Wolfram Boucsein

Electrodermal
Activity

Second Edition

@ Springer



Electrodermal Activity






Wolfram Boucsein

Electrodermal Activity

Second Edition

@ Springer



Wolfram Boucsein
University of Wuppertal
Wuppertal

Germany
boucsein@uni-wuppertal.de

ISBN 978-1-4614-1125-3 e-ISBN 978-1-4614-1126-0
DOI 10.1007/978-1-4614-1126-0
Springer New York Dordrecht Heidelberg London

Library of Congress Control Number: 2011939059

© Springer Science+Business Media, LLC 2012

All rights reserved. This work may not be translated or copied in whole or in part without the written
permission of the publisher (Springer Science+Business Media, LLC, 233 Spring Street, New York,
NY 10013, USA), except for brief excerpts in connection with reviews or scholarly analysis. Use in
connection with any form of information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed is forbidden.

The use in this publication of trade names, trademarks, service marks, and similar terms, even if
they are not identified as such, is not to be taken as an expression of opinion as to whether or not they
are subject to proprietary rights.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Foreword to the Second Edition

As noted by David Lykken in the foreword to the first edition of this book,
electrodermal activity was observed for the first time in Germany. A quarter-
century later the scientific study of psychology also originated in Germany. Over
time, however, the focus of psychological research, including the then new field of
psychophysiology, shifted to the United States and Great Britain. This trend to the
dominance of the United States and Great Britain was prolonged by the devastation
of World War II and its aftermath in Germany (and elsewhere in continental
Europe). Slowly at first and then more rapidly, German psychological science,
including psychophysiology, recovered. For several decades German psycho-
physiologists have been a major force in psychophysiology. With the publication
of the first English edition of this book in 1992, it became essential for electroder-
mal researchers worldwide again to learn from our German colleagues.

When I came into psychophysiology in the mid-1960s, electrodermal activity
was the most common system studied. Because of its popularity, a large literature
had emerged on the physiological mechanisms producing these changes in the
electrical properties of the skin and on the best methodology for recording them.
Major reviews and/or chapters had been published or soon were to be published by
Peter Venables and Irene Martin, Robert Edelberg, and David Lykken. Later
reviews and articles were published by Venables and Margaret Christie, and by
me. A chapter in 1990 by Michael Dawson, Anne Schell, and Diane Filion was
especially noteworthy for its coverage of the psychological applications of electro-
dermal measures.

Note that all these publications were journal articles and chapters and that most
of them focused almost entirely on mechanisms and methodology. The publication
of this book, first in German and then in English, provided the first book on
electrodermal activity, and one that extensively covers psychological applications
as well as mechanisms and methodology. Again to quote David Lykken back in
1992, “The return of German scholarship to what I shall loftily call the high table of
psychophysiology is exemplified by this fine book, the most comprehensive treatise
on the electrodermal system to appear in any language . ..” I completely agree with



vi Foreword to the Second Edition

that evaluation. Professor Boucsein’s outstanding scholarship has produced a book
of such breadth of coverage and depth of knowledge that it stands in a class by itself
as the standard reference source on electrodermal activity. Even without a second
edition the book would still constitute the definitive coverage of the topic. With the
incorporation of new developments and addition of some new areas, the second
edition is of even greater value. Professor Boucsein has provided a great service to
the field by bringing all of this literature together in one comprehensive review.

Wolfram Boucsein was educated at the University of Giessen and later became
Professor of Physiological Psychology at the University of Wuppertal. He has
published extensively in the area of psychophysiology.

Towa City, USA Don C. Fowles



Preface to the Second Edition

After being now 20 years old, the present handbook needed an update, mainly
because of new developments in electrodermal recording and scoring, but also
because a great number of scientific papers on the application of EDA in various
fields appeared. Not only emerged new possibilities such as recording EDA within a
fMRI setting, but in addition new applications such as in decision making, biofeed-
back, and ergonomics, have been enlarged since the first edition appeared back in
1992. Hundreds of original papers and reviews were scrutinized and incorporated if
applicable.

The general structure of the book has been retained, in order to allow the reader
who is familiar with the first edition an easy detection of additional material.
The following sections are entirely newly written: ambulatory monitoring (Sect.
2.2.3.4), recently proposed mathematical solutions for evaluating overlapping
responses (Sect. 2.3.1.5), the use of EDA in decision making (Sect. 3.1.3.3), in
human-computer interaction (Sect. 3.5.1.1), in marketing and product evaluation
(Sect. 3.5.1.3), and in certain neurological diseases (Sects. 3.5.4.2 and 3.5.4.3).
Other Sections were substantially updated and/or rewritten: central origins (Sect.
1.3.4.1), electrode arrangements (Sect. 2.2.6.4), significance of the orienting
response (Sect. 3.1.1.1), classical conditioning (Sect. 3.1.2.1), biofeedback (Sect.
3.1.2.3), lateralization and hemispherical asymmetry (Sect. 3.1.4), multidimension-
al arousal modeling (Sect. 3.2.1.2), diurnal variations and sleep (Sect. 3.2.1.3), the
use of EDA in emotion and stress (Sect. 3.2.2), in anxiety, psychopathy and
depression (Sect. 3.4.1), in traffic and automation (Sect. 3.5.1.2), and in the detection
of deception (Sect. 3.5.2), just mentioning the major ones.

The author thanks the following persons who helped him editing the book, with
respect to both language and content: Mark Handler, John J. Furedy, John A. Stern,
Andrew Munn, Florian Schaefer, Nathalie Fritsch, and Peter Kirsch. Appreciation
for technical support is given first and above all to Janine Gronewold, but also

vii



viii Preface to the Second Edition
to Sabine Hackenberg and Marie Driige. I am very grateful to my wife Lilo
who supported and encouraged me in the years during which I worked on the

present book.

Wuppertal, Germany Wolfram Boucsein



Foreword to the First Edition in 1992

Electrodermal activity was observed for the first time more than 150 years ago in
Germany where, a quarter-century later, the scientific study of psychology also
originated. Well into the twentieth century, English-speaking psychologists all read
German and, if they could, made pilgrimages to Leipzig and Heidelberg and other
seats of German scholarship. Then gradually the focus of psychological research,
including the new field of psychophysiology, shifted to the United States and
Britain. Studies of electrodermal activity, in particular, originated mainly in
North America. As a student in the early 1950s, I learned about what we then
called the Galvanic Skin Response or GSR by reading C.W. Darrow, G.L. Freeman,
R.A. Haggard, R.A. McCleary, and H.G. McCurdy, all in American English.

The current renaissance of German science has made it necessary for psychol-
ogists, once again, to attend to and learn from the work of their Teutonic colleagues.
Fortunately for us monolingual Americans, English has become the lingua franca of
our field; German scholars speak our language fluently when they visit the United
States and understand us when we go to them. The return of German scholarship to
what I shall loftily call the high table of psychophysiology is exemplified by this
fine book, the most comprehensive treatise on the electrodermal system to appear in
any language and now available in English.

In 1971, in the eighth volume of the journal Psychophysiology, Lykken and
Venables commented, “Of all psychophysiological variables, the GSR can lay
reasonable claim to being the most popular in current use. In spite of years of
searching study, we are still surprisingly uncertain about the function, not to say the
mechanism of this phenomenon. ... Nevertheless, the GSR seems to be a robust
sort of variable since, in hundreds of experiments, it continues stoutly to provide
useful data in spite of being frequently abused by measurement techniques which
range from the arbitrary to the positively weird.” Now, more than 20 years later, the
findings collected and integrated by Professor Boucsein should make it possible for
future investigators to address this “robust sort of variable” with standardized
technique and the respect that it deserves.

ix



X Foreword to the First Edition in 1992

Wolf Boucsein was educated at the University of Giessen and is now Professor
of Physiological Psychology at the University of Wuppertal. He has published
extensively in the areas of psychophysiology and differential psychology. In the
present volume, he has provided what should become the standard reference on the
topic of electrodermal activity.

Minneapolis, USA David T. Lykken



Preface to the First Edition

Since the discovery of the galvanic skin response over 100 years ago, recording of
electrodermal phenomena has become one of the most widely used methods of
measurement in various fields of psychophysiology. This book provides, for the
first time, a comprehensive summary of perspectives and histories from different
scientific disciplines as well as a complete outline of methodological issues, and a
review of results from different areas of electrodermal research.

The book is divided into three parts. Part I (Chaps. 1.1-1.5) focuses on the
anatomical, physiological, and biophysical origins of electrodermal phenomena.
Peripheral and central nervous system mechanisms are discussed, and fundamental
biophysical principles are provided together with an extensive discussion of the
current electrical models of electrodermal activity.

Part IT (Chaps. 2.1-2.6) outlines principles and methods of electrodermal record-
ing, scoring techniques, and the action of internal and external influences on the
signal, and describes statistical properties of the different electrodermal parameters.
It ends with a summary of recent discussions on the advantages and disadvantages
of the different methods.

Part III (Chaps. 3.1-3.6) reviews applications of electrodermal recording tech-
niques within psychophysiology, personality research, clinical and applied psychol-
ogy, and medical disciplines, for example, dermatology and neurology. Areas such
as orienting and habituation, classical and instrumental conditioning, information
processing and storage, multidimensional arousal, sleep, and stress research are
considered with respect to the theoretical modeling of vegetative concomitants of
central nervous system phenomena. Aspects of specific validity of electrodermal
measures are discussed within the framework of neurophysiological and psycho-
physiological systems.

The present volume is conceptualized as a handbook. A reader who is not
especially interested in the signal’s origin may start with Part II, after having read

xi
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the introductory Sect. 1.1.1 and the summary in Chap. 1.5. Readers having funda-
mental knowledge in electrophysics may skip Sect. 1.4.1, and also Sects. 2.1.1 and
2.1.2. Since the book contains numerous cross-references to the different sections,
starting from any point is possible without loss of content. Several chapters and
sections end with summaries that provide the appropriate highlights (Chaps. 1.5 and
3.6, and Sects. 2.1.6, 2.2.7, and 2.3.5).

Appreciation for adding to the book’s content is given to my coworkers Riidiger
Baltissen, Jorn Grabke, Peter Kirsch, and Florian Schaefer as well as to Mike
Dawson, Bob Edelberg, and John Furedy. I would also like to thank Ulrike
Hillmann, Marlies Knodel, Brigitte Kapanke, and Boris Damke for doing the text
editing, and Sebastian Boucsein, Katrin Boucsein, Martina Promeuschel, and Tim-
othy Skellett for helping with figures, references, and language editing. In addition,
I would like to thank Cecilia Secor, Judith Ray, and especially Alex Vincent, who
helped tremendously to improve my English, the latter one also for making several
proposals that added to the content. Finally, appreciation is given to the series
editor, Bill Ray, who performed a great job getting the present volume published.

Wuppertal, Germany Wolfram Boucsein
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Chapter 1
Principles of Electrodermal Phenomena

Since the 1880s, when psychological factors related to electrodermal phenomena
were first observed, electrodermal recording has become one of the most frequently
used biosignals in psychophysiology. The major reason for its popularity is the
ease of obtaining a distinct electrodermal response (EDR), the intensity of which
seems apparently related to stimulus intensity and/or its psychological significance.
Electrodermal recording is possible with rather inexpensive equipment, not only in
the laboratory but also under less controlled field conditions.

In spite of the widespread use of electrodermal recording in research and
application, electrodermal phenomena are not yet fully understood. Originating in
neurology and physiology, electrodermal phenomena became a domain of psycho-
physiology. Only in the last four or five decades, basic research in mechanisms
underlying electrodermal phenomena has intensified. However, a tradition of joint
research is lacking in the related disciplines of anatomy, physiology, physics, and
psychology. Moreover, scientific papers and reviews concerning electrodermal
recording are spread over a wide variety of journals and books, and a comprehensive
handbook dealing only with electrodermal activity (EDA) has not been available until
the first edition of the present book in 1992.

After a general introduction, the first chapter of the present book combines
anatomical, physiological, and biophysical aspects of electrodermal research, which
will provide users from different backgrounds a general description of the many
aspects of electrodermal phenomena without troublesome study of the large number
of original papers on the subject.

1.1 Terminology and History

This section outlines terminology and gives basic definitions of the different electro-
dermal phenomena (Sect. 1.1.1). An introduction to electrodermal methodology and
research is given in the mainly historically oriented Sect. 1.1.2, and finally a brief
overview of more recent basic electrodermal research is provided in Sect. 1.1.3.

W. Boucsein, Electrodermal Activity, DOI 10.1007/978-1-4614-1126-0_1, 1
© Springer Science+Business Media, LLC 2012



2 1 Principles of Electrodermal Phenomena

Table 1.1 Methods of electrodermal recording, units of measurement, and abbreviations in the
corresponding classes of units

Methods of recording Endosomatic ~ Exosomatic

Applied current Direct current Alternating current

Skin Skin Skin Skin Skin
Units potential resistance conductance impedence  admittance
Abbreviations
In general Sp SR SC SZ SY
Tonic (level) SPL SRL SCL SZL SYL
Phasic (response) SPR SRR SCR SZR SYR
Supplementary abbreviations
nonspecific response  NS.SPR NS.SRR NS.SCR NS.SZR NS.SYR
frequency SPR freq. SRR freq. SCR freq. SZR freq. SYR freq.
amplitude SPR amp. SRR amp. SCR amp. SZR amp. SYR amp.
latency SPR lat. SRR lat. SCR lat. SZR lat. SYR lat.
rise time SPR ris.t. SRR ris.t. SCR ris.t. SZR ris.t. SYR ris.t.
Recovery time
63% recovery SPR rec.tc SRR rec.tc SCR rec.tc SZR rec.tc  SYR rec.tc
50% recovery SPR rec.t/2 SRR rec.t/2 SCR rec.t/2 SZR rec.t/2 SYRrec.t/2

Reasons for the omission of the phase angle measure S@R are given in Sect. 2.3.1.2 under
“Amplitudes of Exosomatic Responses Recorded with Alternating Current.”

1.1.1 Definitions and Terminology

EDA was first introduced by Johnson and Lubin (1966) as a common term for all
electrical phenomena in skin,' including all active and passive electrical properties
which can be traced back to the skin and its appendages. One year later, a proposal
for standardization made by a terminology commission of the Society of Psycho-
physiological Research had been published (Brown, 1967), which is now generally
accepted (Table 1.1).2 Electrodermal recordings which do not use an external
current are called endosomatic, since only potential differences originating in the
skin itself are recorded. Methods of exosomatic recording apply either direct
current (DC) or alternating current (AC) to the skin. In DC measurement, if voltage
is kept constant, EDA is recorded directly in skin conductance (SC) units, while
skin resistance (SR) units are obtained when current is kept constant (Sect. 2.1.1).
Accordingly, if effective voltage is kept constant in AC measurement, EDA is

! Dermal stems from Latin: derma = true skin, see Table 1.2, Sect. 1.2.1.1.

2 Abbreviations are determined by the first letter of the words: skin, potential, resistance, and
conductance. Unfortunately, the commission overlooked that the abbreviation C is already
reserved in physics for capacitance, and G is used for conductance, according to SI units
(Sect. 1.4.1.1). The terminology used in AC methodology is somewhat more complicated.
Edelberg (1972a) proposed A for admittance, and Z — the last letter in the alphabet — for the
reciprocal unit, impedance. While the latter abbreviation was kept, admittance is abbreviated today
by Y, the penultimate letter of the alphabet.
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recorded directly as skin admittance (SY), while the appliance of constant effective
current results in skin impedance (SZ) recordings (Sect. 2.1.5). The third letters in
electrodermal units refer to either level (L) or response (R). Accordingly, EDA is
divided into fonic (EDL = electrodermal level) and phasic phenomena (EDR =
electrodermal response or reaction). Typical forms of EDRs are shown in Figs. 2.13
and 2.14 (Sect. 2.3.1.2). Tonic electrodermal measures are obtained either as EDLs
in response-free recording intervals or as the number of non-stimulus-specific
EDRs in a given time window (Sect. 2.3.2).

The use of the term “response” for phasic electrodermal phenomena suggests
that there is a distinct relationship to a stimulus producing an EDR. However, there
are often phasic parts of EDA which cannot be traced to any specific stimulation.
Hence, they are called “spontaneous” or “nonspecific” EDRs (Sect. 2.3.2.2), which
are characterized by the prefix “NS” (e.g., NS.SCR is used as an abbreviation for
nonspecific skin conductance response).

In addition, various suffixes are added to the abbreviations of EDRs as shown in
the lower part of Table 1.1, indicating the parameter which is obtained from the
phasic component: frequency (e.g., SCR freq.) which means number of EDRs in
a given time window; amplitude (e.g., SCR amp.) which refers to the height of a
single response; latency (e.g., SCR lat.) which is the time from stimulus onset to
response onset in case of a specific EDR; rise time (e.g., SCR ris.t.) which is the
time from the onset of a response to its maximum; and recovery time, indicating
the time that is needed to recover either 50% (i.e., SCR rec.t/2) or 63% (i.e., SCR
rec.tc) of the amplitude. All those parameters are described in detail in Sect. 2.3.1.

An older notation persisting in the literature is “galvanic skin response” or
“galvanic skin reflex” (GSR). It is no longer recommended to use this term for
several reasons. First, it suggests that skin can be regarded as a galvanic element,
which does not correspond to the multiplicity and complexity of electrodermal
phenomena (Sects. 1.4.2 and 1.4.3). Second, it suggests that EDRs are elicited as a
kind of reflex, which would neither comprise spontaneous EDRs nor psychologi-
cally elicited electrodermal changes. Finally, the term GSR has been used to cover
not only phasic EDRs but also electrodermal phenomena in general, including tonic
EDA, which gives rise to its ambiguity.

There are also some tendencies in neighboring disciplines to use other
terms and abbreviations, for example, the introduction of “peripheral autonomic
surface potential” (PASP) in neurology (Knezevic & Bajada, 1985) instead of
skin potential (SP). For the sake of interdisciplinary clarity, the sole use of terms
and abbreviations given in Table 1.1 is recommended.

1.1.2 Early History of Electrodermal Research

The history of research into EDA, which has been thoroughly reviewed by
Neumann and Blanton (1970), dates back to experiments performed in 1849
by DuBois-Reymond in Germany. He had the participants in his study put either
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hands or feet into a zinc sulfate solution and observed an electrical current going
from the limb at rest to the other one that was voluntarily contracted (Veraguth,
1909). However, in accordance with the opinion shared by most scientists at that
time, DuBois-Reymond considered the observed phenomenon as being due to
muscle action potentials.

The first experiment that showed a connection between sweat gland activity and
current flow in skin was performed in Switzerland by Hermann and Luchsinger
(1878), who observed that an electrical stimulation of the sciatic nerve in the
curarized cat resulted in sweat secretion as well as an electric current in the footpad
on the same body side. Injections of atropine sulfate increased the latency of the
current, decreased its intensity, and finally stopped both the electrical current and
sweat secretion. Three years later, Hermann repeated the voluntary movement
experiment performed more than 30 years earlier by DuBois-Reymond. He found
that areas with stronger sweating such as palms and fingers showed greater skin
current than other body sites such as the wrist and elbow regions, which pointed to
the importance of human sweat glands in electrodermal phenomena (Neumann &
Blanton, 1970).

The observation which first related psychological factors to EDA is attributed to
Vigouroux (1879), an electrotherapist working in France. He measured SR changes
that paralleled changes in the amount of anesthesia in hysterical patients and
supposed that both phenomena were dependent upon central processes. However,
he did not believe that the sudden changes in SR he observed could be produced by
local processes in the skin itself. Instead, he presumed a change in vascular
conductivity, which was in line with the developing research on autonomic nervous
control of blood flow at that time.

The essential discovery of electrodermal phenomena is, however, attributed to
two researchers who might not have been aware of each other, the French neurolo-
gist Féré (1888) and the Russian physiologist Tarchanoff (1889). Féré used
an external direct current and observed a decrease in SR following sensory or
emotional stimulation in hysterical patients. Since his paper on SR was a brief
and informal report, it was not cited during the rest of the nineteenth century,
and it is possible that Tarchanoff did not notice the work of Féré before publishing
his own results on EDA in the same French journal (Veraguth, 1909). However,
Neumann and Blanton (1970) suggested that international tensions between
France and Germany, where Tarchanoff published his results again in 1890, were
the cause of both researchers ignoring the other’s results. Tarchanoff himself did
not use the exosomatic method as Féré did. Instead, he used endosomatic, i.e., SP
recording in his observations of electrodermal changes following sensory stimulation,
imagination, mental arithmetic, expectation, and voluntary muscle contractions.

Tarchanoff (1890), in his German paper, clearly presumed that the electrodermal
phenomena observed by him were a result of sweat gland activity dependent on the
action of the secretory nerves, which were not well known at that time. He observed
a current flow, even at rest, from areas rich in sweat glands to those poor in them.
This result seems to be in line with the Swiss/German tradition mentioned above.
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On the contrary, Féré — more in the French tradition — presumed the decrease of
SR following stimulation being an effect of a decrease in skin blood flow, i.e.,
caused by partial displacement of the peripheral resistance of blood by the lower
resistance of interstitial fluidity. The interpretation of the SRR as a vasomotor
phenomenon, which had been defended for the last time in 1933 by McDowall
(Edelberg, 1972a), is no longer pursued seriously, because the EDR showed
independence from plethysmographic changes, and relationships between EDA
and skin blood flow remain more or less contradictory (Sect. 2.4.2.1). Another
hypothesis stated in 1902 by Sommer, suggesting the EDR was a result of involun-
tary muscle activity, could also not be proven, since a correlation between EDR and
finger tremor is lacking (Venables & Christie, 1973).

In 1904, the engineer Miiller demonstrated the electrodermal phenomenon to the
Swiss neurologist Veraguth, claiming to have discovered it independently (Neumann
& Blanton, 1970). Veraguth’s monograph entitled “Das psychogalvanische Reflex-
phanomen” (The psychogalvanic reflex phenomenon), which was published in 1909,
for the first time gave rise to a broader interest from psychiatrists and psychologists,
because it focused on the suggested psychophysiological origin of electrodermal
phenomena. Since then, the number of articles on basic electrodermal research as
well as on various applications has increased.

In spite of the insufficient methods for biosignal recording and amplification at
that time, physiologists pushed forward with the investigation of the origins of
EDA. In 1921, Ebbecke observed a local EDR which could be elicited by rubbing
or pressing skin sites, even several hours postmortem (Keller, 1963), and these
results directed attention to the polarizational properties of skin (Sect. 1.4.2.3).
In 1923, Gildemeister applied high-frequency alternating currents to skin and found
very small, or even an absence of, EDRs. His conclusion that SR was possibly only
an impedance phenomenon resulting from membrane polarizations (Sect. 1.4.2) is
no longer regarded as valid (Edelberg, 1971). Additionally, AC measurement, the
use of which is quite common in investigations of electrical properties of tissues,
was not used very much in electrodermal recordings.

In 1928 and 1929, Gildemeister and Rein made a decisive contribution to the
investigation of the origins of endosomatic EDA. For the first time they restricted
the locus of SP origin to only one of two recording sites by injuring the skin below
the other electrode, where no SP of its own could develop (Keller, 1963). In 1929,
Richter was the first to state the hypothesis of a causal mechanism for EDA
including both epidermal and sweat gland mechanisms, which is still regarded as
valid (Edelberg, 1972a; Fowles, 1986a). Thus, by the end of the 1920s, the early
phase of electrodermal research was completed. In the 1930s, Darrow (1933, 1937a,
1937b) worked as a pioneer in various fields of electrodermal research. Extensive
reviews of early electrodermal methodology and its significance in physiological
research on arousal and emotion (Sects. 3.2.1 and 3.2.2) were provided by Wechsler
(1925) and by Woodworth and Schlosberg (1954) in their book on experimental
psychology.
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1.1.3 Recent Developments in Electrodermal Research

Improvements in equipment for physiological and psychophysiological research,
such as the invention of the oscilloscope, the polygraph and especially highly
integrated amplifier and computer technology, considerably contributed to the
increase not only in the amount of basic electrodermal research but also in
applications during the second half of the last century. Both Bloch (1952), working
with humans, and Ladpli and Wang (1960), investigating EDA in cats, were
equipped to take polygraphic recordings simultaneously from different limbs.
Wang (1964) added much to the knowledge of central mechanisms eliciting EDA
by using appropriate methods with cats, performing lesion experiments at different
levels in the CNS (Sect. 1.3.4.1). Although these animal results cannot fully
be generalized to humans (Footnote 10, Sect. 1.2.3), much of our knowledge
concerning the central origin of EDA is based on research with cats (Sequeira &
Roy, 1997), since investigations of EDA in nonhuman primates are sparse (e.g.,
Kimble, Bagshaw & Pribram, 1965).

Basic electrodermal research with humans as performed in the previous decades
concentrated on the peripheral mechanisms (Sect. 1.5) as well as on the influence of
different methods of measurement on recordings (Sect. 2.6). As a result, Darrow
(1964) as well as Lykken and Venables (1971) strongly supported skin conductance
units as being adequate with respect to physiological models of the peripheral EDA
mechanisms (Sect. 2.6.5). Edelberg (1971), after having performed electrodermal
research for more than a decade, proposed an electrical model of the skin which
takes into account the presence of polarization capacitances (Sect. 1.4.3.2). Using
this background, Edelberg (1972a) for the first time established the different
psychophysiological aspects of various EDA components in detail, including
parameters which were subsequently focused on, for example, rise times and
recovery times of EDRs (Sect. 2.3.1.3). In addition, there are continuing attempts
to improve electrodermal recording and signal evaluation, such as developing new
measures for AC recording of EDA (Sects. 1.4.3.3 and 2.2.3.3) or finding better
solutions for handling overlapping EDRs (Sect. 2.3.1.2 “Amplitudes of Exosomatic
Responses Recorded with Direct Current”).

With few exceptions, EDA methodology is nowadays regarded as being well
established (see Chap. 2). Earlier comprehensive reviews of EDA methodology
were given by Edelberg (1967) in Brown’s book on psychophysiological methods,
and — enriched with more empirical results — by Edelberg (1972a) in the Handbook
of Psychophysiology edited by Greenfield and Sternbach. In the only book solely
concerned with EDA that has been published up to the appearance of the present
volume’s first edition — an edited book by Prokasy and Raskin (1973) — the
methodological section of which was written by Venables and Christie, who also
wrote the EDA chapter in the Martin and Venables (1980) volume on Techniques in
Psychophysiology. In that chapter, Venables also reported the results of his exten-
sive cross-sectional survey on EDA performed in Mauritius as a follow-up study
during the 1970s. During the beginning of the 1980s, the development of EDA
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methodology came to a standstill. As a consequence, Fowles’ (1986a) chapter on
EDA in the Coles, Donchin, and Porges Handbook of Psychophysiology contained
only an appendix concerning methodology and focused instead on research into
basic electrodermal mechanisms and the psychological significance of electrodermal
measures.

The widespread use of EDA as a tool in basic as well as in applied psychophysi-
ological research has resulted in a great variety of publications on EDA. Edelberg
(1972a) estimated the number of these publications as exceeding 1,500 in 1972, and
a first attempt to summarize EDA research in the different fields occurred in the
book edited by Prokasy and Raskin (1973). Since then, a wealth of studies have
been published (see Chap. 3), giving evidence that EDA measurement is nowadays
regarded as “one of the most widely used ... response systems in the history of
psychophysiology” (Dawson, Schell, & Filion, 2007, p. 159). Also, the areas for
application of EDA have been steadily widened during the last decades, e.g., in the
field of engineering psychophysiology (Sect. 3.5.1) and in neurology (Sect. 3.5.4).
Such applications require that electrodermal recording techniques being robust
enough for the use in various field settings outside the laboratory, including ambul-
atory monitoring techniques (Sect. 2.2.3.4).

Psychophysiological measures in general have often been used without sound
theoretical background (Boucsein & Backs, 2000). In the first edition of this book,
the present author suggested a neurophysiologically based multidimensional
arousal model to fill this gap for some electrodermal and cardiovascular measures.
Since then, this model has been continuously extended (Sect. 3.2.1.2).

Shortly after the appearance of the first edition of the present book, a conference on
EDA was held in Lille, France, the results of which were published by Roy, Boucsein,
Fowles, and Gruzelier (1993). Various methodological issues were addressed, starting
with a critique of the widely accepted twofold origin of electrodermal phenomena in
the sweat glands and in an active epidermal layer (Sect. 1.4.2.3), followed by a
suggestion to replace the two-effector hypothesis by a hydraulic pressure-oriented
poral valve model, requiring only a single effector (Edelberg, 1993, see Sect. 1.4.3.2).
An intriguing new area for basic research into electrodermal phenomena was reviewed
by Raine and Lencz (1993), i.e., recording EDA during functional magnetic resonance
brain imaging (fMRI, see Sect. 2.2.3.5). This technique allows testing hypotheses
about central origins of EDA from animal research by a direct observation of brain
activity in humans (Sect. 1.3.4.1 “Subcortical Control of EDA”). Finally, several
applied areas were considered, such as psychopathology (Sect. 3.4) and hemispheric
asymmetry (Sect. 3.1.4.3), which covered some of the widespread application of EDA
as reviewed in the third chapter of the present book.

Despite the progress in electrodermal research made until 1993 and further on,
much work remains to be performed concerning basic electrodermal phenomena,
since EDA is a rather complex phenomenon with respect to its central and periph-
eral causal mechanisms. Future basic electrodermal research should be encouraged
by the integrative view of anatomical, physiological, and physical principles of
EDA, as outlined in the first chapter of this book.
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1.2 Anatomy of Skin and Sweat Glands

It is far beyond the scope of this chapter to give an exhaustive description of
the skin’s complex features. Only those parts of the skin and its appendages that
are necessary to understand the mechanisms of EDA — the epidermis and the sweat
glands — are discussed in detail. The reader who is particularly interested in this
topic is referred to the textbook by Millington and Wilkinson (1983), to the
multivolume series edited by Jarrett (1973a, 1973b, 1980), or to the handbook of
dermatology and venerology which is in part German and in part English (e.g., the
volumes edited by Marchionini & Spier, 1963; or by Schwarz, Spier, & Stiittgen,
1979). For age-related changes in the skin, see Sect. 2.4.3.1.

The skin consists of a complex set of organs that provide protective and
sense functions. Skin protects the body from environmental threats such as tem-
perature, chemical, mechanical and infectious agents by acting as a selective
barrier. From a sensory standpoint, skin houses various receptors to provide afferent
information related to touch (mechanoreceptors), pain (nociceptors), and tem-
perature (thermoreceptors). The skin’s role in the regulation of perspiration is
twofold. On the one hand, the skin prevents the body from drying out; on the
other hand, with the aid of the sweat glands, the skin enables a controlled emission
of body fluid.

1.2.1 Vertical Structure of the Skin

The skin is composed of different layers which can be easily distinguished
from each other by means of a light microscope. These layers show characteristic
differences at different body sites. Thus, the layers described in Fig. 1.1 and
Table 1.2 do not appear in the same way and are not clearly recognizable at
all sites.

Figure 1.1 depicts a typical cross section of glabrous (hairless) skin, as it appears
on the palms of the hands (palmar) and the soles of the feet (plantar or volar). On
these strongly mechanically stressed surfaces, which are especially significant for
EDA measurements because of their specificity for emotional sweating
(Sect. 1.3.2.4), the epidermis has an unusual thickness of approximately 1 mm;
ordinarily it is only 50-200 pm.

The skin (cutis) is composed of two markedly distinguishable layers, the dermis
and the epidermis’. The epidermis is located on the skin surface and consists of
epithelial tissue, which becomes progressively hornier closer to the surface.

3 Note that the dermis is also known as the corium (Latin for tauter skin) and that sometimes the
term cutis is used only for the dermal part of skin (cutis vera, see Table 1.2).
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Fig. 1.1 Layered composition of the glabrous human skin. An eccrine sweat gland, encircled by
its glomerulus, together with its straight dermal and irregularly coiled (helical) epidermal duct
(labeled acrosyringium), is shown in cross section. A part of the reticular layer has been omitted
due to its size in relation to the rest of the skin

The deeper-lying dermis consists of taut, fibrous connective tissue. The epidermis is
relatively thin in comparison with the dermis.”

The hypodermis (subcutis) is composed of loose connective tissue which forms
the transitional layer between the skin and the deeper-lying tissue. It contains the
secretory part of the sweat glands, appearing as a glomerulus (Fig. 1.1), as well as
fatty tissue, and the larger vessels which supply the body surface.

*For example, Birgersson et al. (2011) performed a literature review on the skin thickness at
the female volar forearm, revealing a stratum corneum thickness of 14 £ 3 um compared to
1.2 £ .2 mm for the subcutis.
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Table 1.2 Layers of the skin. The zonal layering is not so distinct in every region of the skin. The
stratum lucidum is only clearly recognizable on palmar and plantar skin areas

Cutis (skin) Epidermis Stratum corneum upper zone
middle zone
lower zone
Stratum lucidum Stratum intermedium

Stratum granulosum (granular layer)

Stratum spinosum (prickle cell layer) Stratum Malpighii
Stratum germinativum (basal layer)

Dermis (cutis Stratum papillare (papillary layer)
vera = true skin)  Stratum reticulare (reticular layer)
Subcutis (hypodermis)

1.2.1.1 The Epidermis

The most common division of the epidermis is into five different layers (Jarrett,
1973a; Klaschka, 1979).” The lowest layer, in which the epidermal cells generate, is
the stratum germinativum (from Latin germino) or germinating layer; it lies on top
of the basal lamina (which belongs to the dermis) and is sometimes named after the
basal lamina as the basal layer (see Table 1.2). This layer produces mainly
keratinocytes, which are cells that can store keratin and later become horny; it
also produces melanocytes, which supply the skin pigment melanin, as well as
Langerhans and Merkel cells. Within a period of around 30 days, the keratinocytes
reach the skin surface and are exfoliated there in the form of horny (keratinized)
plates. The characteristic form changes which these cells undergo as they migrate
have been used in part to characterize the corresponding epidermal layers.

Figure 1.1 shows the basal cells in the stratum germinativum, which are at first
columnar and later rounded. They shrink during the course of their migration, which
enlarges the intercellular spaces. Since the shrunken cells, with their cytoplasmic
extensions, come to appear as having spines, sometimes the term stratum spinosum,
or prickle cell layer, is applied as a special name for this particular stage. The stratum
germinativum and the stratum spinosum are labeled together as the Malpighian layer
(stratum Malpighii) as shown in Table 1.2.

The stratum intermedium represents a transitional zone® between the cells of the
stratum Malpighii, which are not yet horny, and the horny cells of the outer
epidermal layer, forming the stratum corneum (Table 1.2).

3 Some authors (e.g., Orfanos, 1972) proposed a division into three layers, which may have been
dependent upon different microscopic technology.

S This transitional layer, with an overall thickness of around 1 pm, is unusually thin in comparison
with the underlying Malpighian layer and the overlying part of the epidermis. Orfanos (1972) has
hence suggested that this layer should not be subdivided, but should be named on the whole as the
stratum intermedium (i.e., intermediate) instead. However, sometimes only the granular layer is
distinguished as the transitional zone (Jarrett, 1973a).
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In the lower stratum intermedium the Kkeratinocytes contain keratohyaline
granules, giving this layer the name granular layer (stratum granulosum). During
their upward migration, the cells may be soaked with an oily substance called
eleidin. Due to their ability to strongly refract light, they appear as a homogenous
layer, named the stratum lucidum. The stratum lucidum, however, is visible only on
some body sites, especially on the palms and the soles, upon successful removal of
the whole horny layer (Sect. 2.2.1.2).

The outer epidermal layer is called the stratum corneum (from Latin cornu for
horn) or, since its cells are fully keratinized,” the keratin-layer zone. In accordance
with both the form of its cells and the width of its intercellular spaces, the horny layer
can be subdivided into a lower, middle, and upper zone (Table 1.2). However, this
subdivision is not as clear in other sites as it is in the palmar and plantar ones.
Therefore, the layers of the corneum can sometimes only be distinguished as a taut
layer called the stratum compactum or stratum conjunctum, and the stratum dis-
Jjunctum, a loose surface layer. According to Tregear (1966), the stratum conjunctum
forms the epidermal part which cannot be removed by the stripping technique
(Sect. 1.3.4.2 “The Role of the Epidermal Barrier Layer”).

In the corneum, the fully keratinized cell acts at first as a direct barrier between
the body and its environment. After a while, the horny cell desquamates like a
withered leaf, curling up from its margin. An adult’s skin surface area, which
is approximately 1.7 m?, loses about 0.5-1 g of such horny material every day.
At the same time, an appropriate amount of keratinocytes is replaced through cell
proliferation (mitosis) of the basal epidermal cells in a kind of continuous molting.

In the stratum germinativum, cells are meshed together like a zipper. Sometimes
a total melting of cell membranes appears, together with a reduction of intercellular
spaces. Some of these contact areas of adjacent membranes remain visible in the
stratum corneum as membrane-like lines. They probably work as electrical contact
areas for transmission of action potentials from cell to cell (Sect. 1.3.4.2 “The Role
of Skin Components and of Membrane Processes”). The keratinized epidermal cells
are kept in their formation by desmosomes (see Footnote 7) until they fall away
from the skin surface.

As shown in Fig. 1.1, the keratinocytes undergo a typical metamorphosis of their
form and position while moving from the basal layer to the corneum, probably
caused by the growing pressure of the cells pushing from inside out. The basal cells
change their form from upright spheric or elliptic cell bodies to flat, keratinized

"The process of keratinization begins during mitosis via forming of the so-called ronofilaments,
which are thin intraplasmatic fibers. In the upper layers, they are transformed into bundles of
tonofibrillas having a greater density. With the keratohyaline generated in the lower stratum
intermedium, these fibrillas merge to form complexes, which are converted in the upper stratum
intermedium from one cell layer to another into epidermal keratin through changes in the cellular
milieu. The tonofilaments are approximately parallel to the surfaces of the flattened cells, but are
not in contact with the desmosomes, which are the intercellular contact zones of the keratinocytes.
In the prickle cell layer, the number of desmosomes decreases and the intercellular spaces enlarge.
This enables other cells, e.g., the melanocytes, to change their positions through movements.
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cells lying parallel to the skin’s surface. In the formation of the horny layer, each
cell forms a hexagonal sheet approximately 30-50 pum in diameter, interlocking
precisely into ramifications of adjacent cells above and beneath like a zipper. If the
epidermis is not influenced by irritation, single cell layers may be visible, stacking
up from the basal to the upper horny layer like boxes.

The epidermis, whose layering is of great importance to EDA, consists of a
regularly arranged cell formation, which becomes dryer toward its outside layer as
the cells become less tightly packed and look more like slide-shaped parallel
structures. The completely horny outer layer, the stratum corneum, is especially
thick on palmar and plantar sites, which are preferred for electrodermal recording
(Sect. 2.2.1.1). The role of the stratum corneum in producing changes of the skin’s
resistance is discussed in Sect. 1.4.2.1.

1.2.1.2 Dermis and Hypodermis

The dermis, also labeled the corium (which means leather, since leather is the
tanned corium of animals), is much thicker than the epidermis. However, it consists
of only two dermal layers (Table 1.2), which can be distinguished according to their
density and the arrangement of their collagen fibers (Fig. 1.1).

The dermal layer next to the epidermis is called the papillary layer (stratum
papillare). It is named after fingerlike projections, the dermal papillae, which
fit into cavities in the underside of the epidermis. Thus the two main parts of the
cutis are intimately intermeshed at the epidermal-dermal junction. Apart from the
possible adhesive effects of this gearing, there is also a great increase of the basal-
layer area, and hence an enlargement of the area for producing new epidermal cells
(Montagna & Parakkal, 1974). The epidermal-dermal boundary is formed by a so-
called basal membrane zone, which is an adhesive layer in which the epidermal
basal cells are inserted with projections. In the papillar layer, arterial and venous
blood vessels end in a capillary net (Fig. 1.2), and receptor organs, melanocytes, as
well as free collagen are included in this layer. The inner dermal layer is called the
reticular layer (stratum reticulare) because of its texture, made by strong collage-
nous fibers, giving the skin a high resistance against rupture. Thus, the reticular
layer, sometimes called the fibrous stratum, forms the leathery skin in its true sense.

The hypodermis (subcutis) consists of loose connective tissue. It connects the
skin with the connective tissue covering the muscles, and it allows for good
horizontal mobility of the skin across its surface. The hypodermis has the ability
to store fat, thus working as a thermal as well as a mechanical insulation layer.
It contains the nerves and vessels which supply the skin, also the hair follicles and
glands (e.g., the secretory part of the sweat gland; Fig. 1.1). According to some
authors (e.g., Millington & Wilkinson, 1983), the secretory parts of some sweat
glands are located in the dermis and not in the hypodermis. These sweat glands then
are surrounded by fatty tissue instead of collagen fiber bundles (Fig. 1.2).
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Fig. 1.2 Schematic vertical section of the skin that artificially combines a sweat gland in ridged
skin (left) together with a hair and a sebaceous gland in polygonal skin (right). In addition to the
supply with blood vessels, the efferent sympathetic innervation is indicated by dashed lines
(Sect. 1.3.2)

1.2.1.3 Vascular System of the Skin

As pointed out in the preceding section, the bigger vessels supplying the body
surface are located in the hypodermis. From there, smaller ramifications supply the
sweat glands, the hair follicles, and the subpapillary capillary nets. The arterioles
located there are surrounded by small muscles which are innervated adrenergic
and regulate the cutaneous blood flow (Sect. 1.3.3.2). Arteriovenous anastomoses,
which form bypasses of the capillary nets (Stiittgen & Forssmann, 1981), and also
glomeruli (similar to those located in the kidney) in some body parts which jut
outward, such as fingertips, are also controlled by these adrenergic muscle fibers.

