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1. Introduction

1.1 Sudden cardiac death of drivers

The annual number of sudden cardiac deaths is increasing in Japan, and is estimated to be
more than 50,000 on the basis of findings from the multicenter research group (Toyoshima et
al., 1996). In the United States, sudden cardiac death is the greatest cause of natural death,
causing more than 400,000 adult fatalities each year (Zipes & Wellens, 1998) and it is the
most common lethal manifestation of heart disease (Bauer et al., 2006). The high incidence
makes sudden cardiac death a major challenge in public health. In most cases, the
mechanism is abrupt occurrence of ventricular tachyarrhythmia, rapidly progressing to
ventricular fibrillation and causing cardiac pump failure with unconsciousness. It is
supposed that sudden cardiac death sometimes occurs while the subject is driving an
automobile. A Japanese newspaper (March 29, 2010) reported, “While a bus driver (65 years
old) was driving a bus, he suffered severe chest pain and gave up steering so that the bus
ran in a zigzag and crashed into a wall to be on fire. ” Although such cases can easily be
found on web sites, there has been little reported study. Lam and Lam reported that among
older drivers aged 60 or above in New South Wales, Australia from 1996 to 2000, 409 (1.1%)
of 36,595 were recognized as having suffered a sudden illness immediately prior to a crash,
and that 254 (0.7%) of those episodes resulted in the driver’s death and injury in the crash
(Lam & Lam, 2005). According to “Suicide and Natural Deaths in Road Traffic — Review”
from Accident Research Centre of Monash University, the percentages of natural driver
deaths out of all vehicle deaths were reported to vary from 0.2% to 19% in 10 studies
(Routely et al., 2003). The Review listed 19 studies in total in the Appendix. It was reported
that the percentages of cardiovascular disease in drivers who met natural deaths were from
68% to 97%. We speculated, on examination of a summary of those studies, that the total
number of natural driver deaths and the number of natural driver deaths due to cardiac
events were, respectively, 5 -10% and about 5% as percentages of all vehicle deaths. There
may also be cases in which a patient receives a warning from his own heart of imminent
sudden cardiac death, and is able to survive, or at least to prevent injury to others.
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1.2 Is there any precursor of sudden cardiac death?

Is it possible to predict sudden cardiac death a few hours in advance of its occurrence? The
mechanism is abrupt occurrence of ventricular tachyarrhythmia or complete atrioventricular
block. It was noted on analyses of ambulatory 24-hour electrocardiogram recordings (Holter
recordings) that some measures of heart rate variability may change about 1 hour before the
onset of sustained or nonsustained ventricular tachycardia (Huikuri et al., 1993). No reliable
precursor of sudden cardiac death, however, had yet been discovered.

Muller et al. reported that there were two peaks of the frequency of circadian variation of
sudden cardiac death at 11 am and 6 pm (Muller et al., 1987). Particularly, the highest peak
was about 3 hours after awakening. These results suggested that there might be the
relationship between the occurrence of sudden cardiac death and the intrinsic circadian
rhythm of autonomic nervous system and/or endocrine system. We analyzed ambulatory
24-hour electrocardiogram (ECG) recordings of 24 patients who were hospitalized due to leg
fracture. We calculated the low-frequency component (LF: 0.04-0.15Hz), the high-frequency
component (HF: 0.15-0.4Hz) of RR intervals (ms), and the ratio LF/HF, which are
recognized as measures of combined sympathetic and parasympathetic activity,

0 5 1o 15 20 Hour

meanLF/ HF
o

0 5 10 15 20 Hour

Fig. 1. Circadian variation of autonomic activity. LF (unit, ms?), the low-frequency
component of RR intervals (ms); HF (unit, ms?), the high frequency component; LF/HF (no
unit), the ratio of LF to HF.
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parasympathetic activity, and sympathetic activity, respectively (Berger et al., 1989; Osaka et
al., 1993; Task Force of the European Society of Cardiology and the North American Society
of Pacing and Electrophysiology, 1996). Since those patients were lying still on bed during
the recordings, the variations of HF and LF/HF represents intrinsic circadian rhythm of
parasympathetic and sympathetic activity, respectively. Figure 1 shows that the peak of
LF/HF and the nadir of HF are around noon, and that the increase of LF/HF and the
decrease of HF begin around awakening. Thus, these findings suggest that the
predominance of sympathetic activity over parasympathetic activity may trigger the cardiac
event about 3 hours after awakening.

Experimentally, Schwartz et al. demonstrated that autonomic stress could trigger lethal
ventricular arrhythmias in dogs with myocardial infarction (Schwartz et al., 1988). Their
observation was made in an animal model for sudden cardiac death. According to their
article, dogs with healed anterior myocardial infarctions perform an exercise stress test,
toward the end of which a 2-minute myocardial ischemia is created by occluding the left
circumflex coronary artery. This clinically relevant combination of transient myocardial
ischemia at the time of physiologically elevated sympathetic activity results in ventricular
fibrillation in almost 60 per cent of the animals. The outcome during the exercise and
ischemia test identifies and defines two groups of animals according to the occurrence of
ventricular fibrillation or survival -“susceptible” and “resistant”, respectively. Although the
former group tends to show a further increase in the already elevated heart rate, the latter
group tends to show a decrease. This heart rate reduction is prevented by atropine and
clearly reveals the presence of powerful vagal reflexes. Such a behavior of heart rate could
be taken to suggest the presence of a relative sympathetic dominance among susceptible
animals and of a relative parasympasthetic dominance among resistant animals.

