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Description

[0001] The present invention generally relates to medical devices and systems that incorporate an apparatus and
method to assess the risk of R-on-T event, based on analysis of the surface ECG or the intracardiac electrogram (IEGM).
The risk assessment of R-on-T event can be further used for risk stratification of ventricular tachyarrhythmias, prediction
and prevention of ventricular tachycardiac (VT) and/or ventricular fibrillation (VF), and facilitating fast and robust detection
of VT/VF onset.

[0002] The present invention particularly relates to implantable heart stimulators, including pacemakers, defibrillators
and cardiovertors, which stimulate cardiac tissue electrically to control the patient’s heart rhythm. The present invention
also relates to external cardiac monitors, portable Holter monitors, and automatic external defibrillators (AEDs) that are
capable to measure, record, and analyze the surface ECG.

[0003] A R-on-T eventis a premature ventricular event (R-wave) interrupting the T wave of the preceding beat. A R-
on-T event often predisposes to serious ventricular arrhythmias.

[0004] Withrespectto artificial heart stimulators such as implantable cardiac pacemakers determination of the duration
of an individual’s R-T interval is important in order to prevent stimulation of the ventricle during this interval because the
ventricular myocardium is not fully repolarized then. During the ventricular repolarization the ventricle is susceptible to
fibrillation. Therefore, the portion of the T wave near the peak and early downslope of the T-wave is called vulnerable
period (VP)..

[0005] The QT-RR relationship has been extensively investigated during the past decades. It is well known that the
QT interval is rate-dependent. In order to compare the QT interval recorded at different heart rates, effort has been made
to estimate the heart-rate corrected QT interval (QTc), which relates the QT interval with the RR interval in a predefined
mathematical formula, based on statistical regression analysis. Although dozens of QTc formulas have been proposed
(linear model, hyperbolic model, parabolic model, etc.), controversial results on optimal regression parameters have
been reported. European patent application EP 1923097A1 that was filed prior and published after the present document,
therefore falling under Article 54(3) EPC discloses such a QT-RR regression model. US 6,512,951 B1 discloses the
calculation of the QT interval as linear or logarithmic relation to the preceding RR interval.

[0006] Itis an object of the invention to provide means for reliable assessment of an individual's Q-T interval duration.
[0007] Itis a further object of a preferred embodiment of the invention to provide means for assessment of the risk of
R-on-T event for an individual.

[0008] According to the present invention, the risk of R-on-T event for each beat is assessed quantitatively in real time
by comparing the timing of the R wave with the vulnerable period (VP) estimated from the preceding RR intervals. As
described below in details, three steps are involved:

(1) establish a QT-RR regression model;
(2) estimate a vulnerable period (VP); and, preferably,
(3) calculate a risk score of R-on-T event.

[0009] The invention is based on the insight that recent studies have suggested that the QT-RR relationship could be
individually optimized. It was demonstrated that the QT-RR relationship has remarkable intra-subject stability. These
studies clearly showed that, on one hand, there is no optimal QTc formula (neither regression parameters nor the
curvature of the model itself) that is applicable to all subjects. On the other hand, it is feasible to estimate relatively
accurate QT interval from the RR intervals, provided that the subject-specific QT-RR relationship is properly established
a priori.

[0010] The above and other aspects, features and advantages of the present invention will be more apparent from
the following more particular description thereof, presented in conjunction with the following drawings wherein:

Figure 1 is an overview over a cardiac therapy system including an implantable heart stimulator, an external device
and a central service center.

Figure 2 illustrates the heart stimulator connected to electrode leads that are placed in a heart together with an
external device.

Figure 3 shows a schematic block diagram of the heart stimulator of Figure 1.
Figure 4 is an illustration of the vulnerable period and the RTpp interval.

Figure 5 is an illustration of the possible relationship between estimated VP and the subsequent RR interval.
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Figure 6 is an illustration of the function curvature for the proposed risk score metric.
Figure 7 shows the prediction of a R-on-T event at onset of VF but no event for reference recording.

Figure 8 shows that most predicted R-on-T events can be characterized as long-short- normal or short-long-normal
sequence of RR interval, and did not trigger VT/VF.

Figure 9 shows the detection of R-on-T events during epochs of multiple PVCs or at the onset of non-sustained or
sustained VT.

Figure 10  shows by way of an example of RTpp distribution for a given RR interval (or a binned RR interval range)
how the upper and lower boundaries of the VP for this RR interval (or binned RR interval range) can be
determined based on this RT,, distribution.

[0011] The following description is of the best mode presently contemplated for carrying out the invention. This de-
scription is not to be taken in a limiting sense, but is made merely for the purpose of describing the general principles

of the invention. The scope of the invention should be determined with reference to the claims.

Implantable Heart Stimulator

[0012] The therapy system depicted in Figure 1 comprises an implantable medical device 10 which is a three chamber
pacemaker (heart stimulator) implanted into a patient (subject). The therapy system further comprises an external device
90 and a service center 92. The implantable medical device 10 and the external device 90 allow for a short-range wireless
data communication for data exchange between implantable medical device 10 and the external device 90. External
device 90 serves as a relay station between the implantable medical device and a central service center 92. Thus, data
may be exchanged between the implantable device 10 and the central service center 92. A physician attending a patient
thus can access all data provided by the implantable medical device 10 via the central service center 92. Further, any
data processing requiring a considerable amount of computing power can be carried out by the external device 90 or in
the service center 92. This particularly applies to that kind of data processing that only needs to be carried out from time
to time in contrast to that kind of data processing that is to be carried online (that is, at least approximately in real time).
The later data processing includes evaluation of intracardic electrograms for the detection of e.g. fibrillation that needs
to be treated.

