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(54) LEADLESS PACEMAKER OXYGEN-SATURATION-BASED RATE CONTROL

(57) The present disclosure relates to an implantable pacemaker (1), for applying electrical pacing pulses to a heart
(H) of a patient, comprising: a pulse generator (2) configured to generate electrical pacing pulses comprising an adaptable
rate, at least a first light source (10) configured to emit light comprising a first wavelength, at least a second light source
(20) configured to emit light comprising a different second wavelength, a light receiving unit (30) arranged such with
respect to the light sources (10, 20) that light emitted from the at least one first or the at least one second light source
(10, 20) travels through blood (B) of the patient when the pacemaker (1) is implanted in the patient and impinges on the
light receiving unit (30), which is configured to measure an intensity of light received from the at least one first or the at
least one second light source (10, 20), and a processing unit (40) configured to determine an actual value of the ratio
between a first value of an intensity of light emitted by the at least one first light source (10) and received by the light
receiving unit (30) and a second value of an intensity of light emitted by the at least one second light source (20) and
received by the light receiving unit (30).
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Description

[0001] The present invention relates to an implantable
cardiac pacemaker, particularly to an implantable intrac-
ardiac (e.g. leadless) pacemaker.
[0002] The ultimate goal of the circulatory system of a
human body is to provide adequate perfusion of the tissue
within the body. The oxygen saturation level of the blood
(the ratio of hemoglobin molecules that are carrying ox-
ygen compared to ones that are not) is proportional to
this goal, even in the right side of the heart where the
blood is being returned to the lungs to be re-oxygenated.
A known technique for measuring oxygen saturation is
to use the differential in the light absorbed by the blood
at different wavelengths. The minimum absorption by ox-
ygenated hemoglobin occurs at a wavelength of about
660 nm, and the minimum absorption by deoxygenated
hemoglobin occurs at a wavelength of about 940 nm.
[0003] The three central principles used for pacemaker
rate response have typically been that a body in motion
with particular characteristics is likely to be correlated
with using the body’s muscles for causing that motion,
or that the hormonally controlled contractility of the heart
can be used to tap into the body’s intrinsic determination
for cardiac demand, even if the electrically indicated heart
rate indication from the body is not available, or to detect
a condition that correlates with cardiac demand.
[0004] Rate response in pacemakers has been done
using motion (in both leadless and conventional pace-
makers), cardiac contractility (in conventional pacemak-
ers), cardiac temperature (in both leadless and conven-
tional pacemakers), and volume change of breathing (in
conventional pacemakers).
[0005] Motion sensing in leadless pacemakers is com-
plicated by the fact that the heart motion can be difficult
to differentiate from the body motion. Also, because of
the nature of how leadless pacemakers are affixed in the
heart, the pacemaker may be positioned in almost any
orientation compared to the main axis of the body, and
the cardiac motion can change this orientation dynami-
cally. Motion sensors are axis specific.
[0006] Furthermore, cardiac temperature, while loose-
ly associated with cardiac demand, is affected by sweat-
ing, environmental conditions and fevers as well.
[0007] The commonly used indicators for rate demand
are actually only proxies for what really matters, which
is energy efficient perfusion of the body tissue by the
blood. Such proxies, while they may be statistically rep-
resentative of the rate demand level, are not always ac-
curate. For example, motion signals from going down
stairs typically involve more vigorous accelerations than
the signals from going up stairs, but the cardiac demand
associated with going up stairs is almost always greater
than with going down stairs. Inferring the autonomic nerv-
ous system cardiac demand rate from contractility or
breathing measurements is also sometimes sensitive to
possibly unrelated changing conditions like orthostasis.
[0008] Document US 2016/0338629 A1 describes a

device that is configured to be inserted into the human
or animal body, wherein the device includes at least one
sensor unit that detects a signal representative of an ox-
ygen content along a measurement path, wherein the
sensor may include a reflector provided on the device,
wherein the reflector is arranged in the measurement
path between a transmitter and a receiver of the sensor
to reflect the signal.
[0009] Any approach that relies on measuring a con-
dition in the heart can potentially be done using a special
lead with a sensor that is located at the distal end of the
lead. However, pacemaker systems that use special
leads are not always desirable since they may increase
complexity of the whole system.
[0010] Based on the above it is an objective of the
present invention to provide a pacemaker that can offer
a more flexible and more physiological pacing rate control
that can in particular be achieved independent of place-
ment orientation of the device and variations in cardiac
motion characteristics.
[0011] An implantable cardiac pacemaker according
to claim 1 is provided. Further embodiments are subject
matter of dependent claims.
[0012] Therefore, an implantable cardiac pacemaker
is disclosed that is configured to apply electrical pacing
pulses to a heart of a patient, wherein the pacemaker
comprises:

