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Description

[0001] The present invention relates to a method and apparatus for analyzing heart-rate variability of an object to be
examined on the basis of electrocardiogram information acquired from the object, and a computer-readable program
for a computer to analyze the heart-rate variability of the object.

[0002] Recently, an analysis on heart-rate variability of an object to be examined has been spotlighted in many fields,
such as sports medical check, and health check. This analysis has been known as "heart-rate variability analysis."
[0003] One technique for conventional heart-rate variability analysis is proposed as a CDM (Complex Demodulation)
technique, which is pictorially illustrated in Fig. 1. As shown in Fig. 1, electrocardiogram information acquired from an
object, which is measured by an electrocardiogram measuring device 1, is fed to a peak-to-peak interval detector 2,
where a peak to peak interval of an electrocardiogram waveform is detected and data indicative of the peak to peak
interval is calculated. The resultant peak-to-peak interval data is fed to a modulator 4, to which sinusoidal waves of 0.3
Hz are also supplied from a sinusoidal-wave generator 3, so that the modulator 4 multiplies the peak-to-peak interval
data by the sine wave and the cosine wave to generate intermediate frequency quadrature signals | (In-phase) and Q
(Quadrature).

[0004] The quadrature signals | and Q are then sent to a demodulator 5, where those signals | and Q are subjected
to low-pass filtering at a bandwidth of 0.15 Hz, so that the signals | and Q are demodulated. Based on the demodulated
results, a heart-rate fluctuation output device 6 outputs pieces of information indicating fluctuations in the heart rate of
the object.

[0005] The fluctuations in the heart rate indicate an index of heart-rate variability. The heart-rate variability shows
variations in the cardiac cycles attributable to fluctuations in automatic nerve input to the sinoatrial nodes. In general, to
analyze the heart-rate variability requires that peak to peak intervals (hereinafter, called RR intervals) in an electrocar-
diogram waveform be measured.

[0006] A mathematical approach to calculating the amplitude of a breathing component included in the heart-rate
fluctuations based on the CDM technique will now be described.

[0007] It is assumed that a breathing frequency is fr, a phase is ¢, and an intermediate frequency is fw. A signal
indicating RR intervals affected by the heart-rate fluctuations is expressed by the following formula:

y=A*sin(2n*fr*t+¢),

wherein A denotes the amplitude of a breathing component of a heart-rate fluctuation signal, fr denotes a breathing
frequency, and t denotes the time.
[0008] Local signals generated from the sinusoidal-wave generator 3 can be expressed as follows:

sin(2r*fw*t) and cos(2n*fw*t).

[0009] Multiplying the RR interval signal by the local signals at the modulator 4 produces intermediate frequency
signals | and Q, which can be expressed as follows:

I=y*sin(2n*fw*t)= sin(2n*fr*t+$)*A*sin(2n*{r*t)
and
Q=y*cos(2n*fw*t)=sin(2n*fr*t+)* A*cos(2n*fw*t).
[0010] Using the production relations of trigonometric functions:

sin(x)*sin(y)=1/2*(cos{x-y}-cos(x+y))

and
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cos(x)*sin(y)=1/2*(sin(x-y)-sin(x+y)),

The above formulas can be written into:

I=1/2*A*(cos(2r*fw*t+¢-fr*2n*t)-cos(2n*fw*t+d+{r*2mn*t)

and
Q=1/2*A*(sin(2R*fw*t+¢-fr*2m*t)-sin(2n*fw*t+¢-fr*2m*t)

[0011] The breathing frequency fris usually in arange of 0.15 to 0.45 Hz. Thus, if the local signal fw from the sinusoidal-
wave generator 3 is 0.3 Hz, the calculation of fw-fr produces an amount of -0.15 Hz to +0.15 Hz, while the calculation
of fw+fr produces an amount of 0.45 Hz to 0.75 Hz. This means that it is sufficient that the demodulator 5 has a low-
pass filter of which passing bandwidth is 0 to 0.15Hz and of which cutoff bandwidth is 0.45 to 0.75 Hz.

[0012] Applying a low-pass filter of which passing bandwidth is 0 to 0.15 Hz to the intermediate frequency signals |
and Q allows the second terms of the above | and Q formals to be deleted, so that signals IX and QX are produced as
follows:

IX=1/2*A*(cos(2n*(fw-fT)t+¢)

and

QX=1/2*A*(sin(2n*(fw-fr)t+9).

[0013] Since a trigonometric formula of:

sin(x) * sin{x)+cos(x) * cos(x)=1

can be used, so that a formula of:

(IX)2+(QX)2=(1/2*A)?

is established. Hence,

A=2*((IX)?+(QX)?)0-

is obtained.

[0014] Fig. 2 shows various waveforms of signals obtained on the conventional CDM technique. As shown in Fig. 2
(A, it is supposed that an input signal indicating the heart-rate variability can be expressed by a sine wave signal of
which amplitude is 1 and of which frequency is 0.2 Hz. Fig. 2(B) shows the foregoing 0.3 Hz local signals, whilst Fig. 2
(C) shows intermediate frequency signals (I, Q) produced by multiplying the input signal by the local signals.

[0015] Further, Fig. 2(D) shows signals (IX, 1Q) produced by applying the low-pass filter to the intermediate signals
(I, Q), and Fig. 2(E) shows an amplitude component signal calculated based on the low-pass-filtered signals (IX, 1Q).
[0016] Fig. 3 explains the relationship between a conventional signal component and aliasing noise. As shown in Fig.
3, since the breathing frequency fris 0.15 to 0.45 Hz and the local signal frequency fw from the sinusoidal-wave generator
3 is 0.3 Hz, the signal ranges from 0 to 0.15 Hz and the aliasing noise is in a range of 0.45 to 0.75 Hz. The low-pass
filter to remove this aliasing noise has a low-passing characteristic shown by a dotted line in Fig. 3, in which a passing
bandwidth is set to 0.15 Hz and a cutoff bandwidth is set to a range of 0.45 to 0.75 Hz.