[0013] As will be more apparent from the following description of the implantable medical device 10, the implantable
medical device 10is capable of making up intracardiac electrograms that represent an electrical activity of the myocardium
of either a right atrium or a right ventricle of a heart. According to further embodiments not represented in detail within
this disclosure the implantable medical device could also be capable of picking up intracardiac electrograms for the left
atrium and/or the left ventricle. Further, the implantable medical device is capable of creating a far field electrogram
signal from intracardiac electrogram signals picked up via intracardiac electrodes connected to the implantable medical
device 10.

[0014] From figure 2 it is apparent that the heart stimulator 10 comprises a case 12 and header 14.

[0015] The heart stimulator 10 is connected to three electrode leads, namely a right ventricular electrode lead for 16,
a right atrial electrode lead 18 and a left ventricular electrode lead 20.

[0016] The left ventricular electrode lead 20 is designed to pass trough the coronary sinus of heart 22. A typical
electrode lead suitable for use with heart stimulator 10 is the electrode lead Corox+ UP/BB by the applicant. Left ventricular
electrode lead 20 comprises a left ventricular tip electrode 24 at the distal end of left ventricular electrode lead 20 and
a left ventricular ring electrode 26.

[0017] Atrial electrode lead 18 comprises a right atrial tip electrode 28 at the distal end of right atrial electrode lead
18 and a right atrial ring electrode 30.

[0018] The right ventricular electrode lead 16 comprises right ventricular tip electrode 32 at the distal end of right
ventricular electrode lead 16 and a right ventricular ring electrode 34.

[0019] In order to illustrate that heart stimulator 10 may be adapted to act as an implantable cardioverter/defibrillator
(ICD), ventricular electrode lead 16 also exhibits a ventricular shock coil 36 for the delivery of defibrillation shocks to
right ventricle 38 of heart 22 and a superior vena cava (SVC) shock coil 40 for the delivery of defibrillation shocks to a
right atrium 42 of heart 22.

[0020] Each electrode and shock coil of electrode leads 16 to 20 is separately connected to an electric circuit enclosed
by case 12 of heart stimulator 10 by way of electrical contacts of a plug (not shown) at the proximal end of each electrode
lead 16 to 20 and corresponding contacts (not shown) in header 14 of heart stimulator 10.

[0021] Now refer to Figure 3. SVC shock coil 40 is connected to right atrial shock generator 50 that is controlled by a
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control unit 52 of heart stimulator 10.

[0022] Similarly, right ventricular shock coil 36 is connected to a right ventricular shock generator 54 that is also
connected to control unit 52.

[0023] Right atrial tip electrode 28 and right atrial ring electrode 30 are both connected to a right atrial stimulation
pulse generator 56 and a right atrial sensing stage 58 that are internally both connected to control unit 52.

[0024] Right atrial stimulation pulse generator 56 is adapted to generate atrial stimulation pulses of sufficient strength
to cause an excitation of atrial myocardium by an electrical pulse delivered via right atrial tip electrode 28 and right atrial
ring electrode 30. Preferably, means are provided to adapt the right atrial stimulation pulse strength to the stimulation
threshold in the right atrium.

[0025] Right atrial sensing stage 58 is adapted to pick up myocardial potentials indicating an intrinsic atrial excitation
that corresponds to a natural atrial contraction. By way of right atrial sensing stage 58, it is possible to stimulate the right
atrium 42 of heart 22 in a demand mode wherein a right atrial stimulation pulse is inhibited if an intrinsic atrial event
(intrinsic atrial excitation) is sensed by right atrial sensing stage 58 prior to expiration of an atrial escape interval.
[0026] In a similar manner, right ventricular ring electrode 34 and right ventricular tip electrode 32 are connected to
right ventricular stimulation pulse generator 60 and to a right ventricular sensing stage 62 that in turn are connected to
control unit 52. By way of right ventricular tip electrode 32, right ventricular ring electrode 34, right ventricular stimulation
generator 60 and right ventricular sensing stage 62, right ventricular stimulation pulses can be delivered in a demand
mode to the right ventricle 38 of heart 22.

[0027] Right ventricular sensing stage 62 is adapted to pick up myocardial potentials indicating an intrinsic right
ventricular excitation that corresponds to a natural right ventricular contraction. By way of right ventricular sensing stage
62, it is possible to stimulate the right ventricle 38 of heart 22 in a demand mode wherein a right ventricular stimulation
pulse is inhibited if an intrinsic right ventricular event (intrinsic right ventricular excitation) is sensed by right ventricular
sensing stage 62 prior to expiration of a right ventricular escape interval.

[0028] Inthe same way left ventricular tip electrode 24 and left ventricular ring electrode 26 are connected to the left
ventricular stimulation pulse generator 64 and the left ventricular sensing stage 66 that are internally connected to control
unit 52 and that allow for stimulating a left ventricle 70 of heart 22.

[0029] Leftventricular sensing stage 66 is adapted to pick up myocardial potentials indicating an intrinsic left ventricular
excitation that corresponds to a natural left ventricular contraction. By way of left ventricular sensing stage 66, it is
possible to stimulate the left ventricle 70 of heart 22 in a demand mode wherein a left ventricular stimulation pulse is
inhibited if an intrinsic left ventricular event (intrinsic left ventricular excitation) is sensed by left ventricular sensing stage
66 prior to expiration of a left ventricular escape interval.

[0030] Triggering and inhibition of delivery of stimulation pulses to the right atrium, the right ventricle or the left ventricle
is controlled by control unit 52, in a manner known to the man skilled in the art. The timing that schedules delivery of
stimulation pulses if needed is con-trolled by a number of intervals that at least partly may depend on a hemodynamic
demand of a patient that is sensed by means of an activity sensor 72 that is connected to control unit 52. Activity sensor
72 allows for rate adaptive pacing wherein a pacing rate depends on a physiological demand of a patient that is sensed
by a way of activity sensor 72.

