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IMPLANTABLE MEDICAL DEVICE FOR DETECTING ATRIAL UNDERSENSING

The present invention relates to an implantable medical device according to the preamble
of claim 1, to a method for recognizing a specific condition of such an implantable medical
device according to the preamble of claim 13, and to a computer program product that can
be used for controlling such an implantable medical device according to the preamble of

claim 14.

During the operation of an implantable medical device for stimulating a human or animal
heart, it is necessary to reliably determine the cardiac state of the heart to be eventually
stimulated. Generally, the better the detection of a specific cardiac rhythm, the better are
the possibilities of treating an abnormal cardiac rhythm. A major concern is the
discrimination between ventricular tachycardia (VT) and a supraventricular tachycardia
(SVT). For such discrimination, it is necessary to determine the relationship between atrial

and ventricular activity of the human or animal heart that is to be eventually stimulated.

Atrial undersensing, i.e. an insufficient sensing or detection of atrial signals, is a generally
known problem. Atrial undersensing means that — despite of sufficiently high atrial activity
— atrial signals cannot be detected or can be detected only to an insufficient amount. Atrial
undersensing can lead to a misinterpretation of atrial activity as lacking atrial activity. In
such a case, an inadequate treatment of the respective patient could be triggered, e.g. by an

inadequate stimulation of the human or animal heart.

Atrial undersensing can specifically occur in case of floating electrode poles, i.e., an
electrode lead being anchored in the ventricle but having two electrode poles located on the
lead body at the level of the atrium of the same heart. The two electrodes are therefore

‘floating’ in the atrium without being fixed to its walls. Such floating electrode poles
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measure atrial signals via the blood and not directly at the cardiac muscle. Consequently,
the signals detected by such floating electrode poles are much smaller than in case of
electrodes being anchored within the atrium. Floating electrode poles are particularly prone

to dislocation and to sensing of atrial signals with varying intensity.

It is an object of the present invention to provide an implantable medical device being

particularly appropriate for recognizing atrial undersensing,.

This object is achieved with an implantable medical device having the features of claim 1.
Such a device comprises a processor, a memory unit, a first detection unit configured to
detect an atrial electric signal of a human or animal heart, and a second detection unit

configured to detect a ventricular electric signal of the same heart.

In an aspect of the present invention, the memory unit comprises a computer-readable
program that causes the processor to perform the step explained in the following when
executed on the processor. The performed step comprises an evaluation of atrial events in
an atrial electric signal detected by the first detection unit and/ or ventricular events in a
ventricular electric signal detected by the second detection unit for recognizing a condition
of the implantable medical device in which atrial events in the atrial electric signal are only
insufficiently detected. This evaluation is carried out by applying at least one of the
following criteria:
— amorphology of the detected atrial electric signals,
— alacking stability of atrial events,
— an absence of atrial events over a first period of time,
— adetection of an amplitude of the detected atrial electric signals being lower than a
predefined threshold value,
— an absence of atrial events while ventricular events are detected within the same
time window,
— a comparison between atrial events sensed with a first sensing profile of the first
detection unit on the one hand and atrial events sensed with a second sensing
profile of the first detection unit on the other hand. In this context, the second

sensing profile is more sensitive than the first sensing profile.
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The basic concept underlying the presently claimed invention is a reliable detection of
atrial undersensing, e.g., detection of an occurrence of atrial undersensing in such an
incidence that appropriate countermeasures are to be taken in order to guarantee a safe
detection of atrial signals. For this purpose, the claimed implantable medical device
performs an automatic continuous evaluation of sensed signals, wherein optionally a
linkage of individually sensed signals or obtained information is possible. In doing so, the
implantable medical device can distinguish between a condition in which atrial

undersensing is present and a condition in which no atrial undersensing is present.

According to the present invention, an atrial event is defined as an atrial activity detected
in an electrical signal. For instance, such an electrical signal can be recorded with an
electrode anchored in the atrium, or an electrode anchored in a different heart chamber
(e.g. in the ventricle, the signal is then measured via a far-field measurement), or using
floating electrodes which are located within the atrium without being anchored to the heart

wall. A typical atrial event is a P-wave.