- a pulse generator configured to generate electrical
pacing pulses comprising an adaptable rate,

- at least a first light source configured to emit light
comprising a first wavelength,

- at least a second light source configured to emit light
comprising a second wavelength, wherein the sec-
ond wavelength is different from the first wavelength,

- a light receiving unit arranged such with respect to
the light sources that light emitted from the at least
one first light source or the at least one second light
source travels through blood of the patient when the
pacemaker is implanted in the patient and impinges
on the light receiving unit, which is configured to
measure an intensity of light received from the at
least one first light source or the at least one second
light source, and

- a processing unit configured to determine an actual
value of a ratio or a difference between a first value
of an intensity of light emitted by the at least one first
light source and received by the light receiving unit
and a second value of an intensity of light emitted
by the at least one second light source and received
by the light receiving unit.

[0013] Particularly, said ratio or said difference is in-
dicative of an oxygen content in the blood of the patient.
[0014] Particularly, the at least one first light source
can be formed by an LED (LED - light-emitting diode) or
an OLED (OLED - organic light-emitting diode). Further,
particularly, the at least one second light source can be
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formed by an LED or an OLED, too.
[0015] Furthermore, the light receiving unit can com-
prise a single photodetector (e.g. a photodiode or a pho-
totransistor) which is responsive to both the first wave-
length and the second wavelength. Alternatively, the light
receiving unit can comprise a first photodetector and a
second photodetector (or multiple photodetectors, see
below), particularly such that light emitted from the first
light source travels through blood of the patient when the
pacemaker is implanted in the patient and impinges on
the first photodetector, which is configured to measure
an intensity of light received from the first light source,
and such that light emitted from the second light source
travels through blood of the patient when the pacemaker
is implanted in the patient and impinges on the second
photodetector, which is configured to measure an inten-
sity of light received from the second light source.
[0016] According to a preferred embodiment, the pace-
maker does not comprise a dedicated reflector config-
ured to reflect or deflect light from the first light source or
the second light source on its way to the light receiving
unit. Particularly, according to an embodiment, the light
receiving unit faces the at least one first light source in a
direction in which the at least one first light source emits
light towards the light receiving unit. Further, in a corre-
sponding embodiment, the light receiving unit faces the
at least one second light source in a direction in which
the at least one second light source emits light towards
the light receiving unit. Alternatively, the light receiving
unit and the first and second light sources are arranged
side by side along a surface of a casing of the pacemaker.
A portion of the light transmitted into the bloodstream will
be scattered by the blood, while another portion of the
light will be absorbed by molecules in the blood. Some
of the scattered light will be returned in the direction of
the implant and the amount of scatter return to the light
receiving unit will be directly related to how much is ab-
sorbed. The surrounding tissue is mostly transparent to
light at these wavelengths.
[0017] According to a further embodiment of the car-
diac pacemaker, the processing unit is configured to form
said actual value of the ratio or the difference by calcu-
lating said ratio or said difference for a pre-defined
number of cardiac cycles and averaging said ratio or said
difference over said number of cardiac cycles. A cardiac
cycle is typically a heartbeat. Also, a ventricular extra-
systole may be considered a separate cardiac cycle.
[0018] Particularly, according to an embodiment of the
cardiac pacemaker, the pacemaker is configured to con-
trol the rate of the electrical pacing pulses in an open-
loop manner, wherein a particular value of said ratio or
said difference corresponds to a particular target rate.
However, closed-loop control is preferred in the frame-
work of the present disclosure, see also below.
[0019] Furthermore, according to an embodiment of
the cardiac pacemaker, the light emitted from the at least
one first light source comprises a wavelength in the range
from 640 nm to 680 nm. Further, in an embodiment, light