[0031] For the purpose of composition of a far-field intra-atrial electrogram (AEGM) and a far-field intra-ventricular
electrogram (VEGM) a far-field atrial sensing stage 74 and a far-field ventricular sensing stage 76, respectively, are
provided. The far-field atrial sensing stage 74 is connected to a case electrode that is formed by at least an electrically
conducting part of case 12 of the heart stimulator 10 and to the SVC coil electrode 40 or the right atrial ring electrode
30. The far-field ventricular sensing stage 76 is also connected to the case electrode formed by a case 12 of heart
stimulator 10 and to the right ventricular coil electrode 36 or the right ventricular ring electrode 34 or the left ventricular
ring electrode 26. Both, far-field atrial sensing stage 74 and far-field ventricular sensing stage 76, are adapted to pick
up far-field intra-cardiac electrograms and to generate electrogram signals that are fed to a processing unit 78. Processing
unit 78 is adapted to filter and scale each electrogram signal received from either the far-field atrial sensing stage 74 or
the far-field ventricular sensing stage 76 or both independently from each other and to sum the resulting filtered and
scaled electrogram signals in order to generate the composite far-field electrogram signal.

[0032] Thus the heart stimulator can provide different kinds of electrograms such as far-field electrograms similar to
surface electrocardiograms (surface ECG) and intracardiac electrograms (IEGM) for further evaluation and QT interval
analysis in particular. According to alternative embodiments of the invention, the evaluation is either carried out by the
control unit 52 of heart stimulator 10 or be external device 90 or at the service center 92.

QT-RR Regression Model

[0033] In a preferred embodiment, the patient is monitored during a calibration period when the RR intervals and QT
intervals are measured from surface ECG or IEGM. Then statistical regression analysis of the QT-RR relationship is
conducted to obtain the patient-specific QT-RR regression model. Different regression models (linear model, hyperbolic



10

15

20

25

30

35

40

45

50

55

EP 2 100 553 B1

model, parabolic model, etc.) with different regression parameters are tested to search for the optimal QT-RR regression
model, which is defined to have the lowest residuum between modelled data and measured data.

[0034] Specifically for implantable heart stimulators, such statistical regression analysis can be conducted offline in
the external device, and the resulting optimal QT-RR regression model and its parameters are programmed into the
implantable device. To facilitate firmware implementation and reduce computation cost, a QT-RR lookup table can be
pre-calculated based on the regression model and downloaded into the implant device memory 80. Preferably, the
calibration and regression analysis of QT-RR relationship is taken for each subject prior to device implantation, during
each follow-up, and every time after change of drug therapy.

[0035] In a preferred embodiment, the QT-RR regression analysis is performed based on standard surface ECG
obtained during 24-hour Holter recording, or can be obtained with minutes of ECG recording during a treadmill test with
predefined exercise protocol that covers certain heart rate range. In another embodiment, if QT-RR calibration data is
not available, a generic regression model with predefined model parameters is used. One exemplary model is the
parabolic model QT =- RR* , where a=1/3, B=0.45. However, optimization of the regression model should be performed
whenever the updated QT-RR data are available.

[0036] Although the QT interval is mainly dependant on heart rate, the effects of other factors such as the autonomic
tone and the "lag hysteresis" may also affect the QT interval. According to the present invention, one means to include
the "lag hysteresis" effect is by estimating QT interval from the weighted average of multiple preceding RR intervals.
Such a moving weighted average method can approximately simulate the delayed QT-RR response to sudden heart
rate change, thus partially compensate for the "lag hysteresis". It is likely that the QT-RR relationship may exhibit certain
circadian pattern, considering varying levels of autonomic modulation, thus corresponding adjustment of regression
parameters for day and night may be implemented.

Estimation of VP

[0037] Conventional QT interval is defined as the interval from the beginning of Q wave to the end of T wave, which
is difficult to measure because there is inherent imprecision in identifying the end of the T wave from the surface ECG.
For the purpose of estimating VP, such problems may be avoided. Because VP usually refers to the portion of the T
wave near the peak and early downslope (Figure 4), it is sufficient to determine the peak of T wave, then set VP around
the peak of T wave. For example, denote RTpp as the interval from the peak of R wave to the peak of T wave, the VP
(from t1 to t2 with respect to the peak of R wave) can be estimated as: VP = (11, {2) = (RTpp - 20ms, RTpp + 20ms),
i.e., from 20ms before to 20ms after the peak of T wave. Alternatively, the lower and upper boundaries of VP (i1, t2)
may also be estimated using the same QT-RR regression formula. For example, if the QT-RR regression model is QT
= B - RR, then the lower and upper boundaries of VP (t1, t2) may be estimated by {7 = (3 -61). RR*and t2 = (B +d2)
‘RR?, respectively, where &, and d, are small positive constants. Therefore, it is not necessary to identify the T wave
offset for QT interval measurement. Instead, the task becomes much easier to measure the RTpp interval, i.e., the time
interval between peak of R wave and peak of T wave (Figure 4). Based on the measured RR interval and RTpp interval
data, similar regression analysis can be performed to determine the RTpp-RR relationship. Once such a regression
model is determined, the boundaries of VP can be estimated given a preset window width, see Figure 4: lllustration of
the vulnerable period and the RTpp interval.

[0038] Yetin another embodiment, the estimation of the VP boundaries can be directly estimated from the RTpp-RR
plot, that is, without the computation effort of the regression analysis. More specifically, a 2D scatter graph is obtained
by plotting all pairs of (RTpp, RR) values. For each RR interval (or a binned RR interval range), there is a distribution of
the corresponding RTpp intervals (Figure 10), which could be used to define the boundaries of the VP for this RR interval
(or the binned RR interval range). By examining the distribution of RTpp intervals corresponding to each RR interval (or
binned RR interval range), a complete VP zone can be defined. As illustrated in Figure 10, in one example, the upper
and lower boundaries of the VP for this RR interval (or the binned RR interval range) could be respectively defined as
the maximum and minimum of the corresponding RTpp intervals. In another example, the upper boundary (t2) and the
lower boundary (t1) of the VP for this RR interval (or the binned RR interval range) could be determined such that a
programmable percentile (e.g., 75%) of the RTpp intervals are bounded between t1 and t2, while the outliers (i.e., RTpp
< t1 and RTpp > t2) are symmetrically distributed.

