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(7) ABSTRACT

In order to satisfy a need for a high reliability mortality risk
prediction method and device while minimizing the efforts
to be taken by the patient and health personnel, the present
invention provides a method for assessing a mortality risk of
a cardiac patient based on respiratory sinus arrhythmia, said
method comprising the following steps. Step A: Computing
the mean respiratory sinus arrhythmia during inhalation
and/or exhalation for a plurality of breathing cycles of said
patient. Step B: Assessing the mortality risk of said patient
based on said computation. A device for performing said
method is also disclosed.
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METHOD AND DEVICE FOR ASSESSING A
MORTALITY RISK OF A CARDIAC PATIENT
BASED ON RESPIRATORY SINUS
ARRHYTHMIA

[0001] The present invention relates to cardiology in gen-
eral and in particular to a method and device for assessing
a mortality risk of a cardiac patient such as a post-myocar-
dial infarction patient based on respiratory sinus arrhythmia.

[0002] Depending on the outcome of a mortality risk
assessment, a specific medical treatment may be adminis-
tered to the post-myocardial infarction patient. In view of the
financial resources available for patients in statutory and
private health insurance systems, there is an economical
interest in administering specific and costly medical treat-
ment predominantly to those post-myocardial infarction
patients who can benefit most from such treatment. Con-
ventional cardiac mortality risk predictors such as LVEF
(<35%), Diabetes mellitus, GRACE score (>=120 points)
and presence of chronic obstructive pulmonary disease
(COPD) are available, but involve considerable efforts for
measurement or calculation from patient and health person-
nel.

[0003] Therefore, there is a need for a high reliability
mortality risk prediction method and device while minimiz-
ing the efforts to be taken by the patient and health personnel
as well as the patient’s possibility to manipulate the mea-
surement results.

[0004] In order to solve the above identified problem, the
invention provides, as a first aspect, a method for assessing
amortality risk of a cardiac patient according to claim 1, said
method being based on respiratory sinus arthythmia and
comprising the following steps:

[0005] Step A: Computing the mean respiratory sinus
arrhythmia during inhalation and/or exhalation for a plural-
ity of breathing cycles of said patient.

[0006] Step B: Assessing the mortality risk of said patient
based on said computation.

[0007] Respiratory sinus arthythmia (RSA) is a naturally
occurring variation in heart rate that occurs during a breath-
ing cycle. RSA is also a measure of parasympathetic nervous
system activity. During the process of RSA inhalation, vagal
activity is temporarily suppressed, causing an immediate
increase in heart rate. Exhalation then decreases the heart
rate and causes vagal activity to resume. The process of
measuring periodic changes in the heart rate during a resting
state of cardiovascular activity is known as heart rate
variability (HRV).

[0008] Now, the inventors of the present invention found
that RSA may not only be used as a reference for vagal
activity of a patient but also classifies as a reliable mortality
risk predictor and is comparably easy to calculate on the
basis of standard medical recordings.

[0009] On an electrocardiogram (ECG), RSA is seen as
subtle changes in the R-R interval (time between two of the
distinctive, large, upward “R” spikes on an electrocardio-
gram) synchronized with respiration. The R-R interval
(RRI) on an ECG is shortened during inhalation and pro-
longed during exhalation.

[0010] Typically, RSA decreases with age. However,
adults in cardiovascular health are likely to have a more
pronounced RSA. Professional athletes typically maintain
very high vagal tone and RSA levels. RSA also becomes less
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prominent in individuals with diabetes and cardiovascular
disease. Meditation and relaxed breathing techniques can
temporarily alter RSA.

[0011] Preferred embodiments are claimed in the sub-
claims.
[0012] According to another aspect of the invention, Step

A further comprises at least one of the following sub-steps:
[0013] Step Al: Obtaining electrocardiogram recordings
of said patient, preferably using an ECG-recorder having X,
Y, Z-leads and/or signal resolution of 1.6 kHz and 16 Bit,
wherein said electrocardiogram-recordings are more prefer-
ably made in digital form, preferably for at least 30 minutes.
[0014] Step A2: Identifying QRS-complexes from electro-
cardiogram-recordings of said patient.

[0015] Step A3: Calculating the heartbeat intervals as the
periods of time between subsequent two R-peaks of QRS-
complexes from electrocardiogram-recordings of said
patient.

