and pref-
erably two terminals 115, 116 arranged to be connected
to matching terminals of a cardiac lead equipped with a
cardiomechanic sensor. This at least one terminal 115,
116 therefore receives the deformation signal represent-
ative of the myocardial deformation generated by the car-
diomechanic sensor, denoted cardiomechanic electric
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sensor (CMES) in the figure.

[0030] With reference to Figs. 2 and 3B, the lead con-
nector 110 is configured to be, during operation in the
subject body, electrically connectable to, in this particular
example, aright atrial lead 230 and a left ventricular lead
210. The electrode connector 110 consequently compris-
es terminals 111, 112 that are electrically connected to
matching electrode terminals of the atrial lead 230 when
the atrial lead 230 is introduced in the lead connector
110. For instance, one of these terminals 112 can be
designed to be connected to a right atrial tip terminal of
the atrial lead 230, which in turn is electrically connected
through a conductor running along the lead body to a tip
electrode 232 present at the distal end of the atrial lead
230intherightatrium 18 of the heart 10. A corresponding
terminal 111 is then connected to a right atrial ring ter-
minal of the atrial lead 230 that is electrically connected
by another conductor in the lead body to a ring electrode
234 present in connection with the distal part of the atrial
lead 230, though generally distanced somewhat towards
the proximal lead end as compared to the tip electrode
232.

[0031] In an alternative implementation, the IMD 100
is not connectable to a right atrial lead 230 but instead
to a left atrial lead configured for implantation in the left
atrium 16. A further possibility is to have an IMD 100 with
an electrode connector 110 having sufficient terminals
to allow the IMD 100 to be electrically connectable to
both a right atrial lead 230 and a left atrial lead. Though,
it is generally preferred to have at least one electrically
connectable atrial lead in order to enable atrial sensing
and pacing, the IMD 100 does not necessarily have to
be connectable to any atrial leads. In such a case, the
terminals 111, 112 of the electrode connector 110 can
be omitted.

[0032] In order to support left chamber sensing and
pacing, the lead connector 110 further comprises a left
ventricular tip terminal 114 and a left ventricular ring ter-
minal 113, which are adapted for connection to a left ven-
tricular tip electrode 212 and a left ventricular ring elec-
trode 214 of the left ventricular lead 210 implantable in
connection with the left ventricle 12, see Fig. 3B. A left
ventricular lead 210 is typically implanted in the coronary
venous system 11 for safety reasons although implanta-
tion inside the left ventricle 12 has been proposed in the
art. In the following, "left ventricular lead" 210 is used to
describe a cardiac lead designed to provide sensing and
pacing functions to the left ventricle 12 regardless of its
particular implantation site, i.e. inside the left ventricle 12
or in the coronary venous system 11.

[0033] The left ventricular lead 210 is equipped with a
cardiomechanic sensor 250 according to the embodi-
ments, such as a cardiomechanic sensor 250 of the
CMES type. The cardiomechanic sensor 250 can be ar-
ranged anywhere along the portion of the left ventricular
lead 210thatis in contact with and arranged in connection
with the left ventricle 12. Hence, the cardiomechanic sen-
sor 250 could be provided at the most distal end of the
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left ventricular lead 210, at a position upstream of the
distal end, such as between the tip electrode 212 and
the ring electrode 214 or upstream of the ring electrode
214. If the left ventricular lead 210 is of a so-called multi-
electrode lead, such as quadropolar lead having four ring
electrodes, the cardiomechanic sensor 250 could be pro-
vided in between two such electrodes. The CMES ma-
terial can actually be placed onto one of the ring elec-
trodes or tip electrode. In such a case, the CMES sensor
250 occupies the same or at least a portion of the same
lead surface as the electrode. In a preferred embodiment,
the electrode is then mainly employed for sensing and
preferably not any pacing.

[0034] Fig. 3A illustrates an alternative embodiment,
in which the cardiomechanic sensor 250 is arranged on
aright ventricular lead 220 implanted in the right ventricle
14 of the heart 10. The right ventricular lead 220 com-
prises, in this embodiment, a tip electrode 222 and aring
electrode 224, which could be electrically connected to
matching terminals of the lead connector 110 of the IMD
100. The discussion presented above regarding the po-
sition of the cardiomechanic sensor 250 on the left ven-
tricular lead applies mutatis mutandis to the right ven-
tricular lead 220.

[0035] Inyetanother embodiment, the IMD 100 is con-
nected to both a left ventricularlead and aright ventricular
lead and optionally further to at least one atrial lead. In
such a case, any of or both the left and right ventricular
lead can be equipped with a cardiomechanic sensor.
[0036] The cardiomechanic sensor mustnotnecessar-
ily be arranged on the same cardiac lead as the elec-
trodes of the left or right ventricle. In clear contrast, a
dedicated sensor lead or catheter can then be used that
does not comprise any electrodes but merely the cardi-
omechanic sensor. Such a sensor lead can then gener-
ally be less complex as compared to constructing a car-
diac lead having both pacing and/or sensing electrodes
and a cardiomechanic sensor. However, using a dedi-
cated sensor lead generally implies that the IMD has to
be connected to a further lead and this further lead has
to be transplanted into the heart in addition to the normal
cardiac lead(s).

[0037] Itis possibletouse anIMD thatis not connected
to a single cardiomechanic sensor but rather multiple
such cardiomechanic sensors. These multiple sensors
can all be provided on the same lead or on different leads
in or connection with the same ventricle or distributed
among both ventricles. In such a case, the further
processing of the deformation signals as disclosed herein
can then be performed for each of the deformation sig-
nals. The final value representative of the systemic blood
pressure is preferably an average of respective such val-
ues obtained from each of the cardiomechanic sensors.
Alternatively, averaging can be performed anywhere in
the processing up to the final pressure value.