[0039] In the following, the terms QT interval and RTpp interval are used inter-changeably for simplicity purpose, with
the understanding that the VP boundaries can be estimated based on either QT-RR interval analysis, or RTpp-RR
interval analysis.

Risk Score of R-on-T Event

[0040] According to a preferred embodiment of the present invention, the incidence of R-on-T event is considered as
a stochastic process. In other words, given an estimated VP and the subsequent RR interval, the risk of R wave (paced
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or sensed) overlapping with VP is evaluated as a random variable. Figure 5 illustrates the concept in more details: The
VP boundaries can be estimated from the RR interval for the k-th beat, RRI(k). The following beat occurs with RR interval
RRI(k+1), which can be (a) longer than the upper boundary of the VP, (b) fall into the VP, or (c) shorter than the lower
boundary of the VP. If the boundaries of VP are precisely accurate, then the probability of R-on-T event is 0 for the cases
(a) and (c), and is 1 for the case (b). However, because the VP is estimated and its accuracy may be affected by many
factors, there is possibility that R-on-T events occur in the cases (a) and (c), or R-on-T events not occur in the case (b).
See Figure 5: lllustration of the possible relationship between estimated VP and the subsequent RR interval.

[0041] There are many methods to quantify such a probabilistic problem. According to an exemplary embodiment,
the following index, risk score (RS), is calculated to quantify the probability of R-on-T event:

RS = Ae '

[0042] Here, Ais the absolute time difference (unit: ms) between RRI(k+1) and the nearest VP boundary for the cases
(a) and (c), and is O for the case (b). The parameter A is a constant, defining the probability of R-on-T event in the case
of A=0. The parameter ¢ controls the sensitivity of RS with respect to the change of A, by adjusting the width of the
function curve, as illustrated in Figure 6. In this example, A = 1.0, 62 = -502 /In(0.1), thus it implies RS = 1.0 for A = 0,
and RS = 0.1 for A = 50ms. Clearly, by comparing the estimated VP and the subsequent RR interval, the beat with
smaller A has higher risk to develop R-on-T event (probability approaches to 1.0 when A is close to 0), whereas the beat
with larger A has lower risk to develop R-on-T event (probability approaches to 0.0 when A is large enough).

[0043] As discussed above, by performing the regression analysis, the optimal RTpp-RR model can be determined
by minimizing the residuum between modeled and measured RR intervals. In addition, the RTpp variance (correspond-
ingly the possible range of VP boundaries) for each RR interval can be obtained from the same regression analysis.
Therefore, it is reasonable to adjust the width of the RS curve (controlled by ¢) based on the results of regression
analysis, to achieve desired estimation confidence. For example, if the regression analysis shows that more than p (in
percentage) measured RTpp are within +d (in ms) range of the model-predicted RTpp, then the RS can be considered
as 1-p when A=d, by setting 2 = -d2 /In((1- p)/A). Note that such an adjustment of RS can be performed for each different
RR interval based on its own RTpp variance (i.e., ¢ is a function of heart rate), or can be done once based on the average
RTpp variance over all RR intervals. See Figure 6: lllustration of the function curvature for the proposed risk score metric.

Early Detection of VT/VF

[0044] According to a particular preferred embodiment, the estimation of R-on-T event is used for early detection of
VT/VF.

[0045] Figure 7 shows one example, in which a generic form of parabolic QT-RR regression model was used: QT =
8- RR* , where a.and 3 were respectively set as 1/3 and 0.45. In this example, left panel shows one reference recording
(i.e., no ventricular arrhythmia) and the right panel shows a ventricular fibrillation (VF) episode recorded from one patient.
In both panels, the upper traces plot the recorded RR interval sequence, and the lower traces plot the estimated QT
interval sequence (x-axis indexes beats, y-axis unit is ms). The vertical bars mark the predicted R-on-T events. Clearly,
although ectopic beats occurred frequently in both reference and episode sequences, most of the premature ventricular
contractions (PVCs) are "benign", since their RR intervals were longer than the QT intervals estimated from previous
cycles. On the other hand, if the PVC occurred early enough as labelled during onset of VF, the R-on-T events are
predicted and marked. See Figure 7: Prediction of R-on-T event at onset of VF but no event for reference recording.
Similar testing was performed over a database consisting of 85 VT/VF episodes and 52 reference recordings in 38
patients. Very high sensitivity (100%) was achieved, in other words, the R-on-T events were all correctly marked at the
onset of VTNF. On the other hand, the prediction specificity was lower, and more than half reference sequences and
many epochs within the VT/VF episodes (but prior to VT/VF onset) were also marked as R-on-T events. This relatively
low specificity, however, is expected. Because VT/VF usually is triggered by an R-on-T event, but the R-on-T event does
not necessarily trigger VT/VF. The onset of VT/VF relies on critical timing of the PVC to enter the reentry circuit. Even
if the PVC sits on the T wave, the probability to trigger VT/VF is still low because such critical timing window may only
represent a small portion of the VP. Indeed, most predicted R-on-T events did not trigger VT/VF, and the following RR
intervals returned to baseline after the PVC, as the examples shown in Figure 8. Therefore, in order to further evaluate
the risk of VT/VF triggered by the R-on-T event, one simple strategy is to wait for one more beat after the PVC, to see
if the next RR interval "recovers" or not. For the same database, such a one-beat delay and re-confirmation strategy
can reject more than 95% predicted R-on-T events that did not trigger VT/VF (false positives). See Figure 8: Most
predicted R-on-T events can be characterized as long-short-normal or short-long-normal sequence of RR interval, and
did not trigger VT/VF.
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[0046] For other predicted R-on-T events whose following RR interval did not recover toward the pre-PVC baseline,
they can be either characterized as double, triple, multiple PVCs, or can be defined as non-sustained or sustained VT/VF
as shown in Figure 9. Indeed, the multiple PVCs can also be generalized as non-sustained VT with very short duration.
Therefore, the present method and its implementation into an implantable or an external device can be used as a marker
for VT/VF detection. Of noteworthy is its fast response characteristic, in that it can detect the onset of VT/VF (sustained
or non-sustained) within a few beats, as demonstrated in Figure 9; see Figure 7: Detection of R-on-T events during
epochs of multiple PVCs or at the onset of non-sustained or sustained VT.