[0016] Step A4: Obtaining a time series representing the
respiratory activity or chest movement of said patient,
preferably using a piezoelectric chest belt sensor or by
high-pass filtering of electrocardiogram-recordings of said
patient, wherein time series is preferably obtained in digital
form and/or covers a period of time of at least 30 minutes.
[0017] Step AS: Determining periodic data points based on
said time series for a plurality of breathing cycles of said
patient, said data points preferably representing starting
times of inhalation and/or exhalation.

[0018] Step A6: Identifying the heartbeat interval+match-
ing to at least one of said data points.

[0019] Step A7: Calculating a first mean heartbeat interval
from at least two consecutive heartbeat intervals prior to at
least one of said data points, said first mean heartbeat
interval preferably representing a mean heartbeat interval
during inhalation or exhalation.

[0020] Step A8: Calculating a second mean heartbeat
interval from at least two consecutive heartbeat intervals
subsequent to the heartbeat intervals used for calculating the
first mean heartbeat interval, said second mean heartbeat
interval preferably representing a mean heartbeat interval
during exhalation or inhalation.

[0021] Step A9: Calculating the respiratory sinus arrhyth-
mia for one breathing cycle of said patient by computing a
difference and/or a quotient between said first and second
heartbeat intervals for at least one of said data points.
[0022] Step A10: Calculating mean respiratory sinus
arrhythmia of said patient by computing the average of the
respiratory sinus arrhythmia according to Step A9 for a
plurality of said data points.

[0023] According to still another aspect of the invention,
Step B further comprises at least one the following sub-
steps:

[0024] Step B1: Allocating said patient to a low-mortality-

risk group in case the mean respiratory sinus arrhythmia
calculated for said patient indicates that the heartbeat inter-
vals are decreasing during inhalation and/or increasing dur-
ing exhalation.

[0025] Step B2: Allocating said patient to a high-mortal-
ity-risk group in case the mean respiratory sinus arrhythmia
calculated for said patient indicates that the heartbeat inter-
vals are stable or increasing during inhalation and/or
decreasing during exhalation.

[0026] Step B3: Outputting the result of risk stratification
based on the results of Step B1 and/or Step B2.
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[0027] The invention further provides a computer-read-
able medium containing a program, which, when loaded,
performs a method for assessing a mortality risk of a cardiac
patient according to one of the preceding aspects.

[0028] The invention still further provides a device for
assessing a mortality risk of a cardiac patient based on
respiratory sinus arrhythmia, said device being configured to
perform the method according to one of the preceding
aspects.

[0029] Further preferred embodiments of the invention
result from any possible combination of the features dis-
closed in the claims, description and drawings,

DETAILED DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1 visualizes the principle of high-pass-filter-
ing of an ECG recording of a cardiac patient for obtaining
a time series representing respiratory activity of said patient.
[0031] FIG. 2 shows simultaneous recordings of respira-
tory chest movement (upper tracing) and ECG (lower trac-
ing) for determination of data points representing periodic
events during a plurality of breathing cycles of said patient.
[0032] FIG. 3 exemplifies the calculation of the respira-
tory sinus arrthythmia (RSA) for one breathing cycle of a
patient to be allocated to a low-mortality-risk group (“sur-
vivor”) on the basis of the calculation.

[0033] FIG. 4 exemplifies the calculation of the respira-
tory sinus arrhythmia (RSA) for one breathing cycle of a
patient to be allocated to a high-mortality-risk group (“non-
survivor”) on the basis of the calculation.

[0034] FIG. 5 visualizes mortality risk stratification of a
study population by H>0 and <0 in all patients (upper panel),
in patients with a GRACE score <120 (lower left panel) and
in patients with a GRACE score 120 (lower right panel).

DESCRIPTION OF EMBODIMENTS

[0035] The preferred embodiment of the invention will
now be described with reference to the enclosed drawings:
[0036] The preferred method for assessing a mortality risk
of a cardiac patient is based on respiratory sinus arrhythmia
and is performed using an appropriate device such as a
computer. The method comprises the following steps:
[0037] In Step A, the mean respiratory sinus arrhythmia
during exhalation is computed over a plurality of breathing
cycles of said patient. The invention also works with the
computation of the mean respiratory sinus arrhythmia during
inhalation, however, the computation of the mean respira-
tory sinus arrhythmia during exhalation is preferred.
[0038] Step A involves the following sub-steps:

[0039] In Step Al, electrocardiogram (ECG) recordings of
said patient are obtained for a period of time of about 30
minutes. ECG recording is usually performed in digital form
using a digital ECG-recorder having X, Y, Z-leads, a signal
resolution of 1.6 kHz and 16 Bit.

