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Summary
Objectives: The objectives of this paper were to present
a method to extract the amplitude of RSA in the respir-
atory-phase domain, to compare that with subjective or
objective indices of the MWL (mental workload), and to
compare that with a conventional frequency analysis in
terms of its accuracy during a mental arithmetic task.
Methods: HRV (heart rate variability), ILV (instan-
taneous lung volume), and motion of the throat were
measured under a mental arithmetic experiment and
subjective and objective indices were also obtained.
The amplitude of RSA was extracted in the respiratory-
phase domain, and its correlation with the load level
was compared with the results of the frequency domain
analysis, which is the standard analysis of the HRV.
Results: The subjective and objective indices decreased
as the load level increased, showing that the experi-
mental protocol was appropriate. Then, the amplitude
of RSA in the respiratory-phase domain also decreased
with the increase in the load level. The results of the
correlation analysis showed that the respiratory-phase
domain analysis has higher negative correlations,
–0.84 and –0.82, with the load level as determined
by simple correlation and rank correlation, respectively,
than does frequency analysis, for which the correlations
were found to be –0.54 and –0.63, respectively.
In addition, it was demonstrated that the proposed
method could be applied to the short-term extraction
of RSA amplitude.
Conclusions: We proposed a simple and effective
method to extract the amplitude of the respiratory sinus
arrhythmia (RSA) in the respiratory-phase domain and
the results show that this method can estimate cardiac
vagal activity more accurately than frequency analysis.
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1. Introduction
Heart rate variability (HRV) has been well
studied because of its physiological, psy-
chophysiological and medical importance
[1, 2]. The conventional methods of analyz-
ing HRV are time domain (e.g., mean, stan-
dard deviation, and histogram) and frequen-
cy domain analysis. A frequency of more
than 0.15 Hz in the frequency domain is
called the HF (high-frequency) component
[1, 3], which is respiratory modulation of
the heart rate and is known physiologically
as respiratory sinus arrhythmia (RSA).
Based on the results of an animal experi-
ment [4] and a pharmacological blockade
experiment involving humans [5], the am-
plitude of RSA has been regarded as a selec-
tive index of cardiac vagal activity. RSA can
be obtained non-invasively and provides a
measure of cardiac vagal activity apart from
sympathetic nervous activity. Accurate
extraction of RSA is, therefore, useful in
various fields. From the psychophysiologi-
cal and ergonomic point of view, the ampli-
tude of RSA is used for estimating mental
workload (MWL) [2, 6]. The estimation of
MWL is important for comfortable man-
machine interface and for the improvement
of the workers’ environment. From the
physiological and medical point of view,
RSA represents the large fluctuation of
HRV that is mediated by cardiac vagal activ-
ity. It is very important to clarify these
cardiovascular dynamics. Further investi-
gation of these dynamics and their conver-
sion during pathological states is needed.
Furthermore, evaluating RSA during work
is also important in preventive medicine, be-
cause autonomic nervous activity affects
immunity [7].

For the more accurate extraction of RSA,
combining advanced signal processing with
physiological insight seems to be essential
because HRV has ‘complex’ features [1, 8,
9]. In the present study, we proposed a sim-
ple and effective method for the accurate
extraction of the amplitude of RSA based on
the concept of respiratory-phase domain
analysis [10]. The objectives of this study
were to present a method for extracting the
amplitude of RSA in the respiratory-phase
domain, to compare that method with sub-
jective or objective indices of the MWL, and
to compare the method with the conven-
tional frequency analysis in terms of its ac-
curacy during a mental arithmetic task.