Risk Management

[0047] Asdescribed above, therisk of R-on-T event can be quantitatively assessed using a statisticindex RS. According
to the present invention, this RS index can be used for VT/VF risk stratification, prediction and prevention.

[0048] In a preferred embodiment, the RS index is calculated and stored for each cardiac beat. Thus the distribution
of the RS index over certain period is available and its statistics such as mean (RS_MEAN) and standard deviation (RS_
STD) can be calculated.

[0049] The statistical metrics derived from RS index distribution can be used for risk stratification of ventricular ar-
rhythmia. For example, patient with high RS_MEAN value is considered to have higher risk of developing VT/VF while
patient with low RS_MEAN value is considered to have lower risk of developing VT/VF.

[0050] In addition, these statistic metrics can be calculated in both short term (for example 5 minutes) and long term
(for example 24 hours). Like heart rate variability (HRV) analysis, short term and long term RS metrics may contain
different information that are both useful for risk stratification.

[0051] The short term RS metrics may also be used for short-term VT/VF prediction. A history of RS values prior to
VT/VF onset may be stored and analyzed to characterize the path of the RS dynamics toward the onset of VT/VF. If
such RS pattern is detected again, a prediction of VT/VF is made.

[0052] Based on VT/VF risk stratification or prediction, therapeutic intervention can be initiated to prevent the onset
of VT/VF. Such intervention can be in the form of drug therapy or device therapy, such as overdrive pacing therapies.

[0053] Furthermore, the statistic metrics derived from RS index may also be combined with other known risk factor
analysis, such as HRV, T wave alternans (TWA), ejection fraction (EF), heart rate turbulence (HRT), etc. Such multi-
variable risk analysis may improve the sensitivity and specificity of the VT/VF risk stratification and prediction.

[0054] Although an exemplary embodiment of the present invention has been shown and described, it should be
apparent to those of ordinary skill that a number of changes and modifications to the invention may be made. In particular,
it is possible to implement QT interval analysis and R-on-T risk assessment according to the invention independently
from each other either in an implantable medical device or in an external medical device. This invention can readily be
adapted to a number of different kinds of medical devices by following the present teachings. All such changes, modi-
fications and alterations should therefore be recognized as falling within the scope of the present invention.

Claims
1. A medical device (10) comprising:

a memory (80),

input means for acquiring or receiving a cardiac electrogram signal characterized by,

processing means (78, 92) that are adapted to detect R-wave and T-waves represented by said cardiac elec-
trogram,

establish a QT-RR regression model based detected R-waves and T-waves,

estimate a vulnerable period (VP), and

store estimated vulnerable period data in said memory.

2. The medical device according to claim 1, wherein said processing means are further adapted

- to calculate a risk score of R-on-T event and/or

- to establish said QT-RR regression model based on detected R-waves and T-waves by testing different
regression models including linear model, hyperbolic model, parabolic model, with different regression param-
eters to thus determine the optimal QT-RR regression model, which is defined to have the lowest residuum
between modelled data and measured data and/or

- to conduct said regression analysis offline in an external device, and to program the resulting optimal QT-RR
regression model and its parameters into an implantable device and/or
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- to pre-calculate a QT-RR lookup table based on said regression model and to download said pre-calculated
QT-RR lookup table into an implant device memory.

The medical device according to claim 1 or 2, wherein said processing means are adapted to estimate a vulnerable
period

- around a peak of a T-wave by determining a peak of a T wave and then setting the vulnerable period around
the peak of a T wave that is calculated for each heart cycle based on said regression model and/or

- based on a distribution of the corresponding RT peak to peak intervals (RTpp intervals) for each binned RR
interval range, to define the boundaries of the vulnerable period for this binned RR interval range.

The medical device according to any of the preceding claims 1 to 3, wherein said processing means are adapted
to define upper and lower boundaries of the vulnerable period

- for each binned RR interval range as the max/min RTpp interval or
- for each binned RR interval so that a programmable percentile of the RTpp intervals are distributed between
the upper and lower boundaries of the vulnerable period.

The medical device according to claim 2, wherein said processing means are adapted to calculate the risk score of
R-on-T event by:

A2y
RS =de™'°

with A being the absolute time difference between the next RR interval and the nearest boundary of the current
beat’s vulnerable period if the next RR interval ends up outside the vulnerable period boundaries, and being 0 if the
next RR interval ends up within the vulnerable period boundaries, A being a constant, defining the probability of R-
on-T event in the case of A=0, and ¢ controlling the sensitivity of the risk score with respect to the change of A, by
adjusting the width of the function curve.

The medical device according to claim 2, wherein said processing means are adapted to calculate statistic metrics
derived from the risk score of R-on-T event over a predefined period.

The medical device according to claim 6, wherein said statistic metrics are mean and standard deviation.

The medical device according to claim 7, wherein said processing means are adapted to calculate the risk of
developing ventricular arrhythmia from said statistic metrics.

A method for determining the vulnerable period and assessing the risk of R-on-T event, comprising the steps:

providing a cardiac electrogram signal,

detecting R-waves and T-waves represented by said cardiac electrogram signal,
establishing a QT-RR regression model; characterized by the steps.

estimating a vulnerable period (VP);

characterised in that a risk score (RS) of R-on-T event is calculated.