[0040] Subsequently, in Step A2, QRS-complexes are
identified from said ECG-recordings. The heartbeat intervals
are calculated as the periods of time between subsequent two
R-peaks of QRS-complexes in Step A3. The data series
produced in Steps A2 and A3 contains the time durations of
a plurality of consecutive heartbeat intervals detected in said
ECG-recordings. If desired, specific data sequences can be
selected and/or omitted for further processing in case the
ECG-recordings have been interrupted or disturbed or cer-
tain data sequences are not useful for other reasons.
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[0041] Step Ad aims for obtaining a time series represent-
ing the respiratory activity of said patient, which can be
achieved in various ways. As the patient’s respiratory activ-
ity is already contained in the electrocardiogram-recordings
of said patient, it may be extracted by high-pass filtering of
the electrocardiogram-recordings, as disclosed, e.g.. by Bar-
thel et al., European Heart Journal, 2013, Dommasch et al.,
JACC 2014. The muscular contraction of the patient during
breathing creates minute electrical potentials which are
visible in the EGC recordings. If filtered through a high pass
filter, the time series indicating the respiratory activity can
be obtained from the EGC recordings as shown in FIG. 1
(lower tracing). Alternatively, a time series representing the
respiratory activity of said patient may be digitally recorded
using a piezoelectric chest belt sensor. A suitable piezoelec-
tric chest belt sensor is provided by the company Protech.
The time series indicates respiratory chest movement. As
shown in the upper tracing in FIG. 2, the plotted digital
recording of respiratory activity of said patient shows a sinus
curve for each breathing cycle with characteristic features
during inhalation and exhalation. These characteristic fea-
tures are taken as a reference for distinction of the different
phases of each breathing cycle.

[0042] In Step A5, periodic data points for each one of a
plurality of breathing cycles of said patient are determined
based on said digital time series. Preferably, data points
representing the starting times of exhalation are selected. In
general, the data points representing the starting times of
exhalation are local extreme values of the time series
representing the respiratory activity of said patient. The time
series representing the respiratory activity basically indi-
cates the lung volume of said patient during respiration. The
lung volume is at its maximum at the end of inhalation and
is at its minimum at the end of exhalation. Therefore, the
transition points between inhalation and exhalation corre-
spond to the local maxima of the time series and the
transition points between exhalation and inhalation corre-
spond to the local minima of the time series. Nevertheless,
the data points can be defined as desired according to
individual needs,

[0043] Step A6 includes the identification of the heartbeat
intervals of said patient matching to or including the data
points identified in Step AS, as shown in FIG. 2. The
heartbeat interval to be identified is preferably the last
complete heartbeat interval, i.e. the heartbeat interval ter-
minated by the last heartbeat prior to the start of exhalation.

[0044] Next, as explained with reference to FIGS. 3 and 4,
a first mean heartbeat interval is calculated in Step A7 from
two consecutive heartbeat intervals prior the (data point
indicating the) start of exhalation of one breathing cycle.
Therefore, said first mean heartbeat interval basically rep-
resents a mean heartbeat interval during inhalation. In the
example of FIG. 3, the time duration of the penultimate
heartbeat interval prior to the start of exhalation is about 870
ms, and the time duration of the ultimate heartbeat interval
prior to the start of exhalation is about 860 ms. Therefore,
the first mean heartbeat interval amounts to 865 ms (=(870
ms+860 ms)/2). In the example of FIG. 4, the time duration
of the penultimate heartbeat interval prior to the start of
exhalation is about 951 ms, and the time duration of the
ultimate heartbeat interval prior to the start of exhalation is
about 955 ms. The first mean heartbeat interval thus amounts
to 953 ms (=(951 ms+955 ms)/2).
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[0045] Next, as explained with reference to FIGS. 3 and 4,
a second mean heartbeat interval is calculated in Step A8
from two consecutive heartbeat intervals subsequent to the
heartbeat intervals used for calculation of said first mean
heartbeat interval. The second mean heartbeat interval basi-
cally represents a mean heartbeat interval during exhalation.
In the example of FIG. 3, the time duration of the heartbeat
interval during the start of exhalation phase is about 894 ins,
arid the time duration of the first complete heartbeat interval
after the start of exhalation is about 900 ms. The second
mean heartbeat interval thus amounts to 897 ms (=(894
ms+900 ms)/2). In the example of FIG. 4, the time duration
of the heartbeat interval during the start of exhalation is
about 950 ms, and the time duration of the first heartbeat
interval after the start of exhalation is about 948 ms, The
second mean heartbeat interval thus amounts to 949 ms
(=(950 ms+948 ms)/2).