emitted from the at least one second light source com-
prises a wavelength in the range from 920 nm to 1050
nm. Particularly, the wavelength of the light emitted from
the at least one first light source corresponds to 660 nm.
Furthermore, particularly, the wavelength of the light
emitted from the at least one second light source corre-
sponds to 940 nm. These wavelengths may also apply
to embodiments using multiple first light sources (e.g.
LEDs or OLEDs) and multiple second light sources (e.g.
LEDs or OLEDs).
[0020] Furthermore, according to an embodiment, the
pacemaker (particularly the processing unit) is config-
ured to alternately turn the at least one first light source
and the at least one second light source on and off, so
that at a (first) activation time at which the at least one
first light source is turned on in order to emit light, the at
least one second light source is turned off, and such that
at a (second) activation time at which the at least one
second light source is turned on in order to emit light, the
at least one first light source is turned off.
[0021] Furthermore, according to an embodiment, the
cardiac pacemaker is configured to synchronize said ac-
tivation times at which the at least one first light source
or the at least one second light source emits light with an
electrical activity of a chamber of a heart of the patient
(e.g. the right ventricle, the left ventricle, the right atrium,
or the left atrium). Particularly, said electrical activity in-
dicates a contraction of the considered chamber. The
synchronization can be performed with a phasing.
[0022] Particularly, in an embodiment, the pacemaker
is configured to synchronize said activation times relative
to a timing of the electrical pacing pulses or relative to a
timing at which a sensor of the pacemaker detects an
electrical activity in the chamber (indicating a contraction
of the chamber).
[0023] Furthermore, according to an embodiment of
the cardiac pacemaker, the pacemaker (particularly the
processing unit) is configured to regularly interchange
the activation times at which the at least one first light
source and the at least one second light source are turned
on, particularly so as to cancel out the slight difference
due to the particular activation times of the light sources.
[0024] Furthermore, according to an embodiment, the
pacemaker comprises a constant current source (e.g. a
battery) for driving the respective light source as well as
a means for switching the current applied to the respec-
tive light source on and off. Particularly, the timing se-
quences for the measurements of said ratio or said dif-
ference and the search algorithm described herein can
be provided by the processing unit which may comprise
a microprocessor or a dedicated logic state machine.
[0025] Furthermore, according to an embodiment of
the pacemaker, said first value is a digital value, namely
a first digital value, and said second value is a digital
value, namely a second digital value, wherein the pace-
maker (particularly the processing unit) comprises an an-
alog-to-digital converter (ADC) to obtain the first digital
value by converting an analog signal provided by the light
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receiving unit that is indicative of the intensity of the light
received from the at least one first light source, and to
obtain the second digital value by converting an analog
signal provided by the light receiving unit that is indicative
of the intensity of the light received from the at least one
second light source.
[0026] Furthermore, according to an embodiment of
the pacemaker, the pacemaker (particularly the process-
ing unit) is configured to convert said analog signal in-
dicative of the intensity of the light received from the at
least one first light source into the first digital value while
the at least one first light source emits light. Likewise, the
pacemaker (particularly the processing unit) is particu-
larly configured to convert said analog signal indicative
of the intensity of the light received from the at least one
second light source into the second digital value while
the at least one second light source emits light.
[0027] Furthermore, according to a preferred embod-
iment, the cardiac pacemaker (particularly the process-
ing unit) is configured to control said ratio or said differ-
ence in a closed-loop fashion by adjusting the rate of the
pacing pulses to achieve a desired ratio or a desired dif-
ference (particularly so as to maximize said ratio or said
difference which are indicative of an oxygen saturation
of the blood of the patient).
[0028] Furthermore, according to a preferred embod-
iment, the pacemaker is configured to generate and apply
pacing pulses with a first rate and with a second rate,
wherein the second rate is higher than the first rate,
wherein the pacemaker (particularly the processing unit)
is configured to calculate said ratio or said difference for
the first rate and for the second rate, wherein the pace-
maker is configured to increase the first rate and the sec-
ond rate in case the ratio or the difference calculated for
the second rate exceeds the ratio or the difference for
the first rate by a pre-defined amount, and wherein in
case the ratio or the difference calculated for the second
rate does not exceed the ratio or the difference calculated
for the first rate by a pre-defined amount, the pacemaker
is configured to decrease the first rate and the second
rate.
[0029] Particularly, when the average rate being used
is near the optimum rate, the measurement rates will al-
ternate between a slightly higher rate pair (where there
is no significant difference seen) and a slightly lower rate
pair (where some difference in saturation is detected).
[0030] Furthermore, according to an embodiment of
the cardiac pacemaker, in order to decrease the time to
find an optimum rate of the pacing pulses provided by
the pacemaker, the pacemaker is configured to increase
the first rate and the second rate by a first rate increment
as a search progresses towards higher first and second
rate pairs, and wherein in case the search backtracks to
a lower rate pair, the pacemaker is configured to use a
second rate increment that is smaller than the first rate
increment.
[0031] Furthermore, according to a preferred embod-
iment, the pacemaker comprises a casing comprising a