[0038] The cardiomechanic sensor preferably com-
prises a piezoelectric material. Piezoelectric materials
generate a charge when subject to mechanical stress or
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strain, with the magnitude of charge dependent upon the
magnitude of the stress or strain. A sensor comprised of
such piezoelectric material can be arranged for detection
of myocardial deformation and generate raw signals of
myocardial deformation.

[0039] A cardiomechanic sensor preferably comprises
one ormore piezoelectrictransducers, which convert me-
chanical motion into electric signals. Such a cardio-
mechanic sensor 250 of CMES type is illustrated in cross
section in Fig. 4. The cardiomechanic sensor 250 com-
prises, in this particular embodiment, a tubular or annular
piezoelectric element 251 either self-supporting or dis-
posed on a supporting structure. In a particular embod-
iment, conductors 252, 253 contact the inner and outer
surfaces of the piezoelectric element 251. An electrical
connection 254 is then coupled to the outer conductor
252 and another electrical connection 255 is connected
to the inner conductor 253. This inner conductor 253 can
optionally constitute the supporting structure fro the pie-
zoelectric element 251. These electrical connections
254, 255 preferably run along the length of the lead body
up to terminals arranged in connection with the proximal
end of the lead and connectable to the terminals 115,
116 in Fig. 2.

[0040] The cardiomechanic sensor 250 is preferably
designed and dimensioned to be arranged on a cardiac
lead and in particular a ventricular lead. In such a case,
the outer diameter of the cardiomechanic sensor 250 can
be similar to the outer diameter of the cardiac lead. In
some embodiments, one or more electrodes of the car-
diac lead can be disposed over at least a portion of the
cardiomechanic sensor 250.

[0041] The cardiomechanic sensor 250 preferably
comprises a longitudinal passageway or bore 256 to per-
mit routing of electrical connections therethrough.
[0042] The conductor 252 and optionally conductor
253 comprise any suitable biocompatible, electrically
conducting material known in the art, for example, titani-
um, including titanium, platinum, carbon, niobium, tanta-
lum, gold, combinations thereof including alloys of the
metallic materials presented above, and titanium nitride.
[0043] An elastomer can be disposed over the cardi-
omechanic sensor 250. The elastomer can then be se-
lected from biocompatible elastomers that are suitable
for implantation in the animal body, such as silicones,
polyurethanes, ethylene-propylene copolymers, fluori-
nated elastomers and combinations thereof.

[0044] The piezoelectric material 251 of the cardio-
mechanic sensor 250 can be of a relatively hard material,
thereby permitting reliable measurements with only small
deflections of the piezoelectric material 251. Preferred
such piezoelectric materials include ceramic ferroelectric
particles, lead zirconate titanate (PCT), barium titanate,
sodium potassium niobate. A non-limiting example of pi-
ezoelectric material that can be used is described in U.S.
Patent No. 6,526,984 and has the general formula of
Nag 5Ko sNbO3.

[0045] Instead of using a piezoelectric material the car-
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diomechanic sensor can use a conductive polymer that
has resistance that changes as a function of deformation.
By measuring the resistance of the conductive polymer,
the cardiomechanic deformation can be determined.
Non-limiting examples of conductive polymers include
polyacetylene, polyaniline, polypyrrole.

[0046] More information of the design of the cardio-
mechanic sensor can be found in U.S. Patent Application
No. 2009/0312814.

[0047] With reference to Fig. 2, the housing can act as
return electrode as previously mentioned above. In such
a case, the lead connector 110 can have a dedicated
terminal (not illustrated) connected to the housing elec-
trode.

[0048] The IMD 100 as illustrated in Fig. 2 comprises
an optional atrial pulse generator 143 and a ventricular
pulse generator 140 that generate pacing pulses for de-
livery by the atrial lead(s) and the ventricular lead(s) pref-
erably through an electrode configuration switch 120.
[0049] It is understood that in order to provide stimu-
lation therapy in different heart chambers, the atrial and
ventricular pulse generators 140, 143 may include ded-
icated, independent pulse generators, multiplexed pulse
generators, or shared pulse generators. The pulse gen-
erators 140, 143 are controlled by a controller 130 via
appropriate control signals, respectively, to trigger or in-
hibit the stimulating pulses.

[0050] TheIMD 100 also comprises the controller 130,
preferably in the form of a programmable microcontroller
130 that controls the operation of the IMD 100. The con-
troller 130 typically includes a microprocessor, or equiv-
alent control circuitry, designed specifically for controlling
the delivery of pacing therapy, and may further include
RAM or ROM memory, logic and timing circuitry, state
machine circuitry, and I/O circuitry. Typically, the control-
ler 130 is configured to process or monitor input signal
as controlled by a program code stored in a designated
memory block. The type of controller 130 is not controller
130 is not critical to the described implementations. In
clear contrast, any suitable controller may be used that
carries out the functions described herein. The use of
microprocessor-based control circuits for performing tim-
ing and data analysis functions are well known in the art.
[0051] The controller 130 further controls the timing of
the stimulating pulses, such as pacing rate, atrioventricu-
lar interval (AVI), atrial escape interval (AEI) etc. as well
as to keep track of the timing of refractory periods, blank-
ing periods, noise detection windows, evoked response
windows, alert intervals, marker channel timing, etc.
[0052] A preferred electronic configuration switch 120
includes a plurality of switches for connecting the desired
terminals 111-114 to the appropriate I/O circuits, thereby
providing complete electrode programmability. Accord-
ingly, the electronic configuration switch 120, in response
to a control signal from the controller 130, determines
the polarity of the stimulating pulses (e.g., unipolar, bi-
polar, combipolar, etc.) by selectively closing the appro-
priate combination of switches (not shown) as is known
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in the art.