[0017] Figs. 4A and 4B show the amplitude and phase characteristics of an actually used conventional low-pass filter.
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As shown in Figs. 4A and 4B, an attenuation amount at a cutoff frequency is set to about -22 dB.

[0018] As described above, the conventional heart-rate variability analysis based on the CDM technique uses a low-
pass filter of which passing bandwidth is 0.15 Hz and of which cutoff bandwidth is 0.45 to 0.75 Hz. That is, since the
passing bandwidth of the low-pass filter is as large as 0.15 Hz, ripple noise has frequently been superposed on the
amplitude signal, as shown in Fig. 2(E). There is therefore a drawback that signal components other than a frequency
indicative of the breathing are mixed, as noise, with the amplitude signal.

[0019] Further, when the breathing is disturbed, the conventional heart-rate variability analysis is likely to be affected
easily by invasion of non-stationary noise, thus causing a problem that there is more noise due to frequencies other than
the breathing frequency. Still further, in such a case, there has been provided no mans for detecting the breathing
disturbance, so that it has been impossible to estimate reliability of calculated heart-rate variably.

[0020] Inaddition, the conventional heart-rate variability analysis has encountered another problem that, as understood
from Figs. 4A and 48, the low-pass filter has no sufficient attenuation in its cutoff frequencies.

[0021] Han K et al, IEEE: "the composition of heart rate variability by adapting filtering for estimation of cardiac vagal
tone" October 31 to November 31991, pages 660-661, and Shaw-Jyh Shin et al: "assessment of water autonomic
regulation of heart rate variability by the method of complex demodulation”, 1 February 1989, pages 274 to 283 both
disclose prior art arrangements.

[0022] The presentinvention has been made in view of the above circumstances, and an object of the present invention
is therefore to provide an apparatus, method, and computer-readable program, which are directed to heart-rate variability
analysis that allows a low-pass filter to be designed in an easier manner and suppresses noise from being mixed in a
signal to be measured, with high-precision heart-rate fluctuations achieved.

[0023] In order to realize the above object, the present invention provides a heart-rate variability analysis apparatus,
comprising:

an electrocardiogram information detecting unit configured to detect electrocardiogram information about an object
to be diagnosed;

a heart-rate signal calculating unit configured to calculate a heart rate signal indicative of a heart rate of the object
from the electrocardiogram information; and characterised by:

a breathing signal calculating unit configured to calculate, from the heart rate signal, a breathing signal in which
a breathing state of the object is reflected; and

a heart-rate-variability information providing unit configured to provide variability information of the heart rate
of the object in which the breathing state of the object is reflected, on the basis of both of the heart rate signal
and the breathing signal, wherein the heart-rate signal calculating unit is configured to calculate data indicative
of a peak to peak interval in an electrocardiogram wave indicative of the electrocardiogram information, and
wherein the heart-rate-variability information providing unit is provided with;

a breathing number calculating unit configured to calculate a breathing rate of the object from an autocorrelation
value of the data indicative of the peak to peak interval in the electrocardiogram wave,

a modulator configured to apply quadrature modulation to the data indicative of the peak to peak interval, the
quadrature modulation using a modulation signal of which frequency being adjusted depending on the breathing
rate,

a demodulator configured to demodulate the modulation signal modulated by the modulator, and

a heart-rate-variability information outputting unit configured to output, as the heart-rate variability information,
a demodulated result from the demodulator. The data of the peak to peak interval is, for example, data indicative
of an interval between two adjacent R-waves appearing in the electrocardiogram wave.

[0024] In the above configuration, preferably, the breathing signal calculating unit is formed into an autocorrelator
configured to calculate an autocorrelation value of data indicative of a peak to peak interval in al electrocardiogram wave
indicative of the electrocardiogram information. In this case, it is preferred that the apparatus comprises a reliability
information outputting unit configured to output the autocorrelation value as information indicative of a reliability of the
breathing state of the object.

[0025] As another aspect of the presentinvention, there is provided a heart-rate variability analysis method comprising
the steps of:

detecting electrocardiogram information about an object to be diagnosed;
calculating a heart rate signal indicative of a heart rate of the object from the electrocardiogram information; char-

acterised by:

calculating, from the heart rate signal, a breathing signal in which a breathing state of the object is reflected; and
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providing variability information of the heart rate of the object in which the breathing state of the object is reflected,
on the basis of both of the heart rate signal and the breathing signal, wherein the heart-rate signal calculating
step is configured to calculate data indicative of a peak to peak interval in an electrocardiogram wave indicative
of the electrocardiogram information and wherein the heart-rate-variability information providing step is provided
with the sub-steps of:

calculating a breathing rate of the object from an autocorrelation value of the data indicative of the peak to
peak interval in the electrocardiogram wave,

modulating the data indicative of the peak to peak interval by applying quadrature modulation, the quadrature
modulation using a modulation signal of which frequency being adjusted depending on the breathing rate,
demodulating the modulated signal, and

outputting, as the heart-rate variability information, a demodulated result in the demodulating sub-step.

[0026] Sitill, another aspect of the present invention, there is provided a computer-readable program for analyzing
heart-rate variability, the program being executed by a computer provided in a heart-rate variability analysis apparatus,
the computer achieving the functions of the above apparatus.