10. The method of claim 9, wherein the step of establishing a QT-RR regression model comprises:

testing different regression models including linear model, hyperbolic model, parabolic model, with different
regression parameters and

determining the optimal QT-RR regression model, which is defined to have the lowest residuum between mod-
elled data and measured data and/or

conducting said regression analysis offline in an external device, and

programming the resulting optimal QT-RR regression model and its parameters into an implantable device and/or
pre-calculating a QT-RR lookup table based on said regression model and downloading said pre-calculated
QT-RR lookup table into an implant device memory.
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11. The method of one of the preceding claims 9 to 10, wherein the step of estimating the vulnerable period comprises:

determining a peak of a T wave and then setting the vulnerable period around the peak of a T wave that is
calculated for each heart cycle based on said regression model and/or

estimating a vulnerable period based on a distribution of the corresponding RT peak to peak intervals (RTpp
intervals) for each binned RR interval range, and

defining the boundaries of the vulnerable period for this binned RR interval range based on said estimation and/or
defining upper and lower boundaries of the vulnerable period for each binned RR interval range as the max/min
RTpp interval and/or

defining upper and lower boundaries of the vulnerable period for each binned RR interval so that a programmable
percentile of the RTpp intervals are distributed between the upper and lower boundaries of the vulnerable period.

12. The method of claim 6, wherein the step of calculating a risk score of R-on-T event comprises:

calculating the risk score of R-on-T event by:

A2p2
RS =Ae™*'?

with A being the absolute time difference between the next RR interval and the nearest boundary of the current
beat’s vulnerable period if the next RR interval ends up outside the vulnerable period boundaries, and being 0
if the next RR interval ends up within the vulnerable period boundaries, A being a constant, defining the probability
of R-on-T event in the case of A=0, and ¢ controlling the sensitivity of the risk score with respect to the change
of A, by adjusting the width of the function curve.

Patentanspriiche

1.

Medizinprodukt (10), umfassend:

einen Speicher (80),

Eingangsmittel zum Erfassen oder Empfangen eines Elektrokardiogrammsignals, gekennzeichnet durch
Verarbeitungsmittel (78, 52), die dafiir eingerichtet sind,

R-Wellen und T-Wellen zu erfassen, die das Elektrokardiogramm darstellt,

ein QT-RR-Regressionsmodell auf der Grundlage erfasster R-Wellen und T-Wellen zu erstellen,

eine vulnerable Phase (VP) abzuschatzen, und

die Daten zur abgeschatzten vulnerablen Phase in dem Speicher zu speichern.

2. Medizinprodukt nach Anspruch 1, wobei die Verarbeitungsmittel ferner daflr eingerichtet sind,

- einen Risikowert fir ein R-auf-T-Ereignis zu berechnen und/oder

- das QT-RR-Regressionsmodell auf der Grundlage erfasster R-Wellen und T-Wellen zu erstellen, indem ver-
schiedene Regressionsmodelle einschliellich des linearen Modells, Hyperbelmodells und Parabelmodells mit
verschiedenen Regressionsparametern zu testen, um so das optimale QT-RR-Regressionsmodell zu ermitteln,
das so definiert ist, dass es das kleinste Residuum zwischen den Modelldaten und den Messdaten aufweist,
und/oder

- die Regressionsanalyse unabhangig in einer externen Einrichtung durchzufiihren und das sich ergebende
optimale QT-RR-Regressionsmodell und seine Parameter in eine implantierbare Vorrichtung zu programmieren,
und/oder

- vorher eine QT-RR-Verweistabelle auf der Grundlage des Regressionsmodells zu berechnen und die vorher
berechnete QT-RR-Verweistabelle in den Speicher einer implantierbaren Vorrichtung zu laden.

3. Medizinprodukt nach Anspruch 1 oder 2, wobei die Verarbeitungsmittel dafiir eingerichtet sind, eine vulnerable
Phase abzuschatzen

-um einen Peak einer T-Welle herum durch Ermitteln eines Peaks einer T-Welle und anschlieRendes Anordnen
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der vulnerablen Phase um den Peak einer T-Welle herum, die auf der Grundlage des Regressionsmodells fir
jeden Herzzyklus berechnet wird, und/oder

- auf der Grundlage einer Verteilung der entsprechenden RT-Peak-to-Peak-Intervalle (RTpp-Intervalle) fur jeden
zwischengespeicherten RR-Intervallbereich, um die Grenzen der vulnerablen Phase flr diesen zwischenge-
speicherten RR-Intervallbereich zu definieren.

Medizinprodukt nach einem der vorhergehenden Anspriiche 1 bis 3, wobei die Verarbeitungsmittel daflr eingerichtet
sind, die Ober- und Untergrenze der vulnerablen Phase zu definieren

- fir jeden zusammengefassten RR-Intervallbereich als maximales/minimales RTpp-Intervall oder
- fir jedes zusammengefasste RR-Intervall, sodass ein programmierbares Perzentil der RTpp-Intervalle zwi-
schen der Ober- und Untergrenze der vulnerablen Phase verteilt ist.

Medizinprodukt nach Anspruch 2, wobei die Verarbeitungsmittel dafiir eingerichtet sind, den Risikowert fiir ein R-
auf-T-Ereignis wie folgt zu berechnen:

RS = Ae™?°?

wobei A der absolute Zeitunterschied zwischen dem nachsten RR-Intervall und der nachstliegenden Grenze der
vulnerablen Phase des aktuellen Herzschlags ist, wenn das nachste RR-Intervall auBerhalb der Grenzen der vul-
nerablen Phase endet, und der 0 betragt, wenn das nachste RR-Intervall innerhalb der Grenzen der vulnerablen
Phase endet, wobei A eine Konstante ist, die die Wahrscheinlichkeit fiir ein R-auf-T-Ereignis im Fall von A= 0
definiert, und wobei ¢ die Empfindlichkeit des Risikowerts bezlglich der Veranderung von A durch Anpassen der
Breite der Funktionskurve steuert.