[0053] An optional atrial sensing circuit or detector 141
and a ventricular sensing circuit or detector 142 are also
selectively coupled to the atrial lead(s) and the ventricular
lead(s) through the switch 120 for detecting the presence
of cardiac activity in the heart chambers. Accordingly,
the atrial and ventricular sensing circuits 141, 142 may
include dedicated sense amplifiers, multiplexed amplifi-
ers, or shared amplifiers. The switch 120 determines the
"sensing polarity" of the cardiac signal by selectively clos-
ing the appropriate switches, as is also known in the art.
Inthis way, the clinician may program the sensing polarity
independent of the stimulation polarity. The sensing cir-
cuits are optionally capable of obtaining information in-
dicative of tissue capture.

[0054] Each sensing circuit 141, 142 preferably em-
ploys one or more low power, precision amplifiers with
programmable gain and/or automatic gain control, band-
pass filtering, and a threshold detection circuit, as known
in the art, to selectively sense the cardiac signal of inter-
est.

[0055] The outputs of the atrial and ventricular sensing
circuits 141, 142 are connected to the controller 130,
which, in turn, is able to trigger or inhibit the atrial and
ventricular pulse generators 140, 143, respectively, in a
demand fashion in response to the absence or presence
of cardiac activity in the appropriate chambers of the
heart.

[0056] Furthermore, the controller 130 is also capable
of analyzing information output from the sensing circuits
141, 142 and/or a signal sensing unit or data acquisition
unit 160 to determine or detect whether and to what de-
gree tissue capture has occurred and to program a pulse,
or pulse sequence, in response to such determinations.
The sensing circuits 141, 142, in turn, receive control
signals over signal lines from the controller 130 for pur-
poses of controlling the gain, threshold, polarization
charge removal circuitry, and the timing of any blocking
circuitry coupled to the inputs of the sensing circuits 141,
142 as is known in the art.

[0057] According to the embodiments cardiac signals
are applied to inputs of the data acquisition unit 160 con-
nected to the electrode connector 110. The data acqui-
sition unit 160 is preferably in the form of an analog-to-
digital (A/D) data acquisition unit 160 configured to ac-
quire intracardiac electrogram (IEGM) signals, convert
the raw analog data into a digital signal, and store the
digital signals for later processing and/or transmission to
the programmer by a transceiver 190. The data acquisi-
tion unit 160 is coupled to the atrial lead and/or the ven-
tricular lead through the switch 120 to sample cardiac
signals across any pair of desired electrodes.

[0058] The IMD 100 comprises a derivative calculator
131 configured to process the deformation signal ob-
tained from the cardiomechanic sensor through the ter-
minals 115, 116 and the preferred switch 120. The de-
rivative calculator 131 in particular generates a deforma-
tion rate signal representative of the rate of the myocar-
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dial deformation. Thus, the derivative calculator 131 cal-
culates the derivative with respect to time of the myocar-
dial deformation as represented by the deformation sig-
nal. The deformation rate signal will, thus, comprise mul-
tiple samples, where each sample has a data element
corresponding to the deformation rate at the point in time
represented by the particular sample. The derivative cal-
culator 131 can, in a simple embodiment, generate the
deformation rate signal by calculating the difference in
data elements between successive samples in the de-
formation signal, i.e. dfr;=dS;-dS;_;, where dfr; represents
sample / in the deformation rate signal and ds;;;_4 repre-
sents sample i/i-1 in the deformation signal.

[0059] A signal filter unit 150 is arranged in the IMD
100 for filtering the deformation rate signal from the de-
rivative calculator 131. The filter unit 150 is in particular
arranged in order to suppress noise and generally im-
prove the quality of the deformation rate signal. The out-
put from the filter unit 150 is a filtered deformation rate
signal.

[0060] A peak identifier 132 of the IMD 100 is config-
ured to identify respective maximum deformation rate
values in the filtered deformation rate signal for multiple
cardiac cycles. In a particular embodiment, the peak
identifier 132 simply parses through the samples of the
filtered deformation rate signal corresponding to a cardi-
ac cycle in order to find the largest value, which corre-
sponds to the maximum rate value for that cardiac cycle.
The peak identifier 132 must not necessarily parse
through all the samples corresponding to a cardiac cycle
in order to identify the maximum deformation rate value.
As has previously been discussed, this maximum in de-
formation rate generally occurs in early diastole or at the
very end of systole. Hence, it is generally sufficient if the
peak identifier 132 merely parses through the samples
corresponding to the cardiac cycle coinciding with end
of systole-early diastole, generally occurring around the
T-wave as detectable in the IEGM signal.

[0061] The peak identifier 132 preferably identifies the
maximum deformation rate value in each out of multiple
cardiac cycles. These multiple cardiac cycles are prefer-
ably consecutive cardiac cycles. However, skipping one
or afew cardiac cycles generally does not have any large
impact on the processing so it is not a prerequisite that
the multiple cardiac cycles are successive cardiac cycles.
[0062] When conducting pressure measurements, the
IMD 100 generally collects the deformation signal from
the cardiomechanic sensor for some defined period of
time. In such a case, the peak identifier 132 can advan-
tageously identify a respective maximum deformation
rate value in the filtered deformation rate signal for each
full cardiac cycle encompassed by the period of time to
get as many maximum deformation rate values as pos-
sible.