[0027] Other objects and aspects of the present invention will become apparent from the following description and
embodiments with reference to the accompanying drawings in which:

Fig. 1 is a block diagram showing the entire configuration of a conventional heart-rate variability analysis apparatus;
Fig. 2 shows various waveforms indicative of signals obtained from the conventional heart-rate variability analysis
apparatus;

Fig. 3 is a graph explaining the relationship among conventionally used signals, aliasing noise, and a low-pass
filtering characteristic;

Figs. 4A and 4B show frequency characteristics of a low-pass filter used by the conventional apparatus;

Fig. 5 is a block diagram showing the entire configuration of a heart-rate variability analysis according to a first
embodiment of the present invention;

Fig. 6 shows a flowchart for heart-rate variability analysis processing carried out in the first embodiment;

Fig. 7 shows various waveforms indicative of signals obtained from the heart-rate variability analysis apparatus
according to the first embodiment;

Fig. 8 is a graph explaining the relationship among signals, aliasing noise, and a low-pass filtering characteristic;
Figs. 9A and 9B show frequency characteristics of a low-pass filter used by the apparatus according to the first
embodiment;

Fig. 10 is a waveform indicative of a heart-rate variability signal handled in the first embodiment;

Fig. 11 shows autocorrelation coefficients for an input signal, which is used in the first embodiment; and

Fig. 12 is a block diagram showing the entire configuration of a heart-rate variability analysis according to a second
embodiment of the present invention.

[0028] Preferred embodiments of an apparatus, method, and computer-readable program for analyzing heart-rate
variability of an object to be examined will now be described with reference to Figs. 5 to 12.

[0029] ReferringtoFigs.5to 11, afirstembodiment of the heart-rate variability analysis apparatus will now be described,
in which the analysis method and computer-readable program will be explained together in terms of their functions.
[0030] Fig. 5 shows a block diagram of the heart-rate variability analysis apparatus according to the first embodiment.
This analysis apparatus is incorporated in a navigation system mounted on vehicles, and used for analyzing the heart-
rate fluctuations of a driver who is an object to be examined, analyzed results being used for selecting a type of music,
a running route, and/or others depending on driver's mental and physical conditions. In this embodiment, information
indicating electrocardiogram of a driver is designed to be detected by an electrocardiogram measuring device of which
sensor is embedded in a steering wheel.

[0031] As shown in Fig. 5, the heart-rate variability analysis apparatus according to the first embodiment is provided,
as essential components, an electrocardiogram measuring device 11, serving as one example of an electrocardiogram-
information detecting unit of the present invention, for detecting electrocardiogram information from an object; a peak-
to-peak interval detector 12, serving as one example of a heart-rate signal calculating unit of the present invention, for
calculating a heart-rate signal indicative of the object’s heart rate from the electrocardiogram information coming from
the electrocardiogram measuring device 11; an autocorrelation calculating unit 13, serving as one example of a breathing-
signal calculating unit of the present invention, for calculating a breathing signal in which an object’s breathing condition
is reflected based on the heart-rate signal from the peak-to-peak interval detector 12; and a heart-rate-fluctuation infor-
mation providing unit 14, serving as one example of a heart-rate-fluctuation information providing unit of the present
invention, for providing information about object’s heart-rate fluctuations in which the object’s breathing condition is
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reflected on the basis of both the heart-rate signal from the peak-to-peak interval detector 12 and the breathing signal
from the autocorrelation calculating unit 13.

[0032] The peak-to-peak interval detector 12 is means for calculating data indicative of a peak to peak interval of an
electrocardiogram waveform providing electrocardiogram information. The peak-to-peak interval data shows temporal
intervals (RR intervals) between mutually adjacent two R-waves appearing as part of the electrocardiogram waveform.
[0033] The autocorrelation calculating unit 13 is in charge of calculating an autocorrelation value of the RR interval
data, that is, peak-to-peak interval data in the electrocardiogram waveform.

[0034] The heart-rate-fluctuation information providing unit 14 is provided with a breathing rate calculator 15, serving
as one example of a breathing-rate calculating unit of the present invention, for calculating an object’s breathing rate
from the autocorrelation values of peak-to-peak interval data of an electrocardiogram waveform: a modulator 16, serving
as one example of a modulator of the present invention, for applying, to the peak-to-peak interval data, quadrature
modulation of which modulation signal is controlled in frequency depending on the object’s breathing rate; a demodulator
17, serving as one example of a demodulator of the present invention, for demodulating a modulated signal by the
modulator 16; and a heart-rate fluctuation output device 18, serving as one example of a heart-rate fluctuation output
device according to the present invention, for outputting heart-rate fluctuation information with the use of demodulated
results.

[0035] Autocorrelation values of RR interval data computed by the autocorrelation calculating unit 13 are also fed to
a reliability information output device 19 serving as one example of a reliability information output device according to
the present invention. This output device 19 provides an autocorrelation value as pieces of information showing reliability
of an object’s breathing condition. In the case that the autocorrelation value is larger than a predetermined threshold of
0.4, it is considered that the breathing is steady, thus being higher reliability in the outputted heart-rate fluctuation
information.

[0036] Practically, the peak-to-peak interval detector 12, the autocorrelation calculating unit 13, the breathing rate
calculator 15, the modulator 16, and the demodulator 17 are composed of a CPU (Central Processing Unit) 20, which
transmits and receives various types of data to and from a memory 21. The memory 21 is configured to previously
memorize a given computer-readable program which gives source codes to each component, so that each component
is able to operate on the program.

[0037] Referring to a flowchart shown in Fig. 6, the processing of the heart-rate variability analysis according to the
present invention will now be described. This processing is carried out by the CPU 20 (that is, functionally by the peak-
to-peak interval detector 12, the autocorrelation calculating unit 13, the breathing rate calculator 15, the modulator 16,
and the demodulator 17).