According to the present invention, a ventricular event is defined as a ventricular activity
detected in an electrical signal. For instance, such an electrical signal can be recorded with
an electrode anchored in the ventricle, or an electrode anchored in a different heart
chamber (e.g. in the atrium, the signal is then measured via a far-field measurement). A

typical ventricular event is an R-wave.

In an embodiment, the morphology of the detected atrial events is used as basis for
determining whether or not an atrial undersensing is present. Such a morphologic
evaluation can be done by comparing two patterns of atrial electric signals with each other.
One possible method for such a morphologic evaluation is a trigger-based evaluation. For
such trigger-based evaluation, the second detection unit generates ventricular triggers

marking e.g. the end of the search interval for detection of an atrial event.

Afterwards, a signal section is extracted in the far-field channel of the obtained atrial

electric signals around the time point of the trigger (e.g., between 200 ms, in particular 100
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ms, in particular 90 ms, in particular 80 ms, in particular 70 ms, in particular 60 ms, in
particular 50 ms, in particular 40 ms, in particular 30 ms, in particular 20 ms, in particular
10 ms before the generated trigger and 10 ms, in particular 20 ms, in particular 30 ms, in
particular 40 ms, in particular 50 ms, in particular 60 ms, in particular 70 ms, in particular
80 ms, in particular 90 ms, in particular 100 ms after the generated trigger). According to a
preferred embodiment, a signal section is extracted 200 ms before and 50 ms after the
ventricular trigger, which would ensure to include AV-node-reentry tachycardia scenarios

and a wide range of typical antegrade conducted 1:1 rhythm scenarios (SVTs).

Subsequently, features are extracted from this signal section. Such an extraction can be
done, e.g., by determining the peak-to-peak amplitude (calculating the maximum distance
between the lowest and the highest voltage value); by calculating a quotient between the
area under a peak of the electric atrial signals and the value of the maximum peak-to-peak
amplitude; by generating a multi-dimensional vector in which each calculated feature
forms an own dimension (jagged difference vector), as explained in detail in EP 2 353 644

Al

Furthermore, the feature extraction as explained in the preceding paragraph is also carried

out for the reference pattern.

Afterwards, a morphologic distance between the actually recorded atrial electric signal and
the reference pattern can be calculated by determining the Euclidean distance between the
vectors obtained by the feature extraction of the current atrial signal and of the reference

pattern.

Finally, the scalar result of the preceding calculation is compared with a threshold value. If
the scalar result is above the threshold value, a significant distance to the reference pattern
is given so that no atrial event (P wave) is to be seen in the currently chosen atrial electric
signal section (i.e., no peak in the atrial signal resulting from atrial activity). If, however,
the result is below the threshold value, the similarities between the currently measured
atrial electric signal section and the reference pattern are sufficiently high to recognize a P

wave in the currently measured atrial signal.



10

15

20

25

30

WO 2021/197819 PCT/EP2021/056512

Another method for comparing two patterns with each other is a correlation-based method.
For such a method, longer blocks are excised out of the currently measured atrial electric
signal. These longer blocks may have a duration of up to 20 seconds, e.g. 1 second to 20
seconds, in particular 2 seconds to 19 seconds, in particular 3 seconds to 18 seconds, in
particular 4 seconds to 17 seconds, in particular 5 seconds to 16 seconds, in particular 6
seconds to 15 seconds, in particular 7 seconds to 14 seconds, in particular 8 seconds to 13
seconds, in particular 9 seconds to 12 seconds, in particular 10 seconds to 11 seconds. A P
wave reference pattern is overlaid to these blocks by moving the reference pattern along
these blocks. In doing so, correlation coefficients are continuously calculated. The local
maximum of the correlation constitute potential P wave events in the currently measured

atrial signal.

All local maxima above a threshold value are considered to be recognized atrial events (P
waves). The amount of the latest confirmed P wave events is correlated with the block
length in order to determine atrial tachycardia. E.g., if at least 10, in particular at least 12,
in particular at least 14, in particular at least 16, in particular at least 18, in particular at
least 20 P wave events are detected within a block length of, e.g., 10 seconds, atrial

tachycardia is present.