Clinically, analysis of Holter recordings was the basis for our previous report that heart rate
and LF/HF increase steadily with the decrease of HF from 45 minutes before the onset of
nonsustained ventricular tachycardia until the actual onset (Osaka et al, 1996). This
suggested that increased sympathetic activity and decreased parasympathetic activity may
trigger nonsustained ventricular tachycardia, and also indicated that trends in autonomic
activity may be useful for detecting any precursor of a cardiac event that is triggered or
worsened by autonomic imbalance.

It has been known for some time that the power spectra of heart rate from healthy
individuals exhibit a 1/f-like pattern (Power = C f, where b = -1 and C is a proportionality
constant) in the low-frequency range (f < 0.1Hz) (Kobayashi & Musha, 1982; Peng et al.,
1993). This is reflected in the fractal nature of HR. Loss of multifractality is closely correlated
with prognosis and severity of heart disease (Ivanov et al., 1999). Hence, we presumed that
the low-frequency component would be strongly correlated with prognosis. Experimentally,
we showed that sympathetic activity strongly correlates with heart rate and blood pressure
at both 0.05Hz and 0.80Hz in conscious rats and that this correlation is baroreflex-
independent (Sakata et al., 2002). This was consistent with the finding that that the low-
frequency component (<0.1Hz) of the transfer function between blood pressure and heart
rate is baroreflex-independent in normotensive humans (Taylor & Eckberg, 1996). Hence,
we presumed that the low-frequency component of sympathetic activity may play a key role
in triggering lethal tachyarrhythmias, and that characteristic changes in sympathetic activity
might occur before a cardiac event.
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1.3 V-shaped trough in autonomic activity as a possible precursor

We aimed at finding a consistent precursor of a lethal cardiac event by examining Holter
recordings in which such a spontaneous event was recorded. Holter recordings of 34
patients experiencing a cardiac event (Event-group, 20 deaths) were compared with 191
controls (NoEvent-group) (Osaka et al., 2010). The Event-group included 25 patients with
ventricular fibrillation or acute myocardial infarction, and 9 with cardiac arrest due to
complete atrioventricular block. We calculated logarithms of the moving average of 5
successive values for the low-frequency component (LF), the high-frequency component
(HF), and the ratio LF/HF of heart rate variability: In(LF), In(HF) and In(LF/HF). A V-
shaped trough appeared in the curve of In(LF/HF) [sV-trough] or In(HF) [pV-trough] before
such an event in 31 patients of the Event-group. The V-trough was marked by a small
variation lasting 2 hours, an abrupt descent lasting 30 minutes, and a sharp ascent for 40
minutes. Figure 2a-e shows a representative case in the Event-group. The patient (male, 72
years old) suffered from acute myocardial infarction and died of ventricular fibrillation
during the recording. Figure 2a shows progression from regular sinus rhythm to ventricular
fibrillation with sporadic short runs of ventricular tachycardia. In Figure 2b sustained ST
elevation appears at 21:50, indicating the occurrence of acute myocardial infarction. It is
noted that thereafter slow oscillations of HR seem to disappear with their variability
depressed (Figure 2c). The variation of In(LF/HF) decreases from 20:00 to 22:00, and lies
approximately within the mean+SD which was calculated as described below (Figure 2d).
This decrease appears before ST elevation. Next, In(LF/HF) falls steeply and then rises
sharply. Figure 2d shows a V-shaped trough in sympathetic activity, which is referred to
subsequently in the manuscript simply as “V-trough.” Although such a sharp rise of
In(LF/HF) and a simultaneous decrease of In(HF) (Figure 2e) would normally be expected
to accompany an increase of HR, there is instead a decrease in heart rate which is
accompanied by a reduction in variability (Figure 2c). Slow ventricular tachycardia
appeared at 0:30 and ceased at 0:50, then ventricular fibrillation appeared at 1:27 terminating
in cardiac standstill at 1:55 (data not shown).

Figure 3a-d shows another representative case in the Event-group. The patient (male, 74
years old) suffered from complete atrioventricular block and died during the recording. ST
elevation appeared at 10:56, indicating the occurrence of acute myocardial infarction. Figure
3a shows that complete atrioventricular block, which was induced by acute myocardial
infarction, causes a compensatory atrioventricular rhythm at 11:00 and finally, cardiac arrest
at 11:10. Heart rate decreases during sleep from 23:00 to 6:00 (Figure 3b). The variation of
In(HF) decreases from 2:00 to 4:00, which is approximately within the meantSD (Figure 3c).
Then In(HF) declines quickly, but suddenly reverses direction and shows a striking increase,
although it might normally be expected to fall after rising so abruptly. These changes are
characteristic of a V-trough in parasympathetic activity. In spite of the predominance of
changes in In(HF) as compared with In(LF/HF), heart rate increases abruptly at 7:20, and
fails to react normally to the predominance of parasympathetic activity vs. sympathetic
activity.

From the finding that a V-shaped trough was observed preceding the event in almost all
patients of the Event-group, we defined the criteria for a V-trough in sympathetic activity
(sV-trough) as indicated in Figure 4. To characterize the time series of In(LF/HF), we
calculated the meantSD of consecutive values of In(LF/HF), which corresponded to a
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a. Holter recording before the occurrence of ventricular fibrillation (starting from the red arrow). b. ST
level up to the time of onset of slow ventricular tachycardia (0:30). c. Tachogram of heart rate (HR). d.
Tachogram of the logarithm of the ratio of the low-frequency component to the high-frequency
component, In(LF/HF). The two red horizontal lines represent mean+SD for 120 minutes. e. Tachogram
of the logarithm of the high-frequency component, In(HF). From (Osaka et al., 2010).