[0038] First, electrocardiogram information measured from an object by the electrocardiogram measuring device 11
is taken into the CPU 20, and the electrocardiogram information is stored in the memory 21 (step S 1 in Fig. 6). It is then
determined whether or not it has come to timing for calculating RR interval data which is peak-to-peak interval data in
an electrocardiogram waveform (step S2). When the timing for calculating RR interval data has come (YES at step S2),
the processing will proceed to the next step S3, while when such timing has yet to come, the processing is made to
return to step S 1 to repeat the processing at steps S 1 and S2 for waiting the calculation timing.

[0039] By the peak-to-peak interval detector 12, RR interval data is then calculated and its calculated results are stored
temporality in the memory 21 (step S3). The calculated RR interval data, which is then read out by the autocorrelation
calculating unit 13, is subjected to calculation of an autocorrelation value (coefficient) in this calculating unit 13, and its
calculated autocorrelation value is stored in the memory 21 (step S4). The thus-calculated autocorrelation values are
read out from the memory 21 by the breathing rate calculator 15 so as to be calculated into a breathing frequency (step
S5). In this calculation of the breathing frequency, a spline interpolation is carried out with the RR interval data (which
is unequally mapped data over the time), and then re-sampling is carried out at 10 Hz.

[0040] Based on the breathing frequency calculated above, a modulation frequency for quadrature modulation at the
modulator 16 is changed (step S6), and then the modulator 16 applies the quadrature modulation to the RR interval data
detected by the peak-to-peak interval detector 12 (step S7). Practically, as the processing at step S7, frequency mod-
ulation is carried out by multiplying the RR interval data by two sinusoidal-waves of which phases differ by 90 degrees,
thus two frequency-modulated signals (I and Q) being provided to the demodulator 17.

[0041] Hence, at the demodulator 17, the two frequency-modulated signals are demodulated such that the signals
are low-pass filtered under a low-pass characteristic of a passing band for DC components and a cutoff bandwidth of
0.3 to 0.9 Hz. This demodulation allows a heart-rate fluctuation component to be extracted from the RR interval data,
so that the heart-rate fluctuation component is outputted by the heart-rate fluctuation output device 18 (step S9).
[0042] Further, at the reliability-information output device 19, the autocorrelation value calculated by the autocorrelation
calculating unit 13 is subjected to comparison with a threshold of 0.4, and then the autocorrelation value is displayed
under a display mode decided depending on comparison results (steps S10 and S11). In other words, the above com-
parison makes it possible to determine whether the extracted heart-rate fluctuation component is reliable or not.
[0043] Practically, if the calculated autocorrelation value is larger than a threshold of 0.4, it can be recognized that the
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breathing is steady, whereby it can be considered that the heart-rate fluctuation component outputted by the output
device 18 is higher in reliability. A message or others to show such a higher reliability is displayed by the reliability
information output device 19.

[0044] In contrast, if the calculated autocorrelation value is equal to or smaller than a threshold of 0.4, it can be
recognized that the breathing is not steady, whereby it can be considered that the heart-rate fluctuation component
outputted by the output device 18 is lower in reliability. A message or others to show such a lower reliability is displayed
by the reliability information output device 19. Concretely, the reliability information output device 19 uses different
images or audio messages depending on whether the reliability of the heart-rate fluctuation componentis higher or lower.
[0045] After the processing through the above steps, the CPU 20 determines whether or not the processing should
be ended (step S12). In cases where the processing should be ended (YES at step S12), the CPU 20 end the processing,
while in cases where the processing needs to be continued (NO at step S12), the processing is returned to step S 1 to
repeat the foregoing processing.

[0046] A mathematical approach to calculate the magnitude of a breathing component in the heart-rate fluctuations,
which is employed in the present embodiment, will now be explained.

[0047] It is assumed that a breathing frequency is fr, a phase is ¢, and an intermediate frequency is fw. A signal
indicating RR intervals affected by the heart-rate fluctuations is expressed by the following formula:

y=A*sin(2n*{fr*t+¢),

wherein A denotes the amplitude of a breathing component of a heart-rate fluctuation signal, fr denotes a breathing
frequency, and t denotes the time.

[0048] Multiplying an RR interval signal by each of local signals (of which phases differ by 90 degrees) at the modulator
16 produces intermediate frequency signals | and Q, which can be expressed as follows:

I=1/2*A*(cos(2n* fw*t+¢-fr*2n*t)-cos(2n*fw* t+¢+{r*2m*t)
and
Q=1/2*A*(sin(27* fw*t+¢-fr*2n*t)-sin (2 fw*t+¢-fr*2n*t).

[0049] Because the breathing frequency fr equals the frequency fw of the local signals, the intermediate frequency
signals | and Q can be written to:

I=1/2*A*(¢)-cos(2*2n*fw*t+¢)
and
Q=1/2*A*(¢)-sin(2*2n*fw*t+¢),

in which 2*fw is 0.3 to 0.9 Hz. Accordingly, this shows that it is enough to adopt a low-pass filter passing the near DC
component and having a cutoff bandwidth of 0.3 to 0.9 Hz.

[0050] By applying the low-pass filter of a band passing the DC component to the intermediate frequency signals |
and Q, the second term of each of the foregoing formulas can be eliminated, thus producing signals IX and QX which
can be written as follows:

IX=1/2*A*(cos(2n* (fw-fr)*t+0)

and
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QX=1/2*A*(sin(2n*(fw-fr)*t+¢).

[0051] Using a trigonometric formula of:

sin(x)*sin(x)+cos(x)*cos(x)=1,

the foregoing signals IX and QX can be written to:

(IX)2+(QX)2=(1/2*A)2.