It is also possible to train the implantable medical device to facilitate detection of P waves,
i.e, to assign real atrial events to detected atrial electric signals. For such training
purposes, the implantable medical device records at a (slow) sinus rhythm (less than 100
beats per minute (bpm), in particular less than 95 bpm, in particular less than 90 bpm, in
particular less than 85 bpm, in particular less and 80 bpm, in particular less than 75 bpm, in
particular less than 70 bpm) a sufficiently long signal section (bigger than 55 seconds, in
particular bigger than 60 seconds, in particular bigger than 65 seconds, in particular bigger
than 70 seconds, in particular bigger than 75 seconds, in particular bigger than 80 seconds,
in particular bigger than 85 seconds, in particular bigger than 90 seconds). This signal
section is then used to extract all atrial events as explained above. Subsequently, an

average value of the individual features of the detected atrial electric signals is calculated.
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In doing so, a reference pattern is generated which is characterized by an average value of,
e.g., a maximum peak-to-peak amplitude, of a normalized area under the peak, and/or of a

(jagged) difference vector.

It is then possible to automatically detect that the extracted regions from the recorded atrial
electric signal (time frames around the automatically triggered atrial events) are considered
to be P waves. Alternatively, medical doctor is needed to confirm that the extracted

sections are to be considered as P waves.

Training of reference patterns for a correlation-based method can be done by extracting
potential P wave signal sections from a recorded atrial electric signal by the implantable
medical device. If a specific number of potential P wave events is detected (e.g., at least
20, in particular at least 25, in particular at least 30, in particular at least 35, in particular at
least 40, in particular at least 45, in particular at least 50, in particular any interval that can
be built up from the precedingly mentioned lower values), these potential P wave events
can be presented to a medical doctor and can be manually confirmed to be P waves. This
can likewise be done by machine learning process. This training — as the training in case of
carrying out a trigger-based evaluation — needs to be done only once to build up a (patient-
specific) reference pattern. Afterwards, the implantable medical device can always rely on

this reference pattern for morphologically evaluating the obtained atrial electric signal.

For such a morphologic evaluation of the atrial signal, the detected pattern is compared
with the P wave reference pattern, in particular with a patient-specific reference pattern. If
a P wave is morphologically identified by such comparison, but if at the same time (with a
predetermined temporal tolerance) no atrial event has been detected, atrial undersensing is
present. Thus, in such a case atrial events can only be detected because of the morphologic
evaluation of the atrial signal, but not from the atrial signal itself. This indicates that the

atrial electric signals are only insufficiently detected.

According to an embodiment of the present invention, the reference pattern for
morphologic evaluation is automatically adaptable. This can counteract to morphologic

drifts of the electric signal, e.g. caused by a changes of the drug regime or dehydration of



10

15

20

25

30

WO 2021/197819 PCT/EP2021/056512

the patient. For instance, all signals used for adaptation of the reference pattern need to
fulfil certain quality requirements. As examples, a minimum signal to noise ratio has to be

fulfilled, or the signals shall not be clipped.

In an embodiment, the evaluation is carried out on the basis of a lacking stability of atrial
events. A determination of the atrial stability can be realized by a comparison of the
presently measured atrial events with an average value of a predetermined number of
consecutive earlier atrial events. The predetermined number can be, e.g., 2, 3,4, 5,6, 7, 8,
9, or 10. If the comparison results in a deviation above a predetermined threshold value,
the atrial rhythm can be considered as being instable. While lacking atrial stability can be
the result of a specific atrial rhythm such as atrial fibrillation, lacking atrial stability can
also be an indication of atrial undersensing, i.e., of an insufficient detection of atrial

signals, although the atrial rhythm itself is stable.

In an embodiment, the evaluation is carried out on the basis of an absence of atrial events
over a first period of time. Since atrial events are generally expected to occur regularly, an
absence of atrial events is a strong indication of atrial undersensing. Since an absence of
atrial events might also be the symptom of a severe cardiac dysfunction, it is important to

distinguish atrial undersensing from a ‘real’, i.e. physiological absence of atrial events.