The lymphatics form nets in the dermis and in the hypodermis. The main portion
of the lymph flows away via subcutaneous lymph vessels. In the same way as the
blood and the interstitial fluid (Sect. 1.4.2.1), the lymph contributes to the relatively
high electrical conductivity of the inner skin layers.
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1.2.2 Horizontal Structure of the Skin

There are regional differences not only in the skin’s vertical layering, as outlined in
Sect. 1.2.1.1, but also in its horizontal structure. In the early stages of embryonic
development, different patterns of skin are formed by either ridge formation or folding
into polygonal structures (Millington & Wilkinson, 1983). Thus, the different types of
skin are referred to as ridged skin and polygonal skin.

Ridged skin is seen only on the palms and soles, including the flexor side of
fingers and toes. At these sites, the skin surface is covered with ridges and
furrows, the pattern of which is genetically fixed and corresponds to the pattern
of the papillary layer (Sect. 1.2.1.2). Two papillary ridges project into each
epidermal ridge. The sweat gland ducts usually enter the epidermis at the nadir
of the ridges. The ridged skin is glabrous (hairless) and has no sebaceous nor scent
glands.

The rest of the body is covered by polygonal skin patterns. Polygonal skin is
divided by thin channels into numerous polygons, the pattern of which also
corresponds to the pattern of the papillary layer. Both the number of polygons
and the depth of channels are dependent on the degree of elasticity necessary,
e.g., for body movements. At some sites the channels may even disappear. Unlike
ridged skin, the ducts of sweat and scent glands enter the epidermis at the higher
parts of the skin. Hairs and sebaceous glands, however, are located in the channels
of the polygonal skin.

1.2.3 Distribution and Structure of Sweat Glands

The sweat glands are considered to be exocrine glands because they secrete directly
onto the skin’s surface. The human body has about three million sweat glands, the
greatest density being found on the palms, soles, and forehead, and the least density
on the arms, legs, and trunk (Kuno, 1956). They are totally missing on the lips
and in the inner ear channel (Pinkus, 1971), on the glans penis and clitoris, on the
labia minora, and on the inner surface of the prepuce (Montagna & Parakkal, 1974).
The following mean numbers of sweat gland per cm” of the adult’s skin are taken
from Millington and Wilkinson (1983): 233 on the palms, 620 on the soles, 360 on
the forehead, and only 120 on the thighs.® However, not all of these glands are
active. Children may have much greater sweat gland densities, since their density
decreases from fetal stage (3,000/cm? in the 24th week of pregnancy) to adulthood
(Sect. 2.4.3.1). This is because the total number of sweat glands is fixed at birth, yet
the total body surface area increases by a factor of 7 from birth to adulthood

8 Sato et al. (1989) give slightly different numbers for the eccrine sweat glands: 1.6-4.0 million
glands in total, with densities per cm? of 64 on the back, 108 on the forearm, 181 on the forehead,
and 600-700 on the palms and soles. For age, gender, and ethnic differences, see Sect. 2.4.3.
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(Montagna & Parakkal, 1974). There are also some ethnic differences in the
distribution and activity of sweat glands (Sect. 2.4.3.3).

The majority of human sweat glands are regarded as eccrine, which means that
their secretions do not contain noticeable amounts of cytoplasm from the glandular
cells. In addition, a major number of the large sweat glands, mainly found in the
areola region of the breast, the axillary, the circumanal, and the genital regions, are
apocrine (Millington & Wilkinson, 1983; Sato, 1977).9 Apocrine means that the
secretion is formed when the apical (distal) part of the glandular cell is tied off, and
the cytoplasm which is lost via secretion has to be replaced. Apocrine glands open
into hair follicles, and their secretory functions do not begin until puberty (Sato,
1977). However, apocrine sweat glands play only a negligible role with respect
to the total amount of sweating (Herrmann, Ippen, Schaefer, & Stiittgen, 1973).10

The eccrine sweat gland can be subdivided into the secretory segment and the
duct. The secretory segment is located in the hypodermis or in the dermis
(Sect. 1.2.1.2). It consists of a tube which is irregularly coiled into a rounded
mass approximately 0.4 mm in diameter (Fig. 1.2). From it comes the duct,
following an undulating course through the dermis (called, however, the straight
duct) and then a spiral (helical) course through the epidermis (Ellis, 1968). The
dermal part of the duct also contains secretory cells (Odland, 1983).

Both the secretory and the ductal segments are formed by double or triple cell
layers surrounding a lumen of 5-10 um in diameter. The cells of the outer layer are
called basal cells, those of the inner layer luminal cells. The wall of the epidermal
part of the duct, i.e., of the acrosyringium, has no cells of its own in the part which
passes through the stratum corneum (Fig. 1.1). The duct opens onto the skin surface
through a little pore.

According to Hashimoto (1978), a part of the duct between the secretory
segment and the beginning of the undulating dermal duct has walls composed of
only single cell layers and is not surrounded by myoepithelial cells (Sect. 1.3.2).
On the other hand, a cross section of the secretory segment shows that it is
surrounded by a thin sheet, the basal lamina, or basement membrane. Above it, a
layer of myoepithelial cells, the form of which resembles that of smooth muscle
cells, lines the outermost portion of the secretory tubule.

° Some authors (e.g., Thiele, 1981a) use the term “atrichial” (from Greek: tpiya = hair) for the
eccrine glands, referring to these glands being not associated with hair follicles, which most
apocrine glands are (Venables & Christie, 1973, p. 19).

10 Sweat glands are found in the footpads of many species (Edelberg, 1972a, p. 378). Wang (1964)
presumes that the cat’s sweat glands are apocrine instead of eccrine, but this view remains
controversial (Edelberg, 1972a). Sato (1977) found it unlikely that the cat’s or the rat’s sweat
glands had the capability to reabsorb ductal NaCl (Sect. 1.3.3.1), while those from the monkey’s
paw closely resemble human eccrine sweat glands. Thus, generalization from primate results to
human species is more tenable than from cats or rats (Roy, Sequeira, & Delerm, 1993). Types and
distributions of sweat glands in different species are summed up in a description by Fowles (1986a,
p- 54); more details are given by Weiner and Hellmann (1960).
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The secretory cells are subdivided into either clear, serous cells or dark, mucous
cells (Sect. 1.3.3.1). The clear cells are noteworthy for their glycogen content
and abundant mitochondria (Sato, 1977), which is suggestive of the high rate of
metabolic activity necessary for active sweat secretion by these serous cells.
The other secretory cells show a dark color under the light microscope, resulting
from abundant mucous granules and ribosomes, which are responsible for the
secretion of mucous substances (mucopolysaccharides).

There are two kinds of intercellular spaces in the secretory segment of the sweat
gland: the intercellular channels, which open into the basal interface, and the
intercellular canaliculi, which may be regarded as extensions of the lumen (Sato,
1977). While the intercellular channels allow absorption of material from the
interstitium, the canaliculi permit the secretion of sweat into the lumen.

While the coiled part of the dermal duct, which cannot be clearly distinguished
visually from the secretory part of the sweat gland, shows very tight junctions of
its luminal cells, the cells in the so-called straight dermal duct show interspaces.
According to Hashimoto (1978), these interspaces may function to increase the
surface area available for reabsorption of sodium from the precursor sweat
(Sect. 1.3.3.1). The acrosyringial luminal cells (Fig. 1.1) also show those inter-
spaces, which — more prominent in the human embryo than in the adult — seem to
contain lysosomes. Hashimoto assumes that materials and fluid absorbed by the
epidermal duct must be digested within these lysosomes. It is assumed that the
acrosyringium produces its own keratinocytes (Sect. 1.2.1.1), and that its keratini-
zation is more advanced than that in the surrounding epidermis. Thus the sweat
gland pore opening onto the skin surface is of the same type as epidermal cells,
making its wall indistinguishable from its surrounding and allowing the sweat to
pour out easily onto the stratum corneum.

1.2.4 Other Effector and Sensor Organs in the Skin

Besides sweat glands, the dermis contains other glands: the scent glands, which are
present only at some sites (the axillae, the genital, and perianal area, as well as in the
external ear canal); the sebaceous glands, which are — with a few exceptions — linked
to the hair follicles (Fig. 1.2); and the mammary glands. The hairs are likely to have
efferent and afferent functions as well. They mount diagonally to the body surface out
of their roots, which are infundibular insertions into the skin into which the sebaceous
glands discharge. Below the sebaceous gland pore, originating from the side to which
the hair is inclined, a small bundle of smooth muscle cells is located, the pilo-erecting
muscle, which runs diagonally up to beneath the epidermis. The muscle can erect the
hair and can also retract the skin (forming goose pimples), at which the sebaceous
glands are compressed between the muscle and the hair-root sheath. Hair is found
only on polygonal skin and not in the regions normally used for EDA measurement,
i.e., the palmar and plantar areas (Sect. 2.2.1).



1.3 Physiology of the Electrodermal System 17

The hair roots reach into the upper hypodermis. Each root is surrounded by
a dense nerve net which possibly serves a perceptual role. Other receptors of
skin sensory organs appear in all layers of the hypodermis (subcutis) and cutis in
large numbers. Parts of them are free-ending sensitive nerves, i.e., they do not end
in recognizable specific receptor structures. The endings can, however, also be
encapsulated in connective tissue (e.g., Pacinian corpuscles).

Some of the sensory nerves reach into the epidermis, such as nerve endings
observed in the stratum germinativum, and these possibly serve as tactile receptors
(Sect. 1.3.5). There is also an indication of an efferent system which sensitizes such
peripheral receptors (Edelberg, 1971).

1.3 Physiology of the Electrodermal System

As in the preceding section dealing with anatomical aspects, this section will
outline only those physiological mechanisms required for understanding electro-
dermal mechanisms. However, the appropriate restrictions cannot be made as easily
as in anatomy, because the innervations of skin and sweat glands are embedded in
the context of the autonomic nervous system (ANS), the functioning of which is
highly complex. In particular, sweat gland activity takes part in the homeostatic
process of thermoregulation, together with other organs of the skin, the various
physiological mechanisms of which are involved in thermoregulatory aspects of
the ANS. Thus, the description of mechanisms having rather indirect influences
on EDA (e.g., peripheral vascularization) will be restricted here to their peripheral
parts localized in the skin.

In humans, thermoregulation constitutes a phylogenetically highly developed
autonomic system with impacts on kidney and cardiovascular functions (Thews,
Mutschler, & Vaupel, 1985). The power of this system is illustrated by its reaction
to stress (Sect. 3.2.2.2), where under extreme circumstances secretion rates up to
2 L sweat per hour can be observed, which may lead to a loss of up to one quarter of
the whole body fluid during a single day under continuously experienced stress
(Sargent, 1962).

1.3.1 Efferent Innervation of the Skin

Human skin is reached by numerous efferent vegetative fibers, including sympa-
thetic fibers for innervation of the eccrine sweat gland’s secretory segment'' and of
the pilo-erecting muscles (Fig. 1.2), as well as exerting vasoconstrictory effects on

! Only few human apocrine glands possess an ANS innervation (e.g., those in the axilla); they may
be partly or even mainly under the control of circulating adrenaline (Weiner & Hellmann, 1960).
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the blood vessels.'> As they are intermingled with each other, it is not possible by
means of a light microscope to differentiate nerve fibers going to the sweat glands
from those supplying the blood vessels. Whether there is an additional parasympa-
thetic innervation of the skin’s blood vessels, which could be analogous to the
regulation of the blood flow in skeletal muscles, or whether the dilatatory responses
of the skin’s blood flow are only due to a central inhibition of the sympathetic
vasoconstrictory fibers, remains debatable (Janig, Sundlof, & Wallin, 1983).13

The postganglionic sympathetic fibers leave the sympathetic trunk via the gray
communicating ramus, being included in the so-called mixed spinal nerve, which
also contains all motor as well as sensory fibers traveling into and from the
periphery (Fig. 1.3). At their peripheral end, the sympathetic fibers travel close to
the somatosensory fibers for surface sensibility and form characteristic plexuses in
the subcutis (Fig. 1.2).

Separation of human sudomotor'* from vasoconstrictory fibers is only possible
in the periphery, namely, via stimulation and blocking procedures, but not at the
spinal cord level, where sudomotor efferents cannot be differentiated from other
sympathetic fibers (Schliack & Schiffter, 1979). The spinal sympathetic nerves,
which descend in the anterolateral part of the spinal cord near the pyramidal tract
(Sect. 1.3.2.2), are switched over in the lateral horn and leave the spinal cord via its
ventral root together with the motoric fibers, traveling via the white communicating
ramus to the sympathetic trunk (Fig. 1.3). Here the neuronal activity is distributed
by numerous collaterals to different levels of the sympathetic trunk, so that one
preganglionic fiber may reach up to 16 postganglionic neurons. The collaterals of
fibers originating in the upper thoracic part are mainly cranial oriented, whereas
those from fibers originating in the lower thoracic, as well as in the lumbar part of
the spinal cord, are mainly caudal oriented (Schliack & Schiffter, 1979).

In spite of the fact that neuronal activity is widely distributed, which is typical
for the sympathetic as compared to the parasympathetic system, the organization
within the sympathetic nervous system is mainly segment-oriented. This can be
shown with segmental reflexes elicited by electrical stimulation of the ventral root,
which are most pronounced when the same segment is stimulated (Janig, 1979).

However, skin reflexes can also be elicited without inclusion of the spinal cord,
as can be shown with the so-called axon reflexes. These reflexes are dependent on
the peripheral organization of the vegetative fibers in a certain region of the skin,
which all stem from a distribution point within the inner half of the dermis. If one of
the efferent collaterals originating there is mechanically stimulated, an impulse is
transmitted backward to that distribution point, which is acting like a ganglion,

"1t is still unclear whether specific vasodilative fibers exist in the human skin (which are known
from cats), or if vasodilatation is secondary to sweating (Wallin, 1992).

13 The search for origins of the skin’s vegetative activity is further complicated by the fact that
transmitters such as noradrenaline, which acts vasoconstrictory on the peripheral blood vessels
(Sect. 1.2.1.3), are also circulating freely in the blood.

!4 Sometimes also called sudorisecretory (sweat secretion eliciting) fibers.
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sending efferent “sympathetic” signals via the other collaterals into the periphery,
thereby causing a local sweat secretion (Schliack & Schiffter, 1979). Another kind
of axon reflex is elicited by nociceptive afferents, which cause vasodilatation in the
corresponding skin area via a hitherto unknown pathway.

1.3.2 Innervation of Sweat Glands

Of all vegetative efferent innervations, those of the sweat glands have been
investigated most thoroughly. The secretory part of the sweat gland is supplied by
widely ramified sympathetic postganglionic nerve fibers, which consist of nonmyelin-
ated class C fibers (Sato et al., 1989), some of which also reach the dermal part of the
duct (Sinclair, 1973). Though postganglionic sympathetic transmission is normally
adrenergic, using noradrenaline (norepinephrine) as a transmitter, sudomotor trans-
mission is cholinergic, which means that acetylcholine acts as a synaptic transmitter.
This has given rise to discussions of a possible parasympathetic innervation of sweat
glands (Tharp, 1983); in contrast to the more generally adopted view of sympathetic
sweat gland innervation. There has always been some question concerning reasons for
the cholinergic transmission in the postganglionic sympathetic system. With respect to
this, Fowles (1986a) pointed to the fact that the sweat glands have exocrine functions,
and that cholinergic innervation is common in exocrine glands.

Nevertheless, there are also adrenergic fibers that travel to sweat glands via
the peripheral nerve supplying the skin.'” Previously, the additional adrenergic
supply had been thought to be related to the specific reactivity of sweat glands on
palmar and plantar sites to emotional changes (Sect. 1.3.2.4). However, because an
adrenergic innervation has also been found in eccrine sweat glands within other
regions (Shields, MacDowell, Fairchild, & Campbell, 1987), this is no longer
accepted as true.

Weiner and Hellmann (1960) demonstrated that adrenaline (epinephrine) acts on
apocrine glands by bringing about myoepithelial contractions. Thus, there had been
some speculation that adrenergic fibers may also supply the myoepithelial cells
surrounding the secretory segment as well as the dermal part of the eccrine sweat
gland, the function of which is described in Sect. 1.3.3.1. However, Sato (1977)
showed that those myoepithelial cells react to cholinergic stimulation only.

There is some evidence for adrenergic supply of the apocrine sweat glands, as
mentioned in Sect. 1.2.3 (Millington & Wilkinson, 1983). Since a general neural
innervation of human apocrine sweat glands is lacking (Footnote 11, Sect. 1.3.1),
Grice and Verbov (1977) suggested that the adrenergic influence on these glands
may be exerted via sympathetic nerve fibers ending near the blood vessels and/or via

'3 Sato and Sato (1981) used an in vitro preparation of single monkey palm eccrine sweat glands to
demonstrate its reactivity to both cholinergic and andrenergic agents. They found that the
maximum sweat rate was highest after cholinergic stimulation.
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Table 1.3 Correspondence

Anterior root Dermatomes of skin which are influenced
of the sudomotor fibers, of spinal nerve by the corresponding sudomotor neurons
leaving the ventral roots of - - -
the spinal cord, to sensory Th3—4 Trigeminus region and C2-C4
dermatomes, according Th5-7 C5-Th9
to Klaschka (1979) Th8 Th5-L11

Th9 Th6-L1

Th10 Th7-L5

Thil Th9-S5

Thi2 Th10-S5

L1 Th11-S5

L2 Th12-S5

C cervical; Th thoracic; L lumbar; S sacral segments

freely circulating noradrenaline stemming from the adrenergic medulla. As a whole,
the contribution of adrenergic stimulation to sweat secretion is poorly understood.
In any case, its action on eccrine sweat glands plays a minor role as compared to the
role of cholinergic innervation (Millington & Wilkinson, 1983; Sato, 1983).

1.3.2.1 Peripheral Aspects of Sweat Gland Innervation

As previously mentioned, the preganglionic sudomotor neurons travel into the
periphery, together with the other sympathetic nerve fibers, going from the lateral
horn of the spinal cord ipsilaterally via the sympathetic trunk, in which they are
switched to the postganglionic neurons. According to Janig et al. (1983), their
transmission velocity is 1.2—1.4 m/s.

The cell bodies of the preganglionic sympathetic neurons are not present in all
segments of the spinal cord, only from C8 to L2. The origins of sudomotor efferents
must be even more restricted, since no important sudomotor fibers leave rostral
to T3. Thus, the sudomotor innervation of dermatomes is deviant from their sensory
innervation (Table 1.3). As can be further inferred from Table 1.3, it is not always
possible to establish an unambiguous correspondence between the sudomotor cell
bodies within specific segments of the spinal cord and certain dermatomes. This is
also due to the distribution of neuronal activity by collaterals to the different levels
of the sympathetic trunk (Sect. 1.3.1).

However, even the correspondences outlined in Table 1.3 have to be regarded with
caution. They are mainly based on observations made in patients with lesions of the
sympathetic trunk (Sect. 3.5.4). Itis not easy to describe or produce precisely localized
lesions in sympathetic pathways, because often collaterals are not completely
degenerated and therefore remain able to transmit neuronal activity. Additionally, it
is presumed that microscopically small single cells and cell units in the neighborhood
of autonomic nerve fibers, located between the sympathetic trunk and the periphery,
may serve as relay stations of the sympathetic system. They may even function as
ganglia, which would serve as an explanation of the sometimes surprising residual
sweat gland activity after sympathectomy (Schliack & Schiffter, 1979).
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The investigation of the peripheral sympathetic activity’s neuronal basis in
humans is further complicated, because the effector organs respond relatively
slowly to sympathetic neuronal impulses, and also react to various other stimuli
such as hormonal, local chemical, and mechanical ones (Wallin, 1992). Therefore,
microneurography'® has been applied to establish a relationship between the dis-
charge amplitude of the sympathetic part of the median nerve, which innervates part
of the palms, and the appropriate EDR amp. (Wallin, 1981)."7

The secretory part of the sweat gland is surrounded by a very dense plexus of
sympathetic fibers which allows a wide distribution of ANS activity. It is not yet
fully clear how the cholinergic transmission of nerve impulses to the sweat gland
cells works. It has not been possible to establish real synaptic clefts, nor have nerve
endings been observed penetrating into the secretory cells. Ellis (1968) suggested
these cells were being stimulated via neurohumoral substances poured out by nerve
endings nearby. Presumably it is the transmitter itself which empties from sympa-
thetic nerve endings into the immediate neighborhood of the secretory cells.
Edelberg (1967) pointed to the dependency of acetylcholine transportation velocity
upon body temperature together with the temperature dependency of the EDR Iat.
(Sect. 2.4.2.1), stating that 25-50% of the latency is due to the mechanism of
acetylcholine transportation.'®

1.3.2.2 Central Aspects of Sweat Gland Innervation

The sympathetic pathway forms a narrow bundle between the lateral pyramidal
tract and the anterolateral tract (Fig. 1.3). Within this pathway, the sudomotor
fibers, which end at the preganglionic sudomotor neurons, are in close proximity
with other sympathetic fibers (e.g., those for vasomotor or pupilomotor efferences).
Schliack and Schiffter (1979) presumed that there is no compact pathway for sweat
gland activity. Instead, the sudomotor fibers are diffusely intermingled with the
surrounding sympathetic fibers.

At the spinal cord level, the sudomotor fibers are in close contact with afferent
pathways, located in the anterolateral tract and belonging to the nonspecific

16 Recording of action potentials from nerves with tungsten microelectrodes having tip diameters
of a few pm, which are inserted through the intact skin into an underlying nerve, with a reference
electrode placed subcutaneously in 1-2 cm distance (Wallin, 1992).

'7 Microneurography from the tibial nerve has been used by Nishiyama et al. (2001), together with
videomicroscopy for recording sweat secretion of individual glands on the sole of four male
individuals. Only 46% of the suprathreshold sudomotor nerve bursts elicited sweat secretion, but
the number of sweat glands recruited was linearly related to the amplitude of sudomotor bursts.
Hence, sweat secretion is primarily dependent on the intensity of sudomotor neural activity;
however, the microenvironment of sweat glands may also play a role.

'8 Nishiyama et al. (2001), in their study described in the previous footnote, also recorded SPRs,
finding that sudomotor bursts were followed by SPRs with latencies of 1.33 + .33 s. The latency
of sweat secretion was 2.29 + .03 s, and the sweat expulsion latency was 3.22 + .03 s.
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(extralemniscal) somatosensory system. These are regarded as classical pathways for
the perception of temperature as well as pain, contributing to the affective tone of
perception, to the degree of consciousness, and to the elicitation of the defensive
response (Sect. 3.1.1.2). Despite no direct reports are available on synaptic
connections of thermosensitive afferents with sudomotor efferents in the spinal
cord, influences of somatosensory afferents on vegetative efferents at the spinal
level are generally well known.

The sympathetic part of the ANS is represented widespread and manifold
throughout the brain. In general, the hypothalamus is regarded as the control center
for all vegetative functions, including those for vasomotor activity and sweat
secretion. Electrical stimulation in the “sympathetic” (ergotropic) hypothalamic
area, especially in the paraventricular and posterior nuclei, is always followed by
sympathetic reactions such as vasoconstriction, piloerection (Sect. 1.2.4), and sweat
secretion. Since knowledge of the neuronal organization in this phylogenetically
primordial structure is still incomplete, the functioning of hypothalamic elicitation
of sweat gland activity cannot be pursued in detail.

Figure 1.4 shows the origin and course of the most important descending
sympathetic pathway from the hypothalamus to the spinal cord. It originates in
the weakly myelinated part of the hypothalamus (darkly shaded in Fig. 1.4) and,
according to results available up to now, runs via the tegmentum and ventrolateral
reticular formation (RF) to the ventrolateral spinal sympathetic tract (mentioned
above). For a long time, there has been controversy as to whether the course of this
hypothalamic-reticular-spinal sympathetic pathway is ipsilateral or, partly or
wholly, contralateral. However, Schliack and Schiffter (1979) were convinced
that its course is mainly ipsilateral (see Fig. 1.6, Sect. 1.3.4.1).

Hypothalamic sympathetic activity can be elicited or modified by higher-level
cerebral structures. Various influences from the limbic system,'? especially from the
amygdala and the hippocampus, on thermoregulatory hypothalamic functions have
been verified (Edelberg, 1973a). There is also close proximity of the so-called Papez
circuit (Papez, 1937) with the nuclei in which the hypothalamic-reticular-spinal
sympathetic pathway originates (Fig. 1.4). Additionally, other structures like the
ventro-oral internal thalamic nucleus, extrapyramidal nuclei, and various cortical
areas are connected with the hypothalamus.

As a result of stimulation and lesion experiments, the basal ganglia, the
thalamus, and the Brodmann area 6 of the frontal lobe, which is adjacent to the
precentral motor area, can be regarded as taking part in eliciting sweat gland
activity (Schliack & Schiffter, 1979). Other than the sudomotor fibers originating
in the hypothalamus, the pathways stemming from these structures cross in the
medulla oblongata to the contralateral side (Fig. 1.6).

!9 Recently, the existence of the limbic system has been much debated (e.g., LeDoux, 1996).
However, since most of the literature on CNS elicitation of electrodermal phenomena used
this expression (see Sect 1.3.4.1 “Subcortical Control of EDA”), it will be used in the present
book as well.
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Fig. 1.4 The limbic system in medial section. The hypothalamic-reticular-spinal sympathetic
pathway stems from the paraventricular (1), posterior (2), and supramamillary (3) nuclei of
hypothalamus (weakly myelinated part). The Papez circuit (which is partly dashed because of
its spatial course) goes from the hippocampus via the fornix to the mamillary body (M), to the
anterior thalamus, to the cingulate gyrus, and back to the hippocampus. T Tegmental midbrain
area; A Amygdala. Adapted from Schliack and Schiffter (1979), Fig. 1.4d. Vol. 1/4A. Copyright
1979 by Springer. Used by permission of the publisher

All existing findings concerning the central innervation of sweat gland activity
point to several centers for the origin of sweating, being located at different levels
of the CNS and partly independent of each other. Sympathetic activity can be
elicited from the cortex, the basal ganglia, diencephalic structures like the thalamus
and the hypothalamus, the limbic system, and from brain stem areas. Accordingly,
there are not only specific cerebro-efferent pathways to the sudomotor neurons,
which reach the spinal cord either directly or after synaptic transmission, but also
nerve fibers connecting the various areas with one another which are involved in the
elicitation of sweat (Fig. 1.5, Sect. 1.3.4.1).
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In spite of the existence of other cerebro-efferent pathways to the sudomotor
neurons in the spinal cord, the hypothalamus should be regarded as the main region
which governs sweat secretion (Schiffter & Pohl, 1972; Schliack & Schiffter,
1979). Since the hypothalamus is also the main center for thermoregulation,
an older view provided by Kuno (1956) restricted hypothalamic elicitation of
sweat secretion to thermal sweating, which appears on the whole body surface
except for palms and soles (Sect. 1.3.2.4). In contrast, the so-called emotional
sweating (Sect. 1.3.3.3), which appears on palmar, plantar, and axillary areas, had
been regarded by Kuno as being mostly under cortical control. Critical to this
position is the influence of limbic structures on hypothalamic sweating as outlined
by Schliack and Schiffter (1979) which probably also contributes to emotional
sweating. The possibility of different CNS influences on sweat gland activity which
are in part independent from one another will be further discussed with respect
to CNS elicitation of electrodermal phenomena in Sect. 1.3.4.1.

1.3.2.3 Questions of Double Innervation and Resting Activity
in Sweat Glands

Present understanding is that sweat glands receive only excitatory sympathetic
nerve impulses. Inhibitory effects on EDA elicited by CNS stimulation as obtained
by Wang (1964) are supposedly already set off against excitatory effects at the CNS
level (Fig. 1.5). In the past, an additional peripherally inhibitory parasympathetic
innervation of sweat glands had been discussed (Braus & Elze, 1960). In particular,
the active reabsorption of sweat in the ducts (Sect. 1.3.3.1) was assumed to be
controlled via parasympathetic fibers that reach the peripheral cutaneous nerve
from the spinal cord’s dorsal root. This, along with the existence of vasodilative
neuronal influences on the skin’s blood vessels (see Footnote 12, Sect. 1.3.1), could
never be proved to exist. There is no need to assume the existence of a sweat
inhibiting innervation, since the sweat normally vaporizes so quickly in the absence
of sudomotor impulses, that additional sweat inhibition would not reduce the
amount of sweat significantly.

As Sato et al. (1989) pointed out, speculative debates about the possibility of
dual cholinergic and adrenergic innervation of the sweat glands were around for
decades until Uno (1977) directly demonstrated catecholamine fluorescence in the
periglandular nerves of both human and macaque eccrine sweat glands, thus settling
the issue.

Whether the stimulation of the myoepithelia around the ductal walls is mediated
by freely circulating transmitters, or whether it requires a separate orthosympathetic
innervation stemming from the sympathetic trunk, is yet to be resolved. Adrenergic
transmission to the myoepithelia, formerly assumed to be responsible for the sweat
secretion stimulated by adrenaline or noradrenaline, is no longer believed likely
(Sect. 1.3.2). However, a possible cholinergic parasympathetic innervation of the
ductal walls or, alternatively, the possible action of freely circulating acetylcholine
is discussed (Sect. 1.3.4.2).
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The problem of the sweat gland’s resting activity still remains unresolved.
Schliack and Schiffter (1979) regarded spontaneous sweating as the expression of
an appropriate resting tonus (Sect. 1.3.3.3), whereas Janig et al. (1983) could
not find spontaneous sweat gland activity, at least at temperatures below the
thermoregulatory neutral zone (Sect. 1.3.3.2).

1.3.2.4 Specific Innervations of Sweat Glands in Different Regions of the Skin

Regional specificities in the innervation of sweat glands are found especially in the
face as well as at palmar and plantar sites, the latter also being morphologically
different from the rest of the body’s skin (Sects. 1.2.1 and 1.2.2).

The sweat gland innervation in the face, where measurement of EDA is
uncommon, has been thoroughly investigated. In contrast to all other regions of
the skin, there is a dual path of distal sympathetic efferent fibers to the regions
innervated by the trigeminal nerve. This is indicated by the remission of sweat
gland activity in those regions after an irreversible trigeminal lesion.”” Since the
trigeminus is a cranial nerve and not a spinal nerve, the sudomotor fibers originating
in the cranial sympathetic trunk leading to the trigeminal nerve (Sect. 1.3.2.1) first
have to follow the common carotid artery. Subsequently, the main part of
sudomotor neurons follows the internal carotid to the trigeminal branches, while
the rest of them directly follow the external carotid to the facial sweat glands.

Facial sweat secretion is especially active on the upper and lower lips, the bridge
of the nose, the nasolabial folds, and the forehead, where it is most pronounced on
the frontal bald area. Above the radix of the nose there is sometimes a small circular
region in the medial line which is totally anhydrous. There has been some discus-
sion of trigeminal fibers having the ability to inhibit sweat. These fibers are
supposedly independent of the sympathetic trunk. In addition, a second possible
parasympathetic “bulbar” pathway within the facial nerve has been discussed as
acting either excitatory or inhibitory on sweat secretion. However, both of these
possibilities lack convincing evidence (Sect. 1.3.2.2).

Most interesting with respect to electrodermal recording is the innervation of
sweat glands at palmar and plantar sites, which probably differs from the sweat
gland innervation in the rest of the body. It is controversial whether the sweat
glands at palmar and plantar sites take part in thermal perspiration at all (Kuno,
1956). Janig et al. (1983) reported palms and soles taking part in thermal sweating
only at high ambient temperatures. Whereas Wilcott (1963) observed palmar and
plantar sweat production following thermal stimulation, Schliack and Schiffter
(1979) reported that palms and soles remained dry while the rest of the body was
vigorously sweating, for example, when they were held out of a hot bath. In a
study performed with 34 participants, Kerassidis (1994) demonstrated that in

20 An appropriate double innervation may exist in the region of the mouth floor which corresponds
to dermatome C3 (Table 1.3, Sect. 1.3.2.1).
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ambient temperatures up to 60°C the amount of palmar and plantar thermal
sweating is negligible compared to that on the thorax and the forehead. Only if
additional stress was induced by bicycle ergometer riding or mathematical
calculations, substantial palmar and plantar sweating could be observed. A pecu-
liarity of these sites is also observed under psychological stress, where palmar and
plantar sweating may appear together with vasoconstriction, which is paradoxical
with respect to thermoregulation. In general, there is ample evidence that these sites
are linked to emotional rather than thermoregulatory sweat gland activity, though
other parts of the body can also take part in emotional sweating (Sect. 1.3.3.3).
However, Conklin (1951), in a study described in Sect. 2.4.1.1, could not find
differential temperature dependency of SCL at the palms as compared with the
wrist and the forehead.

There is also some evidence for at least two different kinds of sweat gland
receptors at palmar sites, since emotional sweating is completely abolished by
atropine blockade, while both adrenaline-induced and spontaneous palmar sweating
remain unaffected (Millington & Wilkinson, 1983). The specialization of sweat
gland activity at palmar and plantar sites, together with the possibility of its unique
innervation, has given rise to considerations concerning the biological significance
of palmar and plantar sweat glands (Sect. 1.3.5) and stimulated psychophysiologi-
cal investigations of the so-called palmar/dorsal effect (Sects. 3.1.1.2 and 3.4.1.1).
Some authors discuss an intermediate position of palmar and plantar sweat glands
between apocrine glands and the phylogenetically younger eccrine glands. Since
apocrine sweat glands (Sect. 1.2.3) play no role in EDA measurement, idio-
syncrasies in their innervation can be disregarded at this point.

1.3.3 Functions of Sweat Gland Activity

While the preceding section focused on sweat gland innervation, the following
sections will describe the functional aspects of sweat gland activity. These are the
mechanisms of sweat production and the embedding of sweating in thermoregula-
tory activity and in other functional relationships. An extensive review of the
regulation of sweat secretion and the mechanism of sweat production has been
provided by Fowles (1986a, pp. 62-72).

1.3.3.1 Mechanism of Sweat Secretion and Contents of Sweat

The secretory segment of the sweat gland, which is surrounded by a layer of
myoepithelial cells, consists of clear and dark secretory cells (Sect. 1.2.3). The clear
cells produce the liquid part of secretion, while the mucin produced by the dark cells
may have protecting functions within the lumen. According to Ellis (1968), the serous
cells act like a filter through which water and specific ions pass from plasma into the
lumen. Since the so-called precursor sweat in the sweat gland’s secretory segment is
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more hypertonic than blood, Fowles (1974) suggested an active transport mechanism
for sodium chloride from the interstitial fluid into the lumen, producing an osmotic
gradient which the water follows.

The human precursor sweat contains approximately 147-151 mM Na (sodium),
123-124 mM Cl (chloride), 5 mM K (potassium), probably 10-15 mM HCO;
(bicarbonate), and 15-20 mM lactic anion (Sato, 1977, p. 103). Sweat also contains
small amounts of other ions and urea, as well as traces of biogenic amines and
vitamins. The precursor sweat is modified as it passes through the ductal part of the
sweat gland. In surface sweat, Na varies from 10 to 104 mM, paralleled by the CI
concentration ranging from 10 to 30 mM (Sato, 1977). These lower concentrations
gave rise to the hypothesis of an active NaCl reabsorption mechanism in the ductal
wall, comparable to the one in the renal tubules, which is regarded as being well
established (Bijman, 1987; Fowles, 1986a). The NaCl concentration at the skin
surface, which falls within the range of 0.015-0.06 M (Rothman, 1954), becomes
higher with an increased rate of perspiration, which presumably reflects a limited
reabsorption capacity of the duct. Since the NaCl concentration has been reduced
by the time the sweat reaches the epidermal duct, most of the reabsorption is likely
to having taken place in the dermal duct (Schulz et al., 1965), although there is
possibly an additional NaCl absorption mechanism in the epidermal ductal walls
(Sect. 1.4.2.3, Fig. 1.14). The reabsorption as a whole may prevent the body from
excessive NaCl loss through sweating in high ambient temperatures (Fowles, 1974).

NaCl can be regarded as playing a mediator function in sweat production, since it is
actively transported into the lumen within the secretory segment of the sweat gland to
produce an osmotic gradient, which draws water into the lumen, and is subsequently
actively reabsorbed within the duct.?! Reddy and Quinton (1994) demonstrated in
human sweat glands that a similar molecular mechanism in the Cl channel is respon-
sible for sweat secretion and for sweat reabsorption in the duct wall.

Sweat does not flow continuously through the duct to the skin surface, but rather
in a pulsatile manner with pulsations of 12-21 Hz, as Nicolaidis and Sivadjian
(1972) showed by applying a fast-moving humidity sensitive film. Rhythmic
contractions of the myoepithelia, surrounding not only the secretory but also the
ductal part of the sweat gland like a helix, are regarded as the source of the pulse
(Ellis, 1968). Although an adrenergic influence on these myoepithelia has been
discussed, they might be innervated cholinergically as well, since adrenergic
receptors play a minor role, if any, in eccrine sweat secretion (Sect. 1.3.2).%

2!t is also important for cardiac functions related to blood pressure. The metabolic processes that
take place during sweat secretion, including the possible role of Ca as a second messenger in
cholinergic sweating, are discussed in detail by Sato (1977) and summed up by Fowles (1986a).
22Sato (1977) generally questions the hypothesis of expulsion of already existing sweat by
adrenergic stimulation. In his in vitro studies with isolated monkey sweat glands, he found so
little preformed sweat in the lumen that an initial myoepithelial contraction could not expel an
appreciable amount of sweat. Furthermore, Nicolaidis and Sivadjian (1972) used forehead sites for
recording, so their observations may not be generalized to palmar sweat secretion.
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According to Sato (1977), sweat can be observed rising and falling in a micropipette
brought into the lumen at a frequency of 0.5-2 Hz during low sweating rates.
He followed Kuno (1956) in arguing that this phenomenon should be due to neural
stimulation rather than to myoepithelial contraction. However, the nature of an
appropriate innervation remains unclear (Sect. 1.3.2.3).

1.3.3.2 Thermoregulatory Function of Sweating and Skin Blood Flow

Vaporization from the skin is mainly considered with respect to its thermoregulatory
function. It is divided into visible, or the so-called sensible perspiration, and invisi-
ble, or the so-called insensible perspiration.

The thermoregulatory functions of vaporization from the skin and of blood flow in
the skin are closely related to each other. With respect to thermoregulation in the
so-called neutral zone (ambient temperature 28-30°C, 50% relative humidity and
calm wind, for an unclothed resting adult), heat loss can be controlled solely by
vasomotor activities. Below this zone, water vaporizes through insensible perspiration
(Thews et al., 1985). Above the neutral zone, visible thermal sweating appears, and
water loss through sweating reaches a significant amount above 34°C (Thiele, 1981a).

One-half to two-thirds of the total insensible water loss is through the skin, while
the rest is through the lungs, but the skin’s portion is not all conducted by sweat
glands, since anhydrotics lose as much water as normals (Tregear, 1966). However,
atropinization, which blocks the cholinergic sweat gland innervation, reduces the
amount of insensible perspiration to 50% (Herrmann et al., 1973).23 Thus, a
considerable part of insensible perspiration is controlled by sweat gland activity
(Jeje & Koon, 1989), using at least the whole peripheral apparatus including the
efferents from the sympathetic ganglia (Schliack & Schiffter, 1979).

The regulation of skin blood flow is deliberately described by Houdas and Ring
(1982). It consists of two distinct mechanisms which show regional differences.
The skin sites located distal to the trunk, such as palms, soles, and ears, are rich
in sympathetic adrenergic fibers, which act in a vasoconstrictory manner and
show strong tonic activity even under temperature-indifferent resting conditions.
Peripheral vasodilatation is a result of inhibiting their activity. Contrarily, the
resting activity of those sympathetic adrenergic fibers is low at the proximal parts
of extremities, as well as at the trunk itself, while its increase leads to vasoconstric-
tion. In the latter skin areas, vasodilatation is a direct consequence of sweat gland
activity, since bradykinin, which is released when sudomotor fibers are stimulated,
has a strong vasodilative action upon the skin’s capillaries. With regard to these

23 In deviation from the classical dermatological hypothesis, Tregear (1966) presumed that the sweat
gland ducts, as well as the hair follicles, were of no importance for the amount of the body’s water
loss. He referred to observations that the palmar skin, having three times the density of sweat glands
compared to the rest of the body, is not very permeable to fluids, and that individuals without any
sweat glands show as much insensible perspiration in a cool environment as normal individuals.
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mechanisms, Edelberg (1972a) considered the possibility of reflex sweating being
nothing more than a handmaiden of the cardiovascular system.

Of great importance for skin blood flow and thermoregulation is the microcircu-
lation in the skin, which accounts for 9% of the total blood flow during resting
conditions. As described in Sect. 1.2.1, the larger vessels which supply the body
surface are located in the hypodermis, from where smaller branches ascend to the
sweat glands, the hair roots, and up to the dermal papillae (Fig. 1.2). They form a
widespread subpapillary net of capillaries, the arterioles of which show an unusual
thick wall of 2-3 um (compared to 0.1 pm in the rest of the body), being covered
with small alpha-adrenergic innervated muscles, which govern the amount of
vasoconstriction. Such kind of muscles is also found at the arteriovenous anasto-
moses (Sect. 1.2.1.3), the opening of which is responsible for the increase of skin
blood flow during increasing temperature, constituting a major mechanism for
releasing heat from the skin (Houdas & Ring, 1982). Whether the decrease of
skin blood flow is governed by parasympathetically innervated vasodilative fibers
(analogous to the blood flow in the skeletal muscles) or whether peripheral vasodi-
latation is a result of the central inhibition of the sympathetic vasoconstrictory
fibers remains debatable (Janig et al., 1983).