circumferential lateral surface, wherein the light receiving
unit comprises at least one photodetector, wherein the
at least one first light source and the at least one second
light source are arranged along the surface in a circum-
ferential direction of the casing. Furthermore, according
to a preferred embodiment, the at least one photodetec-
tor is arranged in the circumferential direction between
the at least one first light source and the at least one
second light source, such that light emitted from the at
least one first light source or the at least one second light
source travels through blood of the patient when the
pacemaker is implanted in the patient, is backscattered
by the blood of the patient and impinges on the at least
one photodetector of the light receiving unit, which is con-
figured to measure an intensity of light received from the
at least one first light source or the at least one second
light source.
[0032] Furthermore, according to a further embodi-
ment, multiple first and second light sources can be used.
Here, particularly, the pacemaker comprises a casing
comprising a circumferential lateral surface, wherein the
light receiving unit comprises a plurality of photodetec-
tors, and wherein the cardiac pacemaker comprises a
plurality of first light sources configured to emit light com-
prising the first wavelength, and a plurality of second light
sources configured to emit light comprising the second
wavelength, wherein the first and the second light sourc-
es are arranged in an alternating manner along the sur-
face in a circumferential direction of the casing.
[0033] Furthermore, according to an embodiment, a
photodetector is arranged in the circumferential direction
between each first and neighboring second light source,
such that light emitted from the first or second light sourc-
es travels through blood of the patient when the pace-
maker is implanted in the patient, is backscattered by
blood of the patient and impinges on the photodetectors
of the light receiving unit that are arranged between the
light sources. Further, the light receiving unit is particu-
larly configured to measure an intensity of light received
from the first or second light sources, and the processing
unit is configured to determine an actual value of the ratio
or the difference between a first value of an intensity of
light emitted by the first light sources and received by the
light receiving unit and a second value of an intensity of
light emitted by the second light sources and received
by the light receiving unit.
[0034] Further, according to another embodiment of
the pacemaker, the pacemaker comprises a casing
through which a flow channel for guiding a blood stream
extends, wherein the light receiving unit and the light
sources are integrated in the casing, and wherein the
flow channel is arranged between the light receiving unit
and the at least one first light source and the at least one
second light source, such that light emitted by the re-
spective light source travels across the flow channel and
impinges on the light receiving unit.
[0035] Furthermore, according to yet another preferred
embodiment of the present invention, the cardiac pace-
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maker is an intracardiac pacemaker, wherein the pulse
generator is enclosed by the casing.
[0036] Furthermore, in an embodiment, the casing is
configured to be anchored to heart tissue of the patient,
when the intracardiac pacemaker is implanted in the
heart of a patient, wherein particularly the intracardiac
pacemaker is configured to be implanted in an atrium or
a ventricle of the patient. Particularly, the intracardiac
pacemaker can comprise multiple tines for anchoring the
casing to heart tissue of the patient. The tines can be
arranged at a distal end of the casing.
[0037] Furthermore, according to an embodiment, the
intracardiac pacemaker comprises a pacing electrode for
applying the pacing pulses to the heart of the patient,
wherein the pacing electrode is arranged on the casing,
e.g. on the distal end of the casing (such a pacemaker
is also denoted as implantable leadless pacemaker). The
intracardiac pacemaker may also comprise a return elec-
trode. The return electrode may be formed as a ring elec-
trode which may be arranged at a proximal region of the
casing.
[0038] According to an alternative embodiment, the
cardiac pacemaker can comprise a housing which en-
closes the pulse generator, which housing is configured
to be implanted in the patient outside the heart of the
patient, wherein the cardiac pacemaker comprises a flex-
ible lead extending from the housing, which lead forms
said casing.
[0039] In the following embodiments, features and ad-
vantages of the present invention shall be explained with
reference to the Figures, wherein

Fig. 1A shows cross section through the device of Fig.
1B along the lines A -A,

Fig. 1B shows an illustration of an embodiment of an
intracardiac pacemaker comprising light
sources and a light receiving unit/photodetec-
tors arranged on a periphery of a casing of the
pacemaker such that optical signals that pass
through the blood, some of which are returned
to the light receiving unit as a result of scat-
tering, report oxygenation conditions to the
light receiving unit of the pacemaker; and

Fig. 2 shows an illustration of an alternative embod-
iment of an intracardiac pacemaker compris-
ing a casing having a flow channel into which
a light receiving unit and light sources are in-
corporated.