In an embodiment, the evaluation is carried out on the basis of a detection of an amplitude
of the detected atrial electric signal that is lower than a predetermined threshold value. If
amplitudes below such threshold value are detected, the probability of atrial undersensing
is strongly increased since typically the atrial signals are to be expected to lie over specific

values that can be individually defined.

In an embodiment, the evaluation is carried out on the basis of an absence of atrial events
while ventricular electric signals are detected at the same time. Typically, it is expected to
detect atrial events while a specific number of right ventricular events are detected. If no
atrial events can be detected despite a ventricular activity, this is a strong indication of

atrial undersensing.
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In an embodiment, the evaluation is carried out on the basis of a comparison between atrial
events sensed with a first sensing profile of the first detection unit and atrial events sensed
with a second profile of the first detection unit. In this context, the second sensing profile is
more sensitive than the first sensing profile. If a deviation between a sensing result
achieved with the second sensing profile and a sensing result achieved with the first
sensing profile is observed, this indicates that an increased sensitivity results in an
increased number of detected atrial events. This, in turn, indicates that atrial undersensing
is present when the first sensing profile is applied. In a variant of this embodiment, the
additional atrial events detected with the second sensing profile are tested as to whether or
not they can be integrated into a cardiac rhythm observed when applying the first sensing
profile. If this is the case, it is very likely that the first sensing profile is not sensitive
enough to detect all atrial events and that the higher sensitive second sensing profile also
reveals those atrial events that are to be expected to occur assuming a regular cardiac

rhythm.

In an embodiment, the first period of time during which an absence of atrial events is
taken, in an embodiment, as basis for evaluating atrial undersensing is a time between 1
and 5 seconds, e.g., 1.5 seconds, 2 seconds, 2.5 seconds, 3 seconds, 3.5 seconds, 4 seconds,

or 4.5 seconds.

In an embodiment, the at least one criterion comprises an absence of atrial events over a
period of time in which 2 to 5, e.g., 3 or 4, ventricular events are detected. If, e.g., 3
ventricular events are detected but at the same time no atrial events are detected, this
strongly indicates atrial undersensing since atrial events are expected to occur prior to the

detected ventricular events as these ventricular events are triggered by prior atrial events.

In an embodiment, not only a single of the precedingly explained criteria is used for
evaluating the atrial electric signals to assess atrial undersensing, but rather 2, 3, 4, 5 or 6
of these criteria are used together in order to increase the accuracy of the evaluation

method.
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In an embodiment, the evaluation is carried out on the basis of the following criteria:
(lacking stability of the detected atrial events) and ((absence of atrial events over a first
period of time) or (absence of atrial events during detection of ventricular events at the
same time)). Thus, in this embodiment, the evaluation is carried out on the basis of two of
the preceding the explained criteria, wherein one of these criteria is fixed and the other can

be chosen from two specific criteria.

In another embodiment, the evaluation is carried out on the basis of the following criteria:
((no detected atrial event while at least 3 consecutive ventricular events are detected) and
(lacking stability of atrial events)) or (no detected atrial event during the first period of
time) or (detection of an amplitude of the detected atrial electric signal being lower than a
predefined threshold value). Thus, in this embodiment, a single or two combined criteria
need to be fulfilled to suspect atrial undersensing. In an embodiment, the evaluation is
carried out on the basis of the precedingly explained criteria, however, without considering
lacking stability of atrial events and without considering a detection of an amplitude of the
detected atrial electric signal being lower than a predefined threshold value, i.e., only on
the basis of the following criteria: ((no detected atrial event while at least 3 consecutive
ventricular events are detected) and (lacking stability of atrial events)) or (no atrial event

the first period of time).

In an embodiment, the evaluation is carried out on the basis of the following criteria: (no
detected atrial event while at least 3 consecutive ventricular events are detected) or
(detection of an amplitude of the detected atrial electric signal being lower than a
predefined threshold value). Thus, in this embodiment, either one or the other criterion is
sufficient to perform the evaluation of the detected atrial signal in order to assess whether

or not atrial undersensing is present.