[0063] The IMD 100 also comprises a pressure calcu-
lator 133 that is configured to calculate a value repre-
sentative of the systemic blood pressure of the IMD pa-
tient based on a combination of multiple maximum de-
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formation rate values identified by the peak identifier 132.
Thus, the pressure calculator 133 co-processes multiple,
i.e. at least two, maximum deformation rate values in
order to get a blood pressure presenting value. These
multiple maximum deformation rate values are preferably
identified by the peak identifier from consecutive cardiac
cycles. The generated blood pressure representing value
is of high diagnostic value and is therefore advanta-
geously stored in a memory 170 of the IMD 100 for later
uploading to the data processing unit by means of trans-
mitter 190 or transceiver having connected antenna 195.
The blood pressure representing value can also be used
for diagnostic purposes by the IMD 100 itself and control
the operation of the IMD 100, which is further discussed
herein.

[0064] The filter unit 150 of the IMD 100 preferably
comprises a low pass filter 153 configured to low pass
filter the deformation rate signal to remove or at least
suppress noise from the deformation rate signal. Exper-
iments have been successfully conducted with a 4th order
low pass 30 Hz filter.

[0065] Thefilter unit 150 can alternatively or preferably
in addition comprise a high pass filter 151 that is config-
ured to high pass filter the deformation rate signal in order
to remove or at least suppress any DC component from
the deformation rate signal. Experiments have been suc-
cessfully conducted with a 2nd order high pass 0.1 Hz
filter.

[0066] Thus, the filter unit 150 preferably both conduct
high pass and low pass filtering to remove or suppress
the DC component and noise from the deformation rate
signal and further to improve the signal quality.

[0067] Both the low pass and high pass filters can be
either analog or digital. In case of analog filtering, the
filter can be switch cap-based or component-based using
resistors, capacitors and operational amplifiers. In case
of the digital domain, the filter can either have a finite or
infinite impulse response, i.e. be either so-called FIR or
IIR filters. Typical IIR filters can be Butterworth, Cheby-
shev, elliptical, Bessel or other.

[0068] The IMD 100 preferably comprises a cardiac
cycle identifier 134 configured to identify a start point and
an end point of a cardiac cycle in the filtered deformation
rate signal. The cardiac cycle identifier 134 advanta-
geously identifies the start sample corresponding to the
start point of the cardiac cycle and the end sample cor-
responding to the end point of the cardiac cycle in the
filtered deformation rate signal. The cardiac cycle iden-
tifier 134 preferably identifies the start and end samples
based on the signal representative of electric activity of
at least a portion of the heart generated by the data ac-
quisition unit 160. It is well known in the art that the start
and end points of a cardiac cycle is relatively easily iden-
tifiable from an IEGM signal generated by the data ac-
quisition unit 160. The cycle identifier 134 can then simply
identify the samples in the filtered deformation rate signal
that coincide in time with the start and end points as iden-
tified in the IEGM signal. The mapping of the start and
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end points in the IEGM signal to the start and end sam-
pled in the filtered deformation rate signal is easily per-
formed based on the relation in sampling frequency of
the IEGM signal versus the deformation signal.

[0069] Once the cycle identifier 134 has identified the
start sample and the end sample of a cardiac cycle, the
peak identifier 132 can parse through the samples in the
filtered deformation rate signal between the startand end
samples in order to find the maximum deformation rate
for that cardiac cycle.

[0070] The cycle identifier 134 preferably identifies re-
spective start and end sample for multiple, preferably
consecutive cardiac cycles, in the filtered deformation
rate signal. The peak identifier 132 can then identify re-
spective maximum deformation rate values for each of
these consecutive cardiac cycles or at least a portion
thereof.

[0071] The pressure calculator 133 of the IMD 100
preferably calculates the value representative of the sys-
temic blood pressure based on the amplitudes or mag-
nitudes of multiple maximum deformation rate values.
Various processings are possible and within the scope
of the embodiments. The pressure calculator 133 pref-
erably calculates at least one value representative of the
systemic blood pressure as the average of multiple max-
imum deformation rate values, preferably multiple con-
secutive maximum deformation rate values. Consecutive
maximum deformation rate values correspond to respec-
tive maximum deformation rate values for consecutive
cardiac cycles. In a particular embodiment, the pressure
calculator 133 is configured to calculate a signal repre-
sentative of the systemic blood pressure. This signal is
obtained from a moving average of multiple consecutive

I

deformation rate values: ps; L Zfdrsj , where ps;

J=i—(N-1)
represents sample of the signal, fdrs; represents sample
j of the filtered deformation rate signal and N is a prede-
fined positive number equal to or larger than two.
[0072] Averaging over multiple maximum deformation
rate values is generally preferred since it decreases the
effects of confounding factors that may impact the defor-
mation signal from the cardiomechanic sensor. These
effects can, for instance, be micro movements of the car-
diomechanic sensor, beat-to-beat variability in the defor-
mation rate, noise on the sensor, etc. By averaging over
a period of time, corresponding to a number of cardiac
cycles, these effects be canceled out or at least decrease
in magnitude.
[0073] Instead of using a simple moving average, the
pressure calculator 133 can use a weighted average with
different weights for different maximum deformation rate
values. In such a case, weights for more recent samples
could be set higher as compared to maximum deforma-
tion rate values occurring further back in time.
[0074] Experimental studies have been successfully
conducted with a moving average over 30 cardiac cycles.
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The number of heart cycles over which the deformation
signal may be averaged is preferably in the range of 10
to 180 cycles.