Medizinprodukt nach Anspruch 2, wobei die Verarbeitungsmittel dafiir eingerichtet sind, Gber einen vorher festge-
legten Zeitraum statistische Grofien zu berechnen, die von dem Risikowert fiir ein R-auf-T-Ereignis abgeleitet sind.

Medizinprodukt nach Anspruch 6, wobei die statistischen GréRen die mittlere Abweichung und die Standardabwei-
chung sind.

Medizinprodukt nach Anspruch 7, wobei die Verarbeitungsmittel dafiir eingerichtet sind, aus diesen statistischen
Grofien das Risiko fur die Entstehung einer ventrikuldren Arrhythmie zu berechnen.

Verfahren zur Bestimmung der vulnerable Phase und der Beurteilung des Risikos fiir ein R-auf-T-Ereignis, das
folgende Schritte umfasst:

Bereitstellen eines Elektrokardiogrammsignals,

Erfassen von R-Wellen und T-Wellen, die das Elektrokardiogrammsignal darstellt;

Erstellen eines QT-RR-Regressionsmodells, gekennzeichnet durch folgende Schritte: Abschéatzen einer vul-
nerablen Phase (VP);

dadurch gekennzeichnet, dass ein Risikowert (RS) flr ein R-auf-T-Ereignis berechnet wird.

10. Verfahren nach Anspruch 9, wobei der Schritt zum Erstellen eines QT-RR-Regressionsmodells Folgendes umfasst:

Testen verschiedener Regressionsmodelle einschlieRlich des linearen Modells, Hyperbelmodells und Parabel-
modells mit verschiedenen Regressionsparametern, und

Ermitteln des optimalen QT-RR-Regressionsmodells, das so definiert ist, dass es das kleinste Residuum zwi-
schen den Modelldaten und den Messdaten aufweist, und/oder

Durchfiihren der Regressionsanalyse unabhangig in einer externen Einrichtung, und

Programmieren eines sich ergebenden optimalen QT-RR-Regressionsmodells und seiner Parameter in eine
implantierbare Vorrichtung, und/oder

Berechnen einer QT-RR-Verweistabelle auf der Grundlage des Regressionsmodells und

Laden der vorher berechneten QT-RR-Verweistabelle in den Speicher einer implantierbaren Vorrichtung.

11. Verfahren nach einem der vorhergehenden Anspriiche 9 bis 10, wobei der Schritt des Abschatzens der vulnerablen

Phase Folgendes umfasst:

10
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Ermitteln eines Peaks einer T-Welle und anschlieRend Anordnen der vulnerablen Phase um den Peak einer T-
Welle herum, die auf der Grundlage des Regressionsmodells fir jeden Herzzyklus berechnet wird, und/oder
Abschatzen einer vulnerablen Phase auf der Grundlage einer Verteilung der entsprechenden RT-Peak-to-Peak-
Intervalle (RTpp-Intervalle) fiir jeden zusammengefassten RR-Intervallbereich, und

Definieren der Grenzen der vulnerablen Phase flr diesen zusammengefassten RR-Intervallbereich auf der
Grundlage der Schatzung und/oder

Definieren der Ober- und Untergrenze der vulnerablen Phase flir jeden zusammengefassten RR-Intervallbereich
als maximales/minimales RTpp-Intervall und/oder

Definieren der Ober- und Untergrenze der vulnerablen Phase firr jedes zusammengefasste RR-Intervall, sodass
ein programmierbares Perzentil der RTpp-Intervalle zwischen der Ober- und Untergrenze der vulnerablen Phase
verteilt ist.

12. Verfahren nach Anspruch 6, wobei der Schritt des Berechnens eines Risikowerts fiir ein R-auf-T-Ereignis Folgendes

umfasst:

Berechnen des Risikowerts fiir ein R-auf-T-Ereignis wie folgt:

RS = Ae-A2/02

wobei A der absolute Zeitunterschied zwischen dem nachsten RR-Intervall und der nachstliegenden Grenze
der vulnerablen Phase des aktuellen Herzschlags ist, wenn das nachste RR-Intervall aufRerhalb der Grenzen
der vulnerablen Phase endet, und der O betragt, wenn das nachste RR-Intervall innerhalb der Grenzen der
vulnerablen Phase endet, wobei A eine Konstante ist, die die Wahrscheinlichkeit fir ein R-auf-T-Ereignis im
Fall von A = 0 definiert, und wobei ¢ die Empfindlichkeit des Risikowerts beziglich der Veranderung von A
durch Anpassen der Breite der Funktionskurve steuert.

Revendications

1.

Dispositif médical (10) comprenant :

- une mémoire (80),

- un moyen d’entrée pour acquérir ou recevoir un signal d’électrogramme cardiaque,
caractérisé par

- des moyens de traitement (78, 52) adaptés pour

- détecter une onde R et des ondes T représentées par ledit électrogramme cardiaque,

- établir un modele de régression QT-RR sur la base des ondes R et des ondes T détectées,
- estimer une période vulnérable (VP) et

- stocker les données de la période vulnérable estimée dans ladite mémoire.

2. Dispositif médical selon la revendication 1, dans lequel lesdits moyens de traitement sont en outre adaptés pour

- calculer une note de risque pour 'évenement R sur T, et/ou

- établir ledit modele de régression QT-RR basé sur les ondes R et les ondes T détectées, en testant différents
modeles de régression, y compris un modéle linéaire, un modele hyperbolique, un modéle parabolique, avec
différents parametres de régression, pour ainsi déterminer le modeéle de régression QT-RR optimal, qui est
défini pour avoir le résidu le plus faible entre les données modélisées et les données mesurées, et/ou

- effectuer ladite analyse de régression hors-ligne, dans un dispositif externe, et programmer le modéle de
régression QT-RR optimal résultant ainsi que ses paramétres dans un dispositif implantable, et/ou

- pré-calculer une table de conversion QT-RR basée sur ledit modele de régression, et télécharger ladite table
de conversion QT-RR pré-calculé dans une mémoire de dispositif implantable.