[0040] The present disclosure relates to a cardiac
pacemaker 1 as shown e.g. in Figs. 1A, 1B and 2. Ac-
cording thereto, the pacemaker 1 comprises at least a
pulse generator 2 configured to generate electrical pac-
ing pulses comprising an adaptable rate, at least a first
light source 10 configured to emit light comprising a first
wavelength, at least a second light source 20 configured

to emit light comprising a second wavelength which is
different from the first wavelength, a light receiving unit
30 arranged such with respect to the light sources 10, 20
that light emitted from the at least one first or the at least
one second light source 10, 20 travels through blood B
of the patient when the pacemaker 1 is implanted in the
patient and impinges on the light receiving unit 30, which
is configured to measure an intensity of light received
from the at least one first or the at least one second light
source 10, 20. Furthermore, the pacemaker 1 comprises
a processing unit 40 configured to determine an actual
value of a ratio or a difference between a first value of
an intensity of light emitted by the at least one first light
source 10 and received by the light receiving unit 30 and
a second value of an intensity of light emitted by the at
least one second light source 20 and received by the light
receiving unit 30. The pulse generator 2, the processing
unit 40 and a battery 50 may be arranged in a casing 3.
The battery 50 may be configured to provide electrical
energy to the components of the pacemaker 1, in partic-
ular to the processing unit 40, the at least one first light
source 10, the at least one second light source 20 and/or
the light receiving unit 30.
[0041] The light sources 10, 20 are preferably formed
by LEDs or OLEDs, and are preferably used for differen-
tiating the absorption of their light between oxygenated
and deoxygenated hemoglobin cells in the blood B
around the implanted pacemaker 1. The light sources
10, 20 are configured such that they will illuminate the
bloodstream B within the cardiac chamber where they
are located when activated. The light receiving unit 30 is
arranged in a manner that it will see the light from these
(O)LEDs 10, 20 after it has passed through some of the
blood flow B, facilitating a direct reading of oxygen con-
tent within the blood B rather than an extracted assess-
ment from the more "downstream" conditions associated
with perfused tissue.
[0042] According to the embodiment shown in Fig. 2,
a flow channel 4 is provided extending through the casing
3 of the pacemaker, such that blood B can pass between
the (O)LEDs 10, 20 and the light receiving unit 30. Alter-
natively, as shown in Fig. 2, light backscattered in the
blood stream B can be captured by the light receiving
unit 30.
[0043] As shown in detail in Fig. 2, the flow channel 4
can extend in a radial direction of the casing through the
casing 3 so that the flow channel 4 connects two surface
portions of the casing 3 that face away from each other.
Particularly, the light receiving unit 30 and the light sourc-
es 10, 20 are integrated in the casing 3 such that the flow
channel 4 is arranged between the light receiving unit 30
on one side and the at least one first light source 10 and
the at least one second light source 20 on the other side.
In an embodiment, the receiving unit 30 can be optically
coupled to the flow channel 4 via a first light pipe 8 that
extends from the light receiving unit 30 and meets the
flow channel 4. Furthermore, in an embodiment, the at
least one first light source 10 can be optically coupled to
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the flow channel 4 via a second light pipe 7a that extends
from the at least one first light source 10 and meets the
flow channel 4. In the same manner, according to an
embodiment, the at least one second light source 20 can
be optically coupled to the flow channel 4 via a third light
pipe 7b, too. Here, the third light pipe 7b extends from
the at least one second light source 20 and meets the
flow channel 4. In an embodiment, the flow channel 4
can be delimited by a tubing 9 having a transparent wall.
The tubing 9 serves for separating the blood stream B
from the unit 30 and light sources 10, 20.
[0044] Particularly, as indicated in Figs. 1B and 2, the
respective pacemaker 1 preferably is an intracardiac
pacemaker 1, i.e. the casing 3 which comprises the pulse
generator 2 and a pacing electrode 6 arranged on the
casing 3 (e.g. at a distal end of the casing 3) is configured
to be implanted in a chamber of the heart H of the patient
(e.g. in a ventricle or in an atrium of the patient). Partic-
ularly, the casing 3 is configured to be anchored to heart
tissue T of the patient, e.g. using multiple (e.g. three or
four) tines 5 protruding from the casing 3.
[0045] In contrast to Fig. 2, the embodiment shown in
Fig. 1A and 1B does not need a dedicated flow channel
4 integrated into the casing 3 of the pacemaker 1 and
therefore comprises a simpler design. Here, photodetec-
tors 31 of the light receiving unit 30 as well as first and
second light sources (e.g. LEDs or OLEDs) 10, 20 are
arranged in a circumferential direction U along a lateral
surface 3a of the (e.g. cylindrical) casing 3. The first and
second light sources 10, 20 are arranged in an alternating
manner side by side in the circumferential direction,
wherein photodetectors 31 are arranged between each
two neighboring light sources 10, 20. In one embodiment,
a single first light source 10, a single second light source
20, and a single photodetector 31 are provided. Also
here, according to an embodiment, the lateral surface 3a
comprises a tubing 3b having a transparent wall, so that
light can be transmitted and received through the tubing
3b.
[0046] Both designs shown in Figs. 1B and 2 can be
modified by positioning the optical monitoring portion of
the device at the distal tip of a tail extension as well (not
specifically drawn). The optical parts, either the LEDs or
the photo sensor or both, could be located in a tail ex-
tension to either position them in a better spot in the heart
or to juxtapose them to increase the optical coupling be-
tween them. This could utilize either the direct optical
path approach (i.e. LEDs face sensor with blood flow
between them) or the scatter return approach (i.e. LEDs
and sensor point into the bloodstream).
[0047] According to an embodiment, the light sources
/ (O)LEDs 10, 20 shown in Figs. 1A, 1B and 2 are con-
figured to be pulsed on separately, but close together in
time such that they are emitting light under similar con-
ditions. The measurements are preferably conducted in
a synchronous fashion and/or phase shifted to a time of
stable flow to minimize errors due to changes during the
measurement period with respect to the chamber activity