2. Methods
2.1 Experimental Procedures
Seven healthy males (with ages ranging
from 21 to 27 years) were studied at rest in
the sitting posture. During a mental arith-
metic task, three main categories of MWL
were measured [11], namely, subjective, ob-
jective, and physiological indices. The men-
tal arithmetic task was as follows: Two in-
tegers from 1 to 49 were displayed on the
screen, and the subjects were asked to give
the sum of these values within a given time
limit. In order for the subjects to be able to
perform the response only by one action of
the finger, they were further asked to calcu-
late the sum of the number in the ones place
and the number in the tens place in the
answer, and input the number in the ones
place from the answer with keyboard in
hand. The experimental conditions were as
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shown in Figure 1. The session-length of
each task was 300 s, which matches the
length of the general short-term recordings
of HRV [1]. The rest condition was also ana-
lyzed during the 300 s by discarding the first
60 s. The load level was increased by grad-
ually shortening the intervals between the
questions.As a subjective index, the NASA-
task load index (NASA-TLX) [12] was per-
formed twice in the experiment and the
weighted workload was calculated. NASA-
TLX is a method of subjective task evalu-
ation that involves classifying the degree
and importance of six factors of the work-
load. As an objective index, the correct
answer rate was calculated. As a physio-
logical measurement, R-R intervals (RRI)
by electrocardiogram (AC-601, Nihon-
Koden), instantaneous lung volume (ILV)
by elastic chest band (TR-755T, Nihon-
Koden), and the motion of the laryngeal
prominence by an accelerometer (8304B2,
Kistler) were recorded continuously. The
electrocardiogram was digitized at a sam-
pling frequency of 1000 Hz, while ILV and
the motion of the laryngeal prominence
were digitized at a sampling frequency of
100 Hz.

2.2 Data Analysis
The RSA was extracted by respiratory-
phase domain and frequency domain. The
procedures of respiratory-phase domain
analysis and frequency domain analysis are
described below.

2.2.1 Respiratory-phase Domain Extraction
of RSA

A schematic diagram of the proposed sig-
nal-processing algorithm (i.e. respiratory-
phase domain extraction of the RSA ampli-
tude) is shown in Figure 2. The proposed
method was composed of four parts (inter-
polation of discrete RRI, determining the
respiratory phase, selecting the data, and en-
semble averaging). The method of signal
processing regarding each box in the dia-
gram is described below.

In the box labeled DCSI + inverse, dis-
crete RRI is interpolated using the deriva-
tive of cubic spline interpolation (DCSI)

method [13] in order to obtain an instan-
taneous heart rate that has no time delay.The
DCSI method is based on the integral pulse
frequency modulator (IPFM) model:

(1)

where tk(k = 0, 1, 2, ..., n) are the times at
which heartbeats were observed and m(t) is
the instantaneous heart rate. In the DCSI
method, m(t) is obtained from the first de-
rivative of the interpolated M(tk) using a
cubic spline function. The inverse of this
function m(t) was used as instantaneous
RRI. The no time delay feature is very im-
portant for the proposed method because the
delay between interpolated RRI and the re-
spiratory phase is variable even if the delay
is constant in the time domain.

From the BPF and Hilbert transform
boxes, the instantaneous respiratory phase
was calculated after filtering. The raw ILV
data contained low-frequency trends and
electrical noise, both of which disguised the

calculation of the respiratory phase. There-
fore, raw ILV data were passed through a
linear phase finite impulse response filter
whose pass-band was 0.1-10.0 Hz. Here, the
high frequency limitation was large in value
compared with the respiratory frequency so
as not to lose the harmonics of the respir-
atory oscillation. An instantaneous respir-
atory phase was estimated using an analytic
signal. The analytic signal is a complex
function of time defined by

(2)

where j is the imaginary unit, s(t) is the ILV
data in this case, and the function s(t) is the
Hilbert transform of s(t),

(3)

where τ is the variable for integration and
P.V. means that the integral is taken in the
sense of the Cauchy principal value [14].
The instantaneous phase φ(t) of the signal
s(t) was thus uniquely defined from
Equation 2. Finally, the instantaneous RRI,

Fig. 1 Experimental condition. The number of problems per minute increased linearly.

377

A Method to Estimate Cardiac Vagal Activity

Methods Inf Med 3/2007



1/m(t), was re-sampled at every π/10 rad of
the respiratory phase, yielding an equidis-
tantly sampled RRI variability.