[0046] Next, as explained with continued reference to
FIGS. 3 and 4, Step A9 includes calculation of the respira-
tory sinus arrhythmia (RSA) for one breathing cycle by
computing a difference or quotient between said first and
second heartbeat intervals. In the example of FIG. 3, the
respiratory sinus arrhythmia (RSA) for this particular
breathing cycle amounts to +32 ms (=(897 ms-865 ins)) and
it is calculated by taking the difference between said first and
second heartbeat intervals, in particular by subtracting the
time duration of the first heartbeat interval from the time
duration of the second heartbeat interval. Alternatively, in
the example of FIG. 3, the respiratory sinus arrhythmia
(RSA) for this particular breathing cycle may be calculated
to 1.04 (rounded) (=897 ms/865 ms) by taking the quotient
between said first and second heartbeat intervals, in particu-
lar by dividing the time duration of the second heartbeat
interval through the time duration of the first heartbeat
interval. Both calculations indicate the same physiological
reaction, namely that the exhalation decreases heart rate and
increases the heartbeat intervals, respectively. In the
example of FIG. 4, the respiratory sinus arrhythmia (RSA)
for this particular breathing cvcle amounts to -4 ms (=(949
ms-953 ms)) and 0.996 (rounded) (=949 ms / 953 ms),
respectively, wherein both calculations indicate that the
exhalation increases heart rate and decreases the heartbeat
intervals. Accordingly, in the example of FIG. 3, it may be
concluded that the patient is in cardiovascular health, if the
calculated RSA proves to be stable during a plurality of
breathing cycles (see Step A10). On the other hand, in the
example of FIG. 4, the calculated RSA for one breathing
cycle shown indicates that the exhalation increases heart rate
and decreases the heartbeat intervals, respectively. Hence, in
the example of FIG. 4, it may be concluded that this patient
suffers from severe cardiovascular disease, if the calculated
RSA proves to he stable during a plurality of breathing
cycles (see Step A10).

[0047] As mentioned above, the calculation performed in
Step A9 is only representative for one breathing cycle. In
order to obtain reliable results while eliminating errors due
to irregular conditions during ECG and respiration record-
ings, the assessment of cardiovascular health of the patient
should based on the patient’s physiological reaction during
a plurality of breathing cycles rather than on a single
breathing cycle. Therefore, in Step A10, a mean respiratory
sinus arrhythmia of said patient is calculated by computing
the average of the respiratory sinus arrhythmia over a
plurality of breathing cycles of said patient. This is usually
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done by adding up the calculated RSAs for a plurality of
breathing cycles divided by the number of breathing cycles
(i.e. the number of added RSAs). The result gives the mean
RSA for said patient during exhalation.

[0048] The subsequent mortality risk assessment accord-
ing to Step B is based on the calculation performed in Step
A and includes the following sub-steps:

[0049] In Step B1, said patient is allocated to a low-
mortality-risk group in case the mean respiratory sinus
arrhythmia of said patient is calculated to increase during
exhalation. This is the case when the mean RSA is greater
than 0 (difference) or greater than 1 (quotient). In the
example of FIG. 3, RSA calculation of a patient to be
allocated to a low-mortality-risk group is exemplified for
one breathing cycle. The low-mortality-risk group is also
called the group of “survivors”.