Hence, there can be provided a formula:

A=2*(IX)2+QX)2PS.

[0052] Therefore, the foregoing consideration gives various waveforms of signals shown in Fig. 7. As shown in Fig.
7(A), itis supposed that an input signal indicating the heart-rate variability can be expressed by a sinusoidal-wave signal
of which amplitude is 1 and of which frequency is 0.2 Hz. Fig. 7(B) shows the foregoing 0.2 Hz local signals, whilst Fig.
7(C) shows intermediate frequency signals (I, Q) produced by multiplying the input signal by the local signals.

[0053] Further, Fig. 7(D) shows signals (IX, IQ) produced by applying the low-pass filer to the intermediate signals (|,
Q), and Fig. 7(E) shows an amplitude component signal calculated based on the low-pass-filtered signals (X, 1Q).
[0054] Fig. 8 explains the relationship between a signal component and aliasing noise in the present embodiment. As
shown in Fig. 8, DC signal components range from 0 to 0.05 Hz, while aliasing noise is in a range of 0.3 to 0.9 Hz. The
low-pass filtering characteristic of the low-pass filter placed in a demodulator 17 to remove the aliasing noise is shown
by a dotted line in Fig. 8. As clearly understood from Fig. 8, it is sufficient to adopt the passing bandwidth having as
narrow as 0.05 Hz, thus making the design of the low-pass filter easier.

[0055] Figs. 9A and 9B show the amplitude and phase characteristics of a low-pass filer used in the present embod-
iment, in whish as shown in Fig. 9A, a sufficient attenuation effect can be obtained in the cutoff frequencies.

[0056] Estimation of autocorrelation coefficients about the breathing rate will now be explained. Fig. 10 is a waveform
showing a heart-rate variability input signal, in which the waveform is 67-point data sampled at 10 Hz. This input signal
provides autocorrelation coefficients shown in Fig. 11. As shown in Fig. 11, at a position (delay time) where the number
of sampling points is 31, the autocorrelation coefficient is 0.45. Thus a breathing cycle is 3.1 seconds and its frequency
is 1/3.1=0.32 Hz, the autocorrelation coefficient is larger than the threshold 0.4. It can be estimated that the breathing
is stable.

[0057] As described so far, the heart-rate variability analysis apparatus has the electrocardiogram measuring device
11 detecting electrocardiogram information from an object, the peak-to-peak interval detector 12 calculating a heart-rate
signal indicative of the object’s heart rate from the electrocardiogram information coming from the electrocardiogram
measuring device 11, the autocorrelation calculating unit 13 calculating a breathing signal in which an object’s breathing
condition is reflected based on the heart-rate signal from the peak-to-peak interval detector 12, and the heart-rate-
fluctuation information providing unit 14 providing information about object’s heart-rate fluctuations in which the object’s
breathing condition is reflected on the basis of both the heart-rate signal from the peak-to-peak interval detector 12 and
the breathing signal from the autocorrelation calculating unit 13. Hence, the design of the low-pass filter can be facilitated
and the heart-rate fluctuations can be measured more accurately (thanks to less noise mixed into the heart-rate fluctuation
signal to be measured), while there is no necessity of measuring the breathing rate.

[0058] Further, in the foregoing embodiment, the peak-to-peak interval detector 12 is configured to calculate data
indicative of a peak to peak interval in an electrocardiogram wave indicative of the electrocardiogram information and
the data of the peak to peak interval is data indicative of an interval between two adjacent R-waves appearing in the
electrocardiogram wave. Thus, using RR interval data enables a high-precision measurement of the heart-rate fluctua-
tions.

[0059] Still further, in the foregoing embodiment, the heart-rate-fluctuation information providing unit 14 is provided
with the breathing rate calculator 15 calculating an object’s breathing rate from the autocorrelation values of peak-to-
peak interval data of an electrocardiogram waveform, the modulator 16 applying, to the peak-to-peak interval data,
quadrature modulation of which modulation signal is controlled in frequency depending on the object’s breathing rate,
the demodulator 17 demodulating a modulated signal by the modulator 16, and the heart-rate fluctuation output device



10

15

20

25

30

35

40

45

50

55

EP 1 394 687 B1

18 outputting information about heart-rate fluctuations using by demodulated results. Hence a low-pass filter used in the
modulator 17 becomes easier in its design, while the heart-rate fluctuations can be measured with more precision, with
less noise and without measuring the breathing rate.

[0060] In addition, in the foregoing embodiment, the autocorrelation calculating unit 13 calculating an autocorrelation
value of data indicative of a peak to peak interval (i.e., RR interval data) in an electrocardiogram wave and the reliability-
information output device 19 outputting the autocorrelation value as information indicative of a reliability of the breathing
state of the object. Thus, it becomes possible that reliability of the obtained heart-rate fluctuation is estimated from the
actually measured electrocardiogram information.

[0061] Referring to Fig. 12, a second embodiment of the present invention will now be described. In Fig. 12, for the
sake of a simplified explanation, the identical or similar components to those in the first embodiment are represented
by the same references as those in the first embodiment.

[0062] As shown in Fig. 12, the autocorrelation calculating unit 13 used in the first embodiment (refer to Fig. 5) is
replaced by an FFT (fast Fourier Transform) analyzer 22. That is, instead of using the autocorrelation calculating unit
13 to calculate breathing frequencies and its autocorrelation values based on the autocorrelation technique, the FFT
analyzer 22 is used to analyze the RR interval data subjected to calculation of a peak frequency. Data of peak frequencies
serve as an intermediate frequency signal to be sent to both the breathing-rate calculator 15 and the reliability-information
output device 19.