3. Dispositif médical selon la revendication 1 ou 2, dans lequel lesdits moyens de traitement sont adaptés pour estimer

une période vulnérable

- autour d'un pic d’'une onde T, en déterminant un pic d’'une onde T, puis en réglant la période vulnérable autour

11
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du pic d’'une onde T, qui est calculée pour chaque cycle cardiaque, sur la base dudit modéle de régression, et/ou
- sur la base d’une distribution du pic RT correspondant sur des intervalles de pics (intervalles RTpp) pour
chaque plage d'intervalles RR regroupés, pour définir des limites de la période vulnérable pour cette plage
d’intervalles RR regroupés.

Dispositif médical selon 'une quelconque des revendications précédentes 1 a 3, dans lequel lesdits moyens de
traitement sont adaptés pour définir des limites supérieure et inférieure de la période vulnérable,

- pour chaque plage d'intervalles RR regroupés en tant qu’intervalle max/min RTpp, ou
- pour chaque intervalle RR regroupé, de maniére & ce qu’'un percentile programmable des intervalles RTpp
soit distribué entre les limites supérieure et inférieure de la période vulnérable.

Dispositif médical selon la revendication 2, dans lequel lesdits moyens de traitement sont adaptés pour calculer la
note de risque de I'événement R sur T, par :

RS = Ae-A2/52

avec A étant la différence de temps absolue entre l'intervalle RR suivant et la limite la plus proche de la période
vulnérable de battement actuelle, sil'intervalle RR suivant se retrouve a I'extérieur des limites de période vulnérable,
et étant O si l'intervalle RR suivant se retrouve dans les limites de période vulnérable, A étant une constante,
définissant la probabilité de I'évenement R sur T dans le cas ou A = 0, et & contrdlant la sensibilité de la note de
risque par rapport au changement de A, en ajustant la largeur de la courbe de fonction.

Dispositif médical selon la revendication 2, dans lequel lesdits moyens de traitement sont adaptés pour calculer
des mesures statiques dérivées de la note de risque de I'événement R sur T sur une période prédéfinie.

Dispositif médical selon la revendication 6, dans lequel lesdites mesures statistiques sont une déviation moyenne
et standard.

Dispositif médical selon la revendication 7, dans lequel lesdits moyens de traitement sont adaptés pour calculer le
risque de développement de I'arythmie ventriculaire a partir desdites mesures statistiques.

Méthode pour la détermination de la période vulnérable et I'estimation du risque de I'événement R sur T, comprenant
les étapes suivantes :

- mise a disposition d’un signal d’électrogramme cardiaque,

- détection des ondes R et des ondes T représentées par ledit signal d’électrogramme cardiaque,
- établissement d’'un modéle de régression QT-RR,

caractérisée par les étapes suivantes :

- estimation d’une période vulnérable (VP),

caractérisée en ce qu’une note de risque (RS) est calculée pour 'évenement R sur T.

Méthode selon la revendication 9, dans laquelle I'étape d’établissement d’'un modéle de régression QT-RR
comprend :

- le test de différents modéles de régression, y compris un modéle linéaire, un modéle hyperbolique, un modeéle
parabolique, avec différents paramétres de régression, et

- la détermination du modéle de régression QT-RR optimal, qui est défini pour avoir le résidu le plus faible entre
les données modélisées et les données mesurées, et/ou

- la conduite de ladite analyse de régression hors-ligne, dans un dispositif externe, et

- la programmation du modéle de régression QT-RR optimal résultant, ainsi que de ses parameétres, dans un
dispositif implantable, et/ou

- le calcul préalable d’une table de conversion QT-RR sur la base dudit modéle de régression, et le téléchar-
gement de ladite table de conversion QT-RR pré-calculée dans une mémoire de dispositif implantable.

12



EP 2 100 553 B1

11. Méthode selon 'une des revendications précédentes 9 a 10, dans laquelle I'étape d’estimation de la période vul-
nérable comprend :
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- la détermination d’un pic d’'une onde T, puis le réglage de la période vulnérable autour du pic d’'une onde T,
qui est calculée pour chaque cycle cardiaque, sur la base dudit modéle de régression, et/ou

- 'estimation d’'une période vulnérable sur la base d’une distribution des intervalles RT de pic a pic correspon-
dants (intervalles RTpp) pour chaque plage d’intervalles RR regroupés, et

- la définition des limites de la période vulnérable pour cette plage d’intervalles RR regroupés, sur la base de
ladite estimation, et/ou

- la définition d’'une limite supérieure et d’une limite inférieure de la période vulnérable, pour chaque plage
d’intervalles RR regroupés, en tant qu’intervalle RTpp max/min, et/ou

- la définition d’'une limite supérieure et d’une limite inférieure de la période vulnérable, pour chaque intervalle
RR regroupé, de maniére a ce qu’'un percentile programmable des intervalles RTpp soit distribué entre les
limites supérieure et inférieure de la période vulnérable.

12. Méthode selon la revendication 6, dans laquelle I'étape de calcul d’'une note de risque de I'évéenement R sur T
comprend :

- le calcul de la note de risque de I'événement R sur T, par :

RS = Ae-A2/52

avec A étant la différence de temps absolue entre l'intervalle RR suivant et la limite la plus proche de la période
vulnérable de battement actuelle, si I'intervalle RR suivant se retrouve a I'extérieur des limites de période
vulnérable, et étant 0 si I'intervalle RR suivant se retrouve dans les limites de période vulnérable, A étant une
constante, définissant la probabilité de I'événement R sur T dans le cas ou A = 0, et 6 contrélant la sensibilité
de la note de risque par rapport au changement de A, par ajustement de la largeur de la courbe de fonction.

13
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