Fig. 2. V-trough of sympathetic activity in a representative case from the Event-group.
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a. Holter recording displaying a compensatory atrioventricular rhythm which is induced by complete
atrioventricular block at 11:00, followed by cardiac arrest. b. Tachogram of heart rate (HR). c.
Tachogram of In(HF). d. Tachogram of In(LF/HF). From (Osaka et al., 2010).

Fig. 3. V-trough of parasympathetic activity in a representative case from the Event-group.

baseline period of 120 min. The criteria included four necessary conditions, the first that
In(LF/HF) fluctuate approximately within a narrow range between meantSD for 120
minutes, and the second that In(LF/HF) must increase sharply for a period of 40 minutes
(ascent period) after an abrupt descent lasting 30 minutes (descent period). These necessary
conditions were as follows:

R is defined as (mean + SD) of In(LF/HF) in each of the consecutive baseline periods (Figure
4). Slope 1 is defined as a slope of 3SD of In(LF/HF) per the baseline period of BL minutes
(BL = 120). Slope 2 is defined as a slope of a straight line fitted into values of In(LF/HF)
during the ascent period.

T is defined as total time, in which mean - SD < In(LF/HF) < mean + SD.

Figure 4 shows such an example that T =Ty + T2 + Ts.

Necessary condition 1: If R > 1.5, T > BLx(3/4) min, and if not, T > BLx(2/3) min.

Necessary condition 2: Slope 2 > Slope 1.

Necessary condition 3: The lower end of Slope 2 < mean - 3SD.

Necessary condition 4: HR decreases, while In(LF/HF) increases sharply for a period of 40
minutes.
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It may be noted that larger values of mean and SD for In(LF/HF) are associated with stricter
conditions (Figure 4). V-troughs of In(HF) were used in place of In(LF/HF) as an index of
parasympathetic activity (pV-trough). The necessary condition 4 was also replaced with that
HR increases, while In(HF) increases sharply for a period of 40 minutes. We examined all
the recordings automatically using this algorithm. An sV-trough was observed in 22 patients
before the onset of ventricular fibrillation or acute myocardial infarction. A pV-trough was
observed in all 9 patients before the onset of complete atrioventricular block. In the
NoEvent-group, an sV-trough and a pV-trough were observed in 10 (5%) and 20 (10%)
subjects, respectively. The positive predictive accuracy of an sV-trough for ventricular
fibrillation or acute myocardial infarction and that of a pV-trough for complete
atrioventricular block was 88% and 100%, respectively. We reported that the hemodynamics
consisting of heart rate, sympathetic activity and blood pressure is modeled excellently by
modification of a known chaotic electrical circuit, Chua circuit (Osaka & Watanabe, 2004). A
V-trough of sympathetic activity appears by increasing the resistive element between
sympathetic activity and blood pressure in the circuit, which corresponds to the impaired
regulation of blood pressure by sympathetic activity (Osaka, in press). This finding is
consistent with an acknowledged finding that the depressed baroreflex (reflex of blood
pressure by sympathetic activity) may trigger a lethal arrhythmia (Schwartz et al., 1988).

In(LF/HF)
+3 85D
Shope 1
+1 5D
mean
-1 8D
T, T T, Slope 2
-3 8D
12 0min Fmin A0min
*I—b-l—b;ﬁ—h
B h: et
Descent

Fig. 4. Criteria for V-trough of In(LF/HF). From (Osaka et al., 2010).

2. Recording of ECG outside the driver’'s awareness

2.1 Inevitable noise of ECG

Although there were some trials monitoring the ECG of drivers (Jeong et al., 2007), no
automobile equipped with such a system has never been marketed, as a result of the fact that
the ECG was largely contaminated by noise. Therefore, we developed new electrodes for
installation on a steering wheel, through which an ECG limb lead could be recorded with
suppression of noise (Osaka et al., 2008). However, some artifacts were still present as a result
of the physical movements accompanying the handling of a steering wheel and as a result of
jolts due to road conditions. Such artifacts are inevitable, because drivers sitting in the driver’s
seat do not remain still, as they might during the recording of a standard ECG. At the present
time we have not yet succeeded in recording the entire PQRST pattern of waves in ECG from a
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steering wheel (steering-ECG), because of contamination of the baseline by noise. Therefore,
the first half of our goals for recording the steering-ECG were in the following: i) confirmation
of correctness of steering-ECG, ii) confirmation of correctness of RR intervals of steering-ECG,
iii) confirmation of correctness of heart rate variability analysis of steering-ECG, when a driver
remains still with gripping a steering wheel by both hands. However, noise unavoidably
contaminates the steering-ECG, because the driver is not lying on the bed calmly but is
handling the steering wheel. Although an ECG from a chest lead (chest-ECG) was recorded
simultaneously as a reference in order to examine the correctness of the steering-ECG, the
chest-ECG was also unavoidably contaminated. Hence, it was impossible to continuously find
a one-to-one correspondence between the R waves of a steering-ECG and those of a chest-
ECG. However, it was possible to observe fluctuations of heart rate variability by neglecting
those inevitable artifacts. The second half of our goals was thus to evaluate the fluctuation of
autonomic nervous activity from the heart rate variability analysis of steering-ECG in spite of
noise. We examined whether fluctuations of sympathetic and parasympathetic nervous
activities measured from steering-ECG were consistent with those from chest-ECG.

2.2 Methods for steering-ECG

2.2.1 Subjects

We simultaneously recorded the ECG from a chest lead and, separately, from a steering
wheel in each of 10 normal subjects driving an automobile for 90 minutes. Then, the subjects
sitting in the driver’s seat remained still with gripping a steering wheel by both hands
during the first minute of the recording.