[0075] Itis also possible, most preferably in case of a
continuous deformation measurement, to process the
obtained maximum deformation rate values with an ex-
ponential averaging method or a so-called IIR filter. An
exponentially weighted averaging method is a type of IR
filter well known in the art and it is preferable for imple-
mentation into a medical device as it does not require
storing of a large set of filter coefficients and requires
less calculations.

[0076] Although less preferred than using an average
of maximum deformation rate values, the pressure cal-
culator 133 could use the median of multiple maximum
deformation rate value as the value representative of the
systemic blood pressure of the patient.

[0077] The value or signal generated by the pressure
calculator 133 is representative of the systemic blood
pressure of the patient and is, in fact, a relative systemic
blood pressure. In a particular embodiment, the IMD 100
can be configured to not only be capable of measuring
relative systemic blood pressure but actually generate a
value or signal representative of absolute systemic blood
pressure, such as MAP and/or PP.

[0078] In such a case, the IMD 100 is employed to-
gether with a device capable of recording absolute blood
pressure, such as MAP and PP. For instance, MAP and
PP can be measured using a standard arm cuff blood
pressure apparatus. Alternatively, any other well-known
device for measuring MAP and/or PP, such as any of the
devices mentioned in the background section, can be
used. The values representative of systemic blood pres-
sure from the pressure calculator 133 are then transmit-
ted by the transmitter/transceiver 190 to the data
processing unit 300 illustrated in Fig. 1 and optionally
through the communication device 400. The data
processing device 300 is further connected to the MAP
and/or PP measuring device (notillustrated). Alternative-
ly, the MAP and/or PP measurement results from this
non-implanted device can be entered by the physician
or some other person using the keyboards or other user
input of the data processing device.

[0079] The dataprocessing device 300 then calculates
scale or mapping factors based on the relative systemic
blood pressure values and the MAP and/or PP values.
Two such factors are needed per blood pressure param-
eter so the pressure measurements conducted by the
IMD 100 and the external MAP and/or PP measuring
device have to be conducted for at least two different
MAPs and/or PPs. This can, for instance, be achieved
by letting the patient 20 walk on a treadmill or pedal on
a bicycle. The more different MAPs and/or PPs that are
tested the better the quality of the mapping factors. The
data data processing unit 300 can use different well-
known optimization techniques in order to derive the
mapping factors that allow conversion or mapping of the
value representative of relative systemic blood pressure
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from the pressure calculator into an absolute MAP or an
absolute PP value. A non-limiting example of such an
optimization technique is the method of least squares
and variants thereof. Such a method can then be used
to derive the factors of linear polynomial: y=kx+m, where
y represents the absolute MAP or PP value, x is the value
representative of system blood pressure from the pres-
sure calculator 133 and k and m are the mapping factors
determined by the data processing device 300.

[0080] The determined mapping factors can then be
downloaded into the IMD 100 using the communication
device. The mapping factors are received by the receiver/
transceiver 190 and stored by the controller 130 in the
memory 170. The memory 170 can therefore store one
set of mapping factors for conversion into absolute MAP
values, one set of mapping factors for conversion into
absolute PP values or two sets of mapping factors, where
one is used for absolute MAP conversion and the other
for absolute PP conversion.

[0081] The IMD 100 preferably comprises an absolute
pressure calculator 135 configured to calculate an abso-
lute MAP value (yyap) representative of an absolute MAP
of the patient and/or absolute PP value (ypp) represent-
ative of an absolute PP of the patient based on the value
calculated by the pressure calculator 133 and a MAP
scaling factor (kyap) and a MAP offset factor (myap) or
a PP scaling factor (kpp) and a PP offset factor (mpp):
Ymap=Kmapx +Mmap and Ypp=KppX+mpp.

[0082] The controller 130 is further coupled to the
memory 170 by a suitable data/address bus, wherein the
programmable operating parameters used by the con-
troller 130 are stored and modified, as required, in order
to customize the operation of the IMD 100 to suit the
needs of a particular patient. Such operating parameters
define, for example, time threshold, pacing pulse ampli-
tude, pulse duration, electrode polarity, rate, sensitivity,
automatic features, time interval between pacing pulse
of an applied pacing pulse sequence and the previously
mentioned mapping factors.

[0083] The memory 170 may also advantageously
store diagnostic data collected by the IMD 100. The di-
agnostic data include the IEGM signal from the data ac-
quisition unit 160, the signal from the pressure calculator
133 and optionally absolute MAP and/or PP values or
signal from the absolute pressure calculator 135.
[0084] Advantageously, the operating parameters of
the IMD 100 may be non-invasively programmed into the
memory 170 through the transceiver 190 in communica-
tion via a communication link with the previously de-
scribed communication unit of the programmer. The con-
troller 130 activates the transceiver 190 with a control
signal. The transceiver 190 can alternatively be imple-
mented as a dedicated receiver and a dedicated trans-
mitter connected to separate antennas or a common an-
tenna, preferably a radio frequency (RF) antenna 195.
[0085] TheIMD 100 additionally includes a battery 180
that provides operating power to all of the circuits shown
in Fig. 2.
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[0086] In the figure the derivative calculator 131, the
peak identifier 132, the pressure calculator 133 and the
optional cardiac cycle identifier 134 and absolute pres-
sure calculator 135 have been exemplified as being run
by the controller 130.