In the data selection box, the data that did
not reflect vagal activity were removed. In
the case of low-frequency respiration less
than 0.15 Hz, RSA was mixed with or en-
trained with the oscillation caused by blood
pressure, which is called Mayer wave-re-
lated sinus arrhythmia (MWSA). Similarly
in low-frequency respiration, the pulmo-
nary stretch receptor inhibits the activity of
the inspiratory neurons by the Hering-
Breuer reflex. This effect causes the sepa-
ration of the two vagal reduction effects (the
pulmonary stretch receptor inhibits vagal

activity, but the inspiratory neurons do not)
and induces a gap between the RSA phase
and the respiratory phase [10]. Therefore,
the data containing low-frequency respi-
ration of less than 0.15 Hz were removed.
Overly rapid respiration in which the differ-
ence in the continuous respiratory phase ex-
ceeded π/10 rad was also removed. In addi-
tion, the authors found that swallowing in-
duced tachycardia which might be caused
by the sudden change of intrathoracic pres-
sure and that this tachycardia disappears
within one respiration, which can be clearly
observed in Figure 3. The time at which the
swallowing began was detected by an ac-
celerometer and the data containing the

respiration during swallowing were re-
moved.

Finally, in the ensemble averaging box,
the mean RSA waveform was calculated,
and the amplitude of RSA was determined.
Figure 4 shows the procedure that occurs
in this box. The RRI variability is en-
semble-averaged over the entire respiratory
cycle (2π rad) in order to extract the mean
RSA waveforms. RSA amplitude was cal-
culated by the subtracting RSA in 2π rad
from RSA in π rad. Here, it is assumed
that the delay of the vagal neurotransmitter
was negligible because it is well known
that the vagal neurotransmitter is very fast.
Under this assumption, the procedure is
identical to the subtraction of the minimum
value of the RSA waveform from the
maximum.

2.2.2 Frequency Domain Extraction of RSA

For the frequency domain extraction of
RSA, the standard method, Fast Fourier
Transform (FFT), was chosen. Discrete RRI
was interpolated by the inverse of the DCSI
method and resampled at the frequency of 4
Hz, and Bingham’s cosine-shaped window
was used as the window function. A power
of 0.15-0.5 Hz of the FFT was calculated as
the power of the RSA. Though the power of
FFT was sometimes converted to another
unit such as the logarithm of its power [2],
we simply used the power because it is the
standard unit of analysis [1, 15, 16]. The re-
sults were compared with the RSA ampli-
tude determined by the respiratory-phase
domain analysis.

2.2.3 Statistical Analyses

Two statistical analyses were performed.
One analysis involved confirming whether
the three indices followed the level of the
load; the data for the weak task (Task 2) and
strong task (Task 4) were compared by
paired t-test in each index. The other analy-
sis involved determining which analysis of
the respiratory-phase domain or frequency
domain followed the load more accurately.
Here, the number of questions per minute
was defined as the level of the load. This
comparison was performed by two methods,
simple correlation and rank correlation. At

Fig. 2 Schematic diagram of the signal-processing method for extracting the RSA waveform using the respiratory-phase
domain analysis. The BPF box refers to band-pass filtering.

Fig. 3 RRI time series and the occurrence of swallowing. Following the swallowing, temporary tachycardia was observed.
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first, supposing that the RSA’s amplitude (or
power) responded linearly to the level of the
load, the difference of the correlation be-
tween the load level and the RSA’s ampli-
tude (or power) was checked by the paired
t-test. Secondly, not supposing a linear re-
sponse, the difference of the rank corre-
lation between the load level and the RSA’s
amplitude was also checked by the paired
t-test. Furthermore, because the paired t-test
assumes a normal distribution of the data of
the correlation coefficient, the Wilcoxon
signed-rank test was also performed to con-
firm the results of the paired t-test. In both
correlation analyses, it was expected that
the stronger the load, the smaller the RSA’s
amplitude would be. Thus, if the correlation

coefficient was near –1, it could be regarded
as an accurate index.

3. Results
3.1 Comparison of the
Physiological Index with Subjective
and Objective Index

Figure 5 shows the results of the subjective,
objective, and physiological indices of the
experiment. The NASA-TLX score in-
creased between Task 2 and Task 4 with
statistical significance (P <0.01). This re-

sult indicates that the step of the load level is
recognizable for subjects and is thus appro-
priate. The correct answer rate and the am-
plitude of RSA decreased as the task con-
tinued. Three indices in Task 2 and Task 4
that differed statistically in the subjective
evaluation were focused and compared. It
was found that the correct answer rate
showed a statistically significant difference
(P <0.05). A large standard deviation of the
correct answer rate was seen in Task 4, and
seems to have been caused by individual
computing ability. The amplitude of RSA
also showed a statistically significant differ-
ence (P <0.01).