Based on a mathematical model, Love (1980) suggested that skin blood flow
should be regarded as the major determinant for skin temperature. This was,
however, doubted by Brown, Bygrave, Robinson, and Henderson (1980), who —
using a thermal clearance method (van de Staak, 1966) — determined the skin’s
thermal conductivity as the major factor eliciting changes in skin temperature.
Furthermore, Houdas and Ring (1982) obtained a nonlinear relationship between
skin blood flow and skin temperature. On the other hand, local changes in blood
circulation as elicited by pressure on the skin are paralleled by decreases in skin
temperature. After 20 min, when a normal unclothed person with a core temperature
of 37°C is adapted to an ambient temperature of 23°C, skin temperature ranges
from 32.2°C at the soles of the feet to 34.2°C at the center of the abdomen
(Millington & Wilkinson, 1983, Table 1.1). A similar range can be observed during
an ambient temperature of 32°C, whereas during ambient temperatures between
10 and 20°C local differences in skin temperature may be observed.

The local skin temperature has the ability of changing the action of sweat glands
and skin blood vessels in the appropriate regions (Janig, 1990). Therefore, reduced
sweating and hence reduced EDA can result in cooled skin areas, despite a high
amount of sudomotor impulses from the CNS. In turn, a local warming of skin can
increase sweating and EDA.

The efferent CNS control of the skin’s thermoregulatory function does not only
include the sympathetic part of the ANS. Since voluntary as well as involuntary muscle
activity takes part in thermal balance, the somatic sensory system is also included. The
afferent limb is formed by peripheral thermoreceptors, mainly by receptors for cold
and heat in the skin, and by a centrally located receptor which belongs anatomically to
the medial hypothalamus, the firing rate of which is primarily determined by the
internal body temperature (Kupfermann, 1985). Temperature control, including ther-
mal sweating, is modulated by hypothalamic structures (Sect. 1.3.2.2).
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1.3.3.3 Other Functions and Special Features of Sweating

Besides the thermal sweating described in the previous section, Schliack and
Schiffter (1979) gave evidence for an additional five kinds of sweating which are
classified according to the stimuli eliciting them.”* Every type uses the postganglionic
sympathetic neuron, which has its origin in the sympathetic trunk and travels via the
peripheral cutaneous nerve to the sweat gland as a final common terminal path
(Sect. 1.3.2.1). However, their mechanisms of CNS elicitation differ in part.

1. “Emotional sweating” means increased sweat gland activity as a concomitant of
psychological and, especially, emotional states which appear, for example, in
high arousal or under stress (Sect. 3.2.1). It is likely to be elicited via hypotha-
lamic-limbic connections as described in Sect. 1.3.2.2. Emotional sweating
is observed mainly on palmar and plantar sites (Sect. 1.3.2.4), but also in the
axillary and genital regions (Millington & Wilkinson, 1983), as well as on
the forehead (Schliack & Schiffter, 1979). However, Allen, Armstrong, and
Roddie (1973) reported increased sweating at other body sites during emotional
strain (see Footnote 180, Sect. 3.2.2.2) induced by arithmetic exercises. They
observed the amount of sweating as being directly proportional to the number of
sweat glands per region, thus indicating no regional differences in emotional
sweating. Shields et al. (1987) also considered the possibility of the specific
reactivity of palmar and plantar sweating to psychological stimulation as being
dependent on the greater sweat gland density on these sites. Thus, the specific
role of palms and soles in emotional sweating remains to be considered further.

2. Gustatory sweating appears when food is consumed which is especially sour,
highly salted, or spicy. There are marked interindividual differences with respect
to the sites included. Gustatory sweating mainly appears on the face (e.g., on the
forehead and the upper lip; Schliack & Schiffter, 1979) and on the wings or the
top of the nose. Its intensity can be irritating without being pathological. How-
ever, pathological gustatory sweating may appear after sympathetic nerve
lesions. It can also be elicited in the absence of gustatory stimuli — it does not
even require intact gustatory sensation — via chewing and olfactory as well as
psychological stimulation. It is probably elicited via an irritation or partial
blocking of sudomotor pathways from the sympathetic trunk or its peripheral
ramifications, which lead to a local disinhibition of an otherwise subliminal
physiological reflex (Schiffter & Schliack, 1968).

3. Ubiquitous spontaneous sweating can be observed on palmar and plantar sites,
even by a simple magnifying glass. It may be regarded as an expression of a
resting tonus, comparable to the resting muscle tonus of motor units. However, the
existence of such a resting tonus in sweat glands remains debatable (Sect. 1.3.2.3).

24 The specific meaning of these different kinds of sweating for EDA is as yet unexplored, except
those of the so-called emotional-sweating type. They are reported here for the sake of completion
and with respect to possible future electrodermal research.
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4. Reflex sweating is an expression that describes sweat gland activity at sites which
are innervated from spinal cord segments distal to the locus of certain damage (e.g.,
paraplegia). The expression is also used for a confined, local sweating following
stimulation of an area with radiation, heat, needle punctures, or electricity. It is
assumed to be mediated through the so-called axon reflexes (Sect. 1.3.1) instead of
possible spinal connections between sympathico-efferents and pain afferents.

5. Pharmacologically produced sweating is a local sweat secretion elicited through
either subcutaneous or intracutaneous injection, as well as through iontophoresis
with cholinergic substances (e.g., nicotine or pilocarpine).

There is also a special mechanism of sweating which underlies the so-called cold
sweat. Startle responses (Sect. 3.1.1.2) and other strong emotionally tinted responses,
as well as deep breathing and coughs — all situations associated with a sudden
elicitation of adrenaline — also lead to sweat secretion. Free circulating adrenaline,
however, acts in a vasoconstrictory manner similar to a cold stimulus. At the same
time, sweat secretion may be activated via hypothalamic centers. Both responses
result in cold sweat, which seems to be paradoxical with respect to thermoregulation.
However, Ebbecke (1951) was convinced that expulsion of so-called cold sweat is
not a result of the secretory part of the sweat gland’s innervation. Instead, he adopted
an adrenergic stimulation of the myoepithelia around the duct as a source of expul-
sion of sweat already produced in this case, a hypothesis also held by Kuno (1956) but
which is no longer regarded as valid (Sects. 1.3.2. and 1.3.3.1).

1.3.4 Specific Physiological Mechanisms Underlying
Electrodermal Activity

The following two sections investigate CNS mechanisms (Sect. 1.3.4.1), epidermal
features, and sweat gland features (Sect. 1.3.4.2) with respect to their contributions
to electrodermal phenomena. For the time being, these descriptions are incomplete,
since the central origin of sweat gland activity is not fully understood in detail
(Sect. 1.3.2.2). Additionally, most findings are taken from animal preparations and
so generalization to humans may not be conclusive (see Footnote 10, Sect. 1.2.3).

1.3.4.1 Central Origins of Electrodermal Activity

Electrodermal phenomena are not only influenced by parts of the CNS involved in
the classical sympathetic elicitation of sweat secretion (Sect. 1.3.2.2). Various
subcortical and cortical regions contribute, forming a complex system, the role of
which is far from being fully understood. A thorough review of the evidence with
regard to different brain levels existing at that time had been rendered by Venables
and Christie (1973). In the 1992 edition of this book, the present author added some
more recent results and provided an integrative view on the origin of electrodermal
phenomena in the CNS, which will be amended here with more recent results.



1.3 Physiology of the Electrodermal System 33

Much of what was known in the early 1990s about the central origins of
electrodermal phenomena came from studying the effects of lesions and stimulations
in the cat’s brain, sometimes under the influence of heavy narcotics (for a summary of
research with cats into the CNS influences on EDA, see Sequeira & Roy, 1997).
Evidence from humans and from nonhuman primates was sparse at that time.*
Therefore, the first version of the schematic overview depicted in Fig. 1.5 (see
Boucsein, 1992, Fig. 5) was originally based on the knowledge of Wang (1964),
who summarized results from various studies with anesthetized and nonanesthetized
cats. The excitatory and inhibitory sweat centers from which the cat’s EDA originates
provide the basis for the present edition’s Fig. 1.5. However, the picture has become
more complicated, since various areas have been detected by brain imaging studies
that could be connected to electrodermal phenomena (for a review, see Critchley,
2002). Unfortunately, this kind of research has not yet converged to a systematic view
similar to the one provided by Wang (1964).

Subcortical Control of EDA

There is no doubt that the hypothalamic areas which exercise thermoregulatory
control play a major role in the elicitation of EDA (Fig. 1.4, Sect. 1.3.2.2). Interest-
ingly, not only posterior but also medial and anterior hypothalamic regions exert
excitatory influences on the cat’s EDA (Sequeira & Roy, 1993). In particular,
EDRs could be elicited in some animal preparations by stimulation of anterior
hypothalamic regions (for summaries see Edelberg, 1972a; Venables & Christie,
1973), which are regarded as belonging to the trophotropic (parasympathetic)
system. This gave rise to the hypothesis that at least part of CNS elicitation of
EDA could be under parasympathetic control (Venables & Christie, 1973, p. 30).
However, as Bard (1960) pointed out, no mechanism which parallels the represen-
tation of the sympathetic system exists for the parasympathetic system in the
hypothalamus or in any other part of the CNS. Furthermore, evidence is lacking
for influences of anterior hypothalamic regions on sweat gland activity in humans
(Sect. 1.3.2.2). Hence, in the updated Fig. 1.5, Wang’s (1964) notion of the anterior
hypothalamus was put in brackets and amended by the hypothalamic regions shown
in Fig. 1.4.

As previously outlined in Sect. 1.3.2.2, the sudomotor hypothalamic areas are
under control of the limbic system (see Footnote 19 in Sect. 1.3.2.2), which has also
been regarded as the neurophysiological basis for emotional and partly for motiva-
tional phenomena (Sects. 3.2.1.2 and 3.2.2.1). Subcortical limbic influences mainly
stem from the hippocampus (which is involved in the Papez circuit) and from the

%5 One major difference between sweating in cats and humans may be that there is probably no
thermal sweating in the cat (Janig et al., 1983). Therefore, Roy, Sequeira, and Delerm (1993),
hypothesized that the sweating of the cat’s footpad could be analogous to “emotional sweating” in
humans (Sects. 1.3.2.4 and 1.3.3.3).
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(1964), Fig. 8.1. Copyright 1964 by the Regents of the University of Wisconsin. Used by
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peripheral and spinal level

amygdala (Edelberg, 1972a; see also Sect. 3.4.2). Stimulation of the basolateral
amygdala could evoke a single EDR with its typical recovery (Lang, Tuovinen, &
Valleala, 1964), and amygdalectomy in monkeys produced a marked impairment of
EDRs following acoustic stimulation (Bagshaw, Kimble, & Pribram, 1965). This
gave rise to the hypothesis that the amygdala might be responsible for the elicitation
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of the electrodermal orienting response (ED-OR; see Sect. 3.1.1.1). However,
Tranel and Damasio (1989) obtained regular ED-ORs in a 60-year-old patient
whose entire amygdalar complex had been destroyed bilaterally by encephalitis.
There seems to be some laterality, since Raine, Reynolds, and Sheard (1991), who
used a magnetic resonance imaging (MRI) technique for relating individual diff-
erences in the size of selected brain areas to electrodermal phenomena in 17 normal
participants (9 females, 8 males), obtained significant correlations between the size
of the left temporal area (including the amygdala) and the frequency of ED-ORs,
but not for the right temporal area.”

Findings with respect to hippocampal influences on EDA are mixed (Sequeira &
Roy, 1993). Some results from animal studies gave rise to the hypothesis that the
hippocampus has an inhibiting effect on EDA. Yokota, Sato, and Fujimori (1963)
and Yokota and Fujimori (1964) found an inhibiting influence when stimulating the
hippocampus in nonanesthetized curarized cats. However, such an influence could
not be confirmed in monkeys, in which Bagshaw et al. (1965) did not find any
influence on EDRs when bilateral hippocampus lesions existed. Furthermore, a
possible EDA inhibiting center in the hippocampus was omitted by Wang (1964)
from his Fig. 8.1, because he could not form any simple notion concerning its
descending pathway. In humans, hippocampal stimulation can also elicit EDRs.
Mangina and Beuzeron-Mangina (1996) elicited EDRs (recorded bilaterally with
standard methodology; see Sect. 2.2.7) in five young adult surgical patients with
direct stimulation via intracerebral electrodes from various brain regions. Stimula-
tion of both amygdalae yielded the highest EDRs, followed by anterior and poste-
rior hippocampi, and left and right anterior cingulate gyri, which incidentally play
an important role in the cortical control of EDA (see section “Cortical Control of
EDA”). However, these authors found that SCRs elicited by limbic structures were
of considerably higher amplitude than those elicited from cortical areas. Amygdala
and hippocampus exert differential influences on EDA measures in conjunction
with information processing (Table 3.1, Sect. 3.1.3.1).

Excitatory centers for EDA in cats are also located in a region of the dorsal
thalamus (Isamat, 1961). The ventromedial part of the RF at the rhombencephalic
level was regarded by Wang (1964) as the most powerful inhibitory center for EDA
in the cat’s brain. Presumably, there is not much influence from the cerebellum,
although Wang located some facilitation of the ventromedial RF in the roof nuclei
in the anterior lobe of the cerebellum, which, however, only inhibit autonomic
functions during strong muscular movement. Additionally, removal of the

26Skin conductance was recorded bilaterally with 0.5 V constant voltage from the medial
phalanges, using Ag/AgCl electrodes filled with 0.5% KCl in an agar medium (Sect. 2.2.2.5).
A series of six 75 dB tones (1.311 Hz, 1 s, ISI randomized between 35 and 50 s) and four
reorienting stimuli for probing OR reinstatement after habituation (Sect. 3.1.1) were applied. Left
and right hand SC-OR was significantly related to left and right prefrontal areas (r = 0.44-0.60),
area of the pons (r = 0.43-0.54) and left but not right temporal/amygdalar area (r = 0.47-0.53).
No significant correlations were found with the area of the cerebellum, nonfrontal cortical areas,
and the medial prefrontal cortex.



36 1 Principles of Electrodermal Phenomena

cerebellum had no observable effect on EDRs of cats. Corresponding results for
humans were obtained by Raine et al. (1991), who could not find relationships
between amplitudes of EDRs and the size of the cerebellum, and from Critchley’s
(2002) review on brain imaging and EDA, who reported that the area of the
cerebellum was not related to the EDR amp.

The basal ganglia seem to play an important role in the control of EDA. Wang
(1964) located an important inhibitory center for EDA in the cat’s caudate nucleus,
which is part of the striatum. Since synchronization of spontaneous SPRs in the
cat’s four footpads was present in the striatal but not in the hypothalamic
nonanesthetized cat, he assumed a regulatory center for EDA being located in
some part of the pallidum (see Fig. 1.6), exerting influences on both excitatory
and inhibitory centers (Wang, 1964, Fig. 8.1; see also Boucsein, 1992, Fig. 5).

Cortical Control of EDA

Besides influences from subcortical structures, cortical limbic structures have also
been found to be involved in the generation of electrodermal phenomena, and a
diversity of extralimbic cortical areas was shown to influence EDA.?’ In the cat’s
brain, excitatory centers for EDA were located in anterior limbic and infralimbic
areas (Isamat, 1961) and in sensorimotor cortical areas (Wang, 1964). Wang and
Brown (1956) were able to demonstrate inhibitory influences from large frontal
cortical areas acting on excitatory cortical sweating centers of the sensorimotor and
the anterior limbic cortex.”® However, not only inhibitory but also excitatory areas
were located in the cat’s frontal cortex (Wang & Lu, 1930; Wilcott, 1969; Wilcott
& Bradley, 1970; see also Langworthy & Richter, 1930). In humans, indirect
evidence for inhibiting effects of cortical regions (however, more central than
frontal in location) on EDA was inferred by Weitkunat, Biihrer, and Sparrer
(1990) from analyzing grand average EEG waveforms preceding spontaneous
EDRs in 12 healthy participants (5 females, 7 males).

Cortical areas that putatively interact with the limbic system were also found to
influence EDA in humans and in nonhuman primates. SCRs were not diminished in
monkeys with medial frontal lesions (Kimble et al., 1965), but were completely absent
in monkeys with bilateral removal of the dorsolateral cortex (Grueninger, Kimble,
Grueninger, & Levine, 1965). Luria and Homskaya (1970) observed reduced ED-ORs
in human patients with frontal lesions as compared to those with lesions in other
cortical areas. Raine et al. (1991) observed a strong relationship between spontaneous
and elicited EDA and their MRI measure of the prefrontal area size. In his review,
Critchley (2002) regarded cortical areas as being responsible for eliciting EDRs as

27 Animal research on hypothalamo-limbic and cortical control of EDA has been summarized by
Sequeira and Roy (1993) in their Table 1.1, pp. 97-99.

2 1In general, the question of ipsi- or contralaterality of inhibitory vs. excitatory influences on
electrodermal phenomena remains unresolved (Sect. 3.1.4.2).
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concomitants of cognitive and anticipatory behavior, while the amygdala seems to
mainly contribute to the generation of EDRs to salient stimuli with acquired emotional
meaning. In their combined SCR/fMRI study with six participants, Critchley, Elliott,
Mathias, and Dolan (2000) investigated regional brain activity preceding SCR peaks
and subsequent to them (Sect. 2.2.3.5). Significant activity preceding SCRs was
observed bilaterally in the cerebellum and in extrastriate visual cortices (the task
was visual in nature, i.e., making decisions on playing cards) as well as in the left
medial prefrontal lobe. Subsequent to SCRs there was significant activation in the
right medial prefrontal cortex, being presumably associated with representations of
peripheral states of arousal (i.e., reflecting afferent feedback of ANS arousal).””

During the last two decades, much regard has been given to the possible role of
the ventromedial prefrontal cortex (VMPEC) in eliciting electrodermal concom-
itants of decision making (Sect. 3.1.3.3). Tranel and Damasio (1994), in a study
with 36 patients with MRI-diagnosed well-defined brain lesions, observed reduced
ED-ORs subsequent to lesions of the VMPFC, of the right inferior parietal cortex
and of the anterior cingulate gyrus.”” In a study with seven patients having bilateral
damage in the ventromedial sector, Bechara, Tranel, Damasio, and Damasio (1996)
observed that anticipatory SCRs prior to choices in a decision task (see Sect.
3.1.3.3) were entirely missing, but were observable in 12 matched controls. Ten
patients with lesions in the VMPFC, as diagnosed by MRI (Tranel, 2000), showed
impaired SCRs”' to psychological stimuli (i.e., affective laden slides) but not to
physical stimuli (i.e., loud noise or taking a deep breath), the SCRs being even more
reduced when the anterior cingulate gyrus was also damaged. Extensive damage of
the anterior cingulate gyrus was associated with impairments in SCRs to both kinds
of stimuli. No relationships were observed between EDA and nonfrontal cortical
areas. Bechara, Damasio, Damasio, and Lee (1999) used a computerized version of
the decision task applied by Bechara et al. (1996) in five patients with amygdala
lesions and five patients with VMPFC lesions. Both groups were unable to develop
anticipatory SCRs as a sign for impairment in decision making, but patients with
lesions in the VMPFC were able to produce SCRs as a consequence of reward or
punishment, while amygdala-lesioned patients could not. Differences in the role of
the VMPFC and the amygdala in eliciting cognitively determined EDRs are
discussed in more detail in Sect. 3.1.3.3.

However, both brain areas exert their influence on EDA via sympathetic
hypothalamic areas (see left side of Fig. 1.6; see also Fig. 3.4, Sect. 3.2.1.2).
The VMPEFEC has also been discussed as being responsible for SCRs in restful, but

*The bilateral medial prefrontal cortex is subsumed by the VMPFC, an area that is most
consistently associated with missing SCR in patients with appropriate lesions. The possible role
of brain areas for EDA biofeedback is discussed in Sect. 3.1.2.3.

30In the studies of this group, patients were diagnosed by MRI or X-ray computerized tomography,
and SC was recorded with standard methodology (Sect. 2.2.7) from thenar/hypothenar sites.

31 Recorded with standard methodology from 36 brain-damaged (15 females, 21 males) compared
to 20 matched normal participants (7 females, 13 males).
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mentally alert states (Raichle et al., 2001), while SCRs during fear and threat
stimuli are more likely to be elicited by amygdalar activity (Williams et al., 2001).
In an fMRI study with eight healthy volunteers who performed SC** biofeedback
(Sect. 3.1.2.3), Nagai, Critchley, Featherstone, Trimble, and Dolan (2004)
obtained significant negative correlations between orbitofrontal cortical and
VMPEC activity and SCL, while SCRs were concomitantly elicited with lateral
prefrontal, anterior cingulate, insular, thalamic, and hypothalamic activity.

There is also evidence for cerebral influences on EDA from regions outside of
cortical areas related to the limbic system. Langworthy and Richter (1930) as well
as Spiegel and Hunsicker (1936) already emphasized the role of premotor cortical
regions (Brodmann area 6, see Fig. 1.6) in eliciting EDA, since a close connection
between the pyramidal fibers for the transmission of skeletal muscle impulses and
sudomotor fibers has been found in degeneration studies. As Darrow (1937a)
pointed out, those pathways cannot be identical, because pyramidal stimulations
did not elicit responses in the skin.>? He suggested that the sudomotor fibers were
corticopontine, rather than corticospinal like the pyramidal fibers. Thus, the neuro-
physiological basis for electrodermal changes which accompany changes in posture
should be influenced from tegmental or pontine areas in which the premotor fibers
end. Since it is widely accepted that subcortical structures such as the basal ganglia
participate in motoric integration or programming (Marsden, 1982), the combined
striatal and premotor cortical origins of EDA can be viewed together as a single
premotor electrodermal component and a concomitant of nonpyramidal motor
system activity (see upper right of Figs. 1.5 and 1.6).*

When premotor cortical areas are electrically stimulated or are removed,
excessive sweating is observed, which points to both excitatory and inhibitory
influences from this region. The role of EDRs as concomitants of motor actions is
well established in humans (Edelberg & Wright, 1964; Pugh, Oldroyd, Ray, &
Clark, 1966). Bilateral electrodermal recordings at palmar sites following strong
acoustic stimuli sometimes showed noticeable lateral differences, which, however,
never exceeded a ratio of 1:1.5 (Fisher, 1958; Obrist, 1963). However, if study
participants were asked to move one foot as a response to the acoustic stimulation,
the lateralization increased in favor of the EDR amp. as measured at the ipsilateral
hand (Culp & Edelberg, 1966).

2 Measured with a biofeedback system via silver electrodes and KCl electrolyte cream from the
palmar surface of the left hand. Their method of recording SC within an fMRI was described by
Critchley et al. (2000), see Sect. 2.2.3.5.

33 However, Langworthy and Richter (1930) could elicit EDRs and other autonomic responses by
stimulating the pyramidal tract in cats. Roy, Sequeira-Martinho, and Brochard (1984) suggested
this was due to the collaterals from the pyramidal tract reaching the RF, by which reticular
elicitation of EDA has been mediated.

3 Sequeira and Roy (1993) managed to elicit EDRs in cats by stimulating both motor and

premotor cortical areas electrically, even in a “pyramidal preparation,” where all descending
pathways except the pyramidal tracts were interrupted at bulbar level.
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In a positron emission tomography (PET) brain imaging study which related
regional cerebral blood flow to NS.SCRs during aversive and nonaversive stimula-
tion,>> Fredrikson et al. (1998) correlated the activity in cortical areas with the
presence of considerable EDRs. While the anterior and posterior cingulate cortices
were active in connection with bilateral EDRs, a laterality effect was observed
in the primary motor cortex (Brodmann area 4). Activities in other brain regions
such as the secondary visual, the inferior parietal, and the insular cortices showed
negative relations to the appearance of EDRs. The authors suggested a complicated
and distributed neuronal system in the human brain that governs elicitation
and inhibition of EDRs.

Three Different CNS Originating Pathways for EDA

Taking all these human and animal results together, CNS elicitation of EDA can be
allocated to two major pathways above the RF and one within it. First, there are
ipsilateral hypothalamic influences on sweat secretion that are controlled by limbic
structures (Fig. 1.4) with facilitating influences stemming mainly from the amygdala
(e.g., in the case of orienting and defensive responses) and inhibitory influences
stemming mainly from the hippocampus (e.g., in the case of behavioral inhibition,
see Sect. 3.2.1.2). The basal ganglia together with premotor cortical areas form a
second system with separate and mainly contralateral influences on sweat secretion
and hence on EDA (Sect. 1.3.2.2). These influences were not only found in animal
lesions studies but also in stimulation and lesion studies in human neurological
patients (Schliack & Schiffter, 1979). According to the present author’s suggestion
(Boucsein, 1988, 1992), the limbic-hypothalamic electrodermal source is labeled
here as “EDA1” and the premotor source as “EDA2” (sources 1 and 2 in Fig. 1.6;
see also Fig. 3.4, Sect. 3.2.1.2).

In cats, the laterality of EDA seems to disappear at the reticular level and/or
below, since unilateral cortical and pyramidal stimulation elicited bilateral SPRs
with comparable amplitudes (Sequeira-Martinho, Roy, & Ba-M’hamed, 1986)
and reticular stimulation in the cat was always followed by bilateral responses
(Ba-M’hamed-Bennis, Sequeira-Martinho, Freixa i Baqué & Roy 1985; see also
Sequeira & Roy, 1993). However, the laterality may sustain in humans, since
Mangina and Beuzeron-Mangina (1996) observed ipsilateral SCRs much higher
than contralateral ones after electric stimulation of limbic structures in neurosurgi-
cal patients. As to these authors, the disparity between cats and humans can be
explained by direct pathways connecting the left and right limbic structures in cats,
which are very limited in humans and in nonhuman primates.

35 White noise and videos of snakes with or without electric shocks delivered to the right hand.
Laterality could not be evaluated since EDA was only measured on the left hand. SC was recorded
with standard methodology (Sect. 2.2.7); the amplitude criterion was set to 0.05 pS.
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Fig. 1.6 Central nervous system elicitation of EDA in humans. /: ipsilateral influences from the
limbic system via hypothalamic thermoregulatory areas (EDA1); 2: contralateral influences from
premotor cortical and basal ganglia areas (EDA2); 3: reticular influences. Dashed: Connections
within the limbic system (Fig. 1.4, Sect. 1.3.2.2). Adapted from Schliack and Schiffter (1979),
Fig. 1.4c. Copyright 1979 by Springer. Used by permission of the publisher

The RF itself can have eliciting as well as modulating influences on EDA (Roy,
Sequeira-Martinho & Brochard et al., 1984, Roy, Sequeira, and Delerm 1993).
Bloch (1965) pointed to EDA as a reflection of central activation which is con-
trolled by excitatory as well as inhibitory areas in the RF. These areas are regarded
as mainly influenced by inhibitory corticofugal neurons. An inhibitory reticular
center could be located in the ventromedial RF (Roy, Delerm, & Granger, 1974;
Wang & Brown, 1956), whereas the lateral portion of the midbrain RF and portions
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of the diencephalic RF have excitatory effects on EDA (Edelberg, 1972a). Venables
and Christie (1973) provided evidence that stimulation of appropriate mesencephalic
excitatory regions facilitates motor activity via the action of the RAS (Sect. 3.2.1.1).
Since the RF is connected with the striopallidum as well as the cerebellum, and is
known to strongly influence skeletal muscle tone as well as muscle contractions via the
gamma-efferent system, there is likely to be a close connection between the reticular
modulation of sweat gland activity and skeletal muscle activity (Roberts & Young,
1971). Thus, while influences on EDA stemming from EDA2 have to be regarded as
concomitants of preparing to activate distinct motor units, reticular influences on EDA
(source 3 in Fig. 1.6) are more likely to be connected with a general increased
muscular tone due to an increased general arousal (Footnote 113, Sect. 3.2.1.1).
Reticular-mediated EDRs should likely be concomitants of locomotive changes,
which may appear in emergency situations, and not of distinct or even fine manipula-
tive motor actions which require a stronger cortical participation. Whether electroder-
mal changes that appear as concomitants of inspiration, and which are mainly
regarded as artifacts in electrodermal recording (Sect. 2.2.5.2), are more cortically
or more reticularly influenced remains unanswered.

In summary, the experimental as well as clinical evidence concerning the CNS
elicitation of EDA points to the existence of two different origins above reticular
level, which were already suggested by Edelberg (1972a): a limbic—hypothalamic
source labeled EDA1, being thermoregulatory and also emotionally influenced, and a
premotor-basal ganglia source labeled EDA2, eliciting electrodermal concomitants
of the preparation of specific motor actions. In addition, there may be a reticular
modulating system which mediates EDA changes that appear with variations of
general arousal (source 3 in Fig. 1.6). The reticular modulating system is also likely
to be responsible for inhibitory influences on EDA (Fig. 1.5), which may be either
ipsi- or contralateral. However, under conditions of diffuse sweat gland activation
with generalized EDA, the specificity of those neuronal systems may at least partly
disappear.*®

The three-sources model of EDA as proposed by Boucsein (1988, 1992) was
probed in the above-mentioned PET study by Fredrikson et al. (1998), who grossly
confirmed the bilateral emotional (EDA1) and the contralateral preparatory (EDA?2)
sources, whereas their data remained silent on the possible reticular source because
they did not sample blood flow in the RF. The ipsilaterality hypothesis of EDAI
was confirmed by Kubota et al. (2000) in a study with six epileptic patients who
underwent unilateral temporal lobectomy. They were presented ten slides with
negative emotional valence and ten neutral slides subliminal by means of a masking
procedure, while SPR was recorded thenar/hypothenar from both hands with Ag/
AgCl electrodes. SPR amp. following negative stimuli compared to the neutral ones
were significantly greater from the intact-side hand than those from the lesion side,
indicating that amygdalectomy (which comes with temporal lobectomy) results in
damage of the ipsilateral EDA1 concomitant of subliminal emotional processing.

36 Wilcott (1963) showed that nonpalmar areas of skin that are normally regarded as thermoregulatory
also took part in emotional sweating during a stressful situation (Sect. 3.2.2.2).
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1.3.4.2 Properties of Skin and Sweat Glands Influencing
Electrodermal Activity

While the dermis and also the hypodermis are well supplied with blood and
interstitial fluid, at least the upper epidermal layers consist of relatively dry and
horny cell structures and are not necessarily surrounded by much fluid. Hence, both
kinds of skin structure will have different electrical properties, which is of great
importance for EDA. The intact skin shows little permeability for water and soluble
agents, which is also seen in epidermal tissue taken apart from skin. On the other
hand, skin from which the epidermis has been removed shows very high per-
meability (Tregear, 1966). Therefore, an epidermal barrier layer is assumed,
which is penetrated by skin appendages (see section “The Role of Skin Components
and of Membrane Processes”). These structures show not only resistive but also
membrane-dependent polarization properties.

The Role of the Epidermal Barrier Layer

There has been much discussion concerning the localization of an epidermal
diffusional barrier, which is reviewed in detail by Fowles (1986a). Though it is
not possible to give an exact localization of this barrier (Thiele, 1981b), there are
some researchers who suggest a gradient of increasing resistance from the outer to
the inner parts of the horny layer (e.g., Montagna & Parakkal, 1974), pointing to the
inner stratum corneum as the main portion of the barrier layer (Table 1.2,
Sect. 1.2.1.1). However, most findings provide evidence that the entire stratum
corneum forms the barrier, with the exception of its desquamating surface cells
(Jarrett, 1980).

Attempts to localize this barrier layer were mainly performed using the so-called
“stripping” technique. With this technique, epidermal layers down to the stratum
lucidum are successively pulled off by means of an adhesive cellophane-tape,
which makes 4-40 successive trials necessary, depending on the method used
(Klaschka, 1979).*” With the stripping technique, only the fully keratinized dry
epidermal layers can be removed, because the adhesive tape does not adhere to the
inner humid layers such as the stratum intermedium. It has been shown that after
complete removal of the corneum, there remains only a low diffusional resistance
(Tregear, 1966) and also a low electrical resistance in the epidermis (Lykken,
1968). However, since stripping also results in erythema (inflammation stemming
from hyperemia), these results cannot exclude the existence of another barrier layer
located in the deeper layers of the intact corneum (Tregear, 1966). Van der Valk
and Maibach (1990) recorded the transepidermal water loss with an evaporimeter
during adhesive cellophane-tape stripping on the volar forearm of six participants.

3 More recently, Lademann, Jacobi, Surber, Weighman, and Fluhr (2008) showed that up to
around 80 strippings may be required to fully remove the stratum corneum.
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The increase of water loss was found to be proportional to the decrease in thickness
of the horny layer, demonstrating that not only the inner but also the outer layers are
important in forming the epidermal barrier.

Since the stratum corneum consists of dead cell material, the nature of the
epidermal barrier is likely to be that of a passive membrane. This was shown by
in vitro experiments using epidermal preparations, which yielded the same esti-
mates for permeability to water, electrolytes, nonelectrolytes of low molecular
weight (such as alcohols), and steroids (Fowles, 1986a). The barrier properties
stem from lipids and essential fatty acids like linoleic acid but not from the keratin
in the cells of the corneum. This is evident because strongly keratinized structures
like nails are permeable to water, but de-lipidization of the corneum or diets
deficient in essential fatty acids causes a marked increase in transepidermal diffu-
sion of water.

A factor influencing the epidermal barrier function under normal physiological
conditions is skin temperature. As Fowles (1986a) pointed out, the permeability for
water increases exponentially with an increase in skin temperature. For example,
within the range of 25-39°C, which corresponds to the normal variations in palmar
skin temperature, water permeability doubles if skin temperature is raised 7-8°C.
Thus, temperature effects on water permeability may significantly influence EDA
(Sect. 2.4.2.1).

In spite of the diffusional barrier, and independent of whether sweat glands
are active or not, there is a continuous transmission of water, from the dermis via
the epidermis, out of the body by insensible perspiration (Sect. 1.3.3.2). Thus,
the corneum, which is extremely hydrophilic, is always partially hydrated under
physiological conditions. Its hydration is, however, dependent on external as well
as internal factors. There is a linear relationship between the increase of environ-
mental relative humidity (Sect. 2.4.1.2) and corneal hydration up to humidity of
about 60-70%. At higher levels, the increase of hydration is exponential up to
a relative humidity of 95% (Fowles, 1986a). Thiele (1981b) showed that the
thickness of the corneum is halved when the air’s relative humidity is halved.

Sweat gland activity in which the ducts are filled up to the epidermis results
also in corneal hydration. Since the acrosyringium has no wall cells of its own
(Sect. 1.2.3), sweat penetrates unimpeded into the corneum as a result of high
pressure in the duct and/or diffusion. As a consequence, the corneum soaks sweat
like a sponge. If the sweating rate increases, the corneum gets even more soaked
with sweat from the skin surface, which has been poured out by sweat glands.
Adams (1966) demonstrated in cats, the footpads of which were dried out, that
repeated stimulation of plantar nerves resulted in an outpouring of sweat after a
certain temporal delay, which varied inversely with stimulation frequency. This
shows that the corneum becomes hydrated first, before sweat reaches the surface.
If the corneum is already hydrated, adequate nerve stimulation results in the
appearance of visible sweat immediately.
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Since sweat contains numerous ions (Sect. 1.3.3.1), the electrical conductance of
the corneum increases when being soaked with sweat, thus being dependent on sweat
gland activity (Sect. 1.4.2.1). However, as compared to the ducts filled with sweat, the
stratum corneum provides a relatively weak conducting path. In their in vitro studies,
Campbell, Kraning, Schibli, and Momii (1977) obtained an unequivocal relationship
between the hydration of the plantar stratum corneum and its electrical resistance.
According to Tregear (1966), it is uncertain which part of the corneum adds more to its
electrical conductivity: the hydrated keratinocytes themselves or the fluid within the
intercellular spaces. However, Fowles (1986a) argues that water-soluble molecules
follow a transcellular route as a pathway through the barrier.

The Role of Skin Components and of Membrane Processes

It is unlikely that the sebaceous glands’ outlets form shunt conductances through
the stratum corneum as do the sweat gland ducts, since lipids act as electrical
isolators. The same is true for hair, since their sites are always connected to
sebaceous glands (Sect. 1.4.2).

On the other hand, there is only little doubt (Footnote 23, Sect. 1.3.3.2) that the
sweat glands aggregate quantitatively as pathways for water loss under some
conditions and at some body sites (Fowles, 1986a), thus acting as diffusional
shunts, a topic which had been treated systematically by Scheuplein (1978). The
cross-sectional area of the stratum corneum is by a factor of 1,000—100,000
greater than the area covered by sweat glands. Therefore, under steady state
conditions of diffusion, the corneum more than balances its lower diffusivity for
water, so that the possible contribution of the diffusional shunt function of sweat
glands may become nonsignificant. However, out of such a steady state, the sweat
glands’ role as diffusional shunts may be quite important, because water loss
occurs via the sweat glands sooner than it does through the corneum. Since the
time lag gets more pronounced with an increasing thickness of the corneum
(Scheuplein, 1978), water loss through sweat glands should make a significant
contribution to the total water loss for a much longer time at palmar and plantar
sites, where the stratum corneum is especially thick (Sect. 1.2.1.1), compared to
other sites of the body (Fowles, 1986a). However, this effect may in part be
annihilated by the fact that the coefficient of diffusion (i.e., the rate of penetration
of a given solute through the tissue) is much greater on palms and soles than on
other body sites (Scheuplein, 1978).

Unfortunately, appropriate comparisons were made only for various solutions
but not for electrolytes by Scheuplein (1978), who also stated that the permeability
of the intact stratum corneum for electrolytes is extremely low. Edelberg (1971), on
the other hand, provided some evidence that an at least moderately hydrated
corneum will allow ions to diffuse through. He also suggested that the electrical
current employed through skin during exosomatic electrodermal recording may
facilitate epidermal diffusion.
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Though the relative contributions of the epidermis and sweat gland ducts to total
diffusion of electrolytes are unclear, the sweat gland ducts on palms and soles may
play a more important role as electrical shunts than those on the rest of the body.
So the possibility of site-specific time courses of the electrodermal signal on palmar
and plantar sites, which are preferred for electrodermal recordings (Sect. 1.2.1.1),
has to be considered.

With respect to its electrical resistance, the skin has an inner humid, conduc-
tive layer, formed by the dermis together with the nonhorny epidermal layers
(Sect. 1.2.1), and an outer less humid layer which contains a barrier for water and
ions which is therefore less conductive (Campbell et al., 1977). The sweat gland
ducts break this barrier, act as electrical shunts, and allow an additional path for
diffusion.

Besides these purely resistive properties, living tissue also has capacitive
or polarization features which stem from its active membranes (see Sect. 1.4).
All living cell membranes, such as present in the noncorneal part of the skin, can
build up polarization capacities (Sect. 1.4.2) via an active ion transportation mecha-
nism through their semipermeable structures. These active membranes are also
present in the wall cells of the sweat gland, as well as in the myoepithelial cells
surrounding them. It is not likely that active membrane processes are present in the
stratum corneum, since fully keratinized cells behave electrophysiologically like plant
cells. It is possible that the membrane-like lines between corneal cells (Sect. 1.2.1.1)
still act as contact zones for the transmission of action potentials (Klaschka, 1979);
however, they do not have any capability to form polarization capacities.

Tissue conductivity can be held responsible for tonic EDA and perhaps also
contributes to phasic electrodermal phenomena with slow recovery, while the
active membrane processes elicited by sudomotor nerve impulses may be responsi-
ble for EDRs with fast recovery. Polarization features of membranes may also be
influenced by humoral factors. Various hormones like adrenaline, noradrenaline,
and bradykinin act directly on biological membranes. Detailed descriptions of
pharmacological actions of those substances on sweat glands in vitro are given by
Sato (1977, 1983).

1.3.5 Suggested Biological Relevance of Electrodermal
Phenomena

Apart from the psychophysiological relevance of EDA, which is the subject of the
third part of this book, there have been several hypotheses concerning its biological
significance, especially that of palmar and plantar sites. There is some evidence that
those sites do not take part in thermal sweating (Sect. 1.3.2.4). However, Edelberg
(1972a) discussed the possibility of palms and soles being an allostatic part of a
sweat secretion thermoregulatory functioning, which may serve the following
biologically adaptive response. Heat loss due to peripheral vasodilatation together
with increased “emotional” sweating may constitute preparatory adaptations to
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the increase of body core temperature as a result of enhanced metabolic activity
in states of high arousal or stress (Sects. 3.2.1.1 and 3.2.2.2).

Another hypothesis concerning the biological significance of the EDA focuses
on the role of the sweat glands in regulating the hydration of the palmar and plantar
stratum corneum. Darrow (1933) has argued that hydration provides optimal
frictional contact with objects being manipulated and increases tactile sensitivity.
However, it is questionable whether tactile sensitivity is really dependent on
corneal hydration, or whether EDA is to be regarded as a concomitant of CNS
activity leading to a sensitization of cutaneous receptors (Sect. 1.2.4). Edelberg
(1971), who investigated the relationship between the degree of ANS activity on the
one hand, as measured by SRR and finger pulse volume, and the tactile sensitivity
using 250-Hz vibratory stimuli on the other hand, found evidence for a central
activation process, providing an explanation of the high correlation between ANS
and sensitivity threshold shift. During resting, the correlations between spontaneous
EDRs and tactile sensitivity were low, whereas these correlations increased rapidly
during recording periods following a startling stimulus. The lowering of sensation
thresholds was paralleled by an increase in central activation, which was in turn
already regarded by Edelberg (1961) as a source for autonomic activity as well
as for the sensitivity threshold shift.