[0087] These units canthenbeimplementedasacom-
puter program product stored on the memory 170 and
loaded and run on a general purpose or specially adapted
computer, processor or microprocessor, represented by
the controller 130 in the figure. The software includes
computer program code elements or software code por-
tions effectuating the operation of the derivative calcula-
tor 131, the peak identifier 132, the pressure calculator
133, the cardiac cycle identifier 134 and absolute pres-
sure calculator 135. The program may be stored in whole
or part, on or in one or more suitable computer readable
media or data storage means that can be provided in an
IMD 100.

[0088] In an alternative embodiment, the derivative
calculator 131, the peak identifier 132, the pressure cal-
culator 133, the cardiac cycle identifier 134 and absolute
pressure calculator 135 are implemented as hardware
units either forming part of the controller 130 or provided
elsewhere in the IMD 100.

[0089] The signal filter unit 150 has been illustrated as
separate unit of the IMD 100. In an alternative embodi-
ment, the filter unit 150 is implemented as forming part
of the controller 130 in similarity to the other units imple-
mented and run therein.

[0090] Figs. 5A-5D show the deformation signal from
the cardiomechanic sensor for a number of cardiac cy-
cles together with the IEGM for four different pigs. The
cardiomechanic sensor was placed in a coronary left lat-
eral vein and registers the deformation of the myocar-
dium. It can be noted that all animals has a signal mini-
mum at around the T wave, i.e. at early diastole/end of
systole. At this time the ventricle has a small size, which
corroborates the physiological interpretation of the de-
formation signal. The steepest positive derivative, i.e. the
peak deformation rate, occurs approximately at the T
wave of where systole goes into diastole for all animals.
[0091] Fig. 6 illustrates signals recorded during a drug
provocation with phenylephrine, which is an agent used
to increase blood pressure. The time duration is 1500 s
and each division is 30 s so the response is shown at
high compression. At the top is the surface ECG followed
by the aortic pressure recorded by a high fidelity pressure
sensor. Next is the deformation rate signal prior filtering
(d(CMES)/dt) obtained using a CMES sensor located in
a left side coronary and sensing activities from the left
ventricle. The bottom panel shows the average flow of
the carotid artery. Fig. 7 is a zoom in of the signals in Fig.
6 during normal condition before the drug provocation.
The peaks or maxima in the deformation rate signal can
be observed during each heart cycle. Fig. 8 is a zoom in
of the signals in Fig. 6 during the peak pressure response
under the drug provocation. The peaks in the deformation
rate signal have increased in amplitude as compared to
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Fig. 7.

[0092] Fig. 9 shows in detail the peak or maximum in
the deformation rate signal during a heart cycle. The
opening (AO) and closure (AC) of the aortic valve are
also marked in the figure. It is clear from the figure that
the peak is coincident with the closure of the aortic valve.
[0093] Fig. 10 shows the result of an embodiment
when correlated to the mean arterial pressure. The signal
representing systemic blood pressure (d(CMES)/dt) is
obtained using a moving average over 30 cardiac cycles.
The correlation coefficient between the signal and the
MAP signal has a high value of 0.94.

[0094] Fig. 11 shows the result of an embodiment
when correlated to the pulse pressure. The signal repre-
senting systemic blood pressure (d(CMES)/dt) is ob-
tained using a moving average over 30 cardiac cycles.
The correlation coefficient between the signal and the
PP signal has a high value of 0.82.

[0095] The above presented figures thereby confirm
thatthe embodiments can be used to accurately generate
a value or signal representative of systemic blood pres-
sure in animals and furthermore can be used to obtain
accurate representations of absolute MAP and/or PP val-
ues.

[0096] The embodiments were initially designed to ob-
tain the systemic blood pressure value or signal using a
cardiomechanic sensor implanted in connection with the
left ventricle and advantageously in a coronary vein of
the left ventricle. At this position the cardiomechanic sen-
sor efficiently captures deformation of the myocardium
of the left ventricle as the sensor is positioned close to
or even in direct contact with the myocardium.

[0097] Experiments have also been conducted with
the cardiomechanic sensor arranged in the right ventri-
cle. It was then very surprising that the same cardio-
mechanic sensor as used in the left ventricle and the
same signal processing could be employed and still get
a very accurate value representative of the systemic
blood pressure also with a right ventricular cardio-
mechanic sensor. It is speculated that this sensor will
also capture the deformation of the myocardium partly
from the myocardium of the right ventricle but also from
myocardial deformations that are transplanted through
the blood present in the right ventricle to thereby be cap-
tured by the cardiomechanic sensor.

[0098] Thus, although arranging the cardiomechanic
sensor in connection with the left ventricle is thought to
be preferred, the embodiments also cover implantation
in or in connection with the right ventricle. Not all patients
receive a lead in a left-sided coronary vein, why placing
the sensor in the right ventricle may be the only option
unless an extra lead is to be implanted.

[0099] Fig. 12 is a flow diagram illustrating a method
of estimating systemic blood pressure of a patient having
an IMD connected to a cardiac lead implanted in or in
connection with a ventricle of the heart and comprising
a cardiomechanic sensor configured to generate a de-
formation signal representative of the myocardial defor-
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mation. The method starts in step S1 where a deforma-
tion rate signal representative of the rate of myocardial
deformation is generated by calculating the derivative of
the deformation signal with respect to time. The defor-
mation rate signal is then filtered in step S2 to improve
the quality thereof and obtain a filtered deformation rate
signal. A next step S3 identifies maximum deformation
rate values in multiple cardiac cycles in the filtered de-
formation rate signal. These multiple maximum deforma-
tion rate values or at least a portion thereof are used in
step S4 to calculate a pressure value representative of
system blood pressure for the patient.