Fig. 4 Schematic graph showing the extraction of the mean RSA waveform and the calcu-
lation of RSA amplitude. The mean RSA waveform was obtained by ensemble averaging of
the instantaneous RRI in the same phase. The amplitude of RSA is determined by subtracting

the RSA at the phase of 2π rad from that at the phase of π rad in the mean RSA waveform.
In this figure, ILV is replaced by a periodic function for the sake of simplification.
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3.2 Comparison with Conventional
Frequency Analysis

The amplitudes of RSA as determined by re-
spiratory-phase domain and frequency do-
main were compared. Figure 6 shows the
mean value (Fig. 6A) and results for the two
subjects that had different properties; one
had a large response (Fig. 6B) and the other
had a small response (Fig. 6C) against the
task. Figure 6B shows the same tendency
between respiratory-phase domain and fre-
quency domain analysis, and Figure 6C
does not.Table 1 shows the results of the two
types of correlation coefficient, the simple
correlation and the rank correlation, against
the load level. In both cases, the respiratory-
phase domain analysis had a higher negative
correlation than did the frequency analysis
(both having P <0.05 by paired t-test). The
group-wise results of the large response

and small response groups are also shown
in Table 1. The respiratory-phase domain
analysis of the five subjects who had small
responses to the load showed larger negative
correlations in comparison with the fre-
quency analysis, while that of the two sub-
jects who had large responses to the load
showed almost the same negative cor-
relation (both having smaller than –0.95) in
comparison with the frequency analysis. In
addition, the Wilcoxon signed-rank test was
also performed because the paired t-test as-
sumes a normal distribution of the data. The
results of the simple correlation also showed
statistically significant differences between
the respiratory-phase domain and the fre-
quency domain (P <0.05), whereas the rank
correlation result cannot be tested because
of the data loss by the same correlation co-
efficient. In summary, these results demon-
strate that the respiratory-phase domain
analysis had a more effective response to the

load than the conventional frequency analy-
sis, and we can conclude this former method
could evaluate MWL accurately.

3.3 Short-term Extraction of RSA
In this study, the entire 300 s was used for
analysis of RSA; however, short-term analy-
sis can be adapted using moving-averaging.
Thus, short-term extraction of RSA was at-
tempted. In general, the accuracy and aver-
aging range have a trade-off relationship,
and the optimal range must be decided by
the relationship between variation and
needed accuracy. To determine the number
of respirations for the averaging window, we
needed data for a long-term RSA time series
in the same condition. For this purpose, the
RSAs of seven healthy males were taken at
rest and in a sitting posture for 30 min. The
amplitude of RSA in this data had an anti-

Fig. 5 Results of subjective, objective, and physiological indices of the experiment: (a)
subjective index: NASA-TLX score, (b) objective index: correct answer rate, (c) representative
waveform of the RSA in each task, and (d) physiological index: amplitude of RSA determined

by respiratory-phase domain analysis. Data are mean values, and error bars show the stan-
dard deviation.
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correlation because of the MWSA, and had
a standard deviation of 32.1 ms, which is the
mean of the standard deviation of RSA am-
plitude with each respiration. With regard to
the mental arithmetic task, the difference of
the amplitude of RSA between a weak load

(Task 2: the averaged NASA-TLX score,
45.6) and a strong load (Task 4: 68.9) was
13.1 ms. A normal distribution and the in-
dependence of the amplitude of RSA were
roughly supposed, and 24 respirations were
needed to distinguish these two tasks with

the safety ratio of twice of the standard devi-
ation (i.e. estimated standard deviation after
averaging was within half of 13.1 ms). Fig-
ure 7 shows the result of the moving average
of 24 respirations (including 11 respirations
before and 12 respirations after the actual

Fig. 6 Results of the amplitude and power of RSA as determined by the two methods: (a)
the amplitude of RSA determined by respiratory-phase domain analysis, (b) power of RSA
determined by frequency domain analysis (FFT). A: Data of all subjects. Solid line represents
mean value and dotted lines represent individual values; B: Data from one subject who had

a large response against the task; C: Data from one subject who had a small response against
the task. The results of the two analyses ((a) and (b)) are alike in subject of B, while they differ
in subject of C.
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time step) in the subject who had the largest
reaction to the load. In this case, the ampli-
tude of RSA decreased at the beginning of
all the sessions and it was supposed that this
subject had difficulty adapting to the chang-
ing speed of the task.This method can detect
such a partial change of RSA amplitude.