2.2.2 Steering wheel

We refurbished the steering wheel of an automobile that was on sale by installing a pair of
electrodes around the grip site on each side (Figure 5). One electrode of the right pair was a
(-) electrode, and the other, an indifferent electrode. One electrode of the left pair was a (+)
electrode, and the other, an indifferent electrode. From these electrodes we made ECG
recordings which corresponded to the standard ECG of lead I. The electric wires from the
installed electrodes were connected to a signal amplifier set up in the front portion of the
automobile through a spiral cable within the steering wheel. We carefully kept the horn and
an air bag intact for safety purposes. The recorded signals were 1~5mV. These signals were
amplified 1,700 times. A bandpass-filter of 0.2~35Hz was used to remove noise. With an AD
converter, the signals from the steering wheel lead were sampled at 200Hz. We
consecutively searched the R waves of the steering-ECG and chest-ECG visually on a screen.
We examined whether the R waves of the steering-ECG corresponded in a regular one-to-
one fashion with the R waves of the chest-ECG. The R waves that did correspond to each
other in this way were represented as {steering-Ri} and {chest-Ry}. Intervals of {steering-Ru}
and {chest-Ri} ({steering-RRy} and {chest-RRx}) were measured as the intervals of the QRS
waves at a threshold level. The threshold level was manually determined for each record.
{steering-RRy} were compared with {chest-RRi} to identify errors due to the filtering of
steering-ECG. Since each element of {steering-Ri} corresponded to each one of {chest-Ry} in a
regular one-to-one fashion, these time series of {steering-Ri} and {chest-Rix} were used to
examine the reliability of heart rate variability of steering-ECG. There were 3 chest
electrodes served by a (+) electrode on V5 of the left chest, a (-) electrode below the right
clavicle, and an indifferent electrode below the left clavicle. This corresponded to lead II of a
standard ECG. These electrodes were connected with an electrocardiograph (DPA-250S; Dia
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Medical System Co., Tokyo; time constant = 1.5sec, low-pass filter of 0.7 - 30Hz). The signals
were transferred to an AD converter and were sampled at 200Hz.

Fig. 5. A steering wheel. One pair of electrodes is installed around the grip site on each side.
One of the two electrodes of each side is an indifferent electrode. The installed electrodes are
arc-like (length 535mm, width 7mm, thickness 0.5mm) so that a driver can to some degree
select a preferred grip site. From (Osaka et al., 2008).

2.2.3 Automated detection of QRS waves and measurement of RR intervals

The QRS waves were detected according to a flow chart, which we proposed newly (Figure
6). In a preliminary study, we examined the reliability of the algorithm by applying it to the
electrocardiograms of the PhysioBank (Goldberger et al., 2000), which are freely available
and downloadable digitized data (sampling rate 250Hz). Our algorithm could detect not
only normal QRS waves but also abnormal QRS waves shown in Figure 7. After detecting
QRS waves, the RR intervals, {I.}, were measured as the intervals of peaks of two successive
QRS waves. As the subjects sitting in the driver’s seat did not remain still, outliers of RR
intervals were always observed. Outliers were excluded as follows: 1) calculation of the MI
and SDI (the mean value and standard deviation of {I,}); 2) exclusion of outliers as I, > MI +
25DI or < MI - 2SD], and representation of those intervals remaining after exclusion of the
outliers as {Jn}; 3) calculation of the standard deviation of {J.}(expressed as the SDJ ); 4)
calculation of the median, Med],, of a set consisting of eleven consecutive intervals, {Jn.5, Jn-4,
eeos Jns Jn#1, ..., Jnes} for each interval (indexed as J,); 5) consecutive search of outliers as J, >
Med], + SDJ or < Med], - SDJ; and 6) replacement of each of the outliers by Med], so that
the intervals after the replacement could be regarded as RR intervals, {RRIy}.
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Searching canditates for QRS wave by a peak-
detection algoritm from first differentiation of
digitized ECG

Slicing off a range including each canditate

Have there been any templates No
of QRS wave already?
Yes
Calculation of correlation coefficient (r) between
the candidate and templates
No

Yes

The candidate is classified as QRS wave.
The QRS wave of the maximum r replaces
a template which matchs QRS waves

the least frequetly.

The candidate is temporarily classified as a new temp late.

Fig. 6. A flow chart to detect QRS waves. From (Osaka et al., 2008).
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mV
d
0 | |

Fig. 7. Samples from the ECG database of PhysioBank. a, rS type. b, QS type.