[0063] The spectrum analysis of RRinterval data inthe FFT analyzer 22 provides the similar operations and advantages
to those obtained in the first embodiment.

[0064] A further modification with regard to the FFT analyzer 22 can be provided. The FFT analyzer 22 can be replaced
by a configuration capable of performing spectrum analysis based on a MEM (Maximum Entropy Method) and an AR
(autoregression) model. These alternative approaches are able to provide high-resolution and smoothed spectrum data
from temporally shorter data compared to the way of using the FFT.

[0065] There are some other applications of the present heart-rate variability analysis apparatus. In the foregoing
embodiments, the explanation has been given, provided that the heart-rate variability analysis apparatus is applied to
communication navigation systems mounted on vehicles in order to analyze driver’s heart-rate fluctuations. The heart-
rate variability analysis apparatus according to the present invention is not limited to this application, but can be applied
to various types of exercise equipment placed in sports gyms, for instance, in order to analyze players’ heart-rate
fluctuations

[0066] A modification about storing the program realizing the flowchart shown in Fig. 6 is as follows. The program
indicative of the flowchart in Fig. 6 may be stored in information recording mediums, such as flexible disks or hard disks.
In this case, a universal type of personal computer may be used to read out the program from such information recording
mediums, whereby the personal computer is able to work the same functions as those carried out by the CPU 20 in the
foregoing embodiments.

Claims
1. A heart-rate variability analysis apparatus, comprising:

an electrocardiogram information detecting unit (11) configured to detect electrocardiogram information about
an object to be diagnosed;

a heart-rate signal calculating unit (12) configured to calculate a heart rate signal indicative of a heart rate of
the object from the electrocardiogram information; and characterised by:

a breathing signal calculating unit (13, 22) configured to calculate, from the heart rate signal, a breathing
signal in which a breathing state of the object is reflected; and

a heart-rate-variability information providing unit (14) configured to provide variability information of the
heart rate of the object in which the breathing state of the object is reflected, on the basis of both of the
heart rate signal and the breathing signal, wherein the heart-rate signal calculating unit is configured to
calculate data indicative of a peak to peak interval in an electrocardiogram wave indicative of the electro-
cardiogram information, and wherein the heart-rate-variability information providing unit is provided with;
a breathing number calculating unit configured to calculate a breathing rate of the object from an autocor-
relation value of the data indicative of the peak to peak interval in the electrocardiogram wave,

a modulator configured to apply quadrature modulation to the data indicative of the peak to peak interval,
the quadrature modulation using a modulation signal of which frequency being adjusted depending on the
breathing rate,

a demodulator configured to demodulate the modulation signal modulated by the modulator, and
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a heart-rate-variability information outputting unit configured to output, as the heart-rate variability informa-
tion, a demodulated result from the demodulator.

A heart-rate variability analysis apparatus according to claim 1, wherein the data of the peak to peak interval is data
indicative of an interval between two adjacent R-waves appearing in the electrocardiogram wave.

The heart-rate variability analysis apparatus according to claim 1, wherein the breathing signal calculating unit is
formed into an autocorrelator configured to calculate an autocorrelation value of data indicative of a peak to peak
interval in an electrocardiogram wave indicative of the electrocardiogram information.

The heart-rate variability analysis apparatus according to claim 3, wherein the apparatus further comprises a reliability
information outputting unit (19) configured to output the autocorrelation value as information indicative of a reliability
of the breathing state of the object.

A heart-rate variability analysis method, comprising the steps of:

detecting electrocardiogram information about an object to be diagnosed;
calculating a heart rate signal indicative of a heart rate of the object from the electrocardiogram information;
characterised by:

calculating, from the heart rate signal, a breathing signal in which a breathing state of the object is reflected;
and

providing variability information of the heart rate of the object in which the breathing state of the object is
reflected, on the basis of both of the heart rate signal and the breathing signal, wherein the heart-rate signal
calculating step is configured to calculate data indicative of a peak to peak interval in an electrocardiogram
wave indicative of the electrocardiogram information and wherein the heart-rate-variability information pro-
viding step is provided with the sub-steps of:

calculating a breathing rate of the object from an autocorrelation value of the data indicative of the peak
to peak interval in the electrocardiogram wave,

modulating the data indicative of the peak to peak interval by applying quadrature modulation, the
quadrature modulation using a modulation signal of which frequency being adjusted depending on the
breathing rate,

demodulating the modulated signal, and

outputting, as the heart-rate variability information, a demodulated result in the demodulating sub-step.

The heart-rate variability analysis method according to claim 5, wherein the breathing signal calculating step is an
autocorrelating step of calculating an autocorrelation value of data indicative of a peak to peak interval in an elec-
trocardiogram wave indicative of the electrocardiogram information.

The heart-rate variability analysis method according to claim 6 wherein the method further comprises the step of
outputting the autocorrelation value as information indicative of a reliability of the breathing state of the object.

A computer-readable program for analyzing heart-rate variability, the program being executed by a computer provided
in a heart-rate variability analysis apparatus, the computer performing all steps of the method according to any of
claims 5to 7.

