Frequency-Domain Electrodermal Activity Index of Sympathetic

Function
Hugo F. Posada-Quintero, Student Member and Ki H. Chon, Senior Member

Abstract— A novel approach to quantify sympathetic
function via the electrodermal activity (EDA) variability
(EDAV) is proposed. EDAYV involves power spectral density
analysis of EDA data, focusing on the normalized power within
the frequency band from 0.045 to 0.15 Hz, termed EDALFn.
To test this index, orthostatic stress was induced on N = 10
subjects. Results showed a significant increase in the EDALFn
when the subjects went from supine to standing positon. We
also evaluated heart rate variability analysis on simultaneously
measured electrocardiogram data. In contrast to EDALFn, the
purported sympathetic measure (HRVLF and HRVLFn) did
not show consistent increase in the spectral power at the above
described frequency band when subjected to the orthostatic
stress. Moreover, we found that EDALFn exhibited lower
coefficient of variability when compared to the traditional time-
domain measures of EDA indices.

I. INTRODUCTION

Assessment of alterations in sympathetic tone is one of
the major research fields in cardiovascular research.
Sympathetic function has been demonstrated to have
important pathophysiological, physiological and clinical
relevance in many diseases [1].

Heart rate variability (HRV) is a low—cost technique
based on electrocardiographic (ECG) signal beats detection
and processing [2]. Power spectrum density (PSD) analysis
of the HRV have been used to assess the autonomic nervous
system [3]. The high-frequency (HF) components of HRV
are known to be solely influenced by the parasympathetic
system. The low—frequency (LF, 0.045-0.15 Hz) variability
derives from the influence of the cardiac sympathetic nerves,
but it is also influenced by the vagus, so the LF spectral
power of HRV is not a reliable measure of sympathetic nerve
traffic to heart.

Because of the need to fully elucidate the sympathetic
system dynamics, analysis of electrodermal activity (EDA)
has gain certain popularity in recent years [4]-[6]. This is
due to that EDA reflects only activity within the sympathetic
branch of the autonomic nervous system, because it is
noticeable that there is no parasympathetic innervation of
eccrine sweat glands. EDA is a measure with strong
correlation to sweat production, defined as a measure of the
changes in electrical conductance of the skin [7], [8].

There are two main time-domain measures based on
EDA: the skin conductance level (SCL) and the nonspecific
skin conductance responses (NS.SCRs). SCL and NS.SCRs
are consistent with sympathetic nervous arousal. However,
they are merely moderately positively correlated with each
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other, and highly variable between subjects [9]. Further

development of EDA analysis, like EDAV, is needed.

Thus, the aim of this work is to examine if a similar
association of LF components of HRV to sympathetic
function also exists with the sudomotor function as measured
by EDA. Specifically, we are interested in examining if
EDAV analysis yields similar frequency dynamics at the
HRV’s prescribed LF range of 0.015-0.4 Hz. If such relation
occurs, we can overcome the main disadvantage of LF
domain analysis of HRV. To test our aim, we determined
the EDA differences between baselines and induced
orthostatic stress.

II. MATERIALS AND METHODS

A. Protocol

Ten healthy volunteers (9 males, 1 female) of ages
ranging from 18 to 36 years old (27.3 £ 6.39), weight 73.27 +
10.11 kg, and height 175.62 + 4.38 cm, were enrolled in this
study. No gender—related differences have been reported for
EDA or sympathetic function. Postural stimulation was
induced using a straight forward protocol, including 4
minutes in supine position and 4 minutes standing. The
experiment was carried out a quiet, dimly lighted room
(ambient temperature, 2627 °C), in order to avoid other
interferences that might elicit sympathetic arousal. Before
the test, the subjects were asked to stay in supine position for
5 min to procure hemodynamic stabilization. The study
protocol was approved by the Institutional Review Board of
The University of Connecticut and all volunteers consented
to be subjects for the experiment.

ECG and EDA signals were simultaneously recorded,
using the HP 78354A (Hewlett—Packard) and the GSR
(ADINSTRUMENTS) module respectively. ECG electrodes
were placed following recommendations to acquire Lead I
and EDA electrodes were placed in index and middle finger
for all subjects. Skin was prepared with alcohol before
placing the electrodes.  Signals were digitized using
PowerLab system at 1 kHz, 12 bits resolution.