The relationship between EDA and tactile sensitivity is further enlightened by
pharmacological evidence. Arthur and Shelley (1959) and Fitzgerald (1961)
suggested that free nerve endings that extend into the epidermis (Sect. 1.2.4)
serve as sensory afferents. However, those fibers may also serve as autonomic
efferents which may take part in the origin of SP (Niebauer, 1957). Additionally,
there is evidence for a direct influence of a cholinergic agent on cutaneous sen-
sitivity. Bing and Skouby (1950) showed that the number of active cold receptors at
the volar surface of the lower arm increased, following injections of acetylcholine,
mecholyl, or prostigmine. Injections of atropine had the opposite effect. Wilcott
(1966) observed that intracutaneous mecholyl injections into the forearm resulted in
changes of sensory thresholds. He also showed that lowering of pain threshold
following a needle prick was associated with a negative SP wave, whereas a rise of
this threshold was associated with a positive SP wave (Sect. 1.4.2.3). Another
experiment reported by Wilcott (1966) investigated the relationship between
palmar SP and changes in pain threshold elicited by electrical stimulation. Wilcott
found a lowering of thresholds that was accompanied by either positive or nega-
tive SPRs. These results may suggest that changes in sensitivity thresholds are
influenced by cholinergic agents, which also produce the EDA changes being
observed as concomitants of threshold shifts. Earlier, Lowenstein (1956) observed
that the stimulation of sympathetic fibers traveling to the frog’s skin resulted in
lowered tactile receptor thresholds and a delay of their adaptation. However,
sympathetic influences in the frog are transmitted adrenergic and not cholinergic.

The possible association between EDA and improvement of frictional contact
may be illustrated by everyday behavior, which also optimizes the wetness of
palmar epidermal sites, such as moistening the finger with the lips before turning
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pages and rubbing one’s palms before grasping a tennis racket.*® In the latter case,
there is an inverted-U-shaped relationship between the degree of moistening of the
skin and the frictional contact with the rugged synthetic surface of the racket
(Adams & Hunter, 1969). Since the frictional properties of skin reach their maxi-
mum at an intermediate level of surface moisture, Edelberg (1972a) presumed the
existence of a control mechanism, which has the ability to prevent excessive
moistening of the skin. Edelberg (1973a) suggested this being the role of an
absorption reflex, which is connected with the positive SP wave. Hence, the posi-
tive SP component could be interpreted as an indication of task-oriented, finely
coordinated motor activity (Edelberg, 1972a).

Additional evidence for the friction improvement hypothesis came from
Edelberg (1967), who showed that EDRs could be recorded on those sites of the
soles — the heel and the ball of the foot — that are in direct contact with the ground.
Another plantar site showing considerable EDA is on the inner side of the foot
between the big toe and the ankle (Sect. 2.2.1.1). This region is especially stressed
in tree-climbing primates. Edelberg (1967) also observed that the amplitudes of the
negative SPRs on palmar and dorsal surfaces of the fingers were nearly identical,
however, by far lower than those at thenar and hypothenar sites or at the foot.
On the other hand, the positive SPRs were particularly high on palmar sites of the
fingers and the hand. Hence, positive SPRs are prominent on those sites which are
needed for tactile manipulation, while sites that are included in gross body
movements, such as on the feet, show predominantly negative SPRs. However, it
remains open as to what degree the different thicknesses of stratum corneum at
different sites contributed to these results.

Besides the biological significances of EDA previously discussed, moisturizing
of skin following subsequent EDRs may also have protective properties in cases of
injury, since it increases the resistance of the corneum against cutting or rubbing
(Adams & Hunter, 1969). Wilcott (1966) observed that skin treated with atropine,
which abolishes sweat gland activity, can be more easily abraded with a dental drill
than untreated skin or skin soaked with distilled water. Having a defensive orienta-
tion, this kind of adaptation could serve as an explanation for the observation that
threatening situations are strong eliciting stimuli for EDRs.

A somewhat speculative interpretation of the “emotional” sweating occurring at
palmar and plantar sites (Sect. 1.3.3.3) is given by Edelberg (1972a): because sweat
is not simply a solution of electrolytes but additionally contains organic substances
(Sect. 1.3.3.1), sweating at those sites could serve as a tracking aid in certain
species. It is possible that the olfactory action of organic agents in sweat would
help, for example, a child to identify her/his mother’s scent, or act as a signal for a
threatening situation. This would, however, require a CNS-guided secretion mecha-
nism for emotion-specific organic sweat components, for which evidence is missing.

38 From their lesion and stimulation research with cats, Sequeira and Roy (1993) concluded that a
direct corticospinal sudomotor pathway may exist, contributing to the corticospinal control of final
autonomic adjustments, in particular during grasping.
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1.4 Biophysics of Electrodermal Measurement

Electrodermal phenomena are spontaneous as well as elicited changes of a complex
system with elements showing different electrophysical properties. All electroder-
mal models described in Sect. 1.4.3 consider fixed as well as variable resistors and
capacitors. In addition, some of them comprise voltage sources localized in the skin
or the sweat glands, which represent polarized membranes. Electrophysiologically,
these can be regarded as capacitors which are already charged. Therefore, the
following introduction focuses mainly on the electrophysical properties of resis-
tances and capacitors.

From a system-theoretical view point, methods of electrodermal recording can
be assigned to the following three groups:

1. Endosomatic recording (Sect. 2.2.3.1). In this method, only those properties of
the electrodermal system which result from active changes of the system are
considered. The electrical energy is presumed to originate in the polarized
membranes in the skin as mentioned above.

2. Exosomatic recording with direct current (Sects. 2.1.1,2.1.2, and 2.2.3.2). Here,
the electrodermal system is supported with electrical energy from an external
source, using either a constant voltage or a constant current. The appropriate
models mainly focus on passive properties of a system, in which capacitors are
charged and changes in the signal are mainly due to resistive changes.

3. Exosomatic recording using alternating current (Sects. 2.1.5 and 2.2.3.3). This
method is infrequently used. In addition to the system properties mentioned
under (2), responses of the electrodermal system to oscillatory signals are
investigated, which also include changes in capacitors or charged membranes
in the skin.

Prior to the description of electrophysical properties of the skin and the sweat
glands, some fundamental principles of electrophysics and systems theory will be
discussed below.

1.4.1 Resistor- and Capacitor-Based Systems

In this section, some fundamentals of electrophysics are described in using an
illustrative and clear manner, which are considered necessary for the comprehen-
sion of electrodermal phenomena and the corresponding models. Readers who
already have knowledge of electrophysics may find Sect. 1.4.1.1 and the beginning
of Sect. 1.4.1.2 somewhat elementary. However, they address researchers who do
not possess such prior knowledge.

1.4.1.1 Some Fundamental Electrical Properties

Between two bodies with electrical charges Q of different sizes (e.g., between the
two poles of a battery) there exists a potential difference, which is described as
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the voltage U and is measured in volts (V). When the two bodies are connected by a
conductor, an electrical current will flow through the conductor until the potential
difference is equalized and voltage becomes zero; this current / is measured in
amperes (A), 1 A being defined as the amount of current that flows with a charge of
one coulomb for 1 s.

In the simplest case, voltage and current are proportional, that is, the quotient
of voltage and current is constant. This constant is defined as the electrical
resistance R, the relationship between the three dimensions being set out in the
following equation:

U=RI (1.1)

This equation is known as Ohm’s law. Electrical conductors which obey this
law are called ohmic resistances. Their strength is given in ohms (£) which is
defined as follows: when, by a voltage of 1 V, a current of 1 A flows, there exists
a resistance of 1 Q.

Equation (1.1) states that the proportionality between applied voltage and
flowing current is dependent upon the resistance R. It also illustrates the reversed
proportionality between resistance and current flow with constant voltage; the
greater the resistance, the less current can flow. This dependence can also be
formulated using the reciprocal of resistance, that is conductance G as follows:

G=o (1.2a)

G (Footnote 2, Sect. 1.1.1) is measured in siemens (S).>” The reverse is also true:

R= (1.2b)

When the reciprocal conductance value from (1.2b) is inserted in place of R in (1.1),
it follows

U= (1.3)

Hence, the strength of the current / flowing through the resistance is directly
proportional to the conductance G if the voltage U is constant.

*n Anglo-American papers, there was a widespread custom for using the unit “mho,” i.e., the
mirror image of “ohm,” instead. Meanwhile, S was introduced as the SI unit for conductance.
Despite Venables and Christie (1980) argued for the continued usage of mho, in the last 20—
30 years most researchers have used the unit S for conductance. The unit mho corresponds 1:1 to
the unit pS.



50 1 Principles of Electrodermal Phenomena

In biological processes, resistances appear commonly in the range of several
thousand ohms, therefore kiloohm (k€) is used as the denotation symbol for
resistance in electrodermal measurement. Correspondingly, it is common to use
microsiemens (US) for conductance. Resistance and conductance can be converted
into each other as shown by the following two equations:

1,000
G[pS] = RO (1.4a)
and
1,000
R[kQ] = —G[,uS] (1.4b)

Equations (1.4a) and (1.4b) can only be used for converting resistance and con-
ductance values into each other, which were recorded at a specific point in time.
If the resistance and conductance changes (i.e., AR and AG) shall be converted,
which is rather common in the recording of EDA, the simple relationships of (1.4a)
and (1.4b) do not apply anymore. Given AR = R, — R; and AG = G, — G, then
the following equation applies:

I 1 R R AR
AG—— L _ M I

= = = (1.52)
R, R, RR, RR» RiR»

The minus sign shows that an increase in resistance leads to a decrease in
conductance. Correspondingly, the reverse, following (1.2b), also applies:

1 1 G G AG

AR = —— — = — ——
G, G GG, GGy GG,

(1.5b)

When converting changes in resistance and conductance into each other, levels
for both the conductance and resistance must be taken into account. This means that
they must also be recorded. In practice, R, is normally used in the denominator of
(1.5a) instead of the product of R; and R,, because the error is small when AR is
relatively small in comparison to R (Sect. 2.3.3.2). Correspondingly, G, can be
substituted in (1.5b) when AG is small in comparison to G.

1.4.1.2 Application of Direct Current to RC Circuits

An electrical circuit in which a capacitor (C) is charged and discharged through a
resistor (R) is labeled “RC circuit.”

An ohmic resistor to which direct current is applied will transform electrical
energy into heat. Voltage is said to “drop” across the resistor. Basically, there are
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Fig. 1.7 Resistors connected serially (left, switch position 1) and in parallel (right, switch
position 2) and the resulting subdivisions of the total voltage U, and total current [,

two ways to connect resistors in a circuit: either in series with each other or
in parallel.*’

On the left-hand side of Fig. 1.7, two resistors connected in series are depicted.
Over each resistor, the voltage U, applied to the circuit as a whole drops and the
partial voltages U, and U, add up to the original Uy. The current I, is the same in
both resistors. Hence, resistors connected in series behave additively.

When the resistors are not connected serially but in parallel, as depicted on the
right-hand side of Fig. 1.7, another effect results: the same voltage U, lies on each
resistor independent of its size, since they are all directly connected to the full
voltage. The current is subdivided according to the size of each resistor, in which
case Ohm’s law must be applied to each resistor. The currents /; and I, add up to the
current I, which flows through the circuit.

The size of an insertable resistance R, through which the same current flows
by the same voltages as by the parallel resistances R, and R, can be calculated by
Ohm’s law which was shown in (1.1):

Ry =7—= (1.6a)

40 During the following considerations, the inner resistance of the voltage source should always be
negligible for the reason of simplification.
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Again following Ohm’s law:

U U U
Lot = — d 1 =— d L =— 1.6b
tot Ruor an 1 R an 2 R, ( )

By dividing the right- and left-hand sides of (1.6a) by U, inverting them, and
inserting the values of I, and I, from (1.6b), the following relationship results:

U u U
= (1.6¢)
Rot Ri Ry
Dividing both sides of (1.6¢) by U results in
1 1 1 R +R
L I (1.6d)
Rot Ri Ry  RiRy
From that follows directly
RiR;
Riot = 1.6e
o R RS (1.6e)

Equation (1.6e) illustrates that the replacement resistance for a parallel circuit
is smaller than the sum of single resistances. This can be easily seen by using
numerical examples.

In contrast to resistors which use up electrical energy, capacitors store it.
Technical capacitors consist of two parallel, electrically conductive plates
separated by an isolating dielectric (an electrical insulator which can be polarized
by an applied electric field). When voltage is applied to these plates, they become
charged and build up an electrical field. Upon becoming fully charged, no more
charging current will flow. If the voltage source is removed, the full voltage remains
between the plates until they are short circuited through a load. During the dis-
charge process, a current flows in the direction opposite to the charging current,
until the voltage between the plates reaches zero.

The capacitance of a capacitor indicates its ability to store an electrical charge.
The larger the capacitance is, the more charge can be stored, given a fixed voltage.
The relationship between the charge Q, the capacitance C, and the voltage U is
linear, as shown in (1.7):

0=CU 1.7)

The capacity of a capacitor is expressed in farads (F) and is defined as follows:
a capacitor in which the voltage reaches 1 V in 1 s by a charge current of 1 A has a
capacity of 1 F. In practice, the usual values are much smaller, as in the case
of conductance (Sect. 1.4.1.1). Therefore, capacitance is given in uF, nF, or pF
(microfarad, nanofarad, or picofarad).
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Fig. 1.8 The charging (left, switch position 1) and discharging (right, switch position 2) of a
capacitor in an RC circuit, with the corresponding current and voltage graphs

Figure 1.8 presents the temporal relationship between voltage and current from
charging and discharging a capacitor. In circuit position 1 the capacitor is charged.
Voltage U¢, measured on the capacitor C, rises exponentially until the value U is
reached, while the charge current / drops exponentially to zero, which is dependent
upon the serially connected resistor R; and the capacitor C. When the fully charged
capacitor is connected as in position 2, the capacitor discharges through R», (i.e., it
is short-circuited). Thus, voltage and current drop exponentially to zero, whereas
the strength of the discharge current /, as a temporal alteration of the capacitor
charge is defined by

do

I, ==
27

(1.8)

In the short-circuited system, the voltage Uy, that drops across the resistor R, is
in the opposite polarization to the voltage U and shows the same temporal course
as I,; therefore

Uc+ U, =0 (1.9a)

Following Ohm’s law, Ug, = R»l,, and transformation of (1.7) results in
Uc = Q/C. Therefore

(Raly) += =0 (1.9b)

Qld
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Dividing by R, and insertion from (1.8) gives:

O

__9 1.
& CR, (1.9¢)

If the change of a value is in proportion to that value, the value will show an
exponential course over time, as seen in the differential equation (1.9c) for the
charge Q of the capacitor. As can be shown through insertion, the exponential
course is described by (1.10a):

~t/RC

0=00e (1.10a)
at which Qg is the initial charge value and Q is the charge value at a particular
point in time ¢. The product of resistance and capacitance, RC, is labeled time
constant T and indicates how fast the exponential curve declines:

7 =CR (1.10b)

In (1.10b), capacitance must be given in F and resistance in Q. A capacitor, when
being charged, reaches 63% of its full charge at t s. If it is discharged, then 37%
of its charge is left after t s (Sect. 2.3.1.3 “Recovery Parameters”). Increasing
the capacitance n times results in a time constant of nt, as does an increase of the
resistance n times.

When several capacitors are connected in series and are fully charged, the charge
is the same in each capacitor and corresponds to the total charge Q. In the case of
two serially connected capacitors, this means

01 =02 = O (1.11a)

If (1.7) is solved for U for each capacitor, O and Q, can be replaced by Q.
following (1.11a):

Q ot an d U2 —_ Qtot

U, ==
T C

(1.11b)

As depicted on the left-hand side of Fig. 1.7, the voltages U, and U, add up to
the voltage U,; the same goes for Uy, as for the single voltages (1.11b), and the
following results:

Ot Ot n Ot

— (1.11¢)
Cot C1
When both sides of (1.11c) are divided by Q,, the following results:
1 1 1
(1.11d)

:—+—
Coa Ci
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Therefore, in the case of serially connected capacitors, the reciprocal value of the
replacement capacitor is determined by addition of the reciprocal values of the
single capacitors, in opposition to serially connected resistors which are added to
each other.

When two capacitors are connected in parallel, the full voltage U, lies across
both capacitors simultaneously. The charges of the capacitors are calculated using
(1.7) as follows:

01 = C1Uint (1.12a)
and
0> = CUin (1.12b)

Since the adjacent plates of the single capacitors can be regarded as one big
capacitive plate, the total charge is calculated as follows:

Ot =01+ 02 = CiUit + CrUiy (1.13a)

Isolating U,y and dividing the left- and right-hand sides of (1.13a) by U,y
results in

Qlot
Uiot

=C1+C, (1.13b)

If (1.7) is transformed and the result is applied to (1.13b), it can be seen that
the left-hand side of (1.13b) equals Cyo. Thus

ClOI :Cl +C2 (1130)

Therefore, capacitors connected in parallel behave as if added to each other,
in contrast to the replacement resistance for parallel resistors, which is smaller than
the sum of the single resistors, as shown in (1.6e).

Figure 1.8 depicts an RC circuit in which a resistor and a capacitor are connected
in series (i.e., the capacitor C is charged through the resistor R; and discharged
through R,). It is also possible to build networks of resistors and capacitors
connected in parallel. The charging and discharging processes are similar to those
shown in Fig. 1.8; however, the voltage rise time will be delayed.

1.4.1.3 Application of Alternating Current to RC Circuits
Once the capacitor in an RC circuit is fully charged following the application of

a DC, only the resistive properties of the circuit are measurable. Should the
capacitive properties of RC circuits also continually be determined, as in the course
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of possible variations in polarization capacities during an EDR (Sects. 2.1.5
and 2.2.3.3), either the direct current must be continually switched on and off
(pulsed DC, Sect. 1.4.1.4) or, for example, a sinusoidal alternating voltage must
be applied for the measurement of the system’s electrical properties.

Alternating voltages are characterized by changing their strength and direction
periodically. The most commonly used alternating voltage is sinusoidal. Here, the
voltage amplitude is calculated by the sinus of the angle of a circle, whose radius is
the maximum amplitude and is passed once during a period, as shown in the
following equation:

U(t) = Uy sin(2nft) (1.14)

at which fis the frequency of the alternating voltage, U(¢) is the amplitude at time ¢,
and Uy is the maximum amplitude of the voltage. In an AC circuit when only ohmic
resistances are involved, the voltage drops as in a DC circuit. Furthermore, the
effect of serially connected resistors as voltage dividers and of parallel-connected
resistors as current dividers is the same as in a DC circuit (Fig. 1.7). Current and
voltage in the presence of purely ohmic resistances are always “in phase.”

This is no longer the case when a capacitor is put into an AC circuit. In DC,
following the finish of charging, no more current can flow through the capacitor
branch and the full voltage is measurable across the capacitor (Fig. 1.8), but the
electrically conductive plates in an AC circuit charge up alternatingly positive and
negative, so that a standing alternating charge and discharge current flows.

In a circuit with only one capacitor, an AC is measurable, the strength of which
varies with the rise and fall of the alternating voltage. When the voltage and current
of a capacitor are measured, the phase of the current will lag behind that of
the voltage. The reason for this is as follows: before a voltage can build up on the
capacitor’s plates, a current must flow. This current is at its maximum when the
voltage is zero and is itself at zero when the full voltage is reached (Fig. 1.8, lower
left). This is true for the positive and negative phases (i.e., the current’s maximum is
reached a quarter period before the maximum of the positive and negative voltage
amplitude). This phase displacement is described by the phase angle ¢ through
which the current flow precedes the voltage course.

The AC resistance of a capacitor is frequency dependent. With a lower
frequency the capacitor will be charged and discharged less often during a certain
period; the average strength of the current is therefore smaller with a lower than
with a higher frequency, by which the capacitor would be charged and discharged
more often. The rising current indicates a higher transmission factor for AC, which
means that the AC resistance of the capacitor decreases with rising frequency.

This can be inferred mathematically from (1.7), (1.8), and (1.14). The trans-
formation and differentiation of (1.7) with ¢ gives

0 _dU
&_ 1.1
o S (1.152)
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For sinusoidal alternating voltage, differentiation of (1.14) with ¢ gives

dU

o = (2nfUo) cos(2nft) (1.15b)

If (1.15b) is inserted in (1.15a), and it is noted from (1.8) that / = dQ/d¢, then
1(t) = (2nCfUy) cos(2nft) (1.16a)

The product 2nCfU is a constant and gives the maximum value of the current /, by
a certain frequency f:

I(t) = Io cos(2nft) (1.16b)

Figure 1.9 refers to a system composed of just one capacitor, where the inner
resistance of the voltage source is negligible. In this case, the phase displace-
ment ¢ will be 90° as shown in the vector diagram in the lower part of Fig. 1.9.
In this diagram, the current I, whose strength is calculated by (1.16b), has a
value of

| = 2rCfU, (1.16¢)

The value of the impedance Z( f) for the frequency fis given as the quotient of the
values of U and [ from (1.14) and (1.16c):

_Yo Yo _ 1
200 = 5| = s = 3 1)

It can be seen in (1.17) that the impedance Z behaves as the reciprocal of the
frequency f, given a constant capacity C (i.e., by increasing frequency, the AC
resistance decreases).

Since an ohmic resistance transforms electrical energy into heat (Sect. 1.4.1.2) it
is described as an active resistance. By contrast, a capacitor in a circuit does not
transform electrical energy but stores it. Despite this, the capacitor limits the current
dependent upon the frequency f of the applied alternating voltage. This effect is
described as blind resistance or as reactance X:

X(f) = Z(f) sinp(f) (1.18a)

Since the phase angle ¢ is 90° in a system composed of only one capacitor as shown
above (which can, however, be only theoretically true in case of a so-called ideal
capacitor), X(f) = Z(f) in that case (i.e., reactance equals impedance).
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Fig. 1.9 Phase displacement of voltage and current by application of alternating voltage to a
capacitor (upper part) together with the corresponding vector diagram (lower part). See text for
explanations

Through incorporation of an active (ohmic) resistance in such a circuit, the
phase angle ¢ is changed, in relation to the frequency f of the alternating voltage,
between 0 and 90°. Using the impedance Z(f) and the phase angle ¢(f), the
reactance (blind resistance) X(f) can be calculated from (1.18a). The ohmic
resistance R(f) is calculated as follows:

R(f) = Z(f) cos p(f) (1.18b)

In a graph made up from R(f) as the abscissa and X(f) as the ordinate,
a characteristic curve for Z(f) can be plotted (Fig. 1.10). This curve, or locus as it
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Fig. 1.10 Upper part: Three different loci. The innermost curve results from an impedance vector Z
(f) of around f = 7 Hz with its projections X(f) and R(f) drawn to the respective axes. Lower part:
The admittance vector Y(f) with its components: conductance G(f) and susceptance B(f), and the
impedance vector Z(f) with its components: resistance R(f) and reactance X(f), being represented
in the complex plane. The phase angle ¢ has the same absolute value in both cases but differs in sign.
Reprinted from Schaefer and Boucsein (2000), Fig. 1.2. Copyright 2000 by the Society for Psycho-
physiological Research. Reprinted by permission of the publisher and the first author

is called, fully describes the transmission behavior of the RC system and can be
used for its characterization.*'

In the upper part of Fig. 1.10, three differing loci are plotted, through which the
responses of three different systems to the applied alternating voltage can be
described. The curves shown in the diagram apply to a system with a parallel circuit
comprising a resistor and a capacitor.

“! These connections can also be elucidated through a depiction with complex numbers. There R(f)
is taken as the real part and X(f) as the imaginary part of a complex function. This depiction, which
is preferred in electrophysics and in systems theory, is shown in the lower part of Fig. 1.10.
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Such a locus materializes as follows: when the frequency f of the alternating
voltage has the value 0, the system is virtually on direct voltage. In this case, the
resistance of the capacitor C would be infinite (Sect. 1.4.1.2) and the impedance Z
would be determined solely by the ohmic resistance; therefore Z(0) would equal
R(0). The vector Z would therefore lie on the R axis at f = 0. When fis raised by an
applied alternating voltage, then C would, so to speak, allow current flow through it
(i.e., the Z vector becomes shorter as the total impedance of the system decreases).
With increasing f, the angle of the vector Z to the X axis increases, that is, the blind
resistance part of the impedance increases. The total impedance decreases con-
stantly with rising frequency (i.e., the Z vector becomes constantly shorter) until it
achieves 0 by f — oo, and then the capacitor practically short-circuits the resistor.

From the projection of the impedance vector Z(f) to the R- and X-axes, the
relationship between Z, R, and X can clearly be shown. Following Pythagoras’
theorem, (1.19a) holds for each frequency, and therefore being independent of the
phase angle:

Z(f) = \/R(F)* + X(f) (1.19)

The AC conductance, which corresponds to the AC resistance (i.e., impedance
Z(f)), is labeled admittance and symbolized by Y (Table 1.1, Sect. 1.1.1):

ng:lj (1.19b)

Y(f) can be subdivided into its real part, the conductance G(f), and its imaginary
part, the susceptance B(f) (see Footnote 41). With application of (1.19a) and (1.19b),
susceptance B(f) can be calculated as follows from reactance X and the ohmic
resistance R:

X(f)
B(f)=——5""—— (1.20a)
X(f)* +R(f)
The conductance G is calculated as follows:
R(f)
Gf) =————— (1.20b)
R(f)’ +X(f)?

By using (1.18a) and (1.18b), B and G can be determined from the impedance
Z and also the phase angle ¢. The locus determination of conductance and
susceptance ensues correspondingly from the upper part of Fig. 1.10, and the
equivalent of (1.19a) also applies to the relationship between Y(f), G(f), and
B(f). Examples of loci in the conductance-susceptance graph are given in
Sect. 1.4.3.3.
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The lower part of Fig. 1.10 depicts the relationships between admittance and
impedance and their components in the plane made up by the real and the imaginary
axis. As can be seen, the phase angle ¢ has the same absolute value for admittance
and conductance, differing only in its sign, provided that a specific AC frequency is
applied and under the assumption of constant imaginary components (see Boucsein,
Schaefer, & Neijenhuisen, 1989; cf. also Sect. 2.3.1.2 “Amplitudes of Exosomatic
Responses Recorded with Alternating Current”). Hence, the phase angle ( can be
used as a measure for EDA which is independent of the measurement technique
applied (Sect. 2.5.3.1).

The processes which occur by application of alternating voltage to biological
tissues with the ability to build up polarization capacities (Sect. 1.4.2.2) are
comparable to technical capacitors. However, they are complicated by the fact
that tissues must be, electrophysically, regarded as circuits of higher complexity
than the simple RC circuits discussed here. This is partly because more capacitors
and also more resistors, both in series and in parallel, are involved (Sect. 1.4.3.2).
By the use of these types of additional elements, the current and voltage processes
through time are further affected. In principle, however, the resistive and capaci-
tive properties of such complex systems can be simulated by relatively simple
substitute circuits (Sect. 1.4.3.3).

The various measurement procedures for determining the phase angle ¢,
the impedance Z, and the admittance Y are described in Sect. 2.1.5.

1.4.1.4 Determining System Properties of Unknown RC Systems

The consequences of application of sinusoidal alternating voltage to circuits
comprising resistors and capacitors (as described in the previous section) can be
regarded from the systems theory perspective as the deformation of a defined input
signal by a system. In systems theory, such processes are used to investigate the
properties of unknown systems.

By using an oscilloscope which allows replacing the time basis by an amplifier,
a depiction of phase displacement and amplitude relationship between the input
and output signal can be obtained. Figure 1.11 depicts an example of the resulting
so-called Lissajous figure, which shows how the combination of an input signal
possessing the maximum amplitude E, and an output signal with the maximum
amplitude A, creates an elliptical figure whose main axial incline is dependent
upon the Ay/Ey relationship. The length of the short axis is dependent upon the
phase displacement; it reaches its maximum at ¢ = 90° and disappears at ¢ = 0°.

The system properties of an RC circuit with known resistors and capacitors in
series and in parallel can be determined through the application of a single
alternating voltage frequency. However, to investigate unknown systems such as
the skin, recording must be repeated with a number of different frequencies. The
disadvantage of such a process is the long time needed for measurement, especially
with the inclusion of low frequencies. This is because in the low-frequency area the
system becomes stabilized only after around five full periods. Therefore, techniques



62 1 Principles of Electrodermal Phenomena

output
signal 4

< 1% - »
Y input
signal
/

Fig. 1.11 Lissajous figure. Ey: maximum amplitude of the input signal. Ay: maximum amplitude
of the output signal. #: time axis. Dotted: the axes of the ellipse

using successive impulses with differing alternating voltage frequencies have been
developed to date only for the recording of the tonic parts of EDA and not for those
of a phasic EDR (Sect. 2.1.5).

However, it is theoretically possible to stimulate a system such as the skin with
all frequencies of a defined spectrum at the same time (known technically as
“noise”). The system’s response is divided into its spectral components by using
Fourier analysis. This allows phase and amplitude spectrums to be obtained from
the system’s response to the differing frequencies of the given input noise. Such a
process requires a very high temporal resolution and — depending on the narrow
phasic variations in comparison to the possible tonic values of the EDA signal
(Sect. 2.1.3) — necessitates, not only in the temporal but also in the amplitude area,
high resolution analog/digital (A/D) converters, and laboratory computers which
make a correspondingly fast data transfer possible.

A further possibility is offered by the so-called pulse spectrum analysis for
simultaneously recording the system’s response to all frequencies of a spectrum.
The responses to pulse-formed signals, which begin at zero, return to zero, and will
remain there until the next signal, are described in systems theory as “transients.”
The unknown system is stimulated by a sequence of periodic DC impulses (the
so-called pulsed DC). Each sequence of square wave impulses can be conceived as
a result of superimposed sine waves of different frequencies. Figure 1.12 highlights
how a certain spectrum of sine waves can be summarized, forming needle impulses
(a process that can be regarded as opposed to Fourier analysis). The resulting



1.4 Biophysics of Electrodermal Measurement 63

y(t)

NVINVIN VN
WA YR TR UK

y(t)

VY YV UV VY

.

Fig. 1.12 Three superimposed sine curves (above), their summation curve (middle), and a
corresponding summation curve of 60 basic sine frequencies. The arrows indicate the temporal
points, where all waves are in phase
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value y at a given time ¢ is calculated as the sum of the amplitudes from n
superimposed sine waves according to (1.21), where /2 is brought in to obtain a
maximum at the beginning:

n

y(t) = Z sin <2nfil‘ + g) (1.21)

t=1

In the upper part of Fig. 1.12, due to the need for transparency, only n = 3
superimposed sine waves have been displayed. It can be seen that at particular
points in time, when all single sine waves are in phase (see arrows), constructive
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interference occurs. In the middle section of Fig. 1.12, the summation curve of three
sine waves, as determined by (1.21), is shown. Here, an enlargement of the resulting
amplitude at all the time points at which the single waves are in phase can be seen.
From the summation of sine waves by n = 60 frequencies, peaked square wave
impulses will result, as shown in the lower part of Fig. 1.12. When the number of
such superimposed frequencies is very large, spikes are created, the so-called Dirac
impulses or delta surges, which are preferred in systems theory applications because of
their ideal properties (i.e., theoretically infinitely peaked and containing all
frequencies). Dependent on the system’s recovery time, they can be applied in very
fast sequences, thus making a continuous recording of the system’s properties possible.
This is only limited by the scanning rate and the repetition rate of the impulses. The
system’s response to the impulse of a delta surge, which consists of all stimulation
frequencies, can be calculated by Fourier analysis, which again requires fast data
handling.

Theoretically, the electrical properties of the unknown skin/sweat gland system
may be continuously analyzed by using transient analysis, for example, with delta
surges (see also Footnote 53, Sect. 2.1.5) or by using noise as a probe signal, instead
of using various successive frequencies. However, these techniques will create
specific problems in electrodermal recording that will be discussed in Sect. 2.1.5.

1.4.2 Electrophysical Properties of Skin and Sweat Glands

When an external current is applied to biological tissues such as skin, they act like
electrical networks built of resistors and capacitors. Electrical modeling of the skin
using the elements described in Sect. 1.4.3 does not require the skin to be built of
elements having discrete resistive or capacitive properties. However, there are parts
of the skin and sweat glands that are likely to act electrophysically similar to
resistive or capacitive elements and may thus be included in appropriate models.

Blood, ductal sweat, and interstitial fluid have differing conductivities, dependent
on their ionic concentration. Therefore, they act as variable resistors (Sect. 1.4.2.1).
In contrast, the cellular boundaries formed by membranes appear to have more
capacitor-like characteristics (Sect. 1.4.2.2), since their selective permeability forms
an obstacle for the ions involved in the current flow. As a result, storage of ions at
these boundaries is followed by the buildup of a potential difference across the cell
membrane, the direction of which is opposite to the applied voltage — hence called
“counter electromotive force” or “back electromotive force” (back e.m.f.).

Membranes that have the ability to store electrical energy like capacitors can act
as a polarization capacity (Fricke, 1932). These become potential sources, which
are included in some models of EDA (Sect. 1.4.3.2). Membranes having polariza-
tion capacity and hence capacitor-like or potential-like properties are presumed to
be located at the sweat gland membranes, at the dermal-epidermal boundary
membrane and in the epidermis (Sect. 1.3.4.2 “The Role of Skin Components and
of Membrane Processes”). All those properties together form the active sources for
electrodermal phenomena (Sect. 1.4.2.3).
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1.4.2.1 Resistive Properties of Skin and Sweat Glands

The dermis and the hypodermis, being well supplied with blood and interstitial
fluids (Sect. 1.2.1.3), possess good electrical conductivity, which may vary to some
extent, depending on changes in blood flow. Additionally, the epidermal
Malpighian layer and the stratum intermedium (Table 1.2, Sect. 1.2.1.1) may be
regarded as relatively conductive structures, thus not adding much to the skin’s
resistance. Therefore, the lower corneal zone, which is relatively impermeable to
water and solutions, is thought to be mainly responsible for the skin’s resistance
(Fowles, 1974). However, as outlined in Sect. 1.3.4.2 “The Role of the Epidermal
Barrier Layer,” an exact localization of such an epidermal barrier is not possible,
and the whole stratum corneum is regarded as being a variable resistor, depending
on its degree of hydration.

The stratum corneum, with its keratinized cells, does not contain living
membranes, which maintain a diffusional balance between the inner and outer
cellular milieu. Instead, the whole corneum acts like a sponge, taking up water
and solutions from inside and outside the body, which are released when the
corneum becomes dry. Under normal physiological conditions the corneum is
always partially hydrated, the degree of its hydration being dependent on the
environment’s relative humidity. With an increase in sweating, corneal hydration
also increases, leading to tonic and/or slow phasic changes in skin resistance.
If the corneum becomes dry, for example, as a result of aging (Sect. 2.4.3.1),
and probably by spontaneous reabsorption of water into the underlying dermis
(Edelberg, 1973a), tonic skin resistance increases.

However, it is more likely that the conductivity of the stratum corneum depends
on its electrolyte content than on its humidity (Sect. 1.3.4.2 “The Role of the
Epidermal Barrier Layer”). As outlined by Fowles (1986a), corneal permeability
for electrolytes is much less thoroughly investigated than that for water. Edelberg
(1971) alluded to some more or less contradictory results, stating that most ions will
be able to penetrate the main part of the stratum corneum, where lots of intercellular
spaces are present, at least to the barrier layer as mentioned above. He also
presumed that the corneal permeability for the electrolytes is the same as water,
since an active ionic transport seems to be improbable in fully keratinized cells
(Sect. 1.3.4.2 “The Role of Skin Components and of Membrane Processes”). Thus,
moistening of the corneum by sweat through the acrosyringium and/or via the skin
surface will add more to its conductance than insensible perspiration, which
penetrates the epidermal barrier layer (Sect. 1.3.3.2).

As previously mentioned in Sect. 1.3.4.2 “The Role of Skin Components and of
Membrane Processes,” sweat gland ducts act as a sort of electrical shunt through the
stratum corneum. This is especially important with respect to palmar and plantar
sites which are preferred for electrodermal recording, because of their great sweat
gland density (Sect. 1.2.3). It is generally supposed that skin conductance increases
with the height of the ductal sweat column (e.g., Edelberg, 1968). Accordingly, the
slow decline in SCL which appears in the absence of EDRs may reflect a gradual



66 1 Principles of Electrodermal Phenomena

]) duct

( =
€ 3 2
s B g
2 8 5
o
...................................... ~
L 3]
sweat
gland
w
g
bt
(b
o

!

Fig. 1.13 Schematic illustration of resistive pathways through the skin and the sweat gland. An
explanation of the numbering is provided in the text

dissipation of sweat in the ducts. This is possibly attributable to the reabsorption
mechanism mentioned in Sect. 1.3.3.1 (e.g., Rothman, 1954). However, electrical
models of skin that focus on its resistive properties (e.g., Montagu & Coles, 1966)
regard each sweat gland as a single resistor with a more or less fixed value that can
be switched on or off (Fig. 1.15, Sect. 1.4.3.1). This kind of modeling will be
adequate in the case of a fast rise and fall of ductal sweat, leaving the gradual
changes of conductance owing to the corneal moistening.

In summary, resistive properties of the skin/sweat gland system may be described
as several serial- and parallel-connected resistors, as illustrated in Fig. 1.13:

(1) A variable resistor formed by the stratum corneum

(2) A fixed resistor formed by the epidermal barrier as mentioned in Sect. 1.3.4.2
“The Role of the Epidermal Barrier Layer”

(3) Resistances of sweat gland ducts that are switched either into or out of the circuit

(4) A fixed but relatively low resistance of the lower epidermis, the dermis, and
probably the hypodermis



1.4 Biophysics of Electrodermal Measurement 67

In addition to these resistive pathways which are vertical to the skin surface,
various horizontal resistances can be assumed in all layers of the skin, especially in
the lower epidermis and in the dermis, depending on the tissue’s conductivity.
However, the majority of electrodermal models do not consider those resistances,
except for the model given by Fowles (1974), which is shown in Fig. 1.17
(Sect. 1.4.3.2).

1.4.2.2 Capacitive Properties of Skin and Sweat Glands

When an external current is applied to the skin, the cell membranes exhibit their
polarization capacities, storing electric potentials like technical capacitors
(Sect. 1.4.1.3). However, the selective permeability for ions, which is the basis of
these capacitive properties, is not only linked to single membranes (Sect. 1.3.4.2
“The Role of the Epidermal Barrier Layer”). In addition, according to Edelberg
(1971), whole cell assemblages such as epidermal layers may act selectively to
some degree on the influx of ions of different sizes because of the cell structures
extending into the intercellular spaces (e.g., in the stratum spinosum; Sect. 1.2.1.1).
Therefore, the whole epidermis will react to an external current like a network built
from RC links connected in parallel and in series.

As previously outlined in Sect. 1.3.4.2 “The Role of Skin Components and of
Membrane Processes,” the membrane-like properties of the keratinized epidermal
layers have to be regarded as passive, compared to those of living tissue. However,
skin also contains active membranes (e.g., those of nerve, muscle, and glandular
cells). These membranes have a resting charge which becomes reversed when
stimulated. In addition, they also show capacitive properties when an external
current is applied. Active membranes that act as capacitors with respect to EDA
are located mainly in the secretory part of the sweat gland. Edelberg (1972a)
presumed an active epidermal membrane with a fixed negative charge, making it
selectively permeable to cations.*” He postulated a phasic increase in permeability,
which can be detected using surface electrodes as an EDR. It is probably located either
in the stratum granulosum, at the dermal/epidermal boundary, or in the epidermal wall
of the sweat gland duct.*? Other capacitive properties may stem from membrane
polarizations and depolarizations in the blood capillaries, the pilo-erecting muscles
(Sect. 1.2.4), and the myoepithelia surrounding the sweat glands (Sect. 1.2.3).

2 Edelberg (1971) reported microelectrode recordings which provide evidence for the existence of
an electrical barrier layer in the deeper layers of the epidermis. The SRL measured via a
microelectrode, which had been slowly pushed into the epidermis, showed a slow continuous
decrease at the beginning. If a certain point had been passed at which the participant first reported
weak pain, SRL suddenly decreased until only the electrode resistance itself was present. The
depth of the appropriate layer is 350 pm at the palm and 50 pm at the forearm.

43 Edelberg (1971) first suggested a second barrier membrane at the dermal/epidermal boundary.
According to Fowles (1974), he later preferred the ductal wall at the height of the stratum
germinativum as the locus of this second membrane.
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Edelberg (1971) regarded any contribution by myoepithelial potentials to the
endosomatic EDA as unlikely. This is because potentials arising there would
be shunted by the freely conducting dermal tissue. According to Edelberg’s view,
this cannot be generalized to the influence of capacitive properties of the sweat
gland as well, since potential changes at its secretory membrane are transmitted
immediately to the skin surface when sweat gland ducts are filled. There is also a
possibility of epidermal reabsorption processes in the ductal walls, found up to the
stratum germinativum (Sect. 1.3.3.1), to form membrane-like capacitors which
have an influence on EDA. However, it is not certain that the appropriate charges
are big enough to be measurable with relatively large electrodes at the skin surface.

The capacitive properties of skin and sweat glands have been much less
investigated than the resistive ones. Those investigations require measurement
with AC, which is far less common than DC measurement (Sect. 1.4.3.3).

1.4.2.3 Origins of Active Electrical Properties in the Skin
and in Sweat Glands

While the previous two sections focused on passive electrical properties of the
skin/sweat gland system, the active electrodermal phenomena stemming from
the active membranes previously mentioned will be discussed in this section.
The method of choice for investigating these active properties is endosomatic
EDA measurement (i.e., without applying external current), the result of which is
skin potential.