of the patient by using either the pace timing or the sense
timing made by the pacemaker 1. To account for the slight
difference due to the particular activation times of the
light sources / (O)LEDs 10, 20, the order can be swapped
every other time so that the differences can be cancelled
out. The ratio or the difference between the levels of
sensed light for the two different light sources 10, 20 are
preferably calculated and averaged over several cardiac
cycles.
[0048] The (e.g. average) ratio of the intensity of light
measured due to the lower absorption from the ∼660 nm
light (oxygenated hemoglobin) of the first light source 10
divided by the intensity of the light measured due to the
lower absorption from the ∼940 nm light (deoxygenated
hemoglobin) of the second light source 20 can be used
as a control variable in a control loop that searches the
rate space over time to find the minimum rate that max-
imizes this ratio (i.e. that maximizes oxygen saturation
of the blood in the chamber in question). This rate can
be continuously searched as long as rate adaptation is
desired.
[0049] Particularly, the configuration for making the
measurements includes at least the two light sources 10,
20 (e.g. LEDs or OLEDs), wherein constant current
sources may be used for driving the (O)LEDs 10, 20. A
switching means can be used for switching the respective
current on and off. The timing sequences for the meas-
urements and the search algorithm described below can
be implemented into the processing unit 40, which may
comprise either a microprocessor or a dedicated logic
state machine. Particularly, regarding the embodiment
shown in Fig. 1A and 1B, a single photodetector 30 which
is responsive in both the 940 nm and 660 nm wavelengths
can be used to convert the reflected light into an analog
signal which is converted to a digital value using an an-
alog-to-digital converter (ADC) 41.
[0050] The conversions are preferably timed to occur
while the respective light source 10, 20 is illuminated.
The converted signals from the two light sources activa-
tions are compared by dividing one by the other for form-
ing the ratio defined above. Alternatively, one of the
measurements can be subtracted from the other to obtain
a difference rather than a ratio. The difference can be
used in the same way as the ratio. Subtractions typically
require less power to compute, but will be more suscep-
tible to errors that might result due to differences in the
photodetector response to the two wavelengths being
used. The use of two different photodetectors to measure
the different wavelengths is also conceivable and may
improve resolution by providing better matched respons-
es, but would take up more installation space. If neces-
sary, the differences in response can be dealt with by
means of proper calibration.
[0051] In order to adapt the rate of the pacing pulses
applied by the pacemaker based e.g. on said calculated
ratio or said difference, an open-loop control system may
be used, where a particular saturation level would corre-
spond with a particular target rate, although a closed-
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loop control system has significant advantages.
[0052] The closed-loop approach allows for adapting
to variations in the cardiac environment, adapting to var-
iations in the performance characteristics of the light
sources 10, 20 (e.g LEDs or OLEDs) and the light receiv-
ing unit 30, variations in the light transmission and re-
flectance in the path that the light takes from the light
sources 10, 20 to the light receiving unit 30, and can
provide a more robust support in patients that may not
be able to achieve 100% saturation levels. Typically, it
can be expected that once the rate which corresponds
with a 100% saturation level is found, that any rate greater
than this will correspond with a 100% saturation level as
well. The higher rates will be potentially detrimental to
the patient since more biologically-derived energy will be
used with no additional benefit. The closed-loop ap-
proach is amenable to a secondary search strategy that
finds the lowest rate which gives the highest saturation
level.
[0053] In the closed-loop approach, the measure-
ments are preferably made under the condition of two
close but separate pacing rates. The difference in the
measurements (each measurement consisting of a com-
parison between the response at the two wavelengths
as described above) becomes the feedback signal used
to determine the next two rates that will be tried. For sta-
bility of the control loop, a threshold can be applied to
the difference between the measurements to determine
whether it is significant. Also, the measurements can be
averaged over some time period (e.g. several heart
beats), potentially synchronized with the cardiac activity,
in order to reduce random and systemic variations that
are not related to a variation in blood oxygen saturation.
When the measurement from the higher rate gives a sig-
nificantly higher saturation indication than the lower rate,
the two rates for the next measurements will be in-
creased. When the measurement from the higher rate
does not show a significantly higher indication of satura-
tion, the two rates for the next measurements will be de-
creased. When the average rate being used is near the
optimum rate, the measurement rates will alternate be-
tween a slightly higher rate pair (where there is no sig-
nificant difference seen) and a slightly lower rate pair
(where some difference in saturation is detected).
[0054] In order to decrease the time to find the optimum
rate when the starting rate is not close, the rate increment
used when searching from a lower rate pair to higher rate
pairs could be systematically increased as the search
progresses in the upward direction. Once the search
backtracks to a lower rate pair, the increment would be
restored to the initial smaller increment.
[0055] The closed loop search approach has the ad-
vantage of robustly adapting to different patient meas-
urements, but the energy use can be costly. An enhance-
ment might be to use the search to build up characteri-
zation data for the individual patient’s measurements and
then use that data to run in a more energy efficient open
loop mode for a time period in which the characterization