B. Signal processing

Fig. 1 shows an example of heart rate and EDA signals
for a given subject. For HRV analysis, ECG signals were
band—pass filtered (0.05—40 Hz) offline to reduce noise and
motion artifacts. The R—waveform peaks were detected
using a widely—used peak detection algorithm [10], [11], and
HRV (RR segments) series were computed. The power
spectra of HRV were calculated using Welch’s periodogram
method with 50% data overlap. The RR interval series were
converted to an evenly time sampled signal (4 Hz) by cubic
spline interpolation. A Blackman window (256) was applied
to each segment and the Fast Fourier Transform was
calculated for each windowed segment. Finally, the power
spectra of the segments were averaged. Low—frequency (LF,
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Figure 1. Changes on HRV and EDA for a given subject, as a
result of orthostatic stimulation.

[ms2]) index (0.045 to 0.15 Hz) [3] and normalized LF
(LF/Total power, [n.u., i.e. normalized units]) were
computed.

For each subject, two minutes of post—transient tonic
EDA signal were selected from each body position, starting
from 30 seconds after the signal recording begins for supine
and from 30 seconds after the subject changes position for
standing stage. All EDA signals were down—sampled to 2 Hz
and high—pass filtered (0.01 Hz) to eliminate any very—low—
frequency trend and baseline. The power spectra of EDA
signals were calculated using Welch’s periodogram method
with 50% data overlap. A Blackman window (128) was
applied to each segment and the Fast Fourier Transform was
calculated for each windowed segment. Finally, the power
spectra of the segments were averaged. Total power was
computed for every EDA signal. Low—frequency (LF, 0.045
to 0.15 Hz) power spectral components of EDA [uS2], as
well as normalized to total power LF [n.u.] were computed.

SCL (uS) and NS.SCRs (times/minute) were also
computed for the two minutes of tonic EDA signal selected
of each body position, for each subject. Fig. 2 illustrates the
process. To extract the tonic component of the EDA signals,
a low—pass FIR filter with a cut—off of 0.0004 Hz was
applied. The remaining signal (raw signal minus tonic
component) was used to compute the NS.SCRs. SCL index
was computed using the mean of the tonic EDA over the
two—minute period. NS.SCRs were obtained manually for
each minute and then averaged over the two—minute period.
It is important to notice that for the measurement of NS.SCRs
it is needed to define a minimum change in conductance to be
considered as a response. When a second response occurred
before completion of a response, two responses were count
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Figure 2. SCL and NS.SCRs. Measures of tonic EDA.

even though they overlapped. A threshold of 0.05 uS was
used as recommended in the literature [4].

III. RESULTS

Fig. 3 includes an example of power spectra of HRV
series and EDA signal for a given subject. Notice the
remarkable differences in the power spectra of HRV and
EDA, between the different body positions. It is possible to
see that HRV power spectra have components above 0.15 Hz.
Those components are known to be related to
parasympathetic function and usually go up to 0.5 Hz. For its
part, EDA spectra have some components above 0.15 Hz, but
they are less sensitive to body position.

Table I shows the computed indices for the supine and
standing body positions. Information on the mean HR was
included as well. One-tail paired t—test was applied for the
full data set (i.e. HRV-LF, normalized HRV-LF, SCL,
NS.SCRs, EDA-Total power, EDA-LF and normalized
EDA-LF), in order to see if there are significant increasing
on those prospective sympathetic markers. Comparisons
between them were performed to evaluate whether those
index can quantitatively differentiate the sympathetic arousal
between the baseline and under orthostatic stress.

TABLE L SYMPATHETIC FUNCTION INDICES
Supine I Standing
HRYV indices
HRV-LF (ms®) 229+ 1.68 16.66 + 28.55
Normalized HRV-LF (n.u.) | 0.228 +0.114 0.348 £0.195
Mean HR 65.99 +18.92 88.39 + 14.47
EDA indices
Mean SCL (uS) -2.166 + 1.676 1.56 + 3.64°
NS.SCRs (times/min) 0.65 +1.434 465+3.75°
EDALFn (n.u.) 0.137 £0.075 0367 +£0212°

a. Denotes statistically significant differences
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Figure 3. Power spectra of HRV (top) and EDA (bottom) for supine
(left) and standing (right) positions for a given subject. Lines denote
0.045 and 0.15 Hz.

The t-test analysis was intended to measure of the power
of the indices to distinguish between the postures. The
statistically significant differences between stages indicate
also the possibility to develop a sensitive and specific
quantitative measure able to discriminate the physical stress
induced by the different postures. HRV measures were not
able to provide statistically significant differences between
standing and supine (baseline). SCL and NS.SCRs exhibited
the ability to provide significantly different measures
between standing and supine. Normalized LF components of
EDA were able to provide an index statistically different
between baseline and orthostatic stress.