Exosomatic EDRs have a simpler form than endosomatic ones, since they are
always unidirectional. SPRs, on the contrary, can appear as monophasic negative
responses, as biphasic responses, where an initial negative component is followed
by a positive one, or as triphasic responses, where the positive limb of the biphasic
response achieves a greater negativity than the initial negative wave (see Sect. 2.3.1.2
“Amplitudes of Endosomatic Responses”). Under certain circumstances it is also
possible that only a positive SPR is recorded showing either no initial negativity or
an extremely small one (Fowles, 1986a). This variety of responses has generated
various explanations that have combined active membrane properties together
with resistive properties of corneal hydration and duct filling, as discussed in
Sect. 1.4.2.1. A major portion of the appropriate research was performed with the
cat’s footpads,** and based on these results hypotheses were formed by Lloyd
(1961), Darrow (1964), and Adams (1966), which were comprehensively reviewed
by Edelberg (1972a).

Lloyd (1961) observed that each single sympathetic nerve stimulation was
followed by a negative SPR, which he called “presecretory.” Repeated stimulation

“4The SPRs in cats differ from those seen in humans in that they show only a monophasic negative
SPR (Edelberg, 1973a), which reaches its peak amplitude very quickly (for differences between
species, see also Footnote 10, Sect. 1.2.3).
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resulted in a very slow positive SPR wave of several minutes duration, which was
accompanied by duct filling, and thus labeled secretory potential. When ducts were
already filled, further stimulation led to presecretory potentials with an increase in
amplitude. Hence, the rise of sweat in the ducts is likely to enable better electrical
contact to the generator of the presecretory SPR.

Darrow (1964) and additionally Darrow and Gullickson (1970) regarded the
sweat gland as the source of changes in SP, both negative and positive. They further
assumed that neural impulses may cause increases in permeability of the epidermis,
including the corneum. They regarded the intraluminal potential of the sweat gland
as being positive with respect to the surrounding tissue, leading to negative SPRs on
the surface resulting from the extraluminal tissue when ducts are empty, and to
positive lumen-generated surface potentials when the ducts are filled. However,
positive SPRs could not be obtained from the cat’s footpad, even when the ducts
were full (Wilcott, 1965; see also Footnote 44). Additionally, with direct micro-
electrode recordings, Schulz et al. (1965) found that the lumen of the human sweat
gland duct is highly negative with respect to the surrounding tissue.

Therefore, Edelberg (1968, 1971), in his model outlined in Sect. 1.4.3.2,
presupposed a negative intraluminal potential, together with a relatively steady
tonic sweat gland activity, which results in the sweat column normally reaching up
to the Malpighian layer. Outpouring of sweat onto the surface may result from
either increased sweat gland activity or a contraction of the myoepithelial tissue
surrounding the duct (Sect. 1.3.3.1). This causes an increase in surface negativity
(a negative SPR with long rise time and slow recovery) which is due to the sweat
reabsorption in the ductal walls.

However, Edelberg (1972a) pointed to the fact that this duct-filling component
explains neither the mostly short SPR recovery times, nor the observation that EDRs
appear with heavily sweating persons whose ducts should always be completely filled.
Therefore, he suggested a short-lasting increase of the permeability for cations in
the active epidermal membrane (previously mentioned in Sect. 1.4.2.2) as the appro-
priate source for EDRs with fast rise times and quick recoveries. He assumed the
appropriate mechanism is connected with the control of evaporation (Sect. 1.3.3.2),
either with the control of corneal moistening or with the reabsorption of sweat in the
ductal walls. However, the independence of such a reabsorption component from
sweat gland secretion, as assumed by Edelberg, was questioned by Bundy and
Fitzgerald (1975), who found a dependency of the EDR recovery on the previous
phasic EDA (Sect. 2.5.2.5).

Edelberg explained, in his model, that the biphasic and triphasic SPRs (Fig. 2.14,
Sect. 2.3.1.2) are composed of a positive membrane component with short recovery
time and a negative duct-filling component with long recovery. Whether the SPR
begins with a negative or positive component is, according to Edelberg (1971),
dependent on the degree of duct filling at the onset of the EDR. If ducts are
relatively empty, the rise of sweat will establish a connection between skin surface
and the negative lumen potential, thus leading to an initial negative SP wave. On the
other hand, if ducts are already full, an additional sweat secretion will result in
corneal hydration, thus producing the epidermal potential, which is less negative
than the ductal one (Fig. 1.16, Sect. 1.4.3.2) and is observable at the surface as a
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Fig. 1.14 Schematic illustration of the localization of active electrical properties in the skin and
sweat gland. E;, E;, and Ej: see explanations for Fig. 1.17 in the text of Sect. 1.4.3.2; E4 and Es:
see text for explanations. Adapted from Muthny (1984), Fig. 17.4. Copyright 1984 by the author.
Used by his permission

positive SP shift. Since hydration would occur too slowly to explain fast, positive
SPRs, Edelberg (1972a) assumed an epidermal or ductal membrane response as
the source of the positive SPR with fast recovery.

Empirical evidence is available for both an active sweat gland and an active
epidermal component of SP. Fowles and Johnson (1973) as well as Fowles and
Rosenberry (1973) showed that the amplitudes of positive and negative SPRs
markedly decrease when the stratum corneum becomes moistened. They assume
that this is caused by a mechanical closure of sweat pores and additionally take
these observations as evidence that positive as well as negative SPRs are due to
changes in sweat gland potentials. Experiments with parallel recordings from the
fingertip and the nail bed (which does not contain sweat glands) performed
by Edelberg (1973b) and repeated by Burbank and Webster (1978) gave evidence
for additional sources of skin potential, probably being located in the epidermis.

Figure 1.14 schematically depicts the localization of all hitherto discussed active
electrodermal components. The depicted potential sources also act as capacitors
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in case of an applied external current (Sect. 1.4.2.2). They mainly correspond to the
potential sources as assumed in the Fowles model (Fig. 1.17, Sect. 1.4.3.2): E; is
located in the secretory part of the sweat gland, E, corresponds to the potential
source in the epidermal duct at the level of the stratum germinativum, and Ej; is the
membrane potential stemming from the inner corneal zones. E, and E, correspond
to the membrane potentials mentioned in Sect. 1.4.2.2, which relate to the sodium
reabsorption mechanism in the dermal and possibly also in the epidermal part of the
duct (Sect. 1.3.3.1). E5 stems from the myoepithelia and is probably cholinergically
supported (Sect. 1.3.2).

It remains questionable if an active epidermal membrane E5 should be included,
since evidence for its innervation is lacking. Fowles (1974) pointed to authors
such as Lykken (1968), who — contrary to Edelberg’s view — located the above-
mentioned active membrane responsible for fast SPR components not in the
epidermis but in the secretory part of the sweat gland. Therefore, those electroder-
mal components could also be regarded as a result of an increased permeability of
the secretory cells during secretion. Like all active membranes, secretory cell
membranes have a high polarization capacity at rest, which is diminished during
depolarization. However, Fowles (1974) objected to this hypothesis, stating that
this active membrane is easily reached by solutions on the skin surface which have
the capacity to change its properties. It is not clear whether the active membrane,
which is probably responsible for a main portion of the EDR, is really cholinergi-
cally innervated. Muthny (1984), in his experiments described in Sect. 2.4.2.2,
could not abolish all palmar EDRs after an intradermal application of atropine; a
finding contrary to all previous research. So the nature and the localization of this
active membrane component remain unclear (Edelberg, 1983).

1.4.3 Models of the Electrodermal System

To assist in the depiction of the electrophysiological properties of the skin/sweat
gland system, a succession of electrical equivalent circuits of varying complexity
which simulate the electrodermal system is sketched out below. Discussions of
the various models can also be found in Edelberg (1971, 1993) and Fowles (1974),
as well as in Millington and Wilkinson (1983).

As our knowledge of the electrical properties of the skin is still rather limited, all
attempts to develop electrical equivalent circuits for the involved physiological
structures have been tentative (Venables & Christie, 1980). It must also be pointed
out that although the skin may display the same systematic properties as an
electrophysical model, it still cannot be assumed that the skin is built in the same
manner as the model. The following section describes the most important electrical
circuits discussed in the literature, together with perspectives for the future research
into the electrodermal system, and for further modeling by means of the application
of AC technology.
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Fig. 1.15 Left-hand panel: Electrical equivalent circuit for the skin, according to Montagu and
Coles (1966). R: resistance of the dermis and the body core. R,: resistance of the stratum corneum.
1, ..., I';: connectable resistances of the sweat gland ducts. C: capacitive element. Right-hand
panel: Simplified Montagu-Coles model. R: variable resistance resulting from sweat gland ducts.
Left-hand panel from Montagu and Coles (1966), Fig. 1.1. Copyright 1966 by the American
Psychological Association. Reprinted by permission of the publisher

1.4.3.1 Models Based Exclusively on Resistive Properties

Although there is no doubt that the electrodermal system also contains capacitive
properties, models built exclusively of resistive elements have at least a heuristic
value for DC measurements. In such an approach, capacitors play a role for only
a short period, that is, after switching current on or off (Sect. 1.4.1.2).

The left-hand panel of Fig. 1.15 shows such a model, which has been suggested
by Montagu and Coles (1966). The model displays, but does not further discuss, an
additional capacitive element C. Resistor R represents a series resistance located
in the dermis and body core. R, represents the resistive value of the stratum
corneum, which is in parallel to resistors ry, ..., r, of the sweat gland ducts.
These single ductal resistors can be switched either into or out of the circuit,
depending on the respective sweat gland activity, thereby altering the parallel
resistance (Sect. 1.4.1.2).

The right-hand panel of Fig. 1.15 shows a simplified Montagu-Coles model set
up by Boucsein, Baltissen, and Euler (1984), who have formally substituted a
variable resistor R in place of the single parallel resistances of the sweat glands
and who also left out the capacitor C, which was not considered further in the
original publication. Adopting a constant value for the resistance of the corneum by
Montagu and Coles (1966) is a simplification (Sect. 1.4.2.1). However, it may be
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taken as an initial approximation that R, is relatively constant in comparison to R,
since the keratinized layer has a considerably narrower range of resistive changes
than do the sweat gland ducts. The total resistance R, of the equivalent circuit on
the right-hand panel of Fig. 1.15 is calculated as follows (Sect. 1.4.1.2, (1.6e)):

RoR
R, +R

Riot = R; + (1.22)

Fluctuations of the total resistance, which depend upon small variations of the
resistance R, are calculated according to the following differential equation™:

R,?
ARt = ————— dR (1.23)
(R, +R)

It can be inferred from (1.23) that, in case the keratinized layer resistance (R,) is
not considered constant, differentiation using a second variable is necessitated,
which would considerably complicate the equation system. However, the more
serious limitation of the Montagu-Coles model stems from being a solely resistive
model, which can only take resistance changes into account. Therefore, the appli-
cation of that model is limited to DC measurements of EDA. As on the one hand,
the greatest number of EDA investigations has used external DC, and on the other
hand, the introduction of capacitive elements significantly complicates the mathe-
matical formulation for models, the heuristic value of this simple model remains
undiminished.

1.4.3.2 Models Going Beyond Single Resistive Properties

While the Montagu and Coles (1966) model described in the preceding section
focuses mainly on the resistive properties of the skin,® the models proposed by
Edelberg (1971) and Fowles (1974) additionally took into account potential
sources. These were regarded as sources of endosomatic EDA. In the case of
exosomatic EDA AC measurement (Sect. 1.4.3.3), these potential sources primarily
display capacitive properties of the electrodermal system.

To account for the active electrical processes which are the basis for the origins
of skin potentials, Edelberg (1971) incorporated inner potential sources into his
model, which is depicted in Fig. 1.16. He inferred from results obtained by means of
microelectrode measurements that the epidermis features a negative potential with

5 Taking into consideration that R, = constant and with application of the quotient rule for
differentiation. The corresponding conductance equation is given in Boucsein, Baltissen, and
Euler (1984).

46 As shown in the left-hand panel of Fig. 1.15, Montagu and Coles (1966) in principle acknowl-
edged the necessity of including capacitive elements into electrodermal modeling.
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Ry Rg

Fig. 1.16 Equivalent circuit for the generation of the inner potential compensative current / in the
skin. Rg: sweat gland resistance and the inner resistance of the generator of the sweat gland potential
Ps. Rg: epidermal resistance and inner resistance of the generator for the epidermal potential Pg.
VM: voltmeter with its internal resistance. From R. Edelberg (1971), Fig. 15.3. Copyright 1971 by
the New York Academy of Sciences. Reprinted by permission of the publisher and the author

reference to the body core, and that the lumen of the sweat gland duct shows an
even greater negative potential (Sect. 1.4.2.3). Edelberg viewed a current flow in
the skin as being a major factor determining the potential difference at the surface,
which depends on strongly differing polarization capacities (Sect. 1.4.2) in the
epidermis and the sweat glands (Fig. 1.16). Hence, the current / flows from the
less negative pole Pg (epidermis) to the more negative pole Pg (sweat glands).
The potential, measured with the voltmeter (VM) on the surface of the skin,
is additionally a function of the resistances of the epidermis Rg and of the sweat
gland duct Rg.

The model proposed by Edelberg (1971) is suitable for an explanation of
skin potentials but does not account for the processes involved in exosomatic
EDA measurements using DC, since no connecting, resistive pathway between
the electrodes is taken into account. Therefore, once the capacitive elements
(as which the potential sources act, in case an external current is applied) are
fully charged, no further current can flow through the system (Sect. 1.4.1.2).%

Figure 1.17 shows the electrical model of the skin/sweat gland system proposed
by Fowles (1974), in which three potential sources from Fig. 1.14 (Sect. 1.4.2.3)
were combined with three major conductance paths*® as follows:

1. The lumen negative potential £, which originates in the ductal wall in the dermis,
and is determined primarily by the sodium ionic concentration in the lumen,

*THowever, since all the potential sources are “leaky” capacitors (see comments on Fig. 1.17
below), the parallel resistive component can conduct DC even when the capacitive component is
fully charged.

8 For the sake of simplification, Fowles omitted a fourth pathway in which the current flows into
the duct from the corneum and then along the two sweat gland pathways.
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Fig. 1.17 Equivalent circuit for the skin/sweat gland system. VM: voltmeter with its internal
resistance. See text for explanations of the other elements. From Fowles (1974), Fig. 9/5.
Copyright 1974 by Academic Press. Reprinted by permission of the publisher and the author

together with the possible variable resistance R4 of the dermal duct wall, and the
variable resistance R, of the dermal section of the duct which depends upon duct
filling (£, and R, in Fig. 1.17 correspond in part to Ps and Ry in Fig. 1.16).

2. The potential E,, which is also a lumen negative potential, is generated across
the epidermal duct wall at the stratum germinativum level. It is dependent on
the concentration of sodium and chloride ions in the lumen. Due to the capacitive
propertties of the ductal wall (Sect. 1.4.2.2), the membrane in this part of the duct
is less selective. Hence, E, is likely to be smaller than E; during sweat gland
activity. R; represents the variable resistor of the duct wall, and R is the resistive
value of the epidermal part of the duct, depending on the duct filling.

3. According to Fowles’ suggestion, E5 represents the localized membrane poten-
tial, located in the lower zone of the stratum corneum (Table 1.2, Sect. 1.2.1) and
is a function of the potassium ionic concentration in the interstitial fluid as well
as of the applied electrolyte in the electrode cream (Sect. 2.2.2.5). It will be
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surface negative as long as the outer potassium ionic concentration is greater
than that of the interstitial fluid. Resistive values in this pathway are the
relatively constant resistance Rg of the compact keratinized layer zone and the
variable resistance Rs of the upper layers of the corneum, varying with their
hydration (E5 and R in Fig. 1.17 correspond in part to Pg and Rg in Fig. 1.16).

Under complete resting conditions, reabsorption predominates over secretion,
whereby the resistances R, R,, and R3 maintain high values, while the potentials £,
and E, are minimal. The potential £5 is then the most important factor for measure-
ment of the potential at rest and reflects the potassium ionic concentration in the
interstitial fluid. A small or moderate sweat secretion lowers the resistance of R,
and probably also of Ry, producing an SCR with slow recovery. At the same
time, the sodium ionic concentration of the lumen rises, thereby increasing E;.
The increase of this potential together with the decrease of the resistance in the duct
leads to a negative SPR with slow recovery.

These reactions cause an increase in both the SCL and the SPL. Larger sweat
gland responses or those occurring in ducts which are partially filled with sweat will
further decrease R; and R,. If the hydrostatic pressure (or the sodium ionic
concentration) is high enough to depolarize the epidermal duct membrane,
a response in the epidermal duct occurs, whereby R; is decreased and a small
lumen negative potential originates at E,. This membrane response produces a SCR
with short recovery time, and at the same time a positive SPR appears, because of a
shunting effect on E,. However, in most cases there will be a small initial negative
component of the SPR since the negative wave begins earlier than the increase in
permeability. Once the ducts are filled to their maximum, further sweat gland
secretions will produce only membrane responses.

In this model, most of the presumed origins of electrodermal phenomena
are taken into account (Sect. 1.4.2.3). According to Edelberg (1971), negative
SPRs as well as SCRs with longer recovery times appear as a result of the duct
filling, while the membrane responses cause SCRs with shorter recovery times,
positive SPRs, and possibly negative SPRs with short rise time, which appear
either alone or as the initial portion of many biphasic SPRs. The modification of
Edelberg’s model by Fowles (1974) was that positive SPRs were not regarded as
originating in a positive potential of the epidermal duct’s wall. Instead, their
origin was supposed to be a breakthrough of the potential from the dermal part of
the duct to the surface. Furthermore, it had been presumed that the membrane
response might be triggered through hydrostatic pressure and not through a
cholinergically transmitted neuronal response. Edelberg’s model was further
revised by relating the duct potentials to the sodium transport mechanism, and
attributing the epidermal membrane potential, which is independent of sweat
gland responses, to the potassium ionic concentration in the interstitial fluid and
in the applied electrolyte.
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Contrary to the purely resistive model in Sect. 1.4.3.1, the models presented
in Figs. 1.16 and 1.17 also allow the depiction of active electrical properties of
the skin and sweat glands, which go beyond simple variations in the ohmic
resistances. However, in a strict sense, not only the model proposed by Edelberg
(1971) but also the Fowles (1974) model is limited to the explanation of skin
potentials, because both models do not include a resistor pathway between the
electrodes which is not in series with a capacitive element. Furthermore, biological
membrane potentials are usually designated as “leaky” capacitors, that is the
capacitor is in parallel with a resistor, and not in series as shown in Fig. 1.17.
In any case, the heuristic value of such a complicated system remains questionable,
since clearly defined anatomical and physiological structures of the skin have
not yet been successfully identified with respect to their postulated electrical
elements. Consequently, the Japanese team of Yamamoto and Yamamoto, in their
investigations based on AC measurements (Sect. 1.4.3.3), used a simplified model
(Fig. 1.18) which corresponds more closely to the Montagu-Coles model (Fig. 1.15)
than to the Fowles model depicted in Fig. 1.17.

More recently, Edelberg (1993) challenged the membrane-based electrical
models and proposed that intraductal hydraulic pressure could be responsible for
some of the hitherto unexplained phasic changes in SP and SC. Edelberg called his
model “poral valve model” because the intraductal pressure has the ability to open
the sweat pores like valves and thus raising skin conductance sharply. Edelberg’s
(1993) model will be shortly summarized here:

1. When the ducts are relatively empty and the upper corneum is sufficiently
hydrated, it is likely that some or most of the pores on the skin surface are
closed, since the acrosyringium will be collapsed due to the pressure exerted by
the hydrated corneal tissue surrounding the pore (Sarkany, Shuster, & Stammers,
1965). In this case, changes in membrane potential or conductance in the sweat
gland’s secretory segment will not be observable as EDRs at the skin surface
(Shaver, Brusilow, & Cooke, 1965). As a consequence of continued sweat gland
response to sudomotor impulses, the ducts will be filled with sweat and will
finally provide a more conductive path through the relatively high-resistive
corneum, thus increasing both skin conductance and the negative surface
potential. The latter may be a result of the sodium reabsorption mechanism
(see Fig. 1.14, Sect. 1.4.2.3).

2. In case the ducts are completely filled, subsequent sweat gland responses will
build up an intraductal pressure, causing a hydraulic-driven penetration of sweat
from the ducts into the lower zone of the corneum (see Fig. 1.1 and Table 1.2).
This will result in a further increase of conductance and may contribute to a
positive SPR.

3. If the intraductal pressure increases further, it will exceed the tissue pressure of
the duct-surrounding corneum. In that case, the collapsed terminal portion of the
acrosyringium will be filled with sweat and the pore opens like a valve. Sweat
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will pour out on the skin surface, which will rapidly augment skin conductance
and also increase the rapidly developing positive SPR.

4. As sweat pours out on the surface, the intraductal pressure drops, and unless the
secretory rate can keep up with this loss of volume, the corneum will collapse
the acrosyringium and close the pore once again. Together with the closure of
the pore, this will cause a rapid fall in conductance — measurable as accelerated
recovery — and a positive shift in the surface potential. The sudden increase in
the horizontal resistance near the skin surface may appear as a “reabsorption”
response. Diffusion of sweat from the area around the duct will cause slower but
still relatively rapid recovery of the SCR and the positive SPR.

Tonic reabsorption of sweat into the dermis or outward diffusion into the
electrode cream, which slowly dehydrates the corneum and causes a slow emptying
of the ducts, will result in slow SC and SP drift. If the pores are already open when
sweat secretion starts, which can be artificially achieved by using a dehydrating
electrolyte medium, no dilatation and collapse of the acrosyringium will occur, and
no accelerated recovery and reabsorption will be observed. However, if the
sudomotor activity becomes very strong, the emptying capacity of the open sweat
pores may be exceeded, resulting in a high ductal pressure, rapid positive SPRs and
an acceleration of recovery at hydrated recording sites as observed by Fowles
and Schneider (1974).

Edelberg’s “poral valve model” has been able to explain a variety of electro-
dermal phenomena, including rapid phasic changes, without the assumption of an
active reabsorption membrane (Sect. 1.3.3.1), which has never been anatomically
confirmed (Hugdahl, 1995). Edelberg’s model has been partially supported by
Yamazaki, Okamura, and Takasawa (2001), who could not observe overt sweat-
ing responses when the SPR showed negative waves.*” On the other hand, when
overt sweating responses were recorded, SPRs exhibited monophasic positive or
biphasic waves (see Fig. 2.14, Sect. 2.3.1.2 “Amplitudes of Endosomatic
Responses”). Their results indicated that negative SPRs represent electric phe-
nomena deep within the sweat gland, whereas positive SPR waves or components
point to electrodermal phenomena closely associated with surface sweating. The
“poral valve model” has recently also been used for modeling the recovery limb of
the SCR (Benedek & Kaernbach, 2010, see Sect. 2.3.1.5). Unfortunately, there
has not yet been much empirical support for the model, so that further experimen-
tation will be necessary to test its predictions against those derived from purely
electrical models.

49 Observed in 10 healthy male participants who were subjected to handclaps and bursts of 85 dB
white noise. Palmar sweating was recorded with a capacitance hygrometry technique, using a
capsule mounted on the left hypothenar eminence close to the active SP electrode. The capsule was
ventilated with dry nitrogen. For SP recording, Ag/AgCl electrodes filled with isotonic electrode
cream made from Unibase were used, the neutral electrode being attached to a lightly abraded
ventral site of the left forearm.
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1.4.3.3 Specific Advantages of AC Methods in Model Building

The models portrayed in the two previous sections are based on the preponderance of
DC measurement and SP recording of EDA. Although Lykken, Miller, and Strahan
(1966) already demonstrated, using pulsed DC measurements, that only a small
portion of conductance or resistance changes recorded during an EDR can be
explained by ohmic changes in the tissue, investigations of the electrodermal
system, which used AC technology or transients, were sparse (summarized by
Edelberg, 1971), and systematic sequences of studies in this area are still missing,
especially on the intact human skin (Sects. 2.5.3 and 2.6.3).

Results obtained by AC measurements on such a complex system as the skin are
not easily interpretable (Millington & Wilkinson, 1983). Therefore, simpler substi-
tute circuits are applied to modeling with AC measurements, as compared to the
Fowles model presented in the preceding section (Fig. 1.17). In the simplest case,
such depictions represent a fixed polarization capacity being connected in parallel
with a resistor, together with a resistor in series with both of them (e.g., Edelberg,
1971). The serial resistance is necessary for the description of AC properties of the
skin, since the impedance of the system decreases by using very high frequencies,
due to the decrease of the resistive properties of the capacitor (Sect. 1.4.1.3), but
does not fully disappear. From the value of this residual impedance the purely
ohmic components of the skin resistance, which are not connected in parallel with
the capacitor, can be determined.

The same holds for the Montagu and Coles (1966) model (Fig. 1.15), in which a
variable resistance R (replacing the single resistors ry, ..., r,,) is connected in
parallel with the fixed resistor R,. Yamamoto et al. (1978) based the interpretations
of their results using AC measurement upon such a model which closely resembles
the one proposed by Tregear (1966), adding a capacitor in parallel (Fig. 1.18).
Yamamoto et al. (1978) regard the resistance R; as negligible, thus only specifying
values for R,, R, and C (Sect. 2.5.3.1). The model proposed by Lykken (1971,
Fig. 1.2), based upon pulsed DC measurements, unites R and R, into a single
variable resistor and thereby presents the simplest depiction of a circuit composed
of a capacitor and resistors connected in series and in parallel. The capacitor and the
parallel resistors are localized in the stratum corneum, while the serial resistor
represents the deeper dermal and epidermal skin layers, including the stratum
granulosum.

By using AC measurements, the quantification of variations in the different
elements of this simple electrical equivalent circuit will now be explained by
means of their loci (Sect. 1.4.3.1). Following the presently dominating preference
of conductance units over resistance units (Sect. 2.6.5), conductance (C) and
susceptance (B) are used here instead of ohmic resistance (R) and reactance (X),
respectively, and admittance instead of impedance as well. Therefore, opposed to
what is shown in the upper part of Fig. 1.10 (Sect. 1.4.1.3), the vector moves to the
right on the locus with increasing AC frequency. Figure 1.19 shows the change of
the admittance vector Y(f) as a function of the frequency of the applied
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Ry

Fig. 1.18 Equivalent circuit for the skin, according to Yamamoto et al. (1978). R;: resistance of
the dermis. R,: constant resistance of the epidermis. Z: variable impedance, composed of the
ohmic section R and the capacitive section C. Adapted from Yamamoto et al. (1978), Fig. 1.1.
Copyright 1978 by Peter Peregrinus. Used by permission of the publisher
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Fig.1.19 Alternation fluctuation of the admittance vector Y(f) in dependence upon the frequency
of the applied measurement voltage

measurement voltage as used in the electrical equivalent circuit of Fig. 1.18, where,
for the sake of simplicity, R and R, are combined as a single resistor, R, (Lykken,
1971), as both circuits are electrically equivalent.

When f = 0 Hz (i.e., if DC is applied), the admittance is determined by the
conductance of the ohmic resistors R; and R, alone, since no more current
flows once the capacitor C is fully charged (Sect. 1.4.1.2), the phase displace-
ment is zero, and the vector Y lies on the real axis (Footnote 41, Sect. 1.4.1.3).
The length of the vector Y(0) (i.e., the conductance of the entire system by f = 0)
corresponds to the conductance G, for DC and is calculated, as derived
from (1.2a), by

Y(O) = GIOI e — (1.243)
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Fig. 1.20 Alternation of the locus and the admittance vector Y(f) by an increase of the parallel
resistance R,

Inserting the values for R, and R,, in the form of 1/G;| and 1/G,, into (1.24a)
according to (1.2b) will result in a common denominator G;G, by which (1.24a) is
expanded, resulting in the following equation:

GG,
Y(0) = 1.24b
=576 (1.24b)

If a DC voltage is applied in the circuit shown in Fig. 1.18, the admittance Y(0)
corresponds to the harmonic mean of the conductances of both the series (R;) and
parallel (R,, including R) resistors. When f is increased, the capacitor begins to
conduct (Sect. 1.4.1.3 for apparent conductance) and increasingly short-circuits the
parallel resistor R,. This lengthens the admittance vector, which describes a circle
in the conductance/susceptance plane (cf. vectors in Fig. 1.19) forming the locus
(see upper part of Fig. 1.10, Sect. 1.4.1.3). At infinitely high values of f on the end of
the curve, the apparent conductance becomes so high that ultimately admittance is
determined by the series resistor R; alone and is composed of only the real
conductance component G; that means Y(oo) = Gj.

The course of such a locus depends upon the construction of the circuit.
Empirical loci for skin admittance (Yamamoto & Yamamoto, 1976, 1981) show
good congruity with a semicircle; therefore, the underlying electrical model of the
skin (Fig. 1.18) can be regarded as quite adequate.

Fluctuations of the resistive (or conductive) and capacitive values of single
elements of this model can be quantitatively described through alterations of the
locus. As shown in Fig. 1.20, an increase in the parallel resistance R, will
displace the starting point of the locus along the G-axis to the right, thus
diminishing the radius, since the end point remains stationary on the G-axis.
For the admittance at a specified frequency f, an increase occurs only in the
conductance but not in the susceptance (compare the displacement between Y(f)
and Y(f)' in Fig. 1.20).

In contrast, if the serial resistance R, is increased, there will be only a small
displacement of the curve’s starting point, since R is very small in comparison to
R, (Sect. 2.5.3.1). Therefore the end point of the semicircle on the G-axis is
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Fig. 1.21 Alteration of the locus and the admittance vector Y(f) by an increase of the serial
resistance R,

displaced to the right, thus increasing the radius (Fig. 1.21). The manner in which
these changes act upon the components of the admittance at a specific frequency fis
therefore dependent upon which point on the locus is regarded. However, alteration
of R, affects, above all, the susceptance (cf. the displacement between Y(f) and
Y(f) in Fig. 1.21).

An isolated fluctuation of the capacitor C at a specified frequency f will have an
effect in the same manner as a frequency fluctuation at a fixed value of C (and the
other elements); the admittance vector proceeds along the locus. With small and
high values of £, an alteration of C will result mainly in an increase and decrease,
respectively, of the susceptance, while average values of f will cause an alteration
in the conductance. It is therefore necessary to determine, within a range of
measurements with the widest possible frequency spectrum, the form and position
of the locus, so as to be able to correctly interpret results obtained from a single
measurement frequency.

Although the loci and parameters of the single elements from the electrical
equivalent circuits resulting from AC measurements can be used for representing
the frequency-dependent system properties (Sect. 3.5.3), it must be kept in mind
that these are not ideal RC circuits which are being considered but, on the contrary,
real and very complex systems. While AC measurements in these systems give
results that are compatible with the properties of the respective models, the same
measurements can, however, result from different physical processes (Millington &
Wilkinson, 1983). To date the dependence of these systems upon the current
density, as upon possible nonlinear elements, has been considered only in an
extremely small number of cases (e.g., Yamamoto et al. 1978), as is the case with
implications of system properties of electrical equivalent circuits that include a
variable capacitor C (e.g., Tregear, 1966).

Models trying to simulate the anatomical features of the skin in different ways
are hardly testable with conventional EDA measurement techniques. Tregear
(1966) described the stratum corneum alone as a system of about 12 parallel-
connected pairs of a resistor and a capacitor, a model that can only be empirically
approximated through the aid of the stripping technique (Sect. 1.3.4.2 “The Role of
the Epidermal Barrier Layer”).
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Yamamoto and Yamamoto (1976) have determined the dielectrical and resistive
values of five places in the corneum with this technique (Sect. 3.5.3).°° Thiele (1981a)
stated in his considerations about modeling that the electrodermal system is composed
of several closely spaced interconnected single systems. Lykken (1971, Fig. 1.6) has
also suggested a model comprising several sequential, parallel-connected RC
networks lying in series with additional potential generators. As a result of his
measurements with pulsed DC (Sect. 1.4.1.4), he doubted that polarization capacity
in the sense of a frequency-dependent capacitance is present (Sect. 1.4.2.2). In any
case, it is possible to use, as simulations, parallel polarized capacitors, connected in
series with resistors, such as the RC networks proposed by Lykken (1971). Salter
(1979) has shown that for real physiological systems, polarized capacitances cannot be
the only elements in electrical equivalent circuits. Additional elements have to be
taken into account, such as ideal capacitors being in series and/or parallel in material
that is mainly built up dielectrically, or ideal resistors in parallel and in series in
material that is composed of conductors and semiconductors, respectively. As an
alternative, the AC properties of the skin (with the inclusion of the sweat glands) can
be depicted through nonlinear electronic components, such as Zener diodes and
capacitive diodes (Thiele, 1981a) or transistors (Salter, 1981). It remains to be seen
whether or not the dynamics of these nonlinear systems will better fit the EDA signal
than those of the RC models.

In summary, investigating the AC properties of the skin and sweat glands is more
complex than investigating the DC properties. However, due to the capacitive
properties of the electrodermal system, such AC investigations are indispensable
for modeling. By means of studies using a wide spectrum of AC frequencies and/or
the use of transients (Sect. 1.4.1.4), it should be possible to quantitatively compre-
hend the electrical properties of single components of the electrodermal system, to

30 Recently, Birgersson et al. (2011) refined the AC-recording technique as used by the Yamamoto
group by means of electrical impedance spectroscopy. They also proposed a mathematical three-
layer model of the skin, comprising (1) the stratum corneum, (2) the viable skin, which includes
the other epidermal layers and the dermis, and (3) the fatty tissue of the hypodermis (Sect. 1.2.1.2).
A noninvasive gold-plated probe, featuring two voltage injection electrodes, one current detector
and a circular guard electrode (for diminishing the impact of surface leaking currents) was
designed for carrying out two-point measurements with sinusoidal AC of varying frequencies.
Recordings were taking from the volar forearm of a homogenous group of 60 young females. The
skin site was soaked with a physiological saline solution (0.9% NaCl) for 1 min before the first
recording was performed. Subsequent recordings were carried out at 5 min intervals up until
30 min in an ambient temperature of 21.7°C (£3°C) and a relative humidity of 36% (+7%).
Impedance magnitudes (in k) and the phase angle ¢ (in degrees) were measured at five different
current penetration depths (by varying the voltage at the second current injection electrode from 5
to 50 mV) at 35 frequencies logarithmically distributed between 1.0 kHz and 2.5 MHz. In addition,
the impact of NaCl concentration (0.9-18% NaCl) and soaking time was investigated in ten
participants. Preliminary results revealed that — in the frequency range — the amount of current
passing through the hypodermis (subcutis) can be regarded as negligible. As to be expected, the
measured SZ varied considerably with the saline concentration and soaking time.
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sketch out electrical equivalent circuits, and to describe the tonic as well as the
phasic components of EDA in connection with their origins and interaction.

Especially with respect to the phasic EDA components, pioneer research is still
needed, as the temporal relationship of the single components of skin impedance
and admittance (Sect. 1.4.1.3) during EDRs has hardly been investigated. In a pilot
study aided by a specially developed phase voltmeter (Sect. 2.2.3.3), Boucsein et al.
(1989) showed that the phasic variations during an EDR are found in the parallel
resistors R and/or R, (as shown in the simple models in Figs. 1.15 and 1.18) and
not in the serial resistor R or the capacitive part C, or only to an extremely small
degree (Sect. 2.5.3.1).

1.5 Summary of Electrodermal Phenomena

EDA results from an interaction of sympathetic nervous system activity and
local processes in the skin. There are at least two different CNS sources of
sudomotor activity leading to electrodermal changes (Fig. 1.6, Sect. 1.3.4.1).
However, they use the same peripheral sudomotor efferents to the sweat glands
as a common final pathway (Sect. 1.3.2.1). Specific central sudomotor pathways are
not well established (Sect. 1.3.2.2), and even with the aid of brain imaging, no final
breakthrough has been reached in clarifying the central elicitation or inhibition
of electrodermal phenomena (Sect. 1.3.4.1). Hence, there is still need for future
research into the central origins of EDA.

In contrast to the CNS phenomena, local processes in the skin underlying EDA are
much better known. It is now generally supposed that sweat gland innervation is
cholinergic, which is an exception within the postganglionic sympathetic system
(Sect. 1.3.2). Sometimes, additional adrenergic influences on myoepithelia surro-
unding the sweat gland are discussed (Sect. 1.2.3), which could have the capacity to
squeeze preformed sweat out of the duct. However, this plays a minor role, if any
(Sect. 1.3.3.1). Another possible cholinergic innervation, which could influence the
permeability of a suggested epidermal membrane, remains uncertain, as does the
existence of such an active membrane in general (Sect. 1.4.2.3).

There is ample empirical evidence that electrodermal phenomena are generated
by sweat gland activity in conjunction with epidermal membrane processes. When
sweat gland activity is abolished in humans, either as a result of congenital absence,
by sympathectomy, by peripheral sudomotor nerve discharge, or by pharmacologi-
cal blocking, SCRs and SPRs are normally eliminated and SCL is considerably
reduced (Fowles, 1986a). Martin and Venables (1966) observed the SCR freq.
being highest in skin areas with the greatest density of sweat glands. Thomas and
Korr (1957) reported a median intrasubject product moment coefficient of r = 0.91
(with a range from 0.44 to 0.96) between counts of active sweat glands and the SCL
measured with dry electrodes, being held only a few seconds to the skin, so that the
corneum beneath the electrode remained dry (Sect. 2.6.5). Since EDA is normally
recorded using electrolytes and thus from a moistened stratum corneum, these
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high correlations cannot be generalized to EDA recording as a whole. Thus,
Edelberg (1971), using his microelectrode technique, found that sweat glands are
only responsible for less than 50% of the SCL in case of a moistened corneum.

Sweat secretion does not only lead to duct filling but also to moistening of the
relatively dry upper epidermal layer, the stratum corneum (Sect. 1.3.4.2). Both
processes cause changes in skin conductance: the ducts form electrical shunts
through the epidermal barrier, thus connecting the skin surface with the highly
conductive dermal tissue, and moistening of the corneum with the salty sweat
generally increases skin conductivity (Sect. 1.4.2.1). Those purely resistive proper-
ties of the electrodermal system can be depicted in relatively simple electrical
models (Fig. 1.15, Sect. 1.4.3.1).

In addition to these rather slow-going processes, active electrical properties of
the skin and the sweat glands have to be taken into account, acting as potential
sources in endosomatic recording (Sect. 1.4.2.3) or as capacitors in exosomatic
recording (Sect. 1.4.2.2). These electrical properties are formed by the secretory
activity of the sweat gland, the sodium reabsorption mechanism in the dermal and
perhaps also in the epidermal part of the duct (Sect. 1.3.3.1), by a suggested
epidermal barrier membrane, and by the electrical activity of the myoepithelia
surrounding the duct.

Sources of electrical potentials taking part in the occurrence of an EDR could be
shown not only for endosomatic but also for exosomatic recordings. It is widely
accepted that the effects of electrical potentials on the form of the EDR depend on
both duct filling and corneal hydration, which are, however, not independent of
each other (Sect. 1.4.2.1). Edelberg (1971) as well as Fowles (1974) argued that the
duct filling and the hydration components themselves, together with the ductal
reabsorption, represent relatively slow processes, and hence can only influence
recovery time but not rise time, which is generally shorter than recovery time
(Sects. 2.5.2.3 and 2.5.2.4). The fast EDR components were presumed to be caused
by membrane polarizations and depolarizations, as described in Sect. 1.4.2.3, which
take place in one of the potential sources mentioned above (e.g., Edelberg, 1972a).

However, electrical models which additionally take into account those various
sources of electrical potentials remain of questionable heuristic value, at least for
modeling exosomatic EDA, since there are no appropriate methods available to
experimentally investigate the behavior of their elements (Sect. 1.4.3.2). Conse-
quently, for an explanation of exosomatic electrodermal changes, Edelberg (1983,
Fig. 1.1) proposed a resistive model of EDA, which resembles the simplified form
of the Montagu-Coles model as depicted in the right-hand part of Fig. 1.15
(Sect. 1.4.3.1). He regarded the corneum and the sweat duct as resistors in parallel,
connected in series with a resistor which includes some corneal and all subcorneal
structures, except the sweat gland lumen. Edelberg (1983) also did not include the
frequently discussed active epidermal membrane (Sect. 1.4.2.3), because of its
hitherto uncertain role in contributing to conductance changes (see Boucsein
et al., 1989). In case of exosomatic recording, such a membrane would act as a
capacitor lying in parallel to the resistors of the corneum and the sweat duct.
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Edelberg’s (1983) simplified modeling of EDA leaves aside several of the rather
complicated interrelationships of various peripheral elements which may actually
contribute to the generation of electrodermal phenomena. If the corneum is very dry —
which is normally not the case in EDA recordings using electrolytes — an increase of
SRL should rely upon the sweat duct filling. However, the hydrated corneum will act
as a shunt around the sweat duct, thus reducing the ductal contribution to the SRL. In
his experiments using cats, in which the central sympathetic component was
interrupted, Edelberg (1983) observed that sympathetic nerve stimulations at
intervals of approximately 30 s produce EDRs of much higher amplitudes if
preparations with a dry corneum were used, compared to those with a moistened
corneum. So there is ample evidence that under a solely resistive perspective, corneal
hydration is mostly responsible for EDL, while the exosomatic EDR relies on a
secretory membrane component together with a duct-filling component. As an
alternative to the hitherto existing electrical models, Edelberg (1993) proposed his
“poral valve model” (see end of Sect. 1.4.3.2), which requires, however, additional
verification by empirical studies.