4. Discussion

4.1 Evaluation of Mental
Workload
In this study, three indices of MWL were
extracted. The subjective index, the NASA-

TLX score, showed the clearest difference
betweenTask 2 andTask 4. Because the sub-
jective evaluation requires interruptions, it
could not provide a continuous evaluation.
Subjective evaluation also has the weakness
that the results of a comparison of time-
separated experiments are not reliable.Also,
objective evaluation does not correspond to
the load if the subject does not sufficiently
understand the task, and it is difficult to dis-
tinguish whether the decrease of the objec-
tive index is caused by a physiological factor
or only by the difficulty of the task. There-
fore, it is difficult to apply these methods in
an actual work context. Physiological evalu-
ation does not involve such problems, and
the result of this experiment also shows that

the amplitude of RSA decreased during a
mental arithmetic task, a finding that is con-
sistent with the previous studies on MWL
[2, 6] or mental stress [17]. Moreover, the
physiological index might account for the
inter-independent differences caused by
biological rhythm or physical condition.

Considering the level of the load in de-
tail, we divided the quality of the task into
three factors, namely the difficulty of the
task, the amount of work, and the time
pressure. In this experiment, the difficulty
of the task remained the same, and the
amount of work (i.e., the number of ques-
tions) increased linearly, while the time
pressure of the task did not always increase
linearly. But the time pressure of the task did
not increase abruptly because the average
response time in Task 1, which had the long-
est interval, was 2.96 s and did not signifi-
cantly exceed the interval in Task 4 (3 s).
However, the vagal activity against MWL or
subjective feelings is thought to be a com-
plex, nonlinear function, and this nonlinear-
ity might cause the decrease of the nega-
tivity of the simple correlation between the
level of load and the amplitude of RSA.
Further experiments with various degrees of
tasks are needed to further explore this
point. In addition, the experimental con-
ditions of this study were not suitable for the
evaluation of short-term extraction of RSA,
because the task continued for 300 s at the
same speed. Another experiment involving
many short-term tasks is needed to investi-
gate the precise relationship between the
short-term extraction of RSA and the load
level (or other indices).

Furthermore, the correlation between
other physiological valuables and the ampli-
tude of RSA by the proposed method or the
load level was investigated. At first, the
mean RRI during each task was calculated
and the correlation coefficient against the
amplitude of RSA was 0.72 ± 0.34. The dif-
ference between the mean RRI and the am-
plitude of RSA is known to be mainly
caused by sympathetic nervous activity to
heart. Therefore, these correlations would
depend on the types of task. Further investi-
gation is needed about how the types of task
contribute to the correlation between the
mean RRI and the amplitude of RSA. Also,
the correlation coefficient was calculated

Simple correlation

Respiratory-phase
domain

Small response group (n = 5) – 0.79

Large response group (n = 2) – 0.96

All subjects (n = 7) – 0.84 ± 0.14*

Frequency
domain

– 0.37

– 0.98

– 0.54 ± 0.47

Rank correlation

Respiratory-phase
domain

– 0.74

– 1.0

– 0.81 ± 0.18*

Frequency
domain

– 0.48

– 1.0

– 0.63 ± 0.34

Table 1 Correlation coefficients between the MWL and the amplitude of RSA as determined by respiratory-phase domain
analysis and frequency domain analysis: the simple correlation and the rank correlation between the amplitude or power of
RSA and the load level. The group-wise results are also shown in this table. A subject was categorized in the large response
group if his amplitude of RSA in Task 4 was less than one-fourth of what was in rest. Data for all subjects are mean values with
standard deviations. * indicates a statistically significant difference between the respiratory-phase domain and the frequen-
cy domain (P< 0.05).