[0100] The pressure value is preferably calculated as
an average of the magnitudes or amplitudes of respective
maximum deformation rate values for multiple cardiac
cycles, preferably multiple consecutive cardiac cycles.
Step S4 preferably generating not a single pressure value
but rather a signal comprising multiple samples, each
having a data element corresponding to the systemic
blood pressure at the point in time associated with the
particular sample.

[0101] An optional additional step of the estimating
method involves calculating an absolute value represent-
ative of an absolute systemic blood pressure, such as
MAP and/or PP, based on the pressure value and a scal-
ing factor and offset factor as previously described.
[0102] Fig. 13 is a flow diagram illustrating a particular
embodiment of thefiltering step S2in Fig. 12. The method
continues from step S1 in Fig. 12. A next step S10 high
pass filter the deformation rate signal to remove or sup-
press any DC component. Anext step S11 low passfilters
the deformation rate signal to remove or suppress noise.
The method then continues to step S3 of Fig. 12. In an
alternative embodiment, the order of the two filtering
steps is switched, i.e. low pass filtering prior high pass
filtering. Alternatively, one of the filtering steps can be
omitted and in such a case preferably step S10.

[0103] Fig. 14 is a flow diagram illustrating additional,
optional steps of the estimating method. The method con-
tinues from step S2 of Fig. 12. A next step S20 senses
electric activity of least a portion of the heart. A signal,
such as IEGM signal, representative of the electric ac-
tivity is generated in step S21 and employed to identify
the start and end points of cardiac cycles in the filtered
deformation rate signal. A cardiac cycle can, for instance
be defined as R-R interval, P-P interval or T-T interval or
based on some other characteristic feature that is easily
identified in the IEGM signal. The method then continues
to step S3 of Fig. 12, where the maximum deformation
rate value is determined from the identified start point to
the identified end point in the filtered deformation rate
signal.

[0104] The pressure value or signal generated accord-
ing to the embodiments is not only of high diagnostic
value itself. It can further be used by the IMD as is briefly
discussed below.

[0105] One ofthe most common comorbidities of pace-
maker and ICD patients is hypertension. By regularly
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measuring the absolute MAP or PP, the IMD acquires an
objective trend of the hyper (or indeed hypo) tension of
the patient. This trend can be viewed by the physician,
e.g. at follow-ups. By studying the long term trend of the
pressure, the effects of antihypertensive (or antihypoten-
sive) drugs can be studied. Thus, the embodiments can
aid in drug titration.

[0106] ForICD patients inappropriate shocks are a dif-
ficult problem. Fast supraventricular tachycardias (SVTs)
are often misinterpreted as ventricular tachycardias
(VTs) and ventricular therapy, such as shock or anti-tach-
ycardia pacing (ATP) is applied. By studying the MAP
and/or PP during the arrhythmia the IMD can conclude
whether the arrhythmia is a VT or SVT. VT generally
leads to a reduction in or low MAP and/or PP and there-
fore such a low MAP and/or PP can be used to select a
more aggressive anti-arrhythmia treatment by the IMD,
such as to shock the patient, than if the MAP and/or PP
is high during the arrhythmia event. If the MAP and/or
PP is high the probability is high that the patient is con-
scious and then it is better to try a less painful type of
therapy, such as ATP, or to withhold therapy altogether.
[0107] Vasovagal syncope has two main forms: a car-
dioinhibitory and a vasodilatory type. In the first case, the
heart rate of the patient is decreased and the blood pres-
sure is thereby decreased. This can today be detected
by an IMD without any cardiomechanic sensor and using
heart rate monitoring. In the second case, the vascular
bed is dilated, which decreases the pressure. This can
not be detected today by an IMD that does not have a
cardiomechanic sensor according to the embodiments.
Thus, embodiments can detect both types of vasovagal
syncope by measuring MAP or diastolic blood pressure.
By increasing the heart rate by pacing syncope episodes
can be avoided.

[0108] Thus,the embodiments asdisclosed hereincan
be used to control the delivered therapy by the IMD and
diagnosis, for instance detection of syncope, arrhythmia
detection and discrimination, drug titration of beta-block-
ers, detection of physical and emotional stress, long term
pressure variability statistics can be collected, detection
of pressure alternans, such as alternans of 2:1 patterns,
can be an early marker of future severe arrhythmia
events.

[0109] The embodiments described above are to be
understood as a few illustrative examples of the present
invention. It will be understood by those skilled in the art
that various modifications, combinations and changes
may be made to the embodiments without departing from
the scope of the present invention. In particular, different
part solutions in the different embodiments can be com-
bined in other configurations, where technically possible.
The scope of the present invention is, however, defined
by the appended claims.
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Claims

1.

An implantable medical device (100) comprising:

alead connecting arrangement (110) configured
to be connected to a cardiac lead (210, 220) to
be implanted in or in connection with a ventricle
(12, 14) of a heart (10) of a patient (1) and com-
prising a cardiomechanic sensor (250) config-
ured to generate a deformation signal represent-
ative of the myocardial deformation;

a derivative calculator (131) configured to gen-
erate a deformation rate signal representative
of rate of said myocardial deformation by calcu-
lating the derivative of said deformation signal
with respect to time;

a signal filter unit (150) configured to filter said
deformation rate signal to get a filtered deforma-
tion rate signal;

a peak identifier (132) configured to identify re-
spective maximum deformation rate values in
said filtered deformation rate signal for multiple
cardiac cycles; and

a pressure calculator (133) configured to calcu-
late a value representative of systemic blood
pressure of said patient (1) based on a combi-
nation of said respective maximum deformation
rate values identified by said peak identifier
(132).