In an embodiment, the computer-readable program causes the processor to perform the
following steps when executed on the processor: sending a signal to a home monitoring
service center (HMSC) that serves for monitoring the health status of the patient carrying
the implantable device. By such a signal, it is indicated in the HMSC that atrial

undersensing has been detected and that countermeasures are necessary or are
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automatically taken. If a specific number of atrial undersensing events are detected, this
indicates that there might be a general problem with the electrode used for sensing the
atrial signals. In such a case, a re-position or a limitation of the floating radius of the

electrode might be necessary.

In an embodiment, the computer-readable program causes the processor to perform the
following step when executed on the processor: switching the implantable medical device
from multi-chamber detection logic to single-chamber detection logic. In an embodiment,
the multi-chamber detection logic is a two-chamber detection logic considering both atrial
and ventricular signals for deciding whether or not a stimulation of the human or animal
heart is necessary. The single-chamber detection logic is typically a ventricular detection
logic that only uses ventricular signals to decide whether or not an external stimulation is
necessary. If atrial undersensing has been detected, it is sensible to rely — at least for a
certain period of time — no longer on the insufficiently detected atrial signals, but rather to
rely only on ventricular signals in order to make a decision if stimulation of the heart to be

treated is necessary.

In an embodiment, the computer-readable program causes the processor to perform the
following step when executed on the processor: automatically adjusting at least one
detection parameter of the first detection unit. Such a parameter of the first detection unit is
typically a parameter of a detection algorithm applied by the first detection unit. By an
adjustment of such parameter, the detection performance of the first detection unit can be

optimized, e.g., with respect to weak atrial electric signals.

In an embodiment, the computer-readable program causes the processor to perform the
following step when executed on the processor: automatically switching from a first
sensing profile of the first detection unit to a second sensing profile of the first detection
unit. In this context, the second sensing profile is more sensitive than the first sensing
profile. By applying a different sensing profile having a higher sensitivity, it is possible to
detect, e.g., weaker atrial electric signals with a higher reliability. In an embodiment, the
second sensing profile guarantees that the sensitivity is, after detection of an atrial event,

only reduced to a predefined value so that the sensitivity in the second sensing profile
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remains higher for subsequent atrial signals than in case of the first sensing profile. In an
embodiment, the second sensing profile guarantees to increase the sensitivity, after having
detected an atrial event, to a higher extent as the first sensing profile does. This facilitates
the detection of any subsequent atrial events to be detected by application of the second

sensing profile.

In an embodiment, the computer-readable program causes the processor to perform the
following step when executed on the processor: electronically adding an atrial event to the
detected atrial electric signals if a P wave is extracted during a morphological evaluation of
a far-field potential detected by the first detection unit. Typically, such P wave extraction is
carried out by recognizing a congruency between a reference signal comprising a P wave
and the far-field potential detected by the first detection unit. By such an electronic
addition of atrial signals to the detected signal, missing atrial events can be compensated so

that a complete atrial signal results that can be further evaluated.

In an embodiment, care is taken that the implantable medical device does not remain in a
specific atrial undersensing mode for an indefinite time. Rather, measures are taken in
order to reset the implantable medical device to normal mode detection if no further atrial
undersensing is to be expected or can be detected. For this purpose, in an embodiment, the
computer-readable program causes the processor to perform the following step when
executed on the processor: automatically switching back from an operational mode
adopted by the implantable medical device after having recognized insufficient detection
of atrial events (atrial undersensing mode) to a regular operational mode (normal mode) if
a tachycardic rhythm of the treated heart has been terminated or if no insufficient detection
of atrial events has been recognized over a second period of time. In an embodiment, the
second period of time is a time between 10 minutes and 60 minutes, in particular between

20 minutes and 50 minutes, in particular between 30 minutes and 40 minutes.