[0050] In Step B2, said patient is allocated to a high-
mortality-risk group in case the mean respiratory sinus
arrhythmia of said patient is calculated to decrease during
exhalation. This is the case when the mean RSA 1s less than
0 (difference) or less than 1 (quotient). In the example of
FIG. 4, RSA calculation of a patient to be allocated to a
high-mortality-risk group is exemplified for one breathing
cycle. The low-mortality-risk group is also referred to as the
group of “non-survivors”.

[0051] Finally, Step B3 outputs the result of risk stratifi-
cation based on the results of Step B1 and/or Step B2,
preferably on a display of a computer device. An appropriate
medical treatment may be administered to the patient
depending on the result of the mortality risk assessment
using the above method.

[0052] Steps A and B and preferably at least one of the
sub-steps Al to A10 and/or Bl to B3, can be implemented
using conventional computer devices and software. There-
fore, the present invention also relates to a computer-
readable medium containing a program, which, when
loaded, performs the method for assessing a mortality risk of
a cardiac patient described above.

[0053] The invention has already been tested in a medical
study, as will be explained below:

[0054] The aim of the study was to quantify respiratory
sinus arrhythmia (RSA) by bivariate phase-rectified signal
averaging and to test the novel method as a risk predictor.
Clinical and demographic patient characteristics of the
medical study are given in Table 1:

TABLE 1

Clinical and demographic patient characteristics

Clinical data Therapy

Age [years] 61 (52-69) PCI 93
(median, IQR) (%)
Female gender (%) 19 Thrombolysis (%) 1.5
Diabetes mellitus (%) 20 CABG (%) 0.6
History of previous 10 Aspirin 97
MI (%) (%)
CK,,.. [U/] 1,302 (647-2,465) p-Blocker 95
(median, IQR) (%)
LVEF (%) 53 (45-60)  ACE inhibitors (%) 94
S-year all-cause 7.7 Statins 93
mortality (%) (%)

Diuretics (%) 44
[0055] The medical study involved 30-minute recordings

of respiratory chest movements using a piezoelectric chest
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belt sensor of the company Protech and ECG-recordings
with X, Y, Z-leads one week after myocardial infarction
(M), the signal resolution was 1.6 kHz at 16 Bit. Patients
were studied in the morning, in a supine resting position
whilst on normal medication.

[0056] RSA was assessed as H, which was defined as
average change of RR interval length of observed around
RR intervals that occurred during the exhalation (expiration
phase) of the respiratory cycles (FIG. 2). An H 0 was
considered abnormal (FIG. 4).

[0057] A multivariable analysis included H, the GRACE
score, LVEF, and diabetes mellitus. Primary end-point was
total mortality at a follow-up period of 5 years.

[0058] The results of the medical study can be summa-
rized as follows:

[0059] During follow-up, 72 (7.7%) patients died. H was
a significant predictor of mortality (upper panel of FIG. 5).
In multivariable analysis, H was an independent risk pre-
dictor regardless of whether GRACE score, LVEF, and H
were used as continuous or as dichotomized variables. H
was particularly strong in patients with high GRACE scores
(lower panels in FIG. 5). Table 2 gives the results of
multivariate Cox-Regression analysis:

TABLE 2

Multivariate Cox-Regression analysis (predefined cut-off values)

Hazard 95% CI
Wald p ratio Lower Upper
Diabetes 9.260 0.002 2.106 1.304 3.403
LVEF =35% 12.123 <0.001 2.567 1.510 4.363
GRACE =120 31.073 <0.001 4.670 2.716 8.028
H >0 19428 <0.001 2.982 1.834 4.847
[0060] Therefore, it can be concluded that H is a promis-

ing new risk predictor after acute myocardial infarction. H
is independent of standard risk predictors and particularly
strong in patients with high GRACE scores.

1. Method for assessing a mortality risk of a cardiac
patient based on respiratory sinus arrhythmia, said method
comprising the following steps:

a. Step A: computing the mean respiratory sinus arrhyth-

mia during inhalation and/or exhalation for a plurality
of breathing cycles of said patient; and b. Step B:
assessing the mortality risk of said patient based on said
computation.