For most applications of electrodermal recording, a simple resistive model will
be sufficient to explain the phenomena observed. However, capacitive elements
certainly play an important role in tonic EDA (e.g., in dermatological applications;
Sect. 3.5.3). Their possible contribution to EDRs is not well known and should
therefore be investigated further. An appropriate electrical modeling of EDA has to
take into account, at minimum, one capacitor in parallel to the resistors of the
corneum and the sweat duct (Fig. 1.18, Sect. 1.4.3.3), and EDA recording has to
be performed using high-resolution AC instead of DC methods of measurement
(Sect. 2.2.3.3).

The utilization of AC based models and recording techniques is valuable,
therefore, for research into the causal mechanism of EDA. It will also be able to
supplement and correct some speculative conceptions which were developed on the
basis of DC and potential measurements. An intensified teamwork among
physicists, engineers, dermatologists, and psychophysiologists will be necessary
to overcome the sustaining problems of measurement using AC techniques.



Chapter 2
Methods of Electrodermal Recording

The second chapter of the book discusses the different methods used for electrodermal
recording. As mentioned in the introduction to Chap. 1, the observation of electro-
dermal phenomena requires only relatively basic equipment. As a consequence,
a variety of recording methods have been proposed.

During the 1970s and 1980s, there have been several attempts to standardize
techniques of electrodermal recording (e.g., Fowles et al.,, 1981; Lykken &
Venables, 1971). However, because their basis was not always empirically wide-
ranging, these recommendations do not provide sufficient information on what will
result as a consequence of their violation. Therefore, Sect. 2.6 comprehensively
reviews the current state of discussions concerning the use of various concepts in
recording and evaluating EDA.

As a supplement to the electrophysical and system-theoretical fundamentals
provided in Sect. 1.4.1, Sect. 2.1 outlines the basic principles of measurement
techniques for electrodermal recording. Even for those experienced in the recording
of biosignals, specific problems may arise in EDA measurement, which are
discussed in Sects. 2.1.3 and 2.1.4.

Section 2.2 describes recording techniques and data analysis, followed by methods
of parameterization in Sect. 2.3. Section 2.4 discusses the various influences of
physical and nonelectrodermal physiological influences, including age, gender,
ethnic differences, and heritability. Data concerning distributions of, reliabilities of,
and interrelationships between the various electrodermal parameters are given
separately for the different measurement techniques in Sect. 2.5.

The reader who is only interested in basic knowledge of the most important
principles of measurement and evaluation techniques is referred to Sects. 2.1-2.3,
which provide short summaries of the appropriate standards together with cross-
references for more details.

W. Boucsein, Electrodermal Activity, DOI 10.1007/978-1-4614-1126-0_2, 87
© Springer Science+Business Media, LLC 2012



88 2 Methods of Electrodermal Recording
2.1 Introduction to Electrodermal Measurement

The fundamentals of measurement techniques reported here are restricted to
problems which emerge in circuitry for measuring EDA. Since endosomatic EDA
recording does not require specific circuitry (Sect. 2.2.3.1), except for obtaining
phasic responses with higher resolution (Sect. 2.1.3), the following descriptions
refer mainly to exosomatic EDA recording techniques.

The electrical current necessary to measure exosomatic EDA can be delivered to
the skin by either DC or AC. Since AC is seldom used in electrodermal recording,
Sects. 2.1.1-2.1.3 refer to DC measurement only, while Sect. 2.1.5 discusses
AC measurement separately. This section includes techniques for pulse spectrum
or transient analyses (Sect. 1.4.1.4), which can be regarded as a special case of
AC measurement, since the current does not flow continuously in one direction
but switches on and off. Section 2.1.4 outlines specific problems of coupling,
amplification, and filtering in electrodermal measurement devices. Disregarding
these features is likely to produce considerable inaccuracy of measurement and
corruption of the signal.

The measurement techniques described in this section should enable users to
form their own opinions concerning the quality of various EDA measurement
devices, to localize possible sources of measurement error in their own device
and to eliminate those errors. Since not every polygraph system provides EDA
recording facilities, it will sometimes be necessary to construct the appropriate
circuitry. In this case, even an experienced engineer should be aware of the specific
problems discussed in Sects. 2.1.3 and 2.1.4 that arise from the dynamics of the
electrodermal signal. An electric circuitry for an EDA coupler to be used with a
high-quality biosignal amplifier is given in Fig. 2.12 (Sect. 2.2.3.2).

2.1.1 Measuring Electrodermal Activity with Voltage Dividers

In this form of exosomatic measurement, two electrodes are attached to the
subject’s skin and connected in series with a system reference resistor, as shown
in Fig. 2.1. A voltage source is applied, providing a constant voltage U,,. The
fluctuations in the electrodermal system can be read through the variations of the
partial voltages (Sect. 1.4.1.2). With the aid of such a voltage divider, two different
methods of measurement can be applied:

1. The quasi-constant current method (see beginning of Sect. 2.1.2): The voltage is
measured on R, which is the resistance of the skin (left-hand side of Fig. 2.1).
The measured voltage U, is in the same proportion to U,y as Ry is to Ry, Ry
being R; + R, combined:

ur R
Uo Ri+R;

(2.1a)



2.1

Introduction to Electrodermal Measurement 89
1 1
* U, :E * P Yot -t

2 |

Fig. 2.1 The quasi-constant current method (/eft) and the quasi-constant voltage method (right) of
exosomatic EDA measurement. U, is the source voltage applied to the system, and U, and U, are
the measured partial voltages in the measurement of the variation of the resistance R; of the skin.
R, is a fixed reference resistor

Multiplying both sides by U,y gives:

R,
U =Upt— 2.1b
1 ORI R (2.1b)
Following Ohm’s law, and with regard to R, = R + R, gives:
Uto Uto
ot ot (2.1¢)

I, =2 —
““Ro Ri+R;

When the system is calibrated so that the fixed reference resistor R, is much
larger than the variable skin resistance R;, I;,; can be regarded as largely
determined through R,. Fluctuations of the skin resistance R; hardly affect the
strength of the flowing current /. Therefore, a “constant current system” will
result. When R, is much higher than R;, the denominator of (2.1c) can be
regarded as being almost constant. The voltage U, taken from the skin, is then
almost totally proportional to variations of the skin resistance R;.

. The quasi-constant voltage method: The voltage is measured on R, the fixed

resistor (right-hand side of Fig. 2.1). The measured voltage U, is in the same
proportion to the applied total voltage U, as R, is to Ry, being Ry 4+ R, combined:

U, R
=—= 2.2a
Uot Ri+R; 220
Multiplying both sides by U, gives:
R
Us = U5 (2.2b)

Ri+R,
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When a system is calibrated so that the fixed reference resistor R, is much
smaller than the variable skin resistance R, then the current I, flowing through
the system, according to (2.1c), is no longer constant: as R, is negligible in
comparison to R;, the current increases as the skin resistance R; decreases
and vice versa. As the voltage dropping on R, is negligible in comparison to
that on R, practically the whole voltage U, is applied to the skin. Therefore, a
“constant voltage system” will result. When R; is much larger than R,, the
numerator of (2.2b) can be regarded as negligibly small in comparison to
the denominator. The voltage U, measured on the reference resistor is then
almost wholly proportional to variations in the reciprocal conductance value G
of the skin resistance R;.

Higher signal amplification is needed for the quasi-constant voltage method than
for the quasi-constant current method, which can be explained with the following
example. If skin resistance decreases from 100 to 90 kQ, then, under the quasi-
constant current method following (2.1b), with a reference resistor of R, = 10 MQ,
and an applied voltage of U,,; = 0.5 V, the recorded voltage U, changes from 4.950
to 4.459 mV (i.e., a change of around 491 pV). Under the quasi-constant voltage
method with U, = 0.5 V and a reference resistor of R, = 100 Q, following (2.2b),
the recorded voltage U, changes from 0.499 to 0.555 mV. This is a change of
56 uV, which is about one tenth of the difference obtained by the quasi-constant
current method.

Every voltage measurement in such a circuit, whether by voltmeter, oscilloscope,
or with another amplifier system, causes a change of the phenomenon under investi-
gation. This change is dependent upon the properties of the measuring instrument. A
decisive influence is caused by the internal resistance of the recording instrument and
the input resistance of the amplifier. When measuring voltages, this resistance and the
input impedance should be as high as possible, commonly known as “high-imped-
ance” amplification.

The necessity of using a high-impedance voltmeter in case of measuring voltage
can be illustrated with the help of the right-hand side of Fig. 1.7 (Sect. 1.4.1.2).
When R, is regarded as the internal resistance of the meter which is used to measure
the voltage that drops over R;, the total resistance of this parallel circuit is
calculated according to (1.6e). As a result, the total resistance of the circuit and
voltmeter system will be smaller than the resistance of the circuit alone, as
represented through the resistor R, in the right-hand side of Fig. 1.7. Hence, the
voltage which drops over the entire system and is shown on the meter is smaller
than the voltage which drops over R; alone. As can be inferred from (1.6e), the
measurement error produced by the use of the voltmeter is smaller, the higher R,
(the internal resistance of the meter) is in comparison to R;.

Even with the use of a high-input impedance of, for example, R, = 10 MQ, a
clearly perceptible measurement error remains. If, for example, skin resistance
drops 10 kQ from 100 to 90 kQ, the insertion of 100 kQ for R; in (1.6e) results in
a measurement of 99.0 kQ for R,,; whereas the insertion of 90 kQ for R; results
in 89.2 kQ. The measured difference is 9.8 kQ, which — in comparison to the actual
change of 10 kQ — is an error of 2%.
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Fig. 2.2 Operational amplifier for measuring electrodermal activity. U; input voltage; U, output
voltage; R; input impedance; Ry feedback resistor; Ry, reference resistor; VM voltmeter with
its internal resistance (from Lowry (1977), Fig. 2. Copyright © 1977 by the Society for Psycho-
physiological Research. Reprinted by permission of the publisher)

2.1.2 Measuring Electrodermal Activity
with Operational Amplifiers

The methods of measurement described in Sect. 2.1.1 which use voltage dividers
have been referred to as quasi-constant current and quasi-constant voltage methods.
For example, the voltage U, applied to the skin when using the quasi-constant
current method (not shown for the sake of simplicity in the right-hand side of
Fig. 2.1) is not fully constant, but is a result of the difference between the voltage
U\ from the voltage source and the voltage U, used for measurement, and varies in
accordance with this difference. The greater fluctuations in EDA are, the more the
voltage applied to the skin electrodes will oscillate. The respective measurement
error of both methods is also determined by the dependence upon the relationship
between the resistance values of R and R5.

To avoid possible measurement errors caused by voltage divider-based circuits,
Lowry (1977) suggested an active circuitry for measurement of EDA (as opposed
to the use of a passive voltage divider), based upon an operational amplifier as
shown in Fig. 2.2.

The amplification factor k£ of an operational amplifier is determined through
the relationship of its input impedance R; to the feedback resistor R; (which
is necessary for stabilization), as follows:

k=% 2.3)
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The output voltage U, results from the product of the voltage U, on R; and
the amplification factor k. Uy is inverted in comparison to Uy, as shown with
a minus sign in (2.4):

UO = _kUtot = _Utol (2~4)

Since the internal resistance of today’s operational amplifiers is in the range
of GQ, the voltage U; impressed on the active input of the operational amplifier is
practically determined by the relationship of R; and Ry of the so formed voltage
divider. As the current flow is the same through both these resistors, Ohm’s law can
be applied, so that:

Uo — Ui = R (2.5a3)
and

Ui — Uy =Ryl (2.5b)
Solving (2.5a) and (2.5b) for [ results in:

Utot_Ui:Ui_UO

2.6
R R (2.6a)
Multiplying out (2.6a) gives:
(RtUio) — (R;Ui) = (RiU;) — (RiUp) (2.6b)
Inserting U, according to (2.4) and solving for Uj; results in:
U = (RtUiot) — (RtUit) O 2.7

Ry + Ry 7Rf+Ri:

The voltage U; impressed on the operational amplifier input is therefore always
set to 0 by the amplifier. This enables a genuine constancy of current and/or voltage.
U, 1s thereby taken from a constant voltage source (a stabilized power supply).
Two different methods of measurement are possible with the use of this circuit:

1. The constant current method: The skin is used as the feedback resistor R; in the
system. The current which flows through R; and the skin is determined following
Ohm’s law as the quotient of the voltage drop U, — Uy over both resistors
and the sum of both resistors:

= Ut — Ug

= 2.8
Ri + Rt (2-82)
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Inserting Uy as taken from (2.4) results in:

_ Ut + (Utot(Rf/Ri))
R;i + Rt

1

(2.8b)

U, 1s bracketed in the numerator and R; + R can be shortened as follows:

_ Uit ((Ri + R¢) /Ri) _ Uit
Ri + Rt R;

1

(2.8¢)

Since R; is a fixed value and U, is stabilized, the current / that flows through
the skin will be constant. The current flow can be determined by the choice of
appropriate values for U, and R;. The voltage U,, measurable on the output of
the operational amplifier, is proportional to the skin resistance R; following (2.4),
but with inverted polarity.

2. The constant voltage method: The subject’s skin is used as the input impedance
R; of the system. The voltage impressed on the skin electrodes results from
the difference between U, and U; following Fig. 2.2. The input voltage U; is,
however, always set to O following (2.7), so that a constant, because well
stabilized, voltage U,y lies on the skin. The voltage Uy, measurable on the
output of the operational amplifier, is proportional to the reciprocal of the skin
resistance R; (i.e., the conductance value) but with inverted polarity.

Measurement of the voltage on the output of the operational amplifier can be
performed at a relatively low-impedance level, as the measurement errors, which
result from the insertion of a meter in a voltage divider, and the resulting parallel
connection of the meter’s internal resistance and the system’s resistance
(Sect. 2.1.1), do not occur here. The reference resistor Ry, (Fig. 2.2) is introduced
to set the measurement error caused by bias currents at minimum.

Today’s physiological equipment commonly utilizes differential amplifiers.
These amplifiers function in the way shown in Fig. 2.2, but they do not amplify
the potential variations of a single input signal with respect to a floating reference
wire (formerly referred to as the ground, see Sect. 2.1.4) which is common to output
and input. Instead, they amplify the difference between two input voltages
impressed on two respective inputs of the operational amplifier. This voltage
difference is independent from a reference point. Therefore, the problematic
endosomatic contamination of exosomatic measurement values (according to
Edelberg, 1967, p. 27 f.) no longer exists.

2.1.3 Circuitries for Separating Electrodermal
Responses from Levels

Electrodermal responses normally constitute small variations compared to the total
range of measurement (i.e., the possible tonic range). If the measurement system is
set up in a way that level variations in their fullest possible range can be recorded
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Fig. 2.3 Wheatstone bridge circuitry. R; resistance of skin; R3 variable resistor for alignment of
the level value; R, and R, fixed reference resistors; VM voltmeter with its internal resistance

without altering the amplification, EDRs to single stimuli and spontaneous
fluctuations can only be recorded with a very small resolution and are therefore
subject to a high measurement error (Sect. 2.1.4).

An easy compensation for the EDL is featured by the Wheatstone bridge
circuitry, composed of two voltage dividers connected in parallel, as shown in
Fig. 2.3. The potential difference between the central points of both voltage dividers
is measured by a voltmeter, or over both inputs of an operational amplifier. One
of the voltage dividers uses the subject’s skin as resistor R and a fixed resistor R»;
the other uses a variable resistor (a potentiometer) R; and a fixed resistor Ry.
At the beginning of measurement the bridge is calibrated. In place of the unknown
skin resistance R;, a defined resistor must be inserted. R; is adjusted so that the
potential difference between the two voltage dividers will be 0. When an EDR
occurs, this balance is disturbed and the potential difference can be read on the
meter. As the corresponding variations are small compared to the possible range of
EDL values, a significantly higher amplification can be used as for the EDL, which
leads to an enhanced resolution of the EDR. Since the EDL will drift as a rule during
the course of a measurement, it is necessary to adjust R; from time to time to prevent
the recorded potential difference from exceeding the range of measurement.

Nowadays, this method of suppressing the baseline component of EDA during
recording is replaced by the use of an AC amplifier (AC-coupled amplifier).
Here, a capacitor is inserted prior to the input resistor R; in an operational amplifier
circuit (Fig. 2.2). The voltage time curve on the operational amplifier output runs
in a similar manner to that in Fig. 1.8 (Sect. 1.4.1.2); thus, the recorded signal
shows only the variations in voltage. The amplifier reacts to a variation in the input
voltage, as evoked through an EDR, resulting in a variation in the output signal.
The new baseline level is not being transmitted but instead drops back down to
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0 after a certain amount of time. With the use of an AC-coupled amplifier, the range
of measurement is small in comparison to the possible range of level variations,
thereby enabling a higher amplification and a higher resolution of the EDR. The
transmission properties of the operational amplifier are characterized by its time
constant (see (1.10b)). Fowles et al. (1981) considered a 6 s time constant as
being long enough to accurately measure EDRs while maintaining a fairly stable
baseline. The special problems of amplification which apply here are discussed in
Sect. 2.1.4. It should also be noted that the amplitude and the course of an EDR
signal as recorded by an AC-coupled amplifier differ from the corresponding
parameters of the original EDR.

The EDR can be regarded electrophysically as the alternating voltage compo-
nent of the EDA signal, whereas the EDL can be regarded as its direct voltage
component. Since the AC resistance of a capacitor is frequency dependent, as
shown in Sect. 1.4.1.3, the EDR signal is changed in shape at the output of the
operational amplifier. As this becomes critical only when the phase duration of the
EDR signal approaches the time constant 7 of the amplifier, the resulting measure-
ment error can be minimized through an appropriate choice of 7. The time constant
of the AC amplifier plays a significant role in the evaluation of the rise and recovery
times of the EDR (Sect. 2.3.1.3). It should be at least 3 s in case of exosomatic
recording. Fowles et al. (1981) recommended time constants of over 6 s to avoid
distortion of the EDR amp. Following Edelberg (1967), time constants of 15 s and
above should be chosen for endosomatic recordings.

Elimination of the level component of the EDA is also enabled by “backing-off”
circuits. Here, the direct voltage component is actively suppressed, similar to the
adjustment of the input voltage U; to O in the operational amplifier (Fig. 2.2),
however, not by the input amplifier but at a later time. An appropriate circuitry is
depicted in Fig. 2.10 (Sect. 2.2.3.2). With such a system, to avoid loss of data, it is
necessary that the experimenter observes the recording curve and changes the
backing-off voltage before the curve proceeds out of the measurement range.
Therefore, additional circuitries are in use which automatically adjust and record
the backing-off voltage (Fig. 2.11, Sect. 2.2.3.2).

Special problems of amplification which occur with AC-coupled amplifiers
and “backing-off” circuits are discussed in Sect. 2.1.4. With time constants being
large enough, AC-coupling will result only in a small EDR change; despite that,
some authors recommended that this change should be eliminated by transforming
to a very large time constant, which can be done during computer analysis
(Sect. 2.2.4.2; Thom, 1988). It must be noted that, in the use of all decoupling
methods for electrodermal response values described in this section, a new type of
measurement scale is introduced for the EDA signal during the process.'

! Although the respective EDL is built up of physical units with ratio scales, it is sometimes
recommended that the EDL signal — like most psychophysiological variables — be treated as based
only on interval scales (Levey, 1980; Stemmler, 1984), which would naturally also affect the
performance of transformations (Sect. 2.3.3). However, EDR amp. obtained by the AC-coupled
amplification cannot be treated as based on a ratio scale anyway.
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When resistance values are to be transformed into conductance values
(Sect. 2.3.3.2), and such a transformation cannot be performed prior to the stage
of data collection, the recording of tonic values will be required, since trans-
formations with change values alone are not calculable without knowledge of the
base levels (Sect. 2.3.3.2). It is therefore sometimes recommended to record the
EDL on a parallel channel to the EDR, though with correspondingly smaller
amplification.” Since polygraph recording instruments are often very limited in
the number of channels available, special measurement procedures for the simulta-
neous recording of the EDL and the highly resolved EDR on a single channel have
been developed. The EDA coupler of such a polygraph system enables the record-
ing of the EDL as a sequence of impulses which overlie the AC signal of the EDR
and whose spacing is proportional to the EDL. These impulses must in any case
undergo a special treatment through subsequent automated processing of the EDR
(Sect. 2.2.4.2).

Since high-resolution A/D converters with subsequent computer storage of
biosignals came into use (Sect. 2.2.4.2), separate channels for EDL and EDR
recording are no longer required, since the whole EDA signal can be displayed
on a computer screen with sufficient resolution.

2.1.4 Specific Problems of Electrodermal Measurement

With the technology available nowadays, a relatively distortion-free high
amplification of biosignals existing as voltages in the range of uV to mV can be
obtained. However, some specific problems can arise in coupling, amplification, and
filtering of the EDA signal, which will be discussed below.

In contrast to other biosignals, where all input amplifiers are connected with
each other through the electric floating reference wire (mostly replacing the formerly
used ground, since patients are no longer recommended being connected to the electric
ground, i.e., the protective earth; see Grimnes & Martinsen, 2008, pp. 233 f.), the input
section of an EDA coupler for exosomatic measurement must be fully electrically
separated from all other amplifier inputs. Otherwise, the application of a reference or
ground electrode for another signal (e.g., ECG, EEG, etc.) will short-circuit the EDA
measurement voltage applied to the skin and will thereby significantly reduce the
EDA signal. The smaller the resistance between the ground (i.e., the floating refer-
ence) electrode and the skin in comparison to that of the EDA electrodes would be in
such a case, the greater such a reduction would become. Furthermore, if simultaneous
recordings with several EDA couplers from the same subject are attempted, the input
sections of the different EDA couplers must be fully electrically separated; as other-
wise cross currents will appear.

>The reading off and manual recording of the placement of the potentiometer R in Fig. 2.3 cannot
be recommended because of its error proneness.
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Problems for the amplification of the EDA signal mainly result from its wide
range, since the many possible inter- and intraindividual differences in EDLs result
in a large recording range. In comparison, the fluctuations appearing as EDRs are
relatively small. When, for example, a SC-recording device covers a range from
0 to 100 pS, and fluctuations with amplitudes of 0.05 uS, or greater, should
be scored as SCRs (Sect. 2.3.1.2 “Choice of Amplitude Criteria”), the resolution
in the analysis must be better than 0.0005. This, however, is not obtainable with
paper analysis (Sect. 2.2.4.1); for even if a 25-cm recording width is available for
the EDA channel, which covers the whole bandwidth (recording range) of 100 pS,
SCR amp. of 0.125 mm would be required being recognizable, which is not possible
even with a magnifying glass. With a computer analysis using A/D conversion with
12-bit accuracy, such resolution would only just be achievable; i.e., possible 4,096
digital scores would lead to a resolution of 0.025 pS/bit, and the minimum ampli-
tude of 0.05 pS would be converted into 2 bits. Therefore, 16-bit A/D conversion
rates are nowadays used for computerized storage and analysis of EDA signals,
allowing for resolutions of 0.0015 pS/bit (Sect. 2.2.4.2).

Sufficiently high resolution of SCRs can be also achieved by uncoupling
the EDR component of the EDA signal from the measured EDL and amplifying it
with a higher gain (Sect. 2.1.3). When such an uncoupling during recording results
from electrical compensation of the baseline component using a Wheatstone bridge
(Fig. 2.3), the entire amplification range is available for the EDR. However, in this
case the SCL is lost during recording.

If an additional recording of the EDL is also attempted, then the entire EDL
range must be covered through preamplification, and the EDR component must be
uncoupled through a second amplification by using an AC amplifier, as described in
Sect. 2.1.3. This leads to a problem with amplification, since only a very small part
of the entire recorded EDL is of interest and, therefore, will be amplified. In the
previous example, the minimum SCR of 0.05 pS takes up only 0.05% of the entire
amplification range, if the first amplifier is set for an SCL range from 0 to 100 pS.
This requires an excellent signal-to-noise ratio.

All amplifiers produce noise, but good amplifiers have only 0.01% noise on
average. The signal-to-noise ratio is measured in dB = 20 log (signal voltage/noise
voltage). A noise ratio of 0.01% corresponds therefore to 20 log (100/0.01)
dB = 20 log 10,000 dB = 80 dB. If as in the previous example, the signal takes
up only 0.05% of the amplifier’s working range, the signal-to-noise ratio is only
5:1 = 0.2. This corresponds to a signal-to-noise ratio level of 20 log 5 dB = 14 dB.
In this case, the signal-to-noise ratio of an 80 dB amplifier may drop to 14 dB.
Furthermore, the above taken 0.01% noise ratio of the amplifier relates to the
average noise amplitude; at particular times the voltage peaks, varying at random,
can reach higher noise amplitudes, so that the noise component may sporadically
appear in the range of the EDR signal. Since the high-frequency noise components
are normally eliminated through the use of low-pass filtering; only a noise compo-
nent in the frequency range of the EDA signal remains and thus can simulate small
EDRs. It is therefore necessary for the preamplification of the EDA signal to use an
amplifier with a signal-to-noise ratio of at least 80 dB.
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Another problem may appear during the filtering process in connection with the
EDA signal amplification. As shown in Sect. 2.1.1, the amplitude of the EDR signal
in exosomatic measurement can be in the pV range. Therefore, it is in the same
range as noise picked up by the skin, electrodes, and electrode wires (Sect. 2.2.5.1).
It is not possible to totally eliminate all such noise from the input signal. Therefore
in general, filtering is combined with amplification. As in the case of the EDR signal
and especially the EDL signal, when slow fluctuations are in question, low-pass
filters are inserted in EDA amplifiers.

The use of a low-pass filter can be explained with the help of Fig. 2.2
in Sect. 2.1.2. When a capacitor C is connected in parallel with the feedback
resistor Ry and the direct voltage is replaced by alternating voltage with a variable
frequency f, the amplification factor, as calculated following (2.3), changes in
dependence upon f. This is because the AC resistance of the capacitor C decreases
with a rise in frequency (Sect. 1.4.1.3). As the resistance of this parallel circuit
becomes smaller with the resistance of C (Sect. 1.4.1.2), the feedback resistance of
the operational amplifier becomes smaller with increasing frequency f. When the
input resistor R; remains constant, the amplification factor is directly proportional to
the feedback resistance (i.e., it decreases when R decreases).

Through an appropriate selection of the values for Ry and C, the low-pass filter
can be constructed with differing limiting frequencies f;;,,, following the equation
fim = 1/(2nRC), which, according to the construction of each filter, more or less
steeply cuts off frequencies above the limit. Often, instead of the limiting
frequencies, the time constant is given, T = R{C (see (1.10b) in Sect. 1.4.1.2).
Accordingly, time constants of 0.25, 0.5, 1, and 2 s correspond to limiting
frequencies of 0.64, 0.32, 0.16, and 0.08 Hz. Such low-pass filters eliminate a
large part of possible noise in EDA recording and might also be used for a simple
artifact removal (Sect. 2.3.4.1). By contrast, the EDRs with small time constants
(i.e., with short recovery times) may be changed, both with respect to amplitudes
and response shapes (Sect. 2.3.1.3). How much such a RC-circuit may distort an
input signal is shown in Fig. 1.9 (Sect. 1.4.1.3).

Though these filtering problems are more easily controlled in exosomatic DC
measurement than in AC measurement, significant errors of measurement can arise
in apparently simple EDA measurements with DC when the above problems are
ignored. These errors are normally not noticed by the experimenter, because a
characteristic-looking EDA signal can be obtained with below-standard equipment.
Therefore, the standards described in this section should be especially noted when
procuring an EDA measurement apparatus.

2.1.5 Measuring Electrodermal Activity with Alternating Current

In the simplest case, arrangements of measurement of the skin impedance and
admittance (Sect. 1.4.1.3) differ from DC measurement in that an alternating
voltage source is used instead of a direct voltage one. AC measurement devices
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Fig. 2.4 Circuitry for demonstrating the principle of AC measurement of EDA. C; and R, serve as
a simplified simulation of the skin; C; and R, are variable components of the measurement circuit;
 is the angle of the phase displacement between U,y and U,

can be constructed with a voltage divider (Sect. 2.1.1, Fig. 2.1) or by using an
operational amplifier (Sect. 2.1.2, Fig. 2.2). The measured voltage is rectified and
amplified; it can also be used to separate EDR and EDL components with a
“backing-off” circuit (Edelberg, 1967; see Sect. 2.1.3). Devices for exosomatic
AC measurement provide values for admittance or impedance but do not necessar-
ily release information concerning the phase angle , from which the capacitive
properties of the skin could be determined.

However, the most significant gain by using AC instead of DC measurement
in electrodermal recording is the possibility to split impedance into its ohmic
part R and the reactance X, or to split conductance into its ohmic part G and
susceptance B, respectively. This can be performed when the phase angle ¢ is
recorded as well (Sect. 1.4.1.3). In the first instance, as previously discussed in
Sect. 1.4.1.3 and later in Sect. 2.2.3.3, the principle of impedance measurement is
focused on here, because Salter (1979) stated a preference for the constant current
method, which implies impedance measurement, in biomedical applications of AC
measurement. He argued that with the use of the constant voltage method, uncon-
trolled fluctuations in the current density can lead to nonlinearity in transmission
behavior (Sect. 2.6.2). The equivalent admittance values can be calculated through
the respective transformations (Sects. 1.4.1.3, 1.4.3.3, and 2.3.1.2 “Amplitudes of
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Fig. 2.5 Measurement of electrodermal activity with AC, using a sinusoidal probe signal, either
with constant voltage or constant current, depending on the subject’s placement in the circuitry
(reprinted from Schaefer and Boucsein (2000), Fig. 3. Copyright © 2000 by the Society for
Psychophysiological Research. Reprinted by permission of the publisher and the first author)

Exosomatic Responses Recorded with Alternating Current”). A device that is
capable of both CC and CV measurement with AC is shown in Fig. 2.5.

One method described by Tregear (1966) to simultaneously determine X and R is
shown in Fig. 2.4. The figure depicts a modification of the measurement principle
shown in the left-hand side of Fig. 2.1 (Sect. 2.1.1). For AC measurement, the direct
voltage source is replaced with an alternating voltage source, the resistor R; is
complemented by a capacitor C; and a variable capacitor and a potentiometer are
inserted in place of R,. For demonstration purpose, the temporal course of the input
voltage Uy, and the measured voltage U; can be displayed together on a two-
channel oscilloscope. Then the values of the variable resistor R, and the serially
connected capacitor C, are changed until the voltage course of U, is in phase with
U,o and has half the amplitude. In this case, not only is the skin impedance the same
as the impedances of the equivalent RC-circuit, but it is also composed of the ohmic
resistance and the reactance in the same manner. The ohmic component R is
directly readable from the placement of the potentiometer, while the reactance X
is calculable from the set value of the variable capacitor and the frequency of the
AC according to the following formula:

X(f) = @ (2.9)

Such an arrangement for measurement is only conditionally suitable for
continuous recording of EDA. This is because every change in the weighting
circuit requires a certain amount of time, as variations in the AC circuit resistance
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and capacitance influence each other (Sect. 1.4.1.3), so that the courses of short-
period changes either in impedance and phase angle, or in reactance and the
ohmic component of the resistance, cannot be reliably recorded with this method.
Moreover, when a more complicated electrical model of the skin is applied
(Sect. 1.4.3.2), further resistors and/or capacitors must be included in the compen-
satory branch of the voltage divider, which considerably lengthens the time neces-
sary for trimming, i.e., adapting R, and C, as described above. It is also apparent
that the accuracy of all these methods is dependent upon the accuracy of the manual
trimming (Edelberg, 1967).

For a more exact and also continuous recording of EDA with AC, methods using
analog computer components have been applied. With these, reactance and the
ohmic resistance, with the use of a given frequency, can be directly calculated and
constantly recorded from a comparison between an alternating voltage applied to
the skin and the output voltage of the EDA measurement system. Such a system had
been applied by Yamamoto and Yamamoto (1979, Fig. 2). An operational amplifier
is fed by the output voltage U(f), which corresponds to the output voltage Uy
according to Fig. 2.2 (Sect. 2.1.2), with an alternating voltage source oscillating
with the frequency f used instead of a direct voltage source. The output of a
sine wave oscillator, which is in the same phase with the frequency f, is both
directly and through a differentiator (which shifts the phase by 90°, thus calculating
cos 27tf) multiplied by the output signal of an operational amplifier. On one output,
X(f) = Z(f) sin ¢©(f) can be measured, as can R(f) = Z(f) cos (f) on the other
output. With these two results, the AC characteristics of RC systems with a single
given frequency f can be described (Sect. 1.4.1.3). In contrast to the method of
photographic recording of Lissajous figures (Fig. 1.11, Sect. 1.4.1.4) every 0.8 s, as
used by Yokota and Fujimori (1962, Fig. 5), such a continuous recording of R(f)
and X(f) has the advantage of better quantification and control of the parameters of
the electrodermal system. The phase voltmeter for EDA measurement described
in Sect. 2.2.3.3 operates according to this principle. Through the appropriate
transformations (Sect. 1.4.1.3), susceptance B(f) and conductance G(f) can be
continually calculated in place of reactance and resistance.

Constant voltage and constant current methods can be applied in AC measure-
ment analog to their use in DC measurement, following the logic of Fig. 2.2 in
Sect. 2.1.2, as depicted in Fig. 2.5. If the subject’s skin is used as input impedance
Z, a constant peak-to-peak alternating voltage will flow through the skin. If,
however, the subject’s skin is used as feedback impedance Z,, a constant alternating
current will be applied to the skin. The two sinusoidal curves below the circuitry
illustrate the phase shift between alternating current and voltage (see Fig. 1.9,
Sect. 1.4.1.3).

For successive stimulation of the skin with varying alternating voltage
frequencies (Sect. 1.4.1.4), it will be necessary to go through a certain frequency
range of the input voltage U(f), using a voltage-dependent oscillator’s directing
voltage, which is recorded and calculated as well. Particularly suitable here is a
“lock-in amplifier,” by means of which the single frequencies of a certain range are
given in succession in very small bandwidths to the system under investigation, and
the responses are selectively amplified. With the use of a single lock-in amplifier,
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EDR courses can be recorded only if the measurement is repeated with all
frequencies in question — several times during an EDR — which is hardly feasible
with lower frequencies due to the attenuative behavior of the electrodermal system
itself and the low-pass filter used (Sect. 1.4.1.4). Therefore, Morkrid and Qiao
(1988, Fig. 2) used two lock-in amplifiers in parallel, together with a three-electrode
arrangement, to measure skin admittance with two frequencies simultaneously.

Spectral analysis methods also allow continuous monitoring of the electrodermal
system’s responses to stimulation by several alternating voltage frequencies. Here,
the direct voltage circuit shown in Fig. 2.2 can be used to illustrate the principle
(Sect. 2.1.2), in which case, according to Faber (1980), the constant voltage method
should be preferred because of its faster regulability. Instead of continuously
flowing DC, a test signal composed from a base frequency and its harmonics
(Sect. 1.4.1.4) is applied to the skin (i.e., a square wave signal or sequences of
Dirac impulses).” Noise which is composed of all frequencies could also be used.
The amplitude and phase angle can be determined for the entire spectrum from the
output signal by means of Fourier analysis. This avoids problems with temporal
requirements created by the lock-in technique, as the temporal resolution is only
limited by the lowest frequency component used in the spectrum. In any case, a very
high temporal resolution of the output signal is necessary with digitalization.
Experience with such methods of EDA analysis is lacking.

Special technological problems that also exist for the recording of EDRs by
means of AC are due to the highly selective amplification of the EDR, which is
necessary because of the signal range (Sect. 2.1.4). In order to separate electroder-
mal level and response values, Wheatstone bridges can be used for single
frequencies — either that given by Edelberg (1967, p. 33), which corresponds to
the one shown in Fig. 2.3 (Sect. 2.1.3) with a variable capacitor connected in
parallel with variable resistor R3, or that given by Schwan (1963, p. 367), in
which the resistors R, and R, are supplemented by capacitors connected in parallel.
Once the bridge is trimmed by the proper setting of the variable resistors and
capacitors, fluctuations of X and R can be displayed in high-resolution as deviations
from the respective baselines.

When “backing-off™ circuits are used to separate responses from baseline levels
with AC measurements, the resistive and capacitive components of the signal must
be actively suppressed (Sect. 2.2.3.3). A technical solution for a continuous adjust-
ment of “backing-off” circuits during an EDR has not yet been developed.

A basic problem in the AC measurement of EDA appears during amplification
through the filtering techniques usually used for noise reduction (Sect. 2.1.4). As
the skin’s response to applied alternating voltage or impulses can also fall in the
noise range, a simple filtering of the EDA signal leads to a suppression of possibly
relevant components of the output signal. Therefore, special care must be taken to

3 Dirac impulses only exist in theory; in practice, a very narrow bandwidth square wave impulse
with high amplitude is used. There may be danger of developing pain and erythema.
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thoroughly avoid noise from foreign alternating voltage sources, such as hum
produced by power lines (Sect. 2.2.5.1), while using as little filtering as possible.

The development of methods for recording phasic electrodermal phenomena
by means of AC measurement is still in its beginning (Boucsein, Schaefer, &
Neijenhuisen, 1989; Schaefer & Boucsein, 2000). In contrast, AC measurement
of tonic EDA in some applied areas such as dermatology (Sect. 3.5.3) is well
developed and realizable at little technical expense (Sect. 2.2.3.3).

2.1.6 Summary of Measurement Principles

EDA can be measured either without externally applied voltage (i.e., the
endosomatic method) or with application of DC or AC (i.e., the exosomatic
method). Exosomatic DC recording is by far the most commonly used method.

With the application of direct voltage, skin resistance measurements will
result when current is kept constant, while skin conductance measurements will
result when voltage is kept constant. Correspondingly, in the application of
alternating voltage, if constant effective current is used, the result measured is the
impedance, whereas the use of constant effective voltage will result in the admit-
tance. Advantages and disadvantages of constant voltage and constant current
methods are discussed together in Sect. 2.6.2.

Older principles of measurement based on the voltage divider (Sect. 2.1.1) have
been mostly replaced by those based upon operational and differential amplifiers
(Sect. 2.1.2), which not only guarantee genuinely constant voltage or current,
but also enable minimization of measurement errors, owing to the avoidance of
problems that otherwise stem from the internal resistance of the measurement
device.

A problematic feature of EDA measurement, in deviation from other biosignals,
is the relationship between the total width of the recording range and the usually
small variation of the signal during an EDR. To cover the total range of the EDA
signal, EDRs may be separated from the EDL by using a Wheatstone bridge,
“backing-off” circuits, or AC-coupling (Sect. 2.1.3). Other specific measurement
problems resulting from amplification, especially from the amplifier’s signal-
to-noise ratio, and from the danger of signal distortion through filtering, were
discussed in Sect. 2.1.3.

In summary, if the factors mentioned in this section are considered, adequate and
disturbance-free EDA measurement systems can be built with the measurement and
amplification technology available today. New developments in the area of AC
measurement (Sect. 2.1.5), especially for recording appropriate phasic fluctuations,
need to be expanded further. Specifications for exosomatic EDA measurement with
DC and AC are provided in Sect. 2.2.3.1.
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2.2 Recording Techniques

Based on the principles of electrodermal measurement as described in Sect. 2.1, the
following section gives detailed information on how to perform recordings of EDA.
As far as possible, the methodology proposed by Venables and Christie (1980) and
recommendations by a commission of the Society for Psychophysiological
Research (Fowles et al., 1981), which are currently in the process of being updated
(Boucsein, Fowles, Grimnes, Ben-Shakhar, Roth, Dawson, & Filion 2012), will be
used. Although the use of constant voltage methodology for exosomatic EDA
recording was generally preferred by the authors of the two decisive publications
from the 1980s, not all researchers adhered to that particular recommendation, as
can be inferred from Chap. 3 of the present book. This is not unjustified, since the
general preference for CV can be questioned, because both the constant voltage and
constant current methods have advantages and disadvantages (Sect. 2.6.2). Therefore,
as far as exosomatic EDA measurement is concerned, the following section will
include constant current recording as a standard methodology as well (Sect. 2.2.7).

2.2.1 Recording Sites

Although some special techniques use up to four electrodes (Sect. 2.2.6.4),
electrodermal recording is usually performed with two electrodes. As a rule,
exosomatic techniques use two active sites, while endosomatic recording requires
an active and an inactive site. Several proposals have been made concerning the
choice and a possible pretreatment of EDA recording sites. However, attempts for
standardization have not yet been fully successful.

2.2.1.1 Choice of Sites

Most researchers make use of the palms or the volar surfaces of the fingers as active
sites for electrodermal recording. The following reasons for this are given by
Venables and Christie (1980):

1. Electrodes can be fixed easily, and those sites are not susceptible to disturbance
by movement.

2. The size of available area is sufficient.

3. Those sites are relatively free from scarring.

4. Palmar sites show distinguished electrodermal activity (see Sect. 1.3.5).

Figure 2.6 depicts the preferred palmar recording areas for exosomatic and
endosomatic EDA recording. Following Edelberg (1967), Venables and Christie
(1980) recommended the medial phalanges of the index and middle fingers for
bipolar recordings (sites A and B). These medial phalanges are less prone to
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Fig. 2.6 Preferred palmar or volar electrode sites (A-D), recommended position for the inactive
electrode (E) used in endosomatic recording, and their relationship to dermatomes C6—C8 (from
Venables and Christie (1980), Fig. 1.7. Copyright © 1980 by Wiley. Reprinted by permission of

the publisher and the first author)

scarring and to movement effects than the proximal ones, and the distal phalanges
as well as the phalanges of other fingers provide smaller areas for electrode fixing.
However, recordings from distal sites may have an advantage since Scerbo,
Freedman, Raine, Dawson, and Venables (1992) found SCR amp. recorded
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from the distal phalanges of 12 participants of each gender being 3.5 times higher
than those from medial phalanges, and SCLs being 2.08 times larger at distal
compared to medial phalanges. Furthermore, the distal sites were more sensitive
to habituation in a series of ten orienting- and probably defensive-responses
eliciting stimuli (Sect. 3.1.1.2).