Patentanspriiche

Vorrichtung zur Herzfrequenzvariabilitdtsanalyse, umfassend:

eine Erkennungseinheit (11) fiir Elektrokardiogramminformationen zum Erkennen von Elektrokardiogrammin-
formationen Uber ein zu diagnostizierendes Objekt,

eine Berechnungseinheit (12) flir Herzfrequenzsignale, die konfiguriert ist, ein die Herzfrequenz eines Objektes
kennzeichnendes Herzfrequenzsignal aus der Elektrokardiogramminformation zu berechnen, gekennzeichnet
durch

eine Berechnungseinheit (13, 22) fir Atemsignale, die konfiguriert ist, aus dem Herzfrequenzsignal ein Atem-
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signal zu berechnen, in dem sich ein Atemstatus des Objektes widerspiegelt, und

eine Bereitstellungseinheit (14) flr Herzfrequenzvariabilitdtsinformationen; die konfiguriert ist, Variabilitatsin-
formationen der Herzfrequenz des Objektes, in denen sich der Atemstatus des Objektes widerspiegelt, auf
Basis sowohl der Herzfrequenzsignale als auch des Atemsignals bereitzustellen, wobei die Berechnungseinheit
fur Herzfrequenzsignale konfiguriert ist, Daten, die ein Spitzenintervall in einer die Elektrokardiogramminfor-
mationen anzeigenden Elektrokardiogrammwelle anzeigen, zu berechnen, und wobei die Bereitstellungseinheit
fur Herzfrequenzvariabilitatsinformationen versehen ist mit:

einer Berechnungseinheit fir die Atemzahl, die konfiguriert ist, eine Atemfrequenz des Objektes aus einem
Autokorrelationswert der Daten, die das Spitzenintervall in der Elektrokardiogrammwelle anzeigen, zu be-
rechnen,

einem Modulator, der konfiguriert ist, eine Quadraturmodulation auf die das Spitzenintervall anzeigenden
Daten anzuwenden, wobei die Quadraturmodulation ein Modulationssignal verwendet, dessen Frequenz
in Abhangigkeit von der Atemfrequenz angepasst wird,

einem Demodulator, der konfiguriert ist, das von dem Modulator modulierte Modulationssignal zu demo-
dulieren, und

einer Ausgabeeinheit fir Herzfrequenzvariabilitdtsinformationen, die konfiguriert ist, ein demoduliertes Er-
gebnis aus dem Demodulator als die HerzfrequenzVariabilitdtsinformation auszugeben.

Vorrichtung zur Herzfrequenzvariabilitdtsanalyse nach Anspruch 1, wobei die Daten des Spitzenintervalls Daten
sind, die ein Intervall zwischen zwei benachbarten in der Elektrokardiogrammwelle auftretenden R-Wellen anzeigen.

Vorrichtung zur Herzfrequenzvariabilitdtsanalyse nach Anspruch 1, wobei die Berechnungseinheit fir Atemsignale
in einem Autokorrelator ausgebildet ist, der konfiguriert ist, einen Autokorrelationswert von Daten zu berechnen,
die ein Spitzenintervall in einer die Elektrokardiogramminformationen anzeigenden Elektrokardiogrammwelle an-
zeigen.

Vorrichtung zur Herzfrequenzvariabilitdtsanalyse nach Anspruch 3, wobei die Vorrichtung des Weiteren eine Aus-
gabeeinheit (19) fur Zuverlassigkeitsinformationen umfasst, die konfiguriert ist, den Autokorrelationswert als eine
die Zuverlassigkeit des Atemstatus des Objektes anzeigende Information auszugeben.

Verfahren zur Herzfrequenzvariabilitdtsanalyse, folgende Schritte umfassend:

Erkennen von Elektrokardiogramminformationen tber ein zu diagnostizierendes Objekt,

Berechnen eines eine Herzfrequenz des Objektes anzeigenden Herzfrequenzsignals aus den Elektrokardio-
gramminformationen, gekennzeichnet durch

Berechnen eines Atemsignals, in dem ein Atemstatus des Objektes widergespiegelt wird, aus dem Herzfre-
quenzsignal und

Bereitstellen von Variabilitatsinformationen der Herzfrequenz des Objektes, in denen sich der Atemstatus des
Objektes widerspiegelt, auf Basis sowohl des Herzfrequenzsignals als auch des Atemsignals, wobei der Be-
rechnungsschritt fir Herzfrequenzsignale konfiguriert ist, Daten, die ein Spitzenintervall in einer die Elektrokar-
diogramminformationen anzeigenden Elektrokardiogrammwelle anzeigen, zu berechnen, und wobei der Be-
reitstellungsschritt fir Herzfrequenzvariabilitdtsinformationen folgende Unterschritte umfasst:

Berechnen einer Atemfrequenz des Objektes aus einem Autokorrelationswert der das Spitzenintervall in
der Elektrokardiogrammwelle anzeigenden Daten,

Modulieren der das Spitzenintervall anzeigenden Daten durch Anwenden von Quadraturmodulation, wobei
die Quadraturmodulation ein Modulationssignal verwendet, dessen Frequenzin Abhangigkeit von der Atem-
frequenz angepasst wird,

Demodulieren des modulierten Signals und

Ausgeben eines demodulierten Ergebnisses als die Herzfrequenzvariabilitatsinformation im Unterschritt
Demodulieren.

Verfahren zur Herzfrequenzvariabilitadtsanalyse nach Anspruch 5, wobei der Berechnungsschritt fir Atemsignale
ein Autokorrelationsschritt des Berechnens eines Autokorrelationswertes von Daten, die ein Spitzenintervall in einer

die Elektrokardiogramminformationen anzeigenden Elektrokardiogrammwelle anzeigen, ist.

Verfahren zur Herzfrequenzvariabilitdtsanalyse nach Anspruch 6, wobei das Verfahren des Weiteren den Schritt

12



10

15

20

25

30

35

40

45

50

55

EP 1 394 687 B1

des Ausgebens des Autokorrelationswertes als die die Zuverlassigkeit des Atemstatus des Objektes bezeichnende
Information umfasst.

Computerlesbares Programm zum Analysieren der Herzfrequenzvariabilitdt, das Programm wird von einem Com-
puter ausgeflhrt, der in einer Vorrichtung zur Analyse der Herzfrequenzvariabilitét bereitgestellt ist, wobei der
Computer alle Schritte des Verfahrens nach einem der Anspriiche 5 bis 7 ausfiihrt.