data can be expected to be stable.
[0056] The present invention advantageously allows
to using oximetry to determine the oxygen perfusion level
being achieved by the circulatory system. This is possible
by facilitating an assessment of oxygenation via direct
measurements within the blood volume as opposed to
measuring perfusion within the patient’s tissue, a process
that can be expected to provide results with a significantly
longer delay time. Particularly, the present invention can
be applied to leadless pacemaker systems as exemplary
shown in Figs. 1A, 1B and 2, wherein the pacing rate
space can be efficiently searched to find the lowest rate
that optimizes the calculated perfusion level. For this, the
present invention particularly may employ a closed-loop
control algorithm to adapt the system to changing con-
ditions and to accommodate variations between different
patients. Therefore, the approach can offer a more phys-
iological pacing rate control than existing pacemaker rate
response algorithms. It can be achieved in a leadless/in-
tracardiac pacemaker independent of placement orien-
tation and variations in cardiac motion characteristics.
As opposed to an open-loop rate control, it may adapt to
changing conditions and variations between patients.

Claims

1. An implantable pacemaker (1), for applying electrical
pacing pulses to a heart (H) of a patient, comprising:

- a pulse generator (2) configured to generate
electrical pacing pulses comprising an adapta-
ble rate,
- a first light source (10) configured to emit light
comprising a first wavelength,
- a second light source (20) configured to emit
light comprising a second wavelength, wherein
the second wavelength is different from the first
wavelength,
- a light receiving unit (30) arranged such with
respect to the light sources (10, 20) that light
emitted from the first light source (10) or the sec-
ond light source (20) travels through blood (B)
of the patient when the pacemaker (1) is implant-
ed in the patient and impinges on the light re-
ceiving unit (30), which is configured to measure
an intensity of light received from the first light
source (10) or the second light source (20), and
- a processing unit (40) configured to determine
an actual value of a ratio or a difference between
a first value of an intensity of light emitted by the
first light source (10) and received by the light
receiving unit (30) and a second value of an in-
tensity of light emitted by the second light source
(20) and received by the light receiving unit (30).

2. The cardiac pacemaker (1) according to claim 1,
wherein the processing unit (40) is configured to form
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said actual value of the ratio or the difference by cal-
culating said ratio or said difference for a pre-defined
number of cardiac cycles and averaging the ratios
or differences over said number of cardiac cycles.

3. The cardiac pacemaker (1) according to one of the
preceding claims, wherein the light emitted from the
first light source (10) comprises a wavelength in the
range from 640 nm to 680 nm, and/or wherein light
emitted from the second light source (20) comprises
a wavelength in the range from 920 nm to 1050 nm.

4. The cardiac pacemaker (1) according to one of the
preceding claims, wherein the pacemaker (1) is con-
figured to alternately turn the first light source (10)
and the second light source (20) on and off, so that
at an activation time at which the first light source
(10) is turned on in order to emit light, the second
light source (20) is turned off, and such that at an
activation time at which the second light source (20)
is turned on in order to emit light, the first light source
(10) is turned off.

5. The cardiac pacemaker (1) according to claim 4,
wherein the cardiac pacemaker (1) is configured to
synchronize said activation times at which the first
light source (10) or the second light source (20) emits
light with an electrical activity of a chamber of the
heart (H) of the patient.