If both electrodes are fixed to recording sites belonging to the same dermatome
(Table 1.3), which is the case for the index- and middle finger sites A and B as shown
in Fig. 2.6, it might have the additional advantage of avoiding EDA asynchrony,
which has been observed in some individuals by Christie and Venables (1972).
However, the significance of possible differences between adjacent dermatomes
remains questionable, given the yet unexplained organization of the sudomotor cell
bodies in certain segments of the spinal cord (Sect. 1.3.2.1).

In case of difficulties to appear with fixing the electrodes to the fingers (e.g., if
fingers are too slim or electrodes with a large surface are used; Sect. 2.2.2.1), bipolar
recordings from thenar and hypothenar eminences (sites C and D) is a solution which
became very common. According to Edelberg (1967), both the SCL and the SCRs
are even slightly higher at these sites compared to appropriate signals from the
fingers. The two electrodes can also be fixed on either the thenar or hypothenar
eminence, as long as no direct electrical contact will be established between them by
a possible outpouring of electrode cream. The center of the palm is not
recommended because of the difficulty of fixing electrodes firmly and its proneness
to movements as the hand flexes (Venables & Christie, 1980). Also, the nondomi-
nant hand should be preferred, since it tends to be less callous, the probability of the
appearance of movement artifacts is lower (Sect. 2.2.5.2), and the dominant hand is
free for writing or other motor activities. Electrode placements should be kept on the
same hand to avoid ECG artifacts (Venables & Christie, 1973).4

Systematic investigations comparing the SCL on various body sites have
revealed that the scalp possesses almost 4%, times as much conductance as the
palmar sites of the fingers (Edelberg, 1967), presumably due to the numerous hair
follicles.” However, comparisons of SRRs at corresponding sites (Rickles & Day,
1968) yielded that all nonpalmar sites, except the feet, display long periods of
electrodermal inactivity, whereas at the same time spontaneous and evoked EDRs
can be obtained from palmar sites. The special suitability of the palmar and plantar

“In a recently performed study for comparison of electrode creams for electrodermal recording,
Tronstad, Johnsen, Grimnes, and Martinsen (2010; see also Sect. 2.2.2.5) applied constant voltage
AC to contralateral palmar and abdominal sites. They observed an inverse EDR at abdominal sites
which they interpreted as being due to an easier penetration of the hydrous components of the
electrode gel into the sweat ducts, being facilitated by the thinner stratum corneum compared to
palmar sites. They presumed that the mechanism of sweat reabsorption during recovery from
sudomotor activity facilitates relatively moist and low-viscosity creams such as TD-246 (see
Footnote 22 in Sect. 2.2.2.5) to penetrate into the ducts, thereby changing EDRs.

SA comparison of different recording sites with SZL applied had been performed by Grimnes
(1983; see Sect. 2.5.3.1).
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Fig. 2.7 Medial side of the right foot with the recommended recording sites A and B for
exosomatic recording, and position E of the inactive electrode for endosomatic recording

skin surfaces for EDA recording is probably due to the different innervation of the
respective sweat glands and their role in “emotional” sweating (Sect. 1.3.2.4).°

Therefore, in the case where both hands are needed for manipulation during
EDA recording, the next best recording sites would be the plantar ones (i.e., the
soles of the feet). As the soles are normally subjected to pressure during standing or
walking, Edelberg (1967) recommended a medial site on the inner side of the foot
instead, over the abductor hallucis muscle (the extensor of the big toe’s base joint)
adjacent to the foot sole, and midway between the proximal phalanx of the big toe
and a point directly beneath the ankle (A and B in Fig. 2.7).

According to Edelberg (1967), these sites display the highest SCRs in the foot
area, and almost as high an SCL as the plantar surface. Rickles and Day (1968) also

SToyokura (1999) recorded SPRs following electric stimulation of the left median nerve at the
wrist from 41 participants (9 females, 32 males; aged 22—60 years) from palmar and plantar sites in
parallel, using reference electrodes on the nail of the index finger and the big toe. In general, SPRs
at the soles had longer latencies and smaller amplitudes than those at the palms. These differences
were larger than those between left- and right-recording sites. Furthermore, SPR waveforms
(Sect. 2.3.1.2 “Amplitudes of Endosomatic Responses”) yielded not always congruent patterns
on the palms and soles. However, these regional differences were not always reproducible.
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found that evoked SRRs recorded from below the ankle joint appeared in parallel to
those taken from plantar sites. The sites shown in Fig. 2.7 have further advantages
over the soles of the feet, since the socks may not need to be removed for fixing the
electrodes but only pulled down, and that recordings can be performed during
both resting and movement (e.g., in field studies, see Boucsein & Thum, 1997
Sect. 3.5.1.1). In any case, artifacts from muscle tension beneath and mechanical
pressure on the electrode should be avoided if possible (Sect. 2.2.5.2).

The inactive electrode being necessary for endosomatic recording (Sect. 2.2.3.1)
should be placed on a site that has the smallest potential difference between the
skin surface and the body core and being essentially inactive in terms of SPRs.
According to Edelberg (1967), the inner aspect of the ear lobe is the most inactive
reference site, but its use may introduce ECG artifacts when recording SP from the
hands or the feet (Sect. 2.2.5.2). In addition, when physiological variables other
than skin potentials are to be recorded, the subject is usually grounded (i.e.,
connected to the floating reference wire; see Sect. 2.1.4) on one site only, in
which case the ground electrode should be placed as near as possible to the
recording site for the biosignal showing the lowest voltage. Therefore, one has no
choice but to place the ground electrode on the head when, for example, both EEG
and SP are being measured. In this case, an amplifier uncoupled from the floating
reference wire is necessary for the SP measurement (Venables & Christie, 1980)
otherwise scattering from ECG would appear in the SP recordings (Sect. 2.1.4).

For palmar SP recordings, Venables and Christie (1980) recommended fixing the
inactive electrode to a slightly abraded site (Sect. 2.2.1.2) on the volar surface of
the forearm (site E in Fig. 2.6), about two thirds of the distance from the wrist to
the elbow. This site is even more likely to be electrically inactive than the site
recommended by Edelberg (1967) on the ulnar bone about 4 cm underneath
the elbow. In case of SP recordings from the feet, Edelberg suggested an inactive
site about 3 cm above the ankle (site E in Fig. 2.7), which should be prepared in
the same way as the forearm site.

More recently, nonstandard electrode sites came into use, especially for
avoiding obtrusiveness of electrodermal recording during ambulatory monitoring
(Sect. 2.2.3.4). For example, Westerink et al. (2009) constructed a wristband for
SC-recording to be worn like a wristwatch, using a Bluetooth-like wireless com-
munication with a digital recorder at some distant place of the body. Two metal skin
contacts (10.5 mm in diameter) were placed side by side (3 mm apart) for
contacting the volar surface of the wrist, since it does not contain hairs.” The device
has been worn by 16 participants of each gender for 4 h at work and 4 h during

7 No further specifications were provided for SC-recording in the paper. The electrodes were made
from nickel plated brass and a stable 1.2 V reference was applied to the skin (Ouwerkerk, May
2011, personal communication). The device is also capable of storing data on onboard flash
memory in off-line mode (de Vries, May 2011, personal communication). The data were sampled
at 2 Hz, but actually, low-pass filtering was attained by taking eight samples in a row at 16 Hz
which were then averaged (moving average). SCL and SCRs were evaluated, the latter by using the
SCRGAUGE parameterization program from Kohlisch, published in the Appendix of Boucsein
(1992). Because of the low quality of the SC signal, additional filtering was necessary.



2.2 Recording Techniques 109

leisure time. Compared to other recording utilities, the wristband seemed to be
accepted by the participants as rather “natural.”®

A different type of wristband recording device was applied by Poh, Swenson,
and Picard (2010), who compared EDA recordings from the volar side of the distal
forearm with those taken from standard sites at the palmar areas of the medial
phalanges (A and B in Fig. 2.6). For recordings from the forearm site, dry Ag/
AgCl or conductive stretch fabric electrodes’ were sewn into a wristband. Mean
correlations between standard and forearm sites from 26 participants were in the
range of r = 0.57 to 0.96 for a baseline and various stimulation conditions, which is
only partly satisfying. It should be further kept in mind that electrode positions
at the volar surface of the forearm may not yield the same reactivity as palmar
or plantar sites (Edelberg, 1967).

2.2.1.2 Pretreatment of Sites

Various recommendations have been made concerning pretreatment of the active
electrodermal recording sites. Both the degree of hydration and the electrolyte concen-
tration on the skin surface undoubtedly influence EDA. If the electrode cream is allowed
to penetrate the skin for a certain time following the fixation of the electrodes (see end of
Sect. 2.2.2.5), effects such as the decrease of NaCl concentration following washing
with soap — as recommended for standardization by Venables and Christie (1980) — are
neutralized. However, washing with soap may also cause a swelling of the epidermis
and thereby lowering of the SCL. Walschburger (1976) recommended washing with
lukewarm water without soap and a final cleaning with a 70% solution of ethanol.
According to the present author’s experience, there is normally no need for a
pretreatment of sites used for exosomatic recording. In cases of extremely oily skin,
cleaning of skin surface with alcohol may be advisable in order to enable fixation of the
adhesive tape to keep the electrodes in position (Sect. 2.2.2.1).

By contrast, the site used for the inactive electrode in endosomatic recording
must be pretreated. The stratum corneum has to be removed to diminish the
potential difference between the site and the body core underneath the electrode.
This can be done by light rubbing with fine sandpaper until a small, shiny pit can
be seen on the skin by transverse illumination (Venables & Christie, 1980), which
ensures that the stratum lucidum has been reached (Sect. 1.2.1.1).

Abrasion should never be carried to the point where the skin is injured, because a
wound may create a potential of its own (Venables & Christie, 1980). Therefore,
great caution has to be exerted and some training is required, during which the
experimenter might practice abrasion on her/his own forearm skin first. Even with
great precaution, pain can result from contact of the electrode cream with the
pretreated site, and following removal of the electrode an erythema and/or light

8 At present, the use of such non-standard electrode sites cannot be recommended, since thorough
comparisons of their electrodermal reactivity with the one of standard sites are still missing.

? Silver plated 92%, nylon 8%, surface resistance <1Q/sq and contact area of 3.5 cm?.
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swelling may appear. Therefore, an experimenter should always weigh a reduction
of pretreatment, which bears the potential risk of reduced SPLs and SPR amp.
against possible unpleasantness from abrasion for the study participant. '’

Some authors used a dentist’s drill to remove the stratum corneum (e.g., Shackel,
1959). Pasquali and Roveri (1971) described a method (later automated by Zipp,
1983) by which the decrease of SRL can be measured during skin drilling, thereby
avoiding too deep abrasion. Instead of the surface excision, Burbank and Webster
(1978) used a micropuncture technique for lowering the resistance of the stratum
corneum. Given the danger of transmitting diseases such as HIV or hepatitis,
abrasion, is no longer recommended.

2.2.2 Electrodes and Electrolytes

In comparison with localization and pretreatment of recording sites, a more
extensive standardization has been implemented in EDA recording with respect
to the choice of electrodes and electrolytes. Problems with the described arrange-
ments can, however, arise with recordings over longer periods than a couple of
hours. Possible solutions are described in detail in Sect. 2.2.6.1. Electrodes and
electrolytes for special purposes are described in Sects. 2.2.6.3 and 2.2.6.4.

2.2.2.1 Forms of Electrodes and Their Attachment

The EDA electrodes predominantly used today are disc electrodes having the
electrode surface on the bottom of a cylindrical plastic chamber. The space between
the electrode surface and the bottom of the ring is filled with the electrode cream
containing the electrolyte (Sect. 2.2.2.5). Figure 2.8 depicts such an electrode in
cross-section. It consists of a round silver plate about 6 mm in diameter, on which a
sintered silver/silver chloride (Ag/AgCl) layer has been deposited (Sect. 2.2.2.3).
The electrodes are usually attached to the skin with appropriately sized double-
sided adhesive collars. One adhesive surface of the collar is fitted to the electrode
rim. Thereafter, the chamber is held upside down'!! and filled with electrode cream,
at which air bubbles should be avoided if possible. Finally, the surplus cream is
removed with a spatula or the rim of a paper, while the protective cover still remains
in place on the outer side of the adhesive collar. This cover is then removed and the
electrode fixed on the skin, thus providing a precisely defined area of contact

!0 According to Venables and Christie (1980), no differences of skin potentials between abraded
and non-abraded forearm sites were observable with children, so when children are used as
participants, pretreatment will not be necessary.

" For an improved handling, the overlaying rim of the adhesive collar can be attached horizontally
to the rim of a table, to allow the experimenter using both hands for the electrode cream insertion.
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Fig. 2.8 Cross-section of an Ag/AgCl electrode. The electrode surface consists of a silver plate
which is covered by a sintered Ag/AgCl layer. It is soldered to an insulated lead and enclosed by a
cylindrical plastic chamber which is attached to the skin with a double-sided adhesive collar

between the skin and the electrolyte. This is in particular necessary if the constant
current recording method is used (Sect. 2.2.3.2). However, a precise contact area
will be lost if electrode cream gets between the adhesive collar and the skin,'”
which can easily happen, especially when electrodes are attached to the fingers
(Sect. 2.2.1.1).

An alternative method of electrode attachment was proposed by Venables and
Christie (1980): fixing an adhesive collar on the skin first, thereafter fastening the
electrode, which was previously filled with an electrode cream, to the other side of
the adhesive collar. Some preliminary practice is indicated for using this method,
since the electrode rim must not come into contact with the cream, as this can lead
to detachment of the electrode.'? Avoiding any contact of the electrode rim with
the cream may be attained through the sacrifice of a second adhesive collar. The
electrode is prepared with an adhesive collar as described above, the latter being
removed along with any surplus cream. Then, the filled electrode is fastened to the
second adhesive collar which was already fixed on the skin.

12 The relative error due to seepage is dependent on electrode diameter. One millimeter of seepage
increases the contact area to 2.25 times of its original size with 4 mm diameter miniature
electrodes, but to only 1.13 times in case of 1 cm diameter electrodes are used (Venables &
Christie, 1980).

'3 Furthermore, to the present author’s experience, removing the second cover from the adhesive
collar which is already fixed on the skin exerts some tension on the collar, which may lead to its
detachment from the skin.
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Fig. 2.9 The effects of displacement of the electrode chamber on the adhesive collar attached to
the skin, and of air bubbles in the electrode cream (see text for explanations)

When this method is applied, it may happen that the surface area of the cream-
filled electrode chamber does not exactly match the aperture in the adhesive collar.
However, if the skin/electrolyte contact surface and the electrolyte/electrode contact
surface will remain constant, as shown in Fig. 2.9, no corruption of measurement
results has to be expected. The same holds for smaller air bubbles, which can result
from incompletely filled electrode chambers, since the conductance of the electrode
cream in the remaining cream bridges is so high that a somewhat reduced cross-
sectional area in comparison to the total area does not matter (Fig. 2.9).

An electrode fixed by means of an adhesive collar may detach quickly in case of
a strongly sweating individual. One possible solution for preventing this may be an
additional wrapping of the fingers and electrodes with adhesive tape, which had
been recommended, for example, by Venables and Christie (1980), in case of hand
movement being expected. However, such a wrapping contains the danger of
mechanical pressure being exerted on the skin. Edelberg (1967) pointed out that
changes in pressure may act as local stimuli producing Ebbecke waves, which must
be regarded as artifacts (Sects. 1.4.2.3 and 2.2.5.2). In addition, pressure on the
electrode might elicit variations in local blood circulation, thereby causing
reductions of EDR amp., especially of the positive component of the SPR. There-
fore, the pressure which the electrode may exert on the skin should be held as small
as possible. Alternatively, the electrodes can be attached with histoacryl glue and
later removed with acetone.'?

' Histoacryl glue must be refrigerated. Experimenters must be also seriously cautioned, since
careless use of histoacryl can result in eye damage. Also, acetone (which is also a cancer-causing
suspect) might attack the rim of the electrode’s plastic chamber, thus roughen it and eventually
damage its surface which is needed for the adherence to the collar.
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If this method is used, an adhesive collar should be attached to the electrode first,
then the electrode be filled with cream and the overflow removed together with the
ring, after which the electrode is fixed onto the skin using the histoacryl glue. An
alternative technique is to fix the empty electrode to the skin with the glue first, then
to fill the electrode with cream using a syringe. To apply this technique, two holes
must be drilled through the electrode’s plastic chamber on opposite sides, roughly
1-1.5 mm in diameter; one for the syringe and the other for the air to escape. The
syringe must be completely filled with cream to completely rid the chamber of air
(Andresen, 1987). In case of long-term recordings (Sect. 2.2.6.1) collodium has also
been successfully used for electrode attachment (Turpin, Shine, & Lader, 1983).

A much easier-to-handle method for increasing the durability of electrode
attachment has been used by Boucsein and Thum (1996, 1997) in their ambulatory
monitoring study (Sects. 2.2.3.4 and 3.5.1.1). First, the recording sites are cleaned
by alcohol to improve adhesiveness and marked with a felt-tip pen by using the
protection ring of an adhesive collar as a mask. A skin-friendly glue (Mastic
adhesive'”) as used by actors is put on the skin area which surrounds the electrode
site, avoiding contaminating the electrode site itself, and given the opportunity to
dry for 5-10 min until the glue becomes thread-like by touch. Thereafter,
the adhesive collar of the electrode is fixed on the prepared site. This technique
can be improved by using an additional but larger double-sided adhesive collar
(40 mm inside and 50 mm outside diameter). The protection ring is removed from
one side and the adhesive area is coated with Mastic adhesive. After the time period
which allows the glue to become dry to the touch, the big collar is attached to the
previously marked skin sites, and the protection ring on its other side is removed.
The smaller collar is attached to the electrode, which is then filled with cream and
the protection of the attached collar is removed. Finally, the adhesive collar
attached to the electrode is centered on the adhesive side of the big collar already
sitting on the skin site. Afterwards, the collars can be supplementally fixed laterally
from the electrode with a skin-friendly adhesive tape. This technique has also
been successfully used in a study performed by Koglbauer, Kallus, Braunstingl,
and Boucsein (2011) in pilots during aerobatic maneuvers (Sect. 3.5.1.2).
Recently, disposable EDA electrodes came into use as well (see Footnote 21,
Sect. 2.2.2.5).

In order to avoid strain on the electrode, the electrode wire should be fixed to the
skin at a distance of 2-3 cm from the electrode, using a strip of adhesive tape.
During the whole recording, full contact of the electrode to the skin including
a constant contact area between the skin and the electrolyte must be ensured.
The hand with the electrodes should be placed in a lightly bent, resting position,
with the palm either up or down. In the latter case, one may use a soft, thermally
conductive underlay on which palm may rest (Walschburger, 1975).

'3 Mastic adhesive is made from the Mastic pistachio tree. The German name is Mastix.
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2.2.2.2 Bias Potentials and Polarization of Electrodes

Edelberg (1967) and Fowles et al. (1981) pointed out the following requirements
for EDA electrodes:

1. They should show a minimum bias potential (between pairs of electrodes).
2. They should display as little tendency as possible toward polarization upon the
passage of current, even when large current densities are applied.

Bias potentials are defined as potential differences existing between two
electrodes immersed in the same electrolyte without application of any voltage.
The development of a bias potential is often incorrectly labeled “polarization”
(Edelberg, 1967, p. 6). The bias potential can be measured by joining two electrodes
filled with electrode cream together in full surface contact. For endosomatic
EDA measurement, the bias potential should be smaller than 1 mV (Venables &
Christie, 1980; Fowles et al., 1981). As a rule, electrodes with smaller bias
potentials also display a smaller drift over a period of time (Sect. 2.3.4.3). Fowles
et al. recommended checking the bias potentials every 2 or 3 days, for which an
amplifier system is required that can reliably perform measurements between
100 pV and 10 mV.

Bias potentials influence both exosomatic and endosomatic EDA recordings,
although they play a significantly greater role in the latter, in which they can easily
amount to an error of 100% in SPL readings (Edelberg, 1967). Electrodes which are
used for endosomatic recording should be checked every 3 days; they should
be replaced if displaying bias potential of more than 3 mV (Fowles et al., 1981).
For exosomatic recordings, bias potentials between 3 and 5 mV can be tolerated.

Polarization refers to the development of a counter electromotive force (or back
e.m.f., the direction of which is opposed to the applied voltage; see Sect. 1.4.2) in
biological membranes and at the interface between the electrode and electrolyte,
if an external voltage is applied (Fowles et al., 1981). It is a result of either energy
barriers on the electrode surface created by oxidation-reduction interaction or of
ion transport over these borders being limited by the ion-diffusion rate (Venables &
Christie, 1980). Polarization voltages influence exosomatic measurements by
counteracting the applied voltage. According to the results from Barry’s (1981)
investigation, polarizable electrodes hardly influence the SRR, but a possible
influence on the SRL cannot be ruled out.

Polarization effects can be checked both in vitro and in vivo. An in vitro method
of measuring polarizability of electrodes has been described by Edelberg (1967) as
follows: two electrodes, each with a surface area of 1 cm?, are placed 1 cm apart in a
0.1 N NaCl solution'® whose specific resistance is around 100 Q/cm. The voltage
appearing between both electrodes should be 1 mV at most, since higher potential
differences are due to polarization effects. Fowles et al. (1981) recommended a

16 This corresponds to a 0.1 M solution of the monovalent NaCl (i.e., 0.58 g NaCl dissolved in
100 mL water).
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method which can be used in vivo during EDA recording with DC: the polarity of
the electrodes is reversed, and the time necessary to reach the original SCL or SRL
is noted. After some practice, the shape of the corresponding transients can be
judged as being either due to polarization of the electrodes or due to normal
polarization of skin membranes. However, quantifiable results are hardly obtainable
with this method.

A systematic reversal of polarity during recording may additionally ensure a
better comparability of the electrodes over long times, since in case of DC being
used together with Cl containing electrolytes, one electrode will become
chlorinated and the other one dechlorinated during EDA recording. Though there
is some probability that simply the effect of random placement of the electrodes
during repeated use will prevent systematic polarization effects, reversing their
polarity will be a safe measure. As already pointed to by Montagu (1973), electrode
polarization effects are negligible in case of AC recording (Sect. 2.1.5).

2.2.2.3 Choice or Assembling of Electrodes

Today sintered silver/silver chloride (Ag/AgCl) electrodes are practically the only
standard EDA electrodes in use. These are so-called reversible electrodes which
are made from a metal in contact with a solution of its own ions (Fowles et al.,
1981). Such electrodes display the smallest possible bias potentials and are
nonpolarizable to a high degree (Sect. 2.2.2.2).17 According to Edelberg (1967),
as compared to the zinc/zinc chloride and zinc/zinc sulfate electrodes, Ag/AgCl
electrodes require only a NaCl electrolyte solution that is tolerable to the skin
(Sect. 2.2.2.5). Fowles et al. (1981, footnote 3) reported that zinc/zinc sulfate
electrodes are also “nonpolarizable”. They are simple to construct but are not
commercially available. However, because of problems with the exact composi-
tion for an adequate electrode cream as well as with their maintenance, these
electrodes were not recommended by Fowles et al.

The contact surface area of the electrolyte with the skin should be 1 cm?
according to Fowles et al. (1981), as long as the recording site permits this, because
with smaller areas proportional error increases with possible seepage of the elec-
trode cream (see Footnote 12, Sect. 2.2.2.1), and problems of linearity may appear

"7 The Beckman biopotential electrodes (see Footnote 18) show bias potentials of less than
250 nV and polarization potentials of less than 5 pV (Venables & Christie, 1980). Ag/AgCl
electrodes can also be homemade, albeit unsintered (cf. Venables & Christie, 1973, p. 107), and
good results are obtainable, but the manufacturing process is rather expensive, since pure silver
(99.99%) would be necessary. Therefore, buying commercially available Ag/AgCl electrodes
should be preferred. It should be noted that even with the use of so-called nonpolarizable
electrodes there is still the possibility of counter e.m.f generation at the electrodes (Sect. 2.2.2.2).
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with the use of the constant current method (Sect. 2.6.2). However, the commercially
available standard electrodes'® have a surface area being only around 0.6 cm?.

The effect of variation in contact surface area has been a matter of discussion.
Mitchell and Venables (1980) provided evidence from their systematic investiga-
tions of the relationship between electrode contact areas of 0.017-0.786 cm?® and
SCL as well as SCR amp. They found that the electrode/skin contact area had a
minimal effect, at least within the range tested by them. The authors recommended
that for finger recording the electrode area should be around 0.8 cm in diameter
(approximately 0.503 cm?), but they stated that the influence of the area size upon
measurement results is so small that electrodes of other sizes could also be used
(Sect. 2.2.3.2). However, results reported by Mahon and Iacono (1987) indicated a
marked linear dependence of the SCL and the SCR amp. upon the skin/electrolyte
contact area (Sect. 2.3.3.1), so that a standardization of the electrode area appears
desirable. In the case of endosomatic EDA recording, the electrode size plays a
subordinate role (Sect. 2.2.3.1).

2.2.2.4 Cleaning, Maintenance, and Storage of Electrodes

Electrodes have to be cleaned very carefully to prevent damage of the Ag/AgCl
layer. EDA electrodes should not be mechanically cleaned or dried under any
circumstances. The electrodes must be thoroughly rinsed under flowing water
immediately after their use, for which a water-pik can be helpful. In order to
avoid calcium deposits from tap water, electrodes should be subsequently rinsed
with distilled water. Air drying should follow, for which a fan might be used.

If electrodes are not continuously used, they should be stored in dry conditions.
Venables and Christie (1980) recommended that prior to EDA recording, electrodes
should be short-circuited and soaked for at least 24 h in a solution of electrolyte of
the type and concentration which is used in the electrode cream, allowing local
responses to take place before the beginning of recording. Tassinary, Geen,
Cacioppo, and Edelberg (1990) compared different storage conditions for several
types of Ag/AgCl electrodes. They recommended storing sintered metallic Ag/
AgCl electrodes non-short-circuited in a 0.9% NaCl solution, which they found
being superior to having their wires short-circuited via a carbon rod or non-short-
circuited dry storage.'’

Despite the greatest care, a black deposit of AgCl may appear on top of the gray
Ag/AgCl layer after some time, which is a result of chlorinization (Sect. 2.2.2.2).

" The standard biopotential electrodes from Beckman Instruments have a contact area of
0.636 cm®. In Vivo-Metric-Systems electrodes, which are also sold alternatively together with a
plug connection between the electrode and its wire, are of approximately the same size.

1 As to the present author’s experience, relatively long fluid storage may enable the saline
penetrating into the plastic electrode chamber, which could result in corrosion of the contact
between electrode and lead.
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As long as bias potentials and polarizational tendencies do not increase too much,
the functioning of the electrode will remain unimpaired. Under no circumstances
should mechanical removal of deposits be attempted.”® If a layer of bright silver
appears, the electrode can be re-chlorinated (Sect. 2.2.2.3), but then the electrode
coverage is no longer completely composed of a sintered Ag/AgCl layer.

2.2.2.5 Electrolytes and Electrolyte Media

In general, hypertonic electrode gels as used for other biosignals such as the ECG, the
EEG, and the EMG are not suitable for EDA recording. Hypertonic gels have a higher
conductivity than the epidermis, which is instrumental in some other biosignals to
transmit potentials created in the body core underneath the skin to the electrodes with
minimal loss of voltage.

In contrast, during EDA recording the electrolyte-skin system should be dis-
turbed as little as possible, since an interaction between skin and electrolytes can
have a marked effect on variations in EDA. Barry (1981, footnote 1) showed that
additional lowering of the skin resistance with hypertonic electrode cream
invalidated the transformation of resistance into conductance units (Sect. 2.3.3.2).
Edelberg, Greiner, and Burch (1960) also found that many gels contain multivalent
ions such as calcium, zinc, and aluminum which may potentiate the skin conduc-
tance and lower the skin potential. Since both NaCl and KCI appear as salts with
monovalent ions in the stratum corneum (Sect. 1.3.4.2 “The Role of the Epidermal
Barrier Layer”), these two are suitable to use for electrolytes in EDA measurement.
Since NaCl ions are preponderant in sweat, the use of a NaCl-based electrolyte can
be expected to disturb the electrodermal system least.

As the NaCl concentration in sweat varies between 0.015 and 0.06 M dependent
upon the amount of sweating (Sect. 1.3.3.1), it is not possible to determine precisely
the optimal electrolytic concentration in the electrode cream. Fowles et al. (1981)
were convinced that if the NaCl concentration of the electrolyte is between 0.05
and 0.075 M it is unlikely that NaCl will transfer out of the sweat into the cream,
and thereby alter the electrolytic concentration significantly. Edelberg (1967)
recommended a 0.05 M concentration, which can be made by dissolving 0.29 g
of pure NaCl in 100 mL of distilled water. Hygge and Hugdahl (1985) found no
difference in size among SCRs with four electrode creams differing in NaCl
concentration, showing that small deviations from the recommended NaCl concen-
tration can be tolerated.”’

20 Sensor Medics recommended removing the deposit with dilute ammonium hydroxide. A five-to-
one dilution with distilled water has been used with success (Vincent, July 1990, personal
communication).

2! Recently, disposable EDA snap electrodes came into use, being distributed by BIOPAC Systems
Inc. (http://www.biopac.com) and in Germany by med-NATIC (http://www.med-natic.de). These
are Ag/AgCl electrodes of 2.5 x 4.5 cm size, filled with a 0.5% NaCl cream, with a foam backing
and a stainless steel snap for electrode wires.


http://www.med-natic.de
http://www.med-natic.de
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Some authors use the monovalent KCl instead of NaCl (cf. Fowles & Schneider,
1978). Venables and Christie (1980) recommended, on the basis of their own
laboratory experiments, 0.05 M NaCl creams for exosomatic and 0.067 M KCl
creams for endosomatic EDA measurements. Schneider and Fowles (1978)
suggested KCI as electrolyte for SP measurement (see the end of this section).
Fowles et al. (1981) pointed out that KCI, above all, should be used for SPL
measurement so that results published in the literature are comparable, especially
with those from the Venables group, while NaCl is adequate for SPR measurement.
Since the contents of commercially available gels — including the so-called isotonic
ones — are not provided by the manufacturers,? investigators have the choice of
either trusting them or produce their own electrode cream.

As a base for the electrolytes, a number of hydrophilic and widely ion-free
electrolyte media are suitable (Edelberg, 1967), for example, agar (a type of
gelatine made from algae), starch, or methylcellulose (the base of wallpaper glue
but also used in food).23 However, these media may cause problems, since their
manufacture and storage require a controlled temperature. Furthermore, when agar
is used, the SCL and SCR decrease with time, which is probably due to hydration of
the corneum following blocking of the sweat gland ducts by the agar (Fowles &
Schneider, 1974). Those types of electrode creams are also very susceptible to
bacterial degradation. Glycol, used by Edelberg, escapes from under the adhesive
tape with which the electrode is fixed (Venables & Christie, 1980) and thereby
builds up conductive bridges on the skin.

During the 1980s, Unibase became the standard electrolyte medium for EDA.
Unibase is an ethylene polymer which requires an emulgator due to its hydrophobic
properties. This white, smooth ointment base can take up to 30% of its own
weight in water. In their committee report, Fowles et al. (1981) advised that for
manufacturing an EDA cream, 1 1b (i.e., 453.6 g) of Unibase should be mixed with
230 mL of physiological NaCl solution. Such a 0.15 M, or 0.9% of NaCl solution,
which can be bought commercially, can also be produced by immersing 2.0 g of
chemically pure NaCl in 230 mL of distilled water. To remove lumps, Unibase and
NaCl solution have to be well mixed using an electric mixer and allowed to stand

22 This is also true of the electrode cream “Synapse” made by Beckman Instruments which has
been frequently used in EDA measurements. An analysis of this and other gels was made by Zipp,
Hennemann, Grunwald, and Rohmert (1980), who found in “Synapse” a significant quantity of K
and Cl ions in addition to Na ions. Grey and Smith (1984) reported that the Beckman cream has a
NaCl concentration of 4.1 M, and contains glycerol, gum tragacanth, and 0.5% benzyl alcohol (as
preservative). Beckman does no longer offer “Synapse,” and Unibase is also no longer available.
The TD-246 electrode paste, which contains 0.5% saline in a neutral base, can be bought from
Discount Disposables: http://www.discountdisposables.com/. According to the manufacturer, this
cream “meets all the recommended specifications.” The cream is also distributed by Grass
Technologies under the brand name EC33: http://www.grasstechnologies.com/ and as TD-246
in Germany by PAR Medizintechnik (http://www.PAR-Berlin.com).

z Grey and Smith (1984) used a custom-made cream of 0.05 M NaCl solution in methylcellulose.
However, they did not provide the correct formula of the ingredients they used (Clements, 1989).
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for 24 h. The resulting electrode cream has an approximately 0.05 M NaCl
concentration.”* The cream should be kept cool (in the refrigerator), otherwise it
degrades and can leak from the tube.

Tronstad et al. (2010) compared four types of electrodes, all with similar Ag/AgCl
parts but with different composition of the creams. Skin admittance was recorded
with a special three-electrode arrangement (Sect. 2.2.6.4) in 18 participants (4
females, 14 males) during resting, a startling noise (breaking glass; 82 dB) and
thermal sweating (induced by performing squats for 2 min). The creams induced
large SYL changes over time, dependent on the water content and viscosity of the
electrolyte media. Solid creams yielded a better recovery of the SYL to the baseline
15 min after thermal sweating than the more moist creams including the TD-246 (see
Footnote 22, Sect. 2.2.2.5), which the authors tried to explain by a possible penetra-
tion of the latter into the sweat gland ducts. Furthermore, SYL and SCL values were
more affected by the differences in electrolyte media than the NS.EDR freq.
(Sect. 2.3.2.2).

Despite all efforts to match electrolytes to the skin electrolyte concentration and
control of other factors such as the cream’s consistency, the electrolytes can still
affect the skin over time. Therefore, the time lag between electrode placement and
recording should be considered as a possible source of error in EDA measurement.
Since destabilizing effects such as drift can be expected at the initial phase of
recording, the electrodes should be placed at least 10 min, preferably 15-20 min
before the beginning of recording, so that the skin-electrolyte interface can stabi-
lize. According to results from Campbell, Kraning, Schibli, and Momii (1977),
who used microelectrode recording in vitro (Sect. 2.2.6.4), the water concentration
of the stratum corneum had matched that of the electrolytes and had stabilized
after approximately 16 min.

Problems that arise with long-term recordings, where the electrodes stay attached
to the skin for several hours, are discussed in Sect. 2.2.6.1. Here, it appears that
electrode creams based on polyethylene glycol have an advantage over the standard
ointment-based creams, due to their lesser propensity to hydrate the epidermis.
Schneider and Fowles (1978) recommended a mixture of 100 mL polyethylene glycol
and 100 g Unibase, to which 0.76 g KCI are added for SP measurements.

24 Grey and Smith (1984) have published the following as being the ingredients of Unibase: cetyl
and stearyl alcohols, soft paraffin, glycerol, and, as preservatives; 0.0015% propyl hydroxy-
benzoate, sodium citrate, and sodium lauryl sulfate. The relative quantities are not provided.
The water content is 63.4%. According to Grey and Smith, Unibase contains 0.028 mol/L Na ions.
Back in the 1980s, the present author had this recipe chemically analyzed; the results were
0.07 mol/L Na and 0.045 mol/L Cl, the increased sodium being due to the Unibase itself (see
Footnote 23). The cream is free from K and Ca ions (less than 0.01 g/kg) and has a nearly neutral
pH value of 6.5. The analysis was performed by B. Neidhart, Institute for Industrial Physiology at
the University of Dortmund, Germany.
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2.2.3 Recording Devices

The following three sections provide details for the methodology used in EDA
recording with the three different methods outlined in Sect. 1.4: Endosomatic
recording (Sect. 2.2.3.1), exosomatic recording with DC (Sect. 2.2.3.2), and
exosomatic recording with AC (Sect. 2.2.3.3). Since the reader probably already
has access to equipment for EDA recording, the following sections will give
examples of appropriate devices, the features of which may be compared with the
equipment being available in the reader’s laboratory.

2.2.3.1 Endosomatic Recording

In contrast to the exosomatic recording techniques, endosomatic EDA recording
does not require an external voltage applied to the skin, since only potential
differences are recorded. However, it is recommended that one active and one
inactive site should be used, as previously mentioned in Sect. 2.2.1.1. With the use
of two active sites, SPL will be rather low and SPRs will look similar at both sites;
that is, there will be no marked shift in potential differences between them.
The appropriate inactive sites for SP recordings taken from the palms of the
hands and from the feet are marked by E in Figs. 2.6 and 2.7. Although these
sites are already relatively inactive, interindividual and intraindividual comparabil-
ity of SP recordings is only given if the corneum is extensively abraded (Edelberg,
1967). However, skin-drilling methods for preparing an inactive site, which would
be able to reduce skin resistance from about 1 MQ to as low as 100 kQ (Venables &
Christie, 1980), are no longer recommended nowadays (Sect. 2.2.1.2).

Endosomatic recording of EDA requires an amplifier with at minimum 1 MQ
input impedance; however, Venables and Sayer (1963) recommended 5 MQ. The
necessity for a high-impedance amplifier can be shown using the left-hand side of
Fig. 1.7 (Sect. 1.4.1.2). If the skin is regarded as a voltage source with its internal
resistance R, and if R, is regarded as the amplifier’s input impedance over which
the voltage changes being produced by the skin are read off, Ry and R, form a
voltage divider (Sect. 2.1.1). Hence, R; should be as large as possible compared to
R», to ensure that the greatest proportion of the measured voltage descends over Ry,
thus enabling it to be available for recording and amplifying. Today, recording
equipment with very high-input impedances is the rule, so there is no need to
provide a specific circuitry diagram for an SP amplifier.”

However, several problems may arise while using standard amplifier techniques
for SP recording. First, there may be no way to lower the amplifier gain enough for
SPL recording, which may require a range down to 500 mV/division. Thus, the

25 Skin potential can be recorded with any EEG or EMG channel, which is a standard technique in
neurology (Sect. 3.5.4).
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possibility of attenuating the amplification should be taken into consideration.
Second, based on the reasons given in Sect. 2.2.1.1, an SP amplifier should be
used, the floating reference wire (“ground”) of which is separated from the one of
amplifiers recording other low voltage biopotentials (e.g., EEG). If the individual is
not connected to a floating reference wire otherwise (e.g., by the use of simulta-
neous ECG or EEG recordings), she/he must be additionally connected to the
floating reference wire in the amplifier box to prevent power-line noise (Sects. 2.1.4
and 2.2.5.1). Third, because SPRs are of small size compared to the whole range of
the SP signal, a backing-off circuit might be considered for recording SPRs with
satisfyingly high-resolution (Sect. 2.1.3). Bridge circuits cannot be used here
because an external voltage is not available. Therefore, backing-off has to be
performed by adding a potential of equal value but of opposite sign to the SPL,
so that SPR is amplified at a higher gain around an arbitrary zero point. Another
effect of this backing-off procedure is to reduce the current flow in the circuit and
hence lessen the proportion of voltage being dropped across R,, which will drive the
apparent input impedance of the amplifier up to 10 MQ and reduce measurement
error to 1% (Venables & Christie, 1980). A “backing-off” circuit that allows
compensation as well as simultaneous recording of the SCL has been recommended
by Venables and Martin (1967a). If the SCL is not being recorded, an AC-coupled
amplifier may be used, which must, however, have a rather high time constant with
a minimum of 30 s, to prevent deformation of the signal. Since no external voltage
is applied, there is no danger of polarization effects on the boundary between
electrode and electrolyte (Sect. 2.2.2.2). However, due to its small bandwidth of
0-3 Hz, the signal is inseparably superimposed by possible electrode drifts
(Sect. 2.2.2.5). Therefore, for SP recording, the use of bias potential free electrodes
is essential (Sect. 2.2.2.2).

The electrode diameter and the delimitation of the contact area between skin and
electrolyte play a subordinate role in SP recording. By contrast, differences in skin
temperature between recording sites may result in error potentials up to 2 mV
(Venables & Christie, 1980), because they exclusively influence the active site
(Venables & Sayer, 1963). Temperature differences are likely to occur between
sites with large distances from each other, such as the distance between the palm
and the upper forearm. Additionally, an increase of electrode temperature may
result in error potentials up to 450 uV/°C. Venables and Sayer (1963) proposed an
electric circuitry for the compensation of temperature effects in SP recording.

Problems with bias potentials can be minimized by careful selection and main-
tenance of electrodes for SP recording (Sect. 2.2.2.2). The possibility of using KCI1
cream instead of NaCl cream, especially in SPL recording, has been previously
mentioned in Sect. 2.2.2.5.

2.2.3.2 Exosomatic Recording with Direct Current
DC recording of EDA is the most frequently used method for obtaining electroder-

mal measures. Its physical principles, as well as the advantages and disadvantages
of the various recording techniques, were already discussed in Sect. 2.1. A
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Fig. 2.10 Active skin conductance coupler (see text for explanations) (reprinted from Venables
and Christie (1980), Fig. 1.13. Copyright © 1980 by Wiley. Reprinted by permission of the
publisher and the first author)

description of a skin conductance coupler which uses appropriate methodology —
with the exception of filter characteristics (Sect. 2.1.4) — was provided by Venables
and Christie (1980, Fig. 1.13). The circuitry for this active coupler, being depicted
in Fig. 2.10, is derived from a circuitry proposed by Lowry (1977), which incor-
porated some of the operating features of the passive circuitry described by
Venables and Christie (1973).