Revendications

Dispositif d’analyse de variabilité du rythme cardiaque, comprenant :

une unité de détection d’'informations d’électrocardiogramme (11) configurée pour détecter des informations
d’électrocardiogramme concernant un objet a diagnostiquer ;

une unité de calcul de signal de rythme cardiaque (12) configuré pour calculer un signal de rythme cardiaque
indicateur d’'un rythme cardiaque de I'objet provenant des informations d’électrocardiogramme ; et caractérisé
par:

une unité de calcul de signal de respiration (13, 22) configurée pour calculer, a partir du signal de rythme
cardiaque, un signal de respiration dans lequel un état respiratoire de I'objet est réfléchi ; et

une unité de fourniture d’informations de variabilité du rythme cardiaque (14) configurée pour fournir des
informations de variabilité du rythme cardiaque de I'objet dans lequel I'état respiratoire de I'objet est réfléchi,
en fonction du signal de rythme cardiaque et du signal de respiration, dans lequel I'unité de calcul de signal
de rythme cardiaque est configurée pour calculer des données indicatrices d'un intervalle de créte a créte
dans une onde d’électrocardiogramme indicatrice des informations d’électrocardiogramme, et dans lequel
I'unité de fourniture d’informations de variabilité du rythme cardiaque est pourvue de :

une unité de calcul de nombre de respirations configurée pour calculer un rythme respiratoire de I'objet
a partir d’'une valeur d’auto-corrélation des données indicatrices de l'intervalle de créte a créte dans
'onde d’électrocardiogramme,

un modulateur configuré pour appliquer une modulation de quadrature aux données indicatrices de
lintervalle de créte a créte, la modulation de quadrature utilisant un signal de modulation dont la
fréquence est ajustée selon le rythme respiratoire,

un démodulateur configuré pour démoduler le signal de modulation modulé par le modulateur, et
une unité d’émission d’informations de variabilité du rythme cardiaque configurée pour émettre, comme
informations de variabilité du rythme cardiaque, un résultat démodulé en provenance du démodulateur.

Dispositif d’analyse de variabilité du rythme cardiaque selon larevendication 1, dans lequel les données de l'intervalle
de créte a créte sont des données indicatrices d’un intervalle entre deux ondes R adjacentes apparaissant dans
I'onde d’électrocardiogramme.

Dispositif d’analyse de variabilité du rythme cardiaque selon la revendication 1, dans lequel l'unité de calcul de
signal de respiration est formée dans un auto-corrélateur configuré pour calculer une valeur d’auto-corrélation de
données indicatrices d’un intervalle de créte a créte dans une onde d’électrocardiogramme indicatrice des informa-
tions d’électrocardiogramme.

Dispositif d’analyse de variabilité du rythme cardiaque selon la revendication 3, dans lequel le dispositif comprend
en outre une unité d’émission d’'informations de fiabilité (19) configurée pour émettre la valeur d’auto-corrélation
comme des informations indicatrices d’une fiabilité de I'état respiratoire de I'objet.
Procédé d’analyse de variabilité du rythme cardiaque comprenant les étapes consistant a :

détecter des informations d’électrocardiogramme concernant un objet a diagnostiquer ;

calculer un signal de rythme cardiaque indicateur d’'un rythme cardiaque de I'objet provenant des informations

d’électrocardiogramme ; caractérisé par les étapes consistant a :

calculer, a partir du signal de rythme cardiaque, un signal de respiration dans lequel un état respiratoire
de l'objet est réfléchi ; et
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fournir des informations de variabilité du rythme cardiaque de I'objet dans lequel I'état respiratoire de I'objet
est réfléchi, en fonction du signal de rythme cardiaque et du signal de respiration, dans lequel I'étape
consistant a calculer le signal de rythme cardiaque est configurée pour calculer des données indicatrices
d’'un intervalle de créte a créte dans une onde d’électrocardiogramme indicatrice des informations d’élec-
trocardiogramme et dans lequel I'étape consistant a fournir des informations de variabilité de rythme car-
diaque est pourvue des étapes auxiliaires consistant a :

calculer un rythme cardiaque de I'objet a partir d’'une valeur d’auto-corrélation des données indicatrices
de l'intervalle de créte a créte dans I'onde d’électrocardiogramme,

moduler les données indicatrices de l'intervalle de créte a créte en appliquant une modulation de
quadrature, la modulation de quadrature utilisant un signal de modulation dont la fréquence est ajustée
selon le rythme respiratoire,

démoduler le signal modulé, et

émettre, comme informations de variabilité de rythme cardiaque, un résultat démodulé dans I'étape
auxiliaire de démodulation.

Procédé d’analyse de variabilité du rythme cardiaque selon la revendication 5, dans lequel I'étape consistant a
calculer le signal de respiration est une étape d’auto-corrélation consistant a calculer une valeur d’auto-corrélation
de données indicatrices d’un intervalle de créte a créte dans une onde d’électrocardiogramme indicatrice des in-
formations d’électrocardiogramme.

Procédé d’analyse de variabilité du rythme cardiaque selon la revendication 6, dans lequel le procédé comprend
en outre |'étape consistant a émettre la valeur d’auto-corrélation comme des informations indicatrices d’une fiabilité
de I'état respiratoire de I'objet.

Programme lisible par ordinateur destiné a analyser la variabilité du rythme cardiaque, le programme étant exécuté

par un ordinateur prévu dans un dispositif d’analyse de variabilité du rythme cardiaque, I'ordinateur réalisant toutes
les étapes du procédé selon I'une quelconque des revendications 5a 7.
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