Fig. 7 Short-term extraction of the amplitude of RSA determined by the respiratory-phase domain analysis in one subject,
who is the same as that described in Fig. 6B.
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against the load level and it was –0.74 ±
0.33. This value was better than the frequen-
cy analysis and worse than the proposed
method. Secondary, the same analysis was
performed with 1) amplitude and 2) interval
of respiration. 1) The correlation coefficient
against the amplitude of RSA was 0.46 ±
0.65, while that against the load level was
–0.35 ± 0.61. 2) The correlation coefficient
against the amplitude of RSA was 0.81 ±
0.27, while that against the load level was
–0.79 ± 0.25. These results indicate that the
changes of RSA of this experiment were
to some extent assisted by the changes
of respiration, which was also brought by
autonomic nervous activity.

4.2 Consideration of Signal
Processing
The analysis of the respiratory-phase do-
main was compared with frequency analysis
by using two methods; i.e., the simple cor-
relation and the rank correlation against the
load level. The simple correlation requires
the assumption that the RSA amplitude lin-
early responded to the load level. Otherwise,
the rank correlation only requires an as-
sumption that the RSA amplitude decreased
monotonously as the load level increased,
which seems to be a more reliable assump-
tion. Also, a strength of this assumption is
that it is not affected by the unit of the RSA
such as amplitude, power, or logarithm of
power. But this evaluation involves the risk
that even a small error can change the rank-
ing and produce a large difference in the cor-
relation coefficient. Therefore, it is neces-
sary to consider both results. The results of
both cases show that the respiratory-phase
domain analysis had a higher negative cor-
relation and a smaller standard deviation.
These results show that the respiratory-
phase domain analysis followed the load
level more closely and had the greater sta-
bility as an index than did frequency analy-
sis. It is considered that if there is a suffi-
ciently large reaction to the load, the cor-
relation coefficients of both analyses con-
verge to –1 with no difference. Therefore, it
is very important that the data for the subject
who has a weak correlation against the
task are improved by the respiratory-phase

domain analysis, as shown in Table 1 (small
response group).

The question of why the respiratory-
phase domain analysis is effective in com-
parison with the frequency analysis was
considered. The amplitude of the RSA de-
termined by the proposed method is inter-
changeable with the extraction using a
Fourier transform. In the case of paced
breathing, which is widely used in physio-
logical experiments for the accurate ex-
traction of RSA in the frequency domain
[3, 18], the frequency of RSA turns out to be
a constant value that corresponds to respi-
ratory frequency. Furthermore, respiratory-
phase domain analysis has two strengths in
comparison with frequency analysis: a) the
respiratory-phase domain analysis can use
data effectively, while the Fourier transform
produces errors because of the window
function or harmonics, or because the FFT
cannot use the full data-length equally if the
data-length is not 2n; and b) the procedure of
data selection improves the accuracy of the
extraction. In this study, the correlation co-
efficient of frequency analysis has a very
small negative correlation compared with
the respiratory-phase domain analysis.
There could be two reasons for this. One is
the large tachycardia induced by swallow-
ing, and the other is the low frequency res-
piration, i.e., less than 0.15 Hz. For swallow-
ing, the induced tachycardia was mixed with
the power more than 0.15 Hz in the frequen-
cy analysis, and the influence was mainly
observed in the data of subjects whose re-
sults for the correlation coefficient of fre-
quency analysis did not have large negative
values. For low frequency respiration, this
influence was not observed clearly in this
experiment, but we feared that the power of
RSA could be underestimated in the fre-
quency analysis. Theoretically, if there are
low frequency respirations of less than
0.15 Hz, the power of RSA reaches a level
outside of its calculation range and it is
equivalent to there being no RSA in the peri-
od of low frequency respiration. These ten-
dencies show that the conventional analysis
does not produce a high level of accuracy
because of noise or improper respiration,
and the tendencies are large enough to have
statistical significance in a real situation. In
this experiment, a mental arithmetic task

was adopted because the subject was able to
sit quietly, and unexpected events were pre-
vented. However, in an actual work context
or a situation in which there exist many
noises (e.g., coughs, sneezes, speaking,
extrasystoles, or sensory errors), the respir-
atory-phase domain analysis will be more
effective because the data that are distorted
by noise can be efficiently removed.