2.2.4 Frequency analysis

A smoothed instantaneous heart rate time series was constructed from the RR-intervals and
sampled at 8 Hz, according to Berger’s method (Berger et al., 1986). The data length of an
epoch was 64 sec. The confidence in spectral estimates could be enhanced by dividing the
data into 5 epochs and by ensemble averaging of Welch’s method (Bendat & Piersol, 1986).
To reduce the loss of stability, the data were divided using a 50% overlap. Linear trends
were removed from the data, and the data were tapered by use of a Hanning window. Then,
a fast Fourier algorithm was used. We calculated the low-frequency component (LF: 0.04 -
0.15Hz) as a parameter of combined sympathetic and parasympathetic activity, the high-
frequency component (HF: 0.15 - 0.40Hz) as that of parasympathetic activity, the ratio
LF/HF as that of sympathetic activity, for each epoch. The natural logarithms of LF, HF,
LF/HF, namely, In(LF), In(HF), and In(LF/HF), were used to make these distributions
approximate to normal distribution (Berger et al., 1989). The entire length of one record of
ECG was 90 min, the data length of one epoch was 64 sec, and 2 consecutive epochs were
overlapped by 50%. Hence, the total number of epochs was at most 168 (~ 90min/32sec).
Since the subjects sitting in the driver’s seat did not remain still and sometimes gripped a
steering-wheel by only a single hand, more artifacts appeared in the steering-ECG than in
the chest-ECG so that normal QRS waves were not recorded frequently. Hence, we took two
steps to examine the reliability of heart rate variability of steering-ECG. Firstly, we
compared In(LF), In(HF), and In(LF/HF) of {steering-RRy} with those parameters of {chest-
RRy}, because {steering-Ri} corresponded in a regular one-to-one fashion with {chest-Ry}.
Each pair of Rk of {chest-Ry} and {steering-Ri} was consecutively searched visually on a
screen. We would able to examine the reliability of the hardware system by the first step.
The correlation coefficients between chest-ECG and steering-ECG for each parameter were
calculated. The correlation coefficients were considered significant at P<0.05. Secondly, it
was necessary to examine the reliability of the automated detection of QRS waves and
measurement of RR intervals for practical use of our present system. According to the
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algorithm, the outliers in {I.} of steering-ECG were more frequently replaced by Med], than
those in {I,} of chest-ECG. We examined whether In(LF), In(HF), and In(LF/HF) of steering-
ECG were reliable in spite of such a disadvantage. We calculated the moving average of
subsequent 5 epochs for In(LF), In(HF), and In(LF/HF), and instantaneous heart rate (HR):
m-In(LF), m-In(HF), m-In(LF/HF), and m-HR. We constructed a time series of 4 parameters
for chest-ECG and steering-ECG.

2.2.5 Mutual information

We drew graphs of fluctuations of m-In(LF), m-In(HF), m-In(LF/HF), and m-HR for chest-
ECG and steering-ECG. In order to compare the fluctuation of each parameter of steering-
ECG with that of chest-ECG, we calculated the mutual information between them. This
mutual information method was used to gauge the likeness between them. We calculated
mutual information values, according to an algorithm proposed by Fraser and Swinney
(Fraser & Swinney, 1986) and our previous study (Osaka et al., 1998). For a couple of time
series, {x(t)} and {y(t)}, we measured how dependent the values of y(t) were on the values of
x(t). We made the assignment [s,q] = [x(t), y(t)] to consider a general coupled system (S5,Q).
For example, {x(t)} was the time series of moving averages of m-In(LF) for chest-ECG and
{y(t)} was the time series of moving averages of m-In(LF) for steering-ECG. Mutual
information is defined as the answer to the question, “Given a measurement of s, how many
bits on the average can be predicted about 4?”:

1(S,Q) = /Psy(5,q) 10g[Psq(5,9)/(Ps(s)Py(q))]dsdg,

where i) S and Q denote the systems, ii) Ps(s) and P4(g) are the probability densities at s and
q, respectively, and iii) Py(s, q) is the joint probability density at s and g. The data length is
2n. The algorithm is as follows: 1) an x-y plot is normalized into a square: each value W; ( =
x(t) or y(t)) was replaced by an integer Nj; 1< N; < 2n; if W; < Wj, N; < Nj; if W; = Wjand i <},
Ni < Nj, so that each of the values of {x(t)} and {y(t)} is one to one replaced by an integer
from 1 to 2n, 2) it is successively divided into smaller squares, 3) a value for the dependence
of y(t) on x(t) is calculated in each square, and 4) mutual information is the average of those
values weighted by respective areas. Even if there is no significant correlation in the entire
square, any significant correlation in smaller squares is taken into the final correlation by
weighting by the respective areas. Therefore, mutual information is considered to be
applicable more generally than a correlation coefficient of regression analysis. The larger is
the value of mutual information for (5,Q), the stronger is the mutual dependence between S
and Q. The data length was 27 (= 128). If S = Q, the correlation between them should be
perfect. Then, I(5,Q) = n, where the data length is 2», because the algorithm is developed to
the discrete case (Fraser & Swinney, 1986). The mutual information value between the same
two time series is n. Hence, mutual information values were normalized by n, that is, these
values were divided by n, resulting in values between 0 and 1. If the mutual information
value was larger than or equal to 0.047, the correlation was taken to be strongly correlated
on the basis of our previous report (Osaka et al., 1998).

2.3 Results

2.3.1 Results on the hardware system

Although small high-frequency noise still contaminated the baseline, the reproduced signals
demonstrated the characteristics of P, R, and T waves well (Figure 8)). Each steering-ECG R
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Fig. 8. Comparison of the electrocardiogram recorded from a steering wheel (steering-ECG)
with that from a chest lead (chest-ECG). From (Osaka et al., 2008).
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Fig. 9. A regression graph of steering-RRy to chest-RRy in the same subject as in Figure 8.
Each element of {steering-Ry} corresponds to each one of {chest-Ry} in a regular one-to-one
fashion by consecutively searching the R waves of the steering-ECG and chest-ECG visually
on a screen. From (Osaka et al., 2008).
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wave showed time-consistency with the respective R wave of the chest-ECG during the
handling of a steering wheel as well as during the sitting still in the driver’s seat. Figure 9
shows a regression graph of steering-RRy to chest-RR in one of the subjects: steering-RRx =
1.04 + 0.999%chest-RRk (r = 0.997, P<0.0001). Hence, {steering-RRi} was almost perfectly
consistent with {chest-RRk}. Similarly, the other subjects showed such a perfect consistency.
For each parameter of In(LF), In(HF), and In(LF/HF), a regression graph of steering-ECG (YY)
to chest-ECG (X) was in the following: Y = a + bxX (-0.012=a=0.043, 0.997 =r=1.000,
P<0.0001) in all the subjects. In(LF), In(HF), and In(LF/HF) of steering-ECG were almost
perfectly consistent with those of chest-ECG.