2. Method according to claim 1, said Step A further
comprising at least one of the following sub-steps:

a. Step Al: Obtaining electrocardiogram recordings of
said patient, preferably using an ECG-recorder having
X,Y, Z-leads and/or signal resolution of 1.6 kHz and 16
Bit, wherein said electrocardiogram-recordings are
more preferably made in digital form, preferably for at
least 30 minutes;

b. Step A2: Identifying QRS-complexes from electrocar-
diogram-recordings of said patient;

c. Step A3: Calculating the heartbeat intervals as the
periods of time between subsequent two R-peaks of
QRS-complexes from electrocardiogram-recordings of
said patient;

d. Step A4: Obtaining a time series representing the
respiratory activity or chest movement of said patient,
preferably using a piezoelectric chest belt sensor or by
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high-pass filtering of electrocardiogram-recordings of

said patient, wherein time series is preferably obtained

in digital form and/or covers a period of time of at least

30 minutes;

e. Step AS: Determining periodic data points based on

said time series for a plurality of breathing cycles of

said patient, said data points preferably representing
starting times of inhalation and/or exhalation;

Step A6: Identifying the heartbeat interval matching to

at least one of said data points;

g. Step A7: Calculating a first mean heartbeat interval
from at least two consecutive heartbeat intervals prior
to at least one of said data points, said first mean
heartbeat interval preferably representing a mean heart-
beat interval during inhalation or exhalation;

h. Step A8: Calculating a second mean heartbeat interval
from at least two consecutive heartbeat intervals sub-
sequent to the heartbeat intervals used for calculating
the first mean heartbeat interval, said second mean
heartbeat interval preferably representing a mean heart-
beat interval during exhalation or inhalation;

. Step A9: Calculating the respiratory sinus arrhythmia
for one breathing cycle of said patient by computing a
difference and/or a quotient between said first and
second heartbeat intervals for at least one of said data
points; or
Jj- Step A10: Calculating mean respiratory sinus arrhyth-

mia of said patient by computing the average of the
respiratory sinus arrhythmia according to Step A9 for a
plurality of said data points.

3. Method according to claim 1, said Step B further
comprising at least one the following sub-steps:

a. Step B1: Allocating said patient to a low-mortality-risk
group in case the mean respiratory sinus arrhythmia
calculated for said patient indicates that the heartbeat
intervals are decreasing during inhalation and/or
increasing during exhalation;

b. Step B2: Allocating said patient to a high-mortality-risk
group in case the mean respiratory sinus arrhythmia
calculated for said patient indicates that the heartbeat
intervals are stable or increasing during inhalation
and/or decreasing during exhalation; or

c. Step B3: Outputting the result of risk stratification
based on the results of Step B1 and/or Step B2.

4. Computer-readable medium containing a program,
which, when loaded, performs a method for assessing a
mortality risk of a cardiac patient according to claim 1.

5. Device for assessing a mortality risk of a cardiac patient
based on respiratory sinus arrhythmia, said device being
configured to perform the method according to claim 1.

6. Device according to claim 5, said device comprising
display means for displaying the result of mortality risk
assessment.

7. Method according to claim 2, said Step B comprising
each of sub-steps:

a. Step B1: Allocating said patient to a low-mortality-risk
group in case the mean respiratory sinus arrhythmia
calculated for said patient indicates that the heartbeat
intervals are decreasing during inhalation and/or
increasing during exhalation;

b. Step B2: Allocating said patient to a high-mortality-risk
group in case the mean respiratory sinus arrhythmia
calculated for said patient indicates that the heartbeat

=h
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intervals are stable or increasing during inhalation
and/or decreasing during exhalation; or

c. Step B3: Outputting the result of risk stratification

based on the results of Step B1 and/or Step B2.

8. Computer-readable medium containing a program,
which, when loaded, performs a method for assessing a
mortality risk of a cardiac patient according to claim 2.

9. Computer-readable medium containing a program,
which, when loaded, performs a method for assessing a
mortality risk of a cardiac patient according to claim 3.

10. Device for assessing a mortality risk of a cardiac
patient based on respiratory sinus arrhythmia, said device
being configured to perform the method according to claim
2.

11. Device for assessing a mortality risk of a cardiac
patient based on respiratory sinus arrhythmia, said device
being configured to perform the method according to claim
3.

12. Method according to claim 2, said Step A comprising
each of sub-steps a through j.

13. Method according to claim 3, said Step B comprising
each of sub-steps a through c.

14. Method according to claim 12, said Step B comprising
each of sub-steps a through c.
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