The implantable medical device according to claim
1, wherein said signal filter unit (150) comprises a
high pass filter (151) configured to high pass filter
said deformation rate signal to remove or suppress
any DC component from said deformation rate sig-
nal.

The implantable medical device according to claim
1 or 2, wherein said signal filter unit (150) comprises
a low pass filter (153) configured to low pass filter
said deformation rate signal to remove or suppress
noise from said deformation rate signal.

The implantable medical device according to any of
the claims 1 to 3, wherein said lead connecting ar-
rangement (110) is electrically connectable to at
least one electrode (212, 214, 222, 224, 232, 234)
provided on said cardiac lead (210, 220) or another
cardiac lead (230) connectable to said lead connect-
ing arrangement (110), said implantable medical de-
vice (100) further comprising:

a data acquisition unit (160) connected to said
lead connecting arrangement (110) and config-
ured to generate a signal representative of elec-
tric activity of at least a portion of said heart (10);
and

a cardiac cycle identifier (134) configured to
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10.

1.

identify, for each cardiac cycle of said multiple
cardiac cycles and based on said signal repre-
sentative of said electric activity, a start point
and an end point of said cardiac cycle in said
filtered deformation rate signal, wherein said
peak identifier (132) is configured to identify, for
each cardiac cycle of said multiple cardiac cy-
cles, a maximum deformation rate value in said
filtered deformation rate signal from said start
point to said end point of said cardiac cycle.

The implantable medical device according to any of
the claims 1 to 4, wherein said pressure calculator
(133) is configured to calculate a signal representa-
tive of said systemic blood pressure as a moving
average of multiple consecutive maximum deforma-
tion rate values identified by said peak identifier in
said filtered deformation rate signal.

The implantable medical device according to any of
the claims 1 to 5, further comprising an absolute
pressure calculator (135) configured to calculate an
absolute value representative of an absolute sys-
temic blood pressure of said patient (10) based on
said value calculated by said pressure calculator
(133) and a scaling factor and an offset factor.

The implantable medical device according to claim
6, wherein said absolute pressure calculator (135)
is configured to calculate an absolute mean arterial
pressure, MAP, value representative of an absolute
MAP of said patient (10) based on said value calcu-
lated by said pressure calculator (133) and a MAP
scaling factor and a MAP offset factor.

The implantable medical device according to claim
6 or 7, wherein said absolute pressure calculator
(135) is configured to calculate an absolute pulse
pressure, PP, value representative of an absolute
PP of said patient (10) based on said value calculat-
ed by said pressure calculator (133) and a PP scaling
factor and a PP offset factor.

The implantable medical device according to any of
the claims 1 to 8, wherein said lead connecting ar-
rangement (110) is configured to be connected to a
cardiac lead (210) to be implanted in a coronary vein
(11) of said heart (10) and comprising said cardio-
mechanic sensor (250).

The implantable medical device according to any of
the claims 1 to 9, wherein said cardiomechanic sen-
sor (250) is a cardiomechanic electric sensor, CMES
(250).

The implantable medical device according to claim
10, wherein said CMES (250) comprises a piezoe-
lectric element (251) having a first conductor (252)
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connected to an outer surface of said piezoelectric
element (251) and a second conductor (253) con-
nected to an opposite, inner surface of said piezoe-
lectric element (251), said first conductor (252) and
said second conductor (253) are configured to be
electrically connected using respective electrical
connections (254, 255) to said lead connecting ar-
rangement (110).

A method for estimating systemic blood pressure of
a patient (10) having an implantable medical device
(100) connected to a cardiaclead (210, 220) implant-
ed in or in connection with a ventricle (12, 14) of a
heart (10) of said patient (1) and comprising a car-
diomechanic sensor (250) configured to generate a
deformation signal representative of the myocardial
deformation, said method comprising:

generating a deformation rate signal represent-
ative of rate of said myocardial deformation by
calculating the derivative of said deformation
signal with respect to time;

filtering said deformation rate signal to get a fil-
tered deformation rate signal;

identifying respective maximum deformation
rate values in said filtered deformation rate sig-
nal for multiple cardiac cycles; and

calculating a value representative of systemic
blood pressure of said patient (1) based on a
combination of said respective maximum defor-
mation rate values.

The method according to claim 12, wherein filtering
said deformation rate signal comprises high pass fil-
tering said deformation rate signal to remove or sup-
press any DC component from said deformation rate
signal.

The method according to claim 12 or 13, wherein
filtering said deformation rate signal comprises low
pass filtering said deformation rate signal to remove
or suppress noise from said deformation rate signal.

The method according to any of the claims 12 to 14,
further comprising:

sensing electric activity of at least a portion of
said heart (10);

generating a signal representative of said elec-
tric activity of at least a portion of said heart (10);
and

identifying, for each cardiac cycle of said multi-
ple cardiac cycles and based on said signal rep-
resentative of said electric activity, a start point
and an end point of said cardiac cycle in said
filtered deformation rate signal, wherein identi-
fying respective maximum deformation rate val-
ues comprises identifying, for each cardiac cycle
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of said multiple cardiac cycles, a maximum de-
formation rate value in said filtered deformation
rate signal from said start point to said end point
of said cardiac cycle.

The method according to any of the claims 12 to 15,
further calculating a signal representative of said
systemic blood pressure as a moving average of
multiple consecutive maximum deformation rate val-
ues in said filtered deformation rate signal.

The method according to any of the claims 12 to 16,
further calculating an absolute value representative
of an absolute systemic blood pressure of said pa-
tient (10) based on said value and a scaling factor
and an offset factor.
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