2.3.2 Results on the software system

Figure 10 shows RR intervals from steering-ECG and from chest-ECG for the same subject as
in Figure 8. When the driver moved his (her) upper body abruptly, the baseline of the chest-
ECG fluctuated so that, intermittently, the R waves could not be detected. Hence, rather
long erroneous RR intervals sometimes appeared in the tachogram of the chest-ECG as well
as the steering-ECG. Longer RR intervals were observed more frequently in the tachogram
of steering-ECG. This occurred because the driver sometimes gripped only one side of the
steering wheel with a single hand. Since more long erroneous RR intervals were deleted in
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Fig. 10. RR intervals from steering-ECG and from chest-ECG for the same subject as in Fig. 8.
{I.}: intervals of peaks of two successive QRS waves. {RRI,}: intervals regarded as RR
intervals after the processing of outliers from {I,.} by the algorithm. From (Osaka et al., 2008).
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the steering-ECG than in the chest-ECG, the last index number of processed I, of steering-
ECG, {steering-RRI,}, was smaller than that of processed I, of chest-ECG, {chest-RRI,}
(Figure 10). Hence, each element of {steering-RRI,} did not correspond in a regular one-to-
one fashion with that of {chest-RRI,} so that {steering-RRI,} and {chest-RRI,} could not be
compared by the regression analysis. Figure 11 shows that the fluctuation from the steering-
ECG resembled that from the chest-ECG for each parameter of the same subject as in Figure
8. Particularly, most of upslopes and downslopes of each parameter of steering-ECG
corresponded one to one with those of chest-ECG. These findings were seen in the other
subjects, when mutual information values were larger than 0.047. Figure 12 shows that
mutual information of each parameter was larger than 0.047 with 95% confidence. Hence, it
indicated that the fluctuation of each parameter of steering-ECG significantly resembled that
of chest-ECG. However, the mutual information of m-In(HF) in one subject and that of m-
In(LF/HF) in another were both 0. Mutual information values were all larger than 0.047
except for these 2 values.
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Fig. 11. Comparison of a fluctuation from steering-ECG with that from chest-ECG for each
parameter of the same subject as in Figure 8. Red lines show the moving averages of blue
lines. Mutual information values are 0.225, 0.223, 0.209, and 0.184 for m-HR, m-In(LF), m-
In(HF), and m-In(LF/HF). HR, heart rate; LF, low-frequency component (0.04 - 0.15Hz); HF,
high-frequency component (0.15 - 0.40Hz); LF/HF, the ratio of LF to HF. In(LF), In(HF), and
In(LF/HF): natural logarithms of LF, HF, and LF/HF. m-HR, m-In(LF), m-In(HF), and m-
In(LF/HF): moving averages of HR, In(LF), In(HF), and In(LF/HF). From (Osaka et al.,
2008).
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Fig. 12. Mean and 95%-confidence error bar of mutual information of m-HR, m-In(LF), m-
In(HF), and m-In(LF/HF). Threshold of significance: 0.047. HR, heart rate; LF, low-
frequency component (0.04 - 0.15Hz); HF, high-frequency component (0.15 - 0.40Hz);
LF/HF, the ratio of LF to HF. In(LF), In(HF), and In(LF/HF): natural logarithms of LF, HF,
and LF/HF. m-HR, m-In(LF), m-In(HF), and m-In(LF/HF): moving averages of HR, In(LF),
In(HF), and In(LF/HF). From (Osaka et al., 2008).

2.4 Confirmation of correctness of steering ECG

The waves of P, Q, R, S, and T are generally visible clearly in a standard ECG, while a
subject lies on the supine position. In the present study, the waves of P, R, and T could be
recorded clearly in steering-ECG (Figure 8). {steering-RRx} was almost perfectly consistent
with {chest-RRy} in all the subjects. Similarly, In(LF), In(HF), and In(LF/HF) of steering-ECG
were almost perfectly consistent with those of chest-ECG. Hence, the first half of our goals
was achieved, using the following technical measures. The long indifferent electrodes were
installed into both sides of the steering wheel so as to work without fail even if the driver’s
hands should move on the steering wheel. The electrodes installed into the steering wheel
were made of plating to increase electrical conductivity. A bandpass filter of 0.2 ~35Hz was
used for steering-ECG. It may be compared with the generally used bandpass filter of an
electrocardiograph. Hence, the waves P, R, and T of the steering-ECG rather resembled
those of chest-ECG. Small high-frequency noise contaminated not only the baseline of the
steering-ECG but also that of the chest-ECG (Figure 8), indicating that it is difficult to record
noise-free ECG in an automobile. This contaminating noise resulted from alternating
current, making the ST-segment of the ECG unclear. Generally, small P waves, flat T waves,
and small inverted T waves may be invisible by the contaminating noise. In order to detect
ischemic attacks, namely, angina pectoris and acute myocardial infarction, it is necessary to
eliminate that noise. We will endeavor to reduce noise in a further study.