In an aspect, the present invention relates to a method for recognizing a condition of an
implantable medical device according to the preceding explanations. The condition to be
recognized is characterized by an insufficient detection of atrial events. In this context, the

method comprises the step explained in the following.
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The performed step comprises an evaluation of atrial events in an atrial electric signal
detected by a first detection unit and/or ventricular events in a ventricular electric signal
detected by a second detection unit of the implantable medical device for recognizing a
condition of the implantable medical device in which atrial events are only insufficiently

detected. This evaluation is carried out on the basis of at least one of the following criteria:

a morphology of the detected atrial electric signals,

— alacking stability of atrial events,

— an absence of atrial events over a first period of time,

— adetection of an amplitude of the detected atrial electric signals being lower than a
predefined threshold value,

— an absence of atrial events while ventricular events are detected within the same

time window, a comparison between atrial events sensed with a first sensing profile

of the first detection unit on the one hand and atrial events sensed with a second

sensing profile of the first detection unit on the other hand. In this context, the

second sensing profile is more sensitive than the first sensing profile.

In an aspect, the present invention relates to computer program product comprising
computer-readable code that causes the processor to perform the step explained in the

following when executed on the processor.

The performed step comprises an evaluation of atrial events in an atrial electric signal
detected by a first detection unit and/or ventricular events in a ventricular electric signal
detected by a second detection unit of an implantable medical device for recognizing a
condition of the implantable medical device in which atrial events are only insufficiently

detected. This evaluation is carried out on the basis of at least one of the following criteria:

a morphology of the detected atrial electric signals,

— alacking stability of atrial events,

— an absence of atrial events over a first period of time,

— adetection of an amplitude of the detected atrial electric signals being lower than a

predefined threshold value,
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— an absence of atrial events while ventricular events are detected within the same
time window,

— a comparison between atrial events sensed with a first sensing profile of the first
detection unit on the one hand and atrial events sensed with a second sensing
profile of the first detection unit on the other hand. In this context, the second

sensing profile is more sensitive than the first sensing profile.

In an aspect, the present invention relates to medical method, namely, to method of
treatment of human or animal patient in need of such treatment by means of an implantable
medical device according to the preceding explanations. This implantable medical device
comprises a processor, a memory unit, a first detection unit configured to detect an atrial
electric signal of a human or animal heart, a second detection unit configured to detect a
ventricular electric signal of the same heart and a stimulation unit configured to stimulate a
cardiac region of the same heart. In this context, the method comprises the steps explained

the following.

In a first step atrial events in the atrial electric signal detected by the first detection unit
and/or ventricular events in the ventricular electric signal detected by the second detection
unit of the implantable medical device are evaluated for recognizing a condition of the
implantable medical device in which atrial events are only insufficiently detected. This
evaluation is carried out on the basis of at least one of the following criteria:
— amorphology of the detected atrial electric signals,
— alacking stability of atrial events,
— an absence of atrial events over a first period of time,
— adetection of an amplitude of the detected atrial electric signals being lower than a
predefined threshold value,
— an absence of atrial events while ventricular events are detected within the same
time window,
— a comparison between atrial events sensed with a first sensing profile of the first
detection unit on the one hand and atrial events sensed with a second sensing
profile of the first detection unit on the other hand. In this context, the second

sensing profile is more sensitive than the first sensing profile.
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Subsequently, a detection mode of the first detection unit is automatically adjusted if a
condition of the implantable medical device has been recognized in which atrial events are

only insufficiently detected (atrial undersensing mode).

Subsequently, a cardiac region of the human or animal heart is stimulated by applying a
stimulation pulse with the stimulation unit if such stimulation is deemed to be necessary
upon an evaluation of the cardiac rhythm of the human or animal heart in the adjusted

detection mode.

All variants and embodiments described with respect to the implantable medical device can
be combined in any desired way and can be transferred either individually or in any
arbitrary combination to the described methods and to the described computer program
product. Furthermore, all embodiments and variants of the described methods can be
combined in any desired way and can be transferred either individually or in any arbitrary
combination to the respective other method, to the implantable medical device and to the
computer-readable program. Finally, all embodiments and variants of the described
computer-readable program can be combined in any desired way and can be transferred
either individually or in any arbitrary combination to the described implantable medical

device and to the described methods.