The accuracy of the estimation of the car-
diac vagal activity can be improved by im-
proving the procedure of data selection. Re-
moving the data that contains physiological
influences that are known to generate tem-
poral tachycardia and/or bradycardia would
improve the accuracy of the results. In addi-
tion, removing the data that has statistically
different waveforms, which was recently
proposed by Gilad [19], would also be effec-
tive. Furthermore, it would be useful to
modify the physiological models [20-22]
for the respiratory-phase domain and to esti-
mate the parameter of the model. These im-
provements could provide a better under-
standing of RSA.

In a short-term analysis, Gianaros et al.
[23] investigated the transition of RSA by
means of frequency analysis of continuous
1 min data in an experiment on motion sick-
ness severity. To investigate such a time
transition, the short-term extraction of RSA
that we proposed in Section 3.3 is more ef-
fective because the signal to noise ratio is
low in the short-term data. In addition, it is
important that the proposed method is per-
formed in real-time and with the task well
controlled. Further improvement of the sig-
nal-processing algorithm is needed for this
purpose.

Some studies focusing on the relation-
ship between RSA and respiratory infor-
mation have been performed. Yli-Hankala
et al. [24] showed a response waveform by
the periodic input of positive pressure venti-
lation, and Gilad et al. [19] also showed the
waveform of RSA by using the onset of the
expiration as a trigger. Wang et al. [25] de-
fined the vector of the RSA by plotting the
R-wave and the phase of the respiration that
is triggered by the onset of the inspiration.
There were three main differences between
the proposed method and these previous
methods. First, with the use of the DCSI
method, a continuous and non-delayed ef-

383

A Method to Estimate Cardiac Vagal Activity

Methods Inf Med 3/2007



fect can be analyzed. Second, the phase of
respiration was calculated for accurate
extraction of the RSA waveform. This pro-
cedure is effective because respiration is a
nonlinear oscillation. Third, the data of each
breath was selected and removed when it did
not reflect vagal activity in the physiological
sense. Though these differences reveal pre-
cise information about the waveform of the
RSA, calculation of the phase of respiration
is relatively sensitive. If 0 is not crossed in
the period of inspiration and expiration, the
respiratory phase does not increase 2π rad at
that respiration. By filtering, the respiratory
phase was successfully extracted in this ex-
perimental condition because the subject
was able to sit quietly during the mental
arithmetic task. But in the case of another
experimental condition, to amplify the
small respiration or to use different sensors
might be necessary to accurately determine
the respiratory phase.

4.3 Application of the Proposed
Method
RSA is a complex phenomenon because the
respiration and vagal activity themselves
are complex. The respiratory-phase domain
analysis is effective for extracting RSA and
investigating its underlying mechanisms.
By extracting the RSA accurately, much in-
formation about the complex function of
vagal activity can be obtained. Also, HRV is
a nonlinear and complex fluctuation and the
proposed method is also effective for de-
composing HRV into RSA and other com-
ponents. It is, therefore, possible to investi-
gate the effect of RSA on the complexity of
the HRV in the statistical physical analysis,
a type of analysis that has recently attracted
interest [8, 9].

Furthermore, the reaction of cardiac
vagal activity to external and daily situ-
ations, including emotional changes [26], is
important for maintaining homeostasis, but
a great deal about this remains unknown.
The proposed method is convenient enough
to extend the measurement to daily situ-
ations, and the measurement of physiologi-
cal parameters in daily situations is our next
target.

5. Conclusion

In this study, we proposed a simple and ef-
fective method for extracting the amplitude
of RSA in the respiratory-phase domain.
RSA was extracted in an experiment in-
volving a mental arithmetic task along with
subjective and objective indices. The results
show that under the appropriate task, the
amplitude of RSA decreased as the load
level increased, and the proposed method
was demonstrated to effectively evaluate
MWL. Furthermore, a comparison of the
proposed method with conventional fre-
quency analysis showed that respiratory-
phase domain analysis followed the load
level more accurately than did the frequency
analysis. These results confirm that the
proposed method can effectively estimate
cardiac vagal activity and is able to evaluate
the MWL of workers with a high level of
accuracy.
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