After detecting QRS waves by our algorithm shown in Figure 6, we measured RR-intervals
by using a peak-detection algorithm. In the preliminary study, we examined the reliability
of this algorithm by applying to the ECG database of PhysioBank. It was applicable to the
ECG of patients with abnormal Q waves in lead I, usually observed in broad anterior
myocardial infarction or dilated cardiomyopathy (Figure 7) as well as the ECG of normal
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subjects. When a driver moved his or her upper body abruptly and/or gripped only one
side of the steering wheel with a single hand, normal R waves could intermittently not be
detected, and long erroneous RR intervals appeared. Heart rate variability mainly results
from the pacemaker sinus node rhythm, which is under the control of the autonomic
nervous system. Therefore, a time series including frequent noisy RR intervals, for example,
in subjects at high risk of lethal arrhythmia who have frequently premature beats, atrial
tachyarrhythmia such as atrial fibrillation, or pace maker implantation is unsuitable for
heart rate variability analysis. Practically, arrhythmias such as premature beats sometimes
appear in even normal subjects, which cause erroneous RR intervals. Although the Task
Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology published a report about standards of measurement for heart rate
variability in 1996, no standard for how to deal with such noisy RR intervals was included
in the report. In subjects with frequent premature beats, the values of LF, HF, and LF/HF
are rather inaccurate for data epochs including more premature beats. Thus, we presume
that a method of dividing the data into 5 epochs with a 50% overlap and ensemble
averaging is useful to enhance the confidence of those values, according to Welch’s method
(Bendat & Piersol, 1986).

Rather long or short RR intervals were excluded as outliers: I, > MI + 2SDI or < MI - 25DL
Consequently, about 5% of all the intervals I, were excluded. These outliers resulted from
artifacts due to abrupt body movement and/or gripping only one side of the steering wheel.
More long erroneous RR intervals appeared in steering-ECG than in chest-ECG, and more
outliers were excluded in steering-ECG. The number of RR intervals was less in steering-
ECG than in chest-ECG (Figure 10). Each element of {steering-RRI,} did not correspond in a
regular one-to-one fashion with that of {chest-RRI,} so that {steering-RRI,} and {chest-RRI}
could not be compared by the regression analysis. Hence, we needed the mutual
information method as an alternative one in order to compare heart rate variability of
{steering-RRI,} and {chest-RRI,}.

We aimed at drawing a reliable graph following a fluctuation of autonomic nervous activity.
Mutual information of each parameter was larger than 0.047 with 95% confidence. This
indicated statistically that the fluctuation of each parameter of steering-ECG significantly
resembled that of chest-ECG. In detail, all but 2 mutual information values were larger than
0.047: mutual information of In(HF) in one subject and that of In(LF/HF) in another were 0.
When these values of mutual information were 0, the fluctuations of steering-ECG did not
seem to resemble the respective fluctuations of chest-ECG, since the steering-ECG was noisy
due to the frequent gripping of a steering wheel by a single hand. We succeeded in
demonstrating a fluctuation in autonomic nervous activity from steering-ECG, which was
statistically consistent with that of chest-ECG. It is possible for a driver to observe a
fluctuation of sympathetic nervous activity by In(LF/HF) and a fluctuation of
parasympathetic nervous activity by In(HF). Hence, drivers can detect their own autonomic
stress continuously. Atrial or ventricular premature beats can be detected by the present
algorithm.

3. Addition of information from plethysmogram

Although the chest-ECG was recorded simultaneously as a reference in order to examine the
correctness of the steering-ECG, the chest-ECG was also unavoidably contaminated. Hence, it
was impossible to continuously find a one-to-one correspondence between the R waves of a
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steering-ECG and those of a chest-ECG. We recorded plethysmogram as well as ECG from the
steering wheel in order to compromise such missing recordings of ECG. Blood pressure is also
very important information on physiological conditions. We examined whether various
cardiac abnormalities could be detected reliably by ECG and plethysmogram recorded from
the steering wheel. We aimed at making a robust system for monitoring a driver’s physical
conditions against noise and providing reliable information to the driver by integrating
information from the steering-ECG and that from the plethysmogram for safety driving.

3.1 Subjects & methods

Forty-six subjects were evaluated: 9 normal volunteers and 37 patients (hypertension (N =
7), cardiomyopathy (N = 7), atrial fibrillation (N = 7), myocardial infarction (N = 6), valvular
disease (N = 6), angina pectoris (N = 4)). Of these subjects, 8 showed ST depression, 4 left
bundle block, 4 right bundle block, 4 low voltage, and 2 pacing rhythm of a implanted
pacemaker.

We installed a sensor of a transmitted green photoelectric plethysmogram to detect the
variation of arterial concentration of hemoglobin by reflection (bandpass-filter 0.2 ~ 5 Hz
with reduction of 3 dB, sampling rate 1 kHz) into the steering wheel. Since the absorption
rate of green by hemoglobin was higher than that of infra-red, which is used generally, the
signal-to-noise ratio (S/N ratio) of the former was better than the latter so that
plethysmogram could be recorded at the palm near the right thumb. The sensor was set up
to touch the palm near the right thumb naturally, while the driver grips the steering wheel
into which the electrodes for ECG were installed. To compare with those recordings from
the steering wheel, we recorded ECG from a chest lead and plethysmogram directly from a
finger simultaneously while they were sitting on the driving seat of the simulator for 10
minutes (Figure 13). We calculated the second derivative of plethysmogram as the

sensor of photo-plethysmogram
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light emitting diode photo-diode (PD)
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Fig. 13. Electrodes for electrocardiogram & a sensor for photo-plethysmogram.
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acceleration of pulse wave. The positive component (a-wave) and the following negative
component (b-wave) represent the forward component of systolic blood pressure (Figure 14)
(Chua et al., 2010). Therefore, we presumed that the total amplitude of a-wave and b-wave
reflects the strength of ejection in systole. The data of ECG and plethysmogram recorded
from the steering wheel were stored in a hard disk, which were analyzed to obtain RR
intervals and the second derivative of plethysmogram.
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Fig. 14. An example of steering-electrocardiogram and plethysmogram.