6. The cardiac pacemaker (1) according to claim 4 or
5, wherein the pacemaker (1) is configured to regu-
larly swap the activation times at which the first light
source (10) and the second light source (20) are
turned on.

7. The cardiac pacemaker (1) according to one of the
preceding claims, wherein said first value is a digital
value, namely a first digital value, and wherein said
second value is a digital value, namely a second dig-
ital value, wherein the pacemaker (1) comprises an
analog-to-digital converter (41) to obtain the first dig-
ital value by converting an analog signal provided by
the light receiving unit (30) that is indicative of the
intensity of the light received from the first light
source (10), and to obtain the second digital value
by converting an analog signal provided by the light
receiving unit (30) that is indicative of the intensity
of the light received from the second light source
(20).

8. The cardiac pacemaker (1) according to claim 7,
wherein the pacemaker (1) is configured to convert
said analog signal indicative of the intensity of the
light received from the first light source (10) into the
first digital value while the first light source (10) emits
light, and/or wherein the pacemaker (1) is configured
to convert said analog signal indicative of the inten-

sity of the light received from the second light source
(20) into the second digital value while the second
light source (20) emits light.

9. The cardiac pacemaker (1) according to one of the
preceding claims, wherein the cardiac pacemaker
(1) is configured to control said ratio or said differ-
ence by adjusting the rate of the pacing pulses to
achieve a desired ratio or a desired difference.

10. The cardiac pacemaker (1) according to one of the
preceding claims, wherein the pacemaker (1) is con-
figured to generate pacing pulses with a first rate and
with a higher second rate, wherein the pacemaker
(1) is configured to calculate said ratio or said differ-
ence for the first rate and for the second rate, wherein
the pacemaker (1) is configured to increase the first
rate and the second rate in case the ratio or the dif-
ference calculated for the second rate exceeds the
ratio or the difference for the first rate by a pre-de-
fined amount, and wherein in case the ratio or the
difference calculated for the second rate does not
exceed the ratio or the difference calculated for the
first rate by a pre-defined amount, the pacemaker
(1) is configured to decrease the first rate and the
second rate.

11. The cardiac pacemaker (1) according to claim 10,
wherein in order to decrease the time to find an op-
timum rate of the pacing pulses, the pacemaker (1)
is configured to increase the first rate and the second
rate by a first rate increment as a search progresses
towards higher first and second rate pairs, and
wherein in case the search backtracks to a lower
rate pair, the pacemaker (1) is configured to use a
second rate increment that is smaller than the first
rate increment.

12. The cardiac pacemaker (1) according to one of the
preceding claims, wherein the pacemaker (1) com-
prises a casing (3) comprising a circumferential lat-
eral surface (3a), wherein the light receiving unit (30)
comprises a plurality of photodetectors (31), and
wherein the pacemaker (1) comprise a plurality of
first light sources (10) configured to emit light com-
prising the first wavelength, and a plurality of second
light sources (20) configured to emit light comprising
the second wavelength, wherein the first and the sec-
ond light sources (10, 20) are arranged in an alter-
nating manner along the lateral surface (3a) in a cir-
cumferential direction (U) of the casing (3), and
wherein a photodetector (31) is arranged in the cir-
cumferential direction (U) between each first and
neighboring second light source (10, 20), such that
light emitted from the first or second light sources
(10, 20) travels through blood (B) of the patient when
the pacemaker (1) is implanted in the patient, is back-
scattered by the blood (B) of the patient and impinges
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on the photodetectors (31) of the light receiving unit
(30), which is configured to measure an intensity of
light received from the first or second light sources
(10, 20), and wherein the processing unit (40) is con-
figured to determine an actual value of the ratio or
the difference between a first value of an intensity of
light emitted by the first light sources (10) and re-
ceived by the light receiving unit (30) and a second
value of an intensity of light emitted by the second
light sources (20) and received by the light receiving
unit (30).

13. The cardiac pacemaker (1) according to one of the
claims 1 to 11, wherein the pacemaker comprises a
casing (3) through which a flow channel (4) for guid-
ing a blood stream (B) extends, wherein the light
receiving unit (30) and the light sources (10, 20) are
integrated in the casing (3), and wherein the flow
channel (4) is arranged between the light receiving
unit (30) and the first light source (10) and the second
light source (20), such that light emitted by the re-
spective light source (10, 20) travels across the flow
channel (4) and impinges on the light receiving unit
(30).

14. The cardiac pacemaker (1) according to claim 12 or
13, wherein the pacemaker (1) is an intracardiac
pacemaker, wherein the pulse generator (2) is en-
closed by the casing (3).
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