Beyond the differences between stages, high variability of
EDA measurements has been a concern and an impediment
to spread the use of this indices for assessing the general state
of activation of the sympathetic system. Table 2 shows the
ratio between the standard deviation and the mean for tonic
EDA indices. The right most column is the average of such
ratio. The aforementioned ratio is called coefficient of
variability.  Although NS.SCRs index showed a lower
variability than SCL, both mean SCL and NS.SCRs exhibited
relatively high variability values compared to normalized
EDA-LF. Normalized EDA-LF (EDALFn) exhibited lower
variability.

IV. DISCUSSION

EDA provides functional information of sudomotor
activity [7], [8], and sudomotor activity, in turn, is controlled
by the sympathetic nervous system [12]-[14]. In practice,
EDA is employed to measure sweat production because it is
known that sweat gland activity modulates conductance of an
applied current [4], [15], [16]. More recently, EDA has been
used to measure the sympathetic activities [5]. However, due
to the high variation of the time-domain measures of EDA,
which are SCL and NS.SCRes, its use has not yet been widely
deployed. The PSD of EDA variability (EDAV), similar to
the PSD of HRYV, is not yet a widely-adopted measure. To
this end, the primary goal of this work was to test our
hypothesis that if EDA does truly represent the cardiac
sympathetic nervous activity, we should also see significantly
elevated spectral power in the LF band (0.04-0.15 Hz).

TABLE II. COEFFICIENT OF VARIATION

Supine Standing | Average
Mean SCL 0.77 2.33 1.55
NS.SCRs 221 0.81 1.51
EDALFn 0.55 0.58 0.56

This frequency band has been widely accepted to
represent the sympathetic function via the PSD of HRV
analysis, when subjects were given stimuli to invoke the
sympathetic nervous system. Indeed, with EDALFn, we
found such evidence with induction of orthostatic stress
which is known to invoke the central and cardiac sympathetic
nervous dynamics [5].

The added benefit of analyzing EDA in the frequency
domain can lead to less variability in the features estimated
due to the inherent filtering properties of the frequency
domain. More importantly, the EDA represents only the
sympathetic nervous activities whereas the LF of the HRV
exhibits both the parasympathetic in addition to the
sympathetic tone. Thus, by combining both EDAV and
HRYV, there is the potential to identify separate dynamics of
the sympathetic and parasympathetic nervous activities.

EDA-LF normalized index was significantly higher
between supine and standing positions. That means that such
index is able to quantitatively distinguish the difference in
sympathetic arousal between the body positions. The fact
that LF components are more suitable to discriminate
between body positions indicates that such components are
likely to be related to the overall sympathetic function, and
that the remaining spectrum components are affected by
thermoregulation and other processes.

Currently available techniques for sympathetic function
assessment involve hemodynamic measurements [17], [18],
adrenergic and ganglionic pharmacological blockade [19]—
[22], noradrenaline measurement in urine or plasma [23]-
[25], neurophysiological approach [26], [27], plasma
noradrenaline kinetics [28], [29], heart rate variability (HRV)
analysis [3], [30], [31] or imaging techniques [32]. Whether
the high cost, the invasiveness of the technique, the
impossibility to provide continuous monitoring, or the
inability to separately assess sympathetic control prevent the
widespread use of these techniques in sympathetic function
assessment.

For its part, the presented frequency-domain technique
has the potentiality to be used as the basis of a system to
automatically and continuously assess sympathetic function.
The transient that appears when changing position can be
used as a trigger, 30 seconds can be provided to stabilize the
signal and then 2 minutes of EDA can be used to evaluate the
sympathetic function. Even though postural changes are a
good application for sympathetic function assessment and a
commonly used method to test and corroborate new
techniques, it is necessary to perform autonomic blockade
studies and experiments involving neuropathy-diagnosed
subjects, to fully corroborate the sensitivity and specificity of
the technique.
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V. CONCLUSION

Based on the results, we can conclude that low frequency
components power of EDAV is a suitable discriminant of
central sympathetic arousal related to orthostatic stress. As a

result, it
sympathetic function.

is a potential quantitative measurement of
It is much more sensible than LF

index of HRV for such a task, and exhibited a lower
coefficient of variation, compared to other measures of tonic
EDA.
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