3.2 Results
Figure 14 shows an example of steering-ECG, steering-plethysmogram and steering-second

derivative of plethysmogram, comparing with the reference recordings. Each of QRS wave
of the steering-ECG was consistent with that of the reference. Each of pulse wave of the
steering-plethythmogram was consistent with that of the reference. Similarly, each pair of a-
wave and b-wave of the steering-second derivative of plethysmogram was consistent with
that of the reference. We could discriminate sinus bradycardia, sinus tachycardia, and atrial
fibrillation by measuring RR-intervals. We could also discriminate premature ventricular
beats and premature atrial beats by measuring the timing and width of QRS and by
plethysmogram, which was particularly useful because premature ventricular beats caused
only a minute pulse wave (Figure 14c, d) and premature atrial beats caused almost normal
pulse waves. Since only a minute blood volume is outputted by premature ventricular beats,
a-wave and b-wave did not appear (Figure 14e, f). When a subject did not grip the steering
wheel normally, the recordings of ECG were sometimes contaminated by noise, such as a
fluctuation of the baseline. Figure 15 shows that beat-to-beat intervals can be calculated from
the steering-plethysmogram and/or the steering-second derivative of it, in case a large
fluctuation of the baseline hinders the calculation of RR intervals. If plethysmogram was
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recorded normally, such missing RR intervals of the steering-ECG could be replaced by
peak intervals of plethysmogram. Figure 14 shows that ST depression can be observed in the
steering-ECG like the reference. Thus, ST changes could be detected without such a large
fluctuation of the baseline.
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Fig. 15. An example of fluctuaion of the baseline of steering-electrocardiogram.

Detection of abnormal HE Detection of abnormal BP
[HR > 120bpm or HR « 30 | Eomparison with past datal

Yes ﬂ—l—ﬁ' Mo
*_ _* height of height of

| | 2rnd-dervative of||2rd-derwative of

Eth Eth
HR » 1z0bpm | | HR < 30bpm 5T + CTAE kil Ut el
: : » 2 times < 0.5 tmes

tachycardiac bradycardiac (a1uil AP
arrhutrias arrhytmias _ _ _ o

YT F CAVE Detection of imbalance of autonamic activity
EafJaF lcontnuously ncrease & 30min |

PSYT PAT

[LF/HF t] | HF t |

Fig. 16. Flow chart to detect abnormal physiological conditions. HR, heart rate; bpm, beats
per minute; BP, blood pressure; VT, ventricular tachycardia; VF, ventricular fibrillation; af,
atrial fibrillation; aF, atrial flutter; PSVT, paroxysmal supraventricular tachycardia; PAT,
paroxysmal atrial tachycardia; CAVB, complete atrioventricular block; AMI, acute
myocardial infarction; AP, angina pectoris; LF, low-frequency component of heart rate
variability; HF, high-frequency component.
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4. Conclusion

In order to improve the reliability of the system to detect abnormal physiological conditions
while driving and make it more applicable, we installed the sensor of photo-plethysmogram
besides the electrodes of ECG into the steering wheel. We demonstrated that RR intervals
calculated from the steering-ECG and the graph following a fluctuation of autonomic
activity were consistent with those obtained from the reference-ECG. It is possible for a
driver to observe a trend of heart rate, a fluctuation of sympathetic activity by In(LF/HF),
and a fluctuation of parasympathetic activity by In(HF) on a monitor of navigation. Hence,
drivers can check whether arrhythmia appears or not, and their own autonomic stress
continuously and easily. Similarly, we showed that the plethysmogram of the steering wheel
and the second derivative of it were consistent with those from the reference. In a stable
condition such as sitting on a driving seat, HR > 120 beats/min (bpm) and HR < 30 bpm are
considered to be abnormal so that the driver is possibly at risk from causing a traffic
accident (Figure 16). When the height of a-wave plus b-wave of the second derivative of
plethysmogram is >2 times larger than the mean value of it for the previous 30 minutes or
<0.5 times smaller, blood pressure is considered to increase or decrease abruptly. When
LF/HF or HF is increasing steadily for >30 minutes, it will indicate that sympathetic activity
may predominate over parasympathetic activity excessively or vise versa (Figure 16). If
these abnormalities are detected, a message of inquiring of the driver, “Are you all right?”
will be delivered in our system. If the driver needs any help, some of the nearest hospitals
will be displayed on the screen of the navigation system. This hospital-referring system has
already installed into automobiles of a high grade of TOYOTA MOTOR CORPORATION. A
network system by which the data is continuously transferred to a center and monitored by
medical doctors will be made in the near future. We will call it the human-machine talking
system. We propose such a new system by which it is monitored whether physiological
conditions are within a normal state of the driver or not. To decide it, the present data of
heart rate, the height of a-wave plus b-wave, LF/HF and HF are continuously compared
with those parameters from the past data of the driver. Hence, we call it a customized heart
check system. Feedback of information to the driver on autonomic stress and the appearance
of premature beats will improve safety. Our system will open doors to new strategies to
minimize driver’s risk by making available the relevant data during the actual process of
driving. We reported that a V-shaped trough in autonomic activity is a possible precursor of
life-threatening cardiac events (Osaka et al., 2010). The V-trough including the small
variations that precede it spans approximately 190 minutes. Hence, a necessary condition
for the detection of the precursor with our algorithm is that the time from the start of
recording to an event must exceed 190 minutes. Thus the somewhat lengthy recording time
required is a potential shortcoming of the system. Therefore, the detection of the V-shaped
trough is considered to be useful for subjects who drive for long hours, especially
professional drivers of bus, taxi, and truck. This system will be also useful to monitor
physiological conditions of a man or woman at home as well as an inpatient, for example if
the system is installed into the bed. If it is installed into a toilet stool, physiological
conditions will be easily checked up daily.
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