The circuitry shown in Fig. 2.10 enables continuous DC recording of SCL and
SCR with high-resolution, using a constant voltage source.”®> SW 0 (system on)
connects a 1.35 V mercury cell battery to the circuitry, whereas SW 1 switches
between calibration (CAL) or subject to be operated. The switches “CAL” (on the
left upper side of Fig. 2.10) allow for dummy loads of 1, 2, 5, 10, 20, and 40 pS
to be connected in place of an actual subject. Additionally, the press-button
switches “add CAL” (on the upper middle part of Fig. 2.10) allow conductance
values of 0.5, 1, 2, and 5 pS to be added during the course of recording. Figure 2.2
(Sect. 2.1.2) will be referred to for an explanation of the action in an operational
amplifier circuitry: the resistor provided by either the actual subject or a dummy
load conductance (respectively the sum of both in case of the “add CAL” option)

26 Since Lykken and Venables (1971) recommended that skin conductance should be used as the
appropriate unit for EDA measurement, constant current recording went out of use in most
psychophysiological laboratories. However, because of the lower amplifier gain required, constant
current methods are sometimes preferred in field applications (Sects. 2.1.1 and 2.6.2).
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is equivalent to R;. The operation amplifier IC 1 is fed back by Ry and is
referenced by Ry;,s to ground. The upper right part of Fig. 2.10 shows that the
differential amplifier of the recording system for SCL is connected to outputs
SCL and GND.

The lower right part of the circuitry depicted in Fig. 2.10 enables additional
simultaneous recording of SCR with higher resolution between OUT 1 and OUT 2.
The ten-turn potentiometers R, and R;, together with the network around the
amplifier IC 2, provide a manually operated backing-off system, which can be
switched on by SW 2. Instead of a manually operated suppression, an automatic
high-resolution evaluation of SCR may be obtained with the use of an AC-coupled
amplifier or a digital operating auto-suppression device that will be described later
(Fig. 2.11), which is connected to outputs SCL and GND.

The 1.35 V mercury cell together with the 100 Q resistor and the ten-turn
potentiometer R; enable the voltage applied across the subject to be set at 0.5 V.
The use of constant 0.5 V for DC recording of SC dates back to a recommenda-
tion made by Edelberg (1967, p. 19), who observed the voltage/current curves
being linear below an impressed voltage of 0.8 V across a single recording site.
Since bipolar recording is predominant in exosomatic DC recording of EDA, the
applied voltage is cut in half according to the principle of a voltage divider
(Sect. 2.2.1). Hence, across each single recording site, only half of the applied
voltage is dropped, provided that that the sites’ resistances are approximately equal.
In spite of these considerations, a total voltage of 0.5 V had been introduced as a
standard for constant voltage DC recording (Lykken & Venables, 1971). Fowles
et al. (1981) stated that in this case both sites will show a 0.25 V potential
difference, given the same SRL at the sites.”’

The calibration procedure of the SC coupler depicted in Fig. 2.10 has been
described by Venables and Christie (1980, p. 58) as follows>®:

1. Set sensitivity of the recording instrument (e.g., a polygraph) to S mV/cm.

2. Select a dummy load value (CAL) of 20 puS with SW 1.

3. Switch on the coupler with SW 0 and adjust R to achieve a pen deflection of 1 cm.
Then, the voltage across the dummy load will be 0.5 V and the current 10 pA.

4. Set the dummy load to 40 puS, switch on suppression circuit with SW 2, and turn
the zero suppression R3 potentiometer to its maximum. Return the pen to zero
deflection by adjusting the suppression calibration control potentiometer R,.

5. Select subject with SW 1, with an unconnected subject (i.e., with an open
circuit). Return zero suppression potentiometer R3 to zero and check that the
pen gives zero deflection.

2 Though Venables and Christie (1980, p. 40) argued for the application of 0.5 V across each
active site, following a suggestion by Edelberg (1967), their circuitry which underlies Fig. 2.10
provides a total of 0.5 V.

28 Note that this description is oriented towards paper recording (Sect. 2.2.4.1) which has come
widely out of use. However, it is worth pondering such a procedure for a complete understanding
of SC-recording, even if it is performed with A/D conversion of the recorded signal and subsequent
computer evaluation (Sect. 2.2.4.2).
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Steps (4) and (5) calibrate the zero suppression control R3 to provide 4 puS/turn of
the potentiometer. If other values are selected during step (4), the potentiometer R3
may be calibrated with other values (e.g., if the dummy load is set to 10 puS,
R; calibration would be in terms of 1 uS/turn). The polygraph indicates 20 puS/cm
with the sensitivity of 5 mV/cm selected in step (1). If the polygraph amplifier gain
is increased to, for example, 0.05 mV/cm, an increase of sensitivity to 0.2 uS/cm
will result. Thus, as a consequence of the restricted width of the recording channel
(normally 4-5 cm), the SCR output with zero suppression and higher resolution
(Fig. 2.10) has to be used for recording with higher polygraph amplifier gain
(Sect. 2.1.3).

In addition to the coupler circuitry depicted in Fig. 2.10, Venables and
Christie (1980, Fig. 1.11) provided a block diagram of a complete SC-recording
system with automatic suppression of the SCL and the elimination of temperature
effects (Sect. 2.4.2.1), additionally providing calibration pulses for computer
analysis (Sect. 2.2.6.2). In their diagram, the output SCL is fed into the automatic
SCL suppression system developed by Simon and Homoth (1978), which is
schematically depicted in Fig. 2.11.

The automatic voltage suppressor shown in Fig. 2.11 can be used together with
the active skin conductance coupler depicted in Fig. 2.10. The voltage that
corresponds to the total SC (which appears between SCL and GND on the output
side of the SC coupler depicted in Fig. 2.10) is fed into a voltage-to-frequency
converter (VF converter) with a dynamic range from 0.01 to 10 V. It is thereby
transformed into a pulse rate which is fed into the counter during a time interval
of 20 ms. Those 20 ms pulses are deduced from the 50 Hz AC power frequency.
The rise of the pulses are triggering the storage in memory, the contents of which
are converted by a digital/analog (D/A) converter to an analog voltage, which is
available until the next pulse from the control unit arrives. Additionally, a digital
output of SC is provided (see upper right in Fig. 2.11).

The output of the D/A converter is reduced by an adjustable reserve voltage
(RV) within the amplifier Al and is subtracted from the input signal by means of the
amplifier A2. The resulting voltage is amplified in A3 by a factor of 100, thus
providing a high-resolution SCR in output 1. The compensation voltage which
comes from Al is available at the output 2 and can be recorded and processed
separately. After adjustment of the RV, the compensation voltage varies in discrete
and reproducible steps. Thus, the original signal of the SC can be exactly
reproduced by adding output 2 to output 1.%°

An easy-to-construct coupler for exosomatic DC recording which can be used
in combination with a high-quality biosignal amplifier (e.g., for EEG recording) is
depicted in Fig. 2.12. The coupler uses a special integrated circuit (LM 10) to
obtain a highly constant voltage U,y = 0.5 V. By means of an operational

2% Simon and Homoth (1978) stated an error of 0.4% of the D/A converter’s output voltage.
A circuit diagram of their voltage suppressor is given in their Fig. 1.2, together with a list of
components in their Table 1.1.
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Fig. 2.11 Block diagram of the automatic voltage suppressor (adapted from Simon and Homoth
(1978), Fig. 1. Copyright © 1978 by the Society for Psychophysiological Research. Used with
permission of the publisher)

amplifier circuitry OP 1 (see Fig. 2.2, Sect. 2.1.2), the current through the subject
is converted to a negative voltage —Ugscr, which is proportional to the SCL,
showing a sensitivity of 0.5 mV/uS. This output voltage is further amplified and
inverted by means of another operational amplifier OP 2, resulting in Uy, =
VUscL, with V = R{/R,. If the biosignal amplifier’s time constant 7 is not large
enough (e.g., 10 s, see Sect. 2.1.4), OP 3 can be used together with the amplifier’s
DC mode output voltage Uscg, which has the sensitivity S = (R4/R3) [0.5 mV/uS]
and the time constant 1 = R3C. To guarantee a maximum of security, the device
should be battery operated, and the bioamplifier’s input should be galvanically
separated.

Because constant voltage recording had been recommended (Fowles, 1986a;
Fowles et al., 1981; Venables & Christie, 1980) and is predominantly used, there is
no additional need to depict and describe circuitry for constant current recording.
However, some remarks on the CC method should be made here. According to
Edelberg et al. (1960) and Edelberg (1967), the current density should not exceed
10 uA/cmz, since above this value the SRL and SRRs decrease markedly, temporal
measures of SRRs will be changed, and sweat gland damage may result in extreme
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Fig. 2.12 Coupler for DC recording of SCL and SCR, to be used with a high-quality amplifier
system (designed in the present author’s laboratory by Dipl.-Ing. Jorn Grabke, University of
Wuppertal, Germany)

cases (Sect. 2.6.2). Hence, Venables and Martin (1967a) and Edelberg (1972a)
recommended the use of 8 tA/cm? current density for constant current recording.
Since the contact area of the electrode forms a circle, the current / that has to be
applied with a given electrode diameter d is: I = 2nd” (Venables & Martin, 1967a).

Since the standard electrodes described in Sect. 2.2.2.3 have a contact area of
0.6 cm?, an appropriate current density between 4.8 and 6 pA should be applied,
leading to current density values between 8 and 10 pA/cm?. Since the values for
current densities should be kept constant, the limitation of the contact area between
skin and electrolyte has to be adhered to. In turn, such a restriction of the contact
area is not necessary if constant voltage recording is used (Sect. 2.2.2.1). If results
obtained with constant current recording are reported — independent from the use of
SR or SC units — the size of the electrode area should additionally be specified. This
will enable the reader to calculate the specific resistance for making subsequent
comparisons with other results (Sect. 2.3.3.1). However, Mitchell and Venables
(1980) regarded — contrary to the older hypothesis — the influences of the contact
area as negligible (Sect. 2.2.2.3).

2.2.3.3 Exosomatic Recording with Alternating Current

Until now, the hitherto nearly exclusive use of DC methods in exosomatic
EDA recording prevented the development of a widely accepted technique of AC
recording. However, at least several recommendations concerning the appropriate
frequencies might be derived from the literature. Montagu and Coles (1968)
observed that the lead electrodes they used showed the smallest amount of
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polarization if a 5 Hz recording frequency was applied. Edelberg (1967) pointed to
the impossibility of obtaining EDRs with sufficient reliability using high AC
frequencies, because the polarization capacities of skin would become too low.
According to Brown (1972), the biological membrane looses its changeability for
polarization between 5 and 10 kHz, and its capacitive properties will become
negligible above 20 kHz. Faber (1980), who continuously varied the AC frequency
between 5 Hz and 10 kHz, yielded the largest differences in frequency locus
(see Fig. 1.10, Sect. 1.4.1.3) with the lower frequencies when measuring EDA in
three participants during different tasks. Thus, the use of AC frequencies between 5
and 100 Hz can be recommended.

One possible application of AC recording for EDA is to prevent polarization
effects (Sect. 2.2.2.2). Instead of DC, an appropriate AC may be used as an
exosomatic electricity source, together with a subsequent rectification of the signal.
However, the phase angle must also be determined if capacitive properties of the
skin are under investigation (Sect. 2.1.5). Devices for measuring the frequency
locus are available for cardiac surgery, but the specific problems of filtering as well
as separating phasic and tonic parts of EDA (Sects. 2.1.3 and 2.1.4) require the
construction of specific instruments for EDA-AC recording.

A device for AC recording of EDA used by Boucsein et al. (1989) will be
described here, which was a further development of a phase voltmeter suggested by
Neijenhuisen and de Jongh (1981) for use in dermatology. Despite the fact that
constant voltage is generally preferred for DC measurement of EDA (Sect. 2.2.3.2),
recording was performed here with a constant current source, since Salter (1979)
pointed out that this method is preferred for medical applications to prevent non-
linearities that may result from uncontrolled current densities when using a constant
effective voltage source. Impedance and phase angle are obtained as analog output
signals; a digital laboratory computer is used to transform these values into
reactance and resistance as well as susceptance and conductance (Sect. 1.4.1.3).

A block diagram of the phase voltmeter for AC recording is given in Fig. 2.13.
A sine wave voltage generated by an oscillator being continuously adjustable
between 1 Hz and 1 kHz is converted by a voltage-to-current converter into a
constant current, being adjustable between 0 and 10 pA peak value, which is
delivered to the subject’s skin. The terminal voltage from the skin site is pre-
amplified and processed in two ways:

1. To evaluate impedance, the voltage is submitted to a voltage amplifier, the
sensitivity of which is adjustable between 1 mV and 10 V in steps of decades,
and the output signal is rectified and low-pass filtered with either 0.1 or 1 Hz.
After subtracting a manually adjusted offset, the signal is delivered to output 1
and to a digital display.

2. For measuring the phase angle, the preamplified signal is multiplied in a phase
sensitive detector with the oscillator signal — which has been phase shifted with
the possibility of adjusting the phase angle continuously — acting as a zero-offset
for the phase signal. The output signal of the phase sensitive detector is also
rectified, low-pass filtered with the same frequency limit as the impedance
signal, and delivered to output 2 and to a second digital display.
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Outputs 1 and 2 are digitized using two channels of a 12 bit A/D converter with
16 Hz. The resolution for impedance is about 10 Q/bit and for the phase angle
0.008°/bit. X(f) and R(f) are calculated from impedance Z(f) and ¢(f) at the given
AC frequency f, according to (1.18a) and (1.18b), through the use of a digital
computer. In addition, susceptance B(f) and conductance G(f) can be calculated at
each sampled data point.

Calibration is enabled by the recording device in Fig. 2.13 in two positions: CAL
1 for impedance uses a 100 kQ resistor as a substitute, whereas CAL 2 for the phase
angle adds an additional 4.73 nF capacitance in parallel. The input impedance is
10 MQ, the signal-to-noise ratio for impedance as well as for the phase angle is
better than 98 dB.

Based on theoretical considerations and empirical evidence, Schaefer and
Boucsein (2000) recommended using the phase angle ¢ as a measure for the
EDR amp. which is independent of the method applied (constant alternating voltage
vs. constant alternating current). It also makes EDR amp. comparable without
computations according to (1.5a) and (1.5b), which would require information
about the EDL (Sect. 1.4.1.1), since ¢ values obtained with constant current and
constant voltage technique do not differ in their magnitude but only in their sign
(Sect. 1.4.1.3). Thereafter, the phasic changes in ¢ can be treated in the same
manner as traditional phasic EDA measures (Sect. 2.3.1.2 “Amplitudes of
Exosomatic Responses Recorded with Alternating Current”).

Another attempt to continuously measure reactance as well as the ohmic part of
impedance was performed by Almasi and Schmitt (1974) using Lissajous figures
for signal control (Fig. 1.11, Sect. 1.4.1.4). These authors presumed that only three
periods of the applied AC current would be sufficient for determining EDA with a
single frequency, enabling them to obtain several measuring points even with low
frequencies within relatively short periods (e.g., with the use of f = 1 Hz every 3 s).
Nevertheless, they stated that an experienced experimenter would need approxi-
mately 1 min to determine the impedance locus from three discrete frequencies
between 500 Hz and 1 kHz.

Salter (1979) described the development of a continuous AC recording
technique based on a 16 bit microprocessor. In his concept, the sine wave AC
frequency used for exosomatic EDA recording was created in the central processor
and given, via a D/A converter, to the analog part of the measuring device.
The advantage was that the whole calculating procedure could be performed on a
digital basis, using the originally generated digital sine wave signal. This also
made all manual changes during recording (e.g., frequency changes) superfluous,
because all adjustments could be performed by the software. Unfortunately, Salter
did not pursue this concept further, and details about it are difficult to obtain.

Lykken (1971) used pulsed DC, instead of the usual sine wave AC method, for
EDA recording, but only with one participant (Sect. 2.5.3.2). The use of pulsed DC
current may be regarded as equivalent to sine wave AC recording, since Faber
(1980) found an intraindividual correlation of » = 0.93 between SCLs obtained
with 10 Hz sinusoidal recording and a pulsed DC recording, with a 10 ms pulse and
an interval of 250 ms duration. Thus, further development and validation studies
will be desirable for AC recording of exosomatic EDA.
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2.2.3.4 Ambulatory Monitoring of Electrodermal Activity

Due to the availability of small but potent electronic devices for psychophysio-
logical recording, ambulatory monitoring has come into use more frequently during
the last two decades (for an overview, see Fahrenberg & Myrtek, 1996, 2001).
Low-volume digital mass storage has widely replaced portable cassette recorders as
used in the 1980s (e.g., Simpson & Turpin, 1983). Today’s ambulatory monitoring
systems such as the Vitaport™® or Varioport®" are capable of collecting data from
multivariate recordings over more than 24 h, depending on the actual storage capacity
and the chosen sampling rates. To keep the latter low, an onboard parameterization of
relatively high frequent signals (such as ECG, EEG or EMG) is normally performed
on-line during recording. Sampling rates of 20 Hz as recommended for EDA
(Sect. 2.2.4.2) do not constitute a problem for long-term mass storage. In cases
where only EDL information is to be stored, sampling rates as low as 1 Hz might
be sufficient. However, if separation of phasic and tonic parts of the signal is required,
the default sampling rates of ambulatory monitoring devices may need to be
increased, e.g., from 4 to 8 Hz, as performed by Boucsein and Thum (1996) when
using the Vitaport together with the semiautomatized off-line computer analysis
program described in the Appendix of this book, which allows also for detecting
and removing recording artifacts in the EDA signal (Sect. 2.2.5.1).

However, the duration of ambulatory EDA monitoring can be seriously limited
by the problems with long-term recording of electrodermal phenomena, especially
when electrode cream is used as recommended (Sect. 2.2.6.1). Therefore, some
researchers preferred using dry electrodes in ambulatory recording of EDA
(Sect. 2.2.6.3). For comparsion with standard recording Poh, Swenson, and
Picard (2010) performed parallel recordings from palmar finger sites (A and B in
Fig. 2.6, Sect. 2.2.1.1) and from two electrodes attached to the volar side of the
distal forearm. In addition, they probed different kinds of dry electrodes, i.e.,
standard Ag/AgCl electrodes vs. stretch conductive fabric, both sewn into a wrist-
band (Sect. 2.2.1.1). Ambulatory monitoring was performed by a custom-made
modular device delivering 3.3 V DC to the skin. The analog EDA signal was
sampled at 32 Hz via a 12-bit A/D converter and stored in a 2 GB flash memory
card, providing enough capacity for up to 28 days storage of continuous recording
with a 32 Hz sampling rate. A triple-axis accelerometer was also onboard for
recording physical activity, and an optional radio transceiver could be mounted
on top of the device which in total was not much bigger than a quarter coin
(20 x 30 x 8 mm). Comparisons with a traditional stationary recording system
were performed in the laboratory with 26 participants of both genders during
physical (bicycle ergometer), cognitive (subtracting of seven backwards), and
emotional (watching a horror movie) tasks, each consisting of a 10 min baseline,
a 3-5 min task period, and a 10 min recovery period. Raw data were filtered with a

*The Vitaport ambulatory monitoring system is now distributed by TEMEC Instruments in
Kerkrade, The Netherlands.

*!'The Varioport ambulatory monitoring system is distributed by Becker Meditec in Karlsruhe,
Germany.
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low-pass filter (cutoff frequency 3 Hz) and analyzed by customized software.
Pearson correlations revealed very good correspondences between both measure-
ment devices from standard palmar sites during all phases of the laboratory
experiment (r = 0.93-0.99). The conductive fabric electrodes produced lower
SCLs than all other recording methods in about 80% of the participants during
cognitive and emotional tasks, but highest SCLs toward the end of the physical
task and during the subsequent recovery period in 46% of participants.

One 19-year-old male participant volunteered for wearing the ambulatory
monitoring device with dry Ag/AgCl electrodes on his left volar distal forearm
for a whole week during daily activities. After periods between 24 and 30 h, the
participant temporarily removed the flash memory card for downloading the data
and also replaced the 3.7 V battery. The recordings revealed a consistent peak in
SCL between midnight and 3 a.m. during sleep (see Sect. 3.2.1.3). No SCL drift was
observable and the recordings were — as the authors stated — relatively artifact-free.
However, when using dry electrodes, instabilities have to be considered for an
unknown amount of time following their attachment (see Footnote 39, Sect. 2.2.6.3).

Boucsein, Schaefer, and Sommer (2001) compared ambulatory monitoring with
traditional recording of SC from the nondominant hand in 24 female participants using
standard methodology (Sect. 2.2.7), using Ag/AgCl electrodes and isotonic electrolyte
cream in both instances,*? together with skin temperature taken from the same hand,
ECG from a chest lead and vertical arm movements by means of a Piezo-electric
sensor from the same side where EDA recordings were taken. Ambulatory monitoring
was performed by the Vitaport 2 system worn in the pocket of a waist belt. First,
laboratory recordings were made during a 2 min baseline, during a habituation series
(Sect. 3.1.1) of eight 90 dB A, 1 s white noise stimuli with a variable interstimulus
interval (ISI) of average 22.5 s, and during 16 subsequently presented different
meaningful auditory stimuli (e.g., broken glass, barking dog, shriek) with a mean
duration of 1 s, an intensity of 90 dB A, and the same variable ISI as in the habituation
series. The mean correlation between SCR amp. from parallel recordings with the
ambulatory monitoring and the traditional recording device calculated over three
participants and applying Fisher’s z-transformation was r = 0.95. When using
another traditional laboratory device instead of the Vitaport 2 at the same recording
sites, the mean correlation between the two traditional laboratory devices over two
participants was 7 = 0.99, which was only slightly higher than the correlation between
the ambulatory monitoring and the traditional recording device.

After the first laboratory session, the participants were released being wired to
the Vitaport 2 and equipped with a synchronized pocket computer. Their task was
simply to carry on with their everyday activities, which should be marked on
the ambulatory computer, serving also for presentation of short questionnaires.
Additionally, they were given a tape recorder, with a horror story for half of the
participants and a rather boring description of a landscape for the other half, which

2 Two pairs of standard Ag/AgCl electrodes were fixed on the same hand, one at standard thenar/
hypothenar sites, the other one in 2-2.5 cm distance distal from the first ones (C and D in Fig. 2.6,
Sect. 2.2.1.1).
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they should listen to immediately before going to sleep. The stories (between 15 and
20 min each) had been rated significantly different with respect to excitement. The
participants returned 24 h after the first session for a second laboratory test,
comprising three habituation series with ten white noise stimuli as used in the
first session. For the traditional recording, two fresh EDA electrodes were attached,
while the Vitaport 2 electrodes stayed in position. Between the first and the second
habituation series, the Vitaport 2 electrodes were replaced by fresh electrodes.
Unfortunately, only 12 out of the original 24 participants could be evaluated for
this part of the study, since 10 of them had at least one of the EDA electrodes
detached on the morning of the second day, one participant forgot to listen to the
tape and one participant did not go to sleep after listening to the tape but left
her home for personal reasons.

For the 24-h recordings, 5-min intervals were evaluated with respect to the mean
EDL, the NS.SCR freq. and the mean NS.SCR amp. Group comparisons were
performed for the 3 h before listening to the tape, for the listening period itself
and for the 3 h thereafter. The same evaluation periods were applied to the other
three measures recorded by the ambulatory monitoring system. The two groups did
not differ significantly in EDL which showed a continuous decline over time, being
only reversed during listening to the tapes, during which both NS.SCR freq. and
mean amplitudes were significantly higher in the group listening to the horror story
compared to participants listening to the landscape description. No correspondence
to arm movements, heart rate (HR), or skin temperature was observed. Despite
the huge amount of data loss mostly due to spontaneous electrode detachment,
ambulatory monitoring of EDA figured out being a viable method for determining
differences in emotional states (Sect. 3.2.2.1) in everyday life. Furthermore, there
was some indication of the EDL rising during the first rapid eye movement (REM)
phase and of NS.SCR freq. being higher during the first slow wave sleep (SWS)
period after listening to the horror story, which corresponds to the phenomenon of
EDA “storming” during the night described in Sect. 3.2.1.3. However, the sleeping
phases could only be roughly estimated since no EEG data were available.

The mean correlation over three participants between the SCR amp., being
recorded by the electrodes of the Vitaport 2 which had been 24 h in place, and
the freshly attached electrodes for the traditional device during the first series of ten
stimuli in the second laboratory session was r = 0.85. The correlation between the
two recording sites was increased to r = 0.96 when fresh electrodes were used for
the Vitaport 2 as well. This difference points to the possibility of changes in the
closed electrode/electrolyte system during the 24-h ambulatory monitoring, which
is typical for long-term recording (Sect. 2.2.6.1). For this reason and because of the
high probability of electrode detachment, standard recording methodology, i.e.,
electrodes with plastic chambers filled with isotonic paste and being attached by
double-sided adhesive rings to the palmar sites as described in Sects. 2.2.1 and
2.2.2, may not be the best choice for long-term ambulatory monitoring of EDA.

Therefore, using either dry electrodes at the wrist as probed by Poh, Swenson,
and Picard (2010) in one participant (see above) or attaching standard electrodes to
foot sites (see Fig. 2.7) with a special technique that increases the durability of
attachment, which has been described in Sect. 2.2.2.1 and successfully used in 11
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participants by Boucsein and Thum (1997) in their ambulatory monitoring study
reported in Sect. 3.5.1.1, could serve as suitable alternatives in ambulatory moni-
toring of EDA. In addition, the application of a nonhydrating electrode paste as
used by Turpin et al. (1983) for electrodes staying a week in position might be
considered (Sect. 2.2.6.1).

Doberenz, Roth, Wollburg, Maslowski, and Kim (2011) investigated the influ-
ence of physical activity, ambient temperature and corneal hydration on the results
of 24-hour ambulatory SC recording, obtained from 48 participants (32 females,
16 males). Skin conductance was recorded with standard methodology by means of
an ambulatory device from the middle or lower phalanges of digits 2 and 3 of the
nondominant hand. Electrodes were pre-filled with isotonic gel, which was
supplemented by additional humid gel of the same kind brought to the center of
the electrode before attachment. To control for the effects of corneal hydration,
fresh electrodes were attached after the 24-hour period to adjacent sites either on the
same or different phalanges. Ambient temperature was recorded by means of a
sensor close to the recorder with an accuracy of 0.1 °C, general body movements
were registered by an accelerometer and the participants used an event marker for
indicating beginning and end of sleep. All SC parameters yielded higher values
during physical activity compared to sleep, but little effects of temperature
variations were observed. However, electrode sensitivity declined significantly by
an average of 20% over the 24 hours, pointing to an important influence of corneal
hydration on the results of long-term recording (Sect. 2.2.6.1).

In conclusion, the use of dry electrodes instead of those with humid or even
liquid gels (Sect. 2.2.6.3) for ambulatory monitoring needs further research to
determine advantages and disadvantages of either method.

2.2.3.5 Recording of EDA Within a Magnetic Field

During the last two decades, the use of EDA recording together with brain imaging
techniques such as computer tomography (CT), MRI, and PET scanning has
become an opportunity for combining CNS and ANS measures directly (Raine &
Lencz, 1993). More recently, recording of EDA within the fMRI has been used
in several studies. Anticipated problems have been resolved, since the artifacts
produced by the magnetic resonance tomography (MRT) are in a much higher
frequency band than changes in the EDA signal and can be easily removed by low-
pass filtering. However, sampling EDA in a MRT environment requires taking
some precautionary actions in the setup of measurement devices, their connection
to the electrodes, and in the treatment of EDA data.

Positioning of metal objects in such a strong magnetic field as induced by fMRI
is a general problem. The magnetic field might impact upon the measurement
device which generates the voltage for EDA recording, and in turn this device
may also impact the quality of the MRT recording by influencing the homogeneity
of the magnetic field or the application of the gradients used for MRT measures.
To avoid such influences and appropriately amplify the recorded signal, the
circuitry for EDA measurement could be taken out of the magnetic field to an
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adjacent room. However, this requires very long electrode cables, and it is of
paramount importance that they are not moved during EDA recording. This is
because moving a conductor within a magnetic field has the potential to change
this field; a process which in turn may induce a voltage on the electrode cables, thus
distorting the EDA signal. Furthermore, long electrode cables serve as antennas for
the high-frequency gradients used for the image acquisition, which could result in
signal loss due to EDA amplifier limitations. Therefore, one possible solution is
using a custom-made nonmagnetic recording device that can be placed in the
magnetic field, thus allowing the electrode cables to be kept short (see below).

Researchers who used standard EDA recording devices (Sect. 2.2.3.2) made
special arrangements for avoiding the high-frequency pulses used for fMRI record-
ing to overly interfere with the electrodermal signal. For example, Critchley, Elliott,
Mathias, and Dolan (2000) used a commercially available biofeedback system for
continuously monitoring SC during a decision-making task in an fMRI*® study
using six participants (three of each gender). Off-line postprocessing of the A/D
converted SC signal (sample rate 100 Hz) was performed to remove the repetitive
signal contamination which resulted from the high-frequency noise which came
with the fMRI volume acquisition. Further filtering and smoothing was applied to
remove nonrepetitive noise. Two types of analysis were performed to determine
CNS correlates of SCRs: a covariance analysis with statistical regressors derived
from the filtered SCR trace, excluding the first 20 scans acquired during task
performance to avoid including NS.SCRs that were observable during the begin-
ning of the task; and an event-related analysis based on those SCR amp. being at
least two standard deviations above the background EDA. According to Williams
et al. (2001), such a conventional SC-recording with subsequent postprocessing of
SCR data in fMRI studies may result in restricting the recording to larger SCRs
which may not be directly linked to discrete stimuli.

Therefore, Williams et al. (2000) in their study on neuronal correlates of SC-OR
(SC-orienting response; see Sect. 3.1.1) connected conventional Ag/AgCl
electrodes, filled with 0.05 M NaCl electrode cream (Sect. 2.2.2.5) and attached
to the distal phalanges of the ring and middle finger of the left hand, by means of
a custom-made fiber-optic system to the EDA recording device located out of the
fMRI scanner®* room. The system reduced the possibility of inducing currents in
the scanner by inclusion of resistors in all wires, the reduction of loop area in the
wires and by the use of an optical signal that was converted back to an electric

33 Siemens 2-T VISION system for acquiring gradient-echo, echo-planar T*-weighted images with
BOLD (blood oxygenation level dependent) contrast. Each volume comprised 48 x 3 mm axial
scans with 3 mm inplane resolution, continuously acquired every 4.2 s. SC was recorded with Ag
electrodes taped to the palmar surface of the left index and middle fingers, presumably without
electrode cream.

3 Participants were scanned using a Siemens 1.5-T Magnetom VISION Plus system to acquire 64
T2*-weighted images depicting BOLD contrast for each stimulus of 3 s duration at 18 axial
noncontinuous 6 mm thick planes (slices), parallel to the intracommissural line; sampling rate for
the BOLD response (TR) = 3 s, TE = 40 ms, 128 x 128 matrix, interslice gap 0.6 mm.
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signal once relayed outside the scanner. Thereby, SCR recording was protected
against interference from radio frequency pulses in the fMRI environment. This
system produced noise-free data that did not require filtering or smoothing. Eight
male participants were repeatedly presented flashing checkerboard stimuli (four
blocks of eight stimuli of 3 s duration; ISI 0.75 s) alternated with four equally
structured blocks of control stimuli (blank screens). Contrasting the checkerboard
with the control stimuli and checkerboards with and without SC-ORs did not only
reveal neuronal correlates of visual processing but also brain regions which were
especially active when ORs occurred (see Sect. 3.1.1).

A different methodological approach has been performed by Blecker, Kirsch,
Schaefer, and Vaitl (2001) who used a custom-made nonmagnetic version of a
standard battery-operated SC coupler (Fig. 2.10, Sect. 2.2.3.2) which was placed
very close to the individual to be recorded. Therefore, electrode cable lengths of
20 cm were sufficient for the standard Ag/AgCl electrodes, thus avoiding the above-
mentioned induction problems that may result from the use of long wires in a
magnetic field. The output signal of the coupler was low-pass filtered with 9 Hz
(Sects. 2.1.4 and 2.2.5.1) to rid the EDA signal of the noise, which is produced by
the application of high-frequency gradients during fMRI acquisition and possible
low-frequent contaminations. Thereafter, the EDA signal was A/D converted
(Sects. 2.1.4 and 2.2.4.2) with a sampling rate of 1 kHz to obtain a high-resolution
of the gradient artifacts. For the subsequent off-line computer analysis of SCRs
(Sect. 2.2.4.2), the original sampling rate was reduced by the factor 100. Using this
methodology, it was possible to obtain high-resolution artifact-free SC-ORs in the
fMRI from three male participants.®

Patterson, Ungerleider, and Bandettini (2002) used SC-recording during a
sequence of task- and resting periods from two female and four male participants
being tested in an fMRI.® Two tasks were performed in counterbalanced order with
resting periods before, after and in between: a modification of the gambling task
described in Sect. 3.1.3.3, and a rather similar working memory task which, however,
lacked the reward-based decision-making component of the gambling task. The SC

35 The functional imaging data were acquired by a 1.5-T Siemens Symphony MRI-scanner with a
Quantum gradient system. To measure the BOLD contrast, a T2*-weighted EPI (echo-planar
imaging) sequence (TR = 2.5 s, TE = 60 ms, 64 x 64 matrix) was used. The volume contained
16 slices with a 5-mm slice thickness (no gap). The slices were acquired interleaved in ascending
order. Artifacts stemming from recording (Sect. 2.2.5.1) were reduced with automatic 1D de-
noising using wavelets. The threshold selection rule was a heuristic variant of Stein’s Unbiased
Risk (Matlab R12).

36 Functional and structural MRI scans were obtained using a GE Signa 1.5-T scanner. The
participant’s neck and head were stabilized within foam padding within a brain-specific RF head
coil. An EPI pulse sequence was used for collecting functional data (TR = 2.5 s, TE = 30 ms,
FOV = 24 cm, 64 x 64 matrix). The entire brain was covered in 20 or 21 slices in the sagittal
plane, resulting in voxel dimensions of 3.75 x 3.75 x 7 mm. Additionally, a high-resolution fast
3D Tl1-weighted structural image (TE = 6 ms, FOV = 24 cm, 256 x 256 x 124 voxels of
1.9 x 1.9 x 2 mm) was obtained as anatomical reference. SC was recorded by AgCl electrodes
from the index and middle fingers of the participant’s left hand by means of a commercially
available recording system which was placed outside the magnet room. Analog SC signals were
recorded at 10 Hz and passed to an A/D converter. No more SC-recording details were provided.
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data were processed by means of a 5-point moving average filter to remove
high-frequency artifacts that could have been induced by the scanner. AC-coupling
(Sect. 2.1.3) was applied to obtain SCRs being free from SCL drifts (Sect. 2.3.4.3).
The SCR waveform was resampled by interpolation, in order to match the repetition
time of the measure (TR, 2.5 s) resulting in one SC value per measured fMRI volume.
The waveform was also time-shifted (&1 TR) to account for the hemodynamic
variability across the brain. No convolution with a standard hemodynamic response
was necessary, since the SCR (the authors referred to Fig. 2.15, Sect. 2.3.1.2
“Amplitudes of Exosomatic Responses”) is nearly identical in latency and shape to
that of the hemodynamic impulse response. NS.SCR freq. was calculated using an
amplitude criterion of 0.05 pS (Sect. 2.3.1.2 “Choice of Amplitude Criteria”).
Correlations between the fMRI time series data and the simultaneously collected
SCR time series data were obtained on a voxel-wise basis. During both kinds of task
and during the resting periods, activity in a specific group of brain regions was
significantly correlated with SCR changes. These included the VMPFC, the posterior
cingulate gyrus, the right anterior superior temporal cortex, the bilateral inferior
parietal cortex, the supplementary motor cortex, the cingulate cortex adjacent to the
supplementary motor area, the bilateral cerebellum, and the thalamus. In addition,
SCRs correlated with cognitive activity during the tasks in several bilateral visual
cortical areas and in the left primary motor cortex (see Sect. 1.3.4.1 “Cortical Control
of EDA”). The authors interpreted the total absence of amygdalar activity with the
lack of penalty for failures in both tasks. The study showed that even complicated tasks
could be used in the fMRI to reveal correlations between moment-to-moment changes
in mental activity and phasic EDA.

An additional problem with the fMRI is the loud noise generated by switching
the magnetic field on and off. This constitutes an obstacle for designing experi-
ments with acoustic stimuli, but also an additional source for orienting responses
(Sect. 3.1.1), arousal (Sect. 3.2.1.1) and stress (Sect. 3.2.2.2), which has to be taken
care of during the interpretation of results.

2.2.4 Methods of Storage and Evaluation
of the Electrodermal Signal

2.2.4.1 Paper Recording and Evaluation by Hand

Although the majority of EDA recording is now performed with subsequent
A/D conversion and digital storage, the conventional method of recording EDA on
polygraph paper and evaluating the recording by hand is still in use in some
applications. Since the changes in the EDA signal which form a single EDR are
relatively small as compared to the whole range of the signal, polygraph recording
may be performed as a continuous recording of the EDL on one channel and the EDRs
with higher resolution on a second channel (Sect. 2.1.3). An alternative method would
be using only one polygraph channel for high-resolution EDRs, on which impulses are
superimposed, the distances of which are proportional to the current EDL.
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In any case, the extremely wide range of the EDA signal is likely to cause
problems with recording and evaluation. If the normal polygraph recording width
of 40-50 mm is used, and the AC-coupled EDR signal is recorded with a high
amplifier gain, unexpectedly large EDRs will exceed the boundaries of the record-
ing channel, which will result in loss of data (Fig. 2.22, Sect. 2.3.4.1). If the
amplification is reduced to avoid this, small EDRs will no longer be identifiable.
Therefore, compensation recorders which allow 20 or 25 cm recording range
for each channel are recommended for paper recording of EDA (Table 2.1,
Sect. 2.3.1.2 “Choice of Amplitude Criteria”).

For the evaluation of parameters like EDR amp. or NS.EDR freq., a paper speed of
5-10 mm/s will be sufficient. However, if temporal measures such as latencies, rise
times, or recovery times are to be obtained from the recording chart (Sects. 2.3.1.1 and
2.3.1.3), paper speeds below 10 mm/s will result in unreliable scoring. The curvilinear
pen deflections of some polygraphs may also cause marked distortions of rise times
and recovery times, especially in EDRs with high amplitudes. However, the attenua-
tion of frequency caused by technical features of the galvanometer system plays
practically no role in the recording of the relatively low-frequency EDA signal.

It is highly recommended that the experimenter will note the paper speed as well
as the amplifier gain and every change made during the recording on the chart
paper. This includes possible changes in signal range and calibration marks, which
should be applied in phases of relative EDR inactivity. Those calibration marks,
which can be obtained using the “add CAL” switches in Fig. 2.10 (Sect. 2.2.3.2),
will be helpful for the subsequent evaluation, and will ensure unambiguity, even
if the recording has been calibrated in absolute values.

As a convention for graphical representations, Venables and Christie (1980)
recommended taking over the neurophysiologist’s tradition of recording “negative
up.” This makes sense especially for SPL, where an increase of negativity indicates
increasing general arousal (Sect. 3.2.1.1), and the initial SPR component, which is also
likely to be negative in most cases (Sect. 1.4.3.2), will also show upward deflection.
Using exosomatic methods, “negativity”” makes no direct sense. Therefore, “negative
up” should be replaced by “EDR up.” Hence, the convention is to display increasing
skin conductance values (including SCRs), which indicate an increase of arousal, as
upward deflection. Their reciprocal, i.e., increases of SR, should be recorded as
upward deflection as well, because they indicate a decrease of skin resistance, which
is also an indicator of increased arousal. Thus, in tonic exosomatic recording, an
increase of SCL and a decrease in SRL will deflect upward on the paper output.

Evaluation of the EDA signal requires marking the appropriate time windows on
the paper. These windows may refer either to the evaluation of the response to a
single stimulus, or they may indicate periods for which the NS.EDR freq. will be
evaluated (Sect. 2.3.2.2). Before single EDR amp. can be evaluated, an amplitude
criterion should be defined (Sect. 2.3.1.2 “Choice of Amplitude Criteria”). Using a
ruler and perhaps a magnifying glass, amplitudes can be obtained in millimeters or
even in fractions of millimeters, and may be either listed in millimeters or
transformed into appropriate units (i.e., mV, uS, or kQ).

To obtain EDR ris.t., EDR rec.t/2 or EDR rec.tc, it will be helpful to mark the
previous level from which the EDR deflected with a horizontal line, using pencil
and ruler, and to draw in a vertical line at the maximum peak as well as another
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horizontal line at the height of either half or 63% amplitude recovery (see Fig. 2.15,
Sect. 2.3.1.2). However, these pencil lines will prevent an independent additional
evaluation to be performed by another experimenter, which could be useful for
reliability testing. Additionally, curve-matching techniques using transparent
templates may be applied as described in Sect. 2.3.1.3 “Recovery Parameters.”

2.2.4.2 Off-Line Computer Analysis

Since psychophysiological laboratories are nowadays equipped with personal
computers, the evaluation of electrodermal recordings is normally no longer
performed by hand but by computer analysis. Since most computer programs
do not allow a fully automated treatment of the various possible artifacts
(Sect. 2.2.3.3), it is advisable to conduct a careful inspection of the raw signal
during the computer analysis of the EDA. Therefore, the entire analog/digital (A/D)
converted original EDA signal should be recorded in a form that enables its
reconstruction for a subsequent artifact control during an off-line computer evalua-
tion. Storage is normally performed digitally on a hard disk or memory card with a
sampling rate of approximately 20 Hz.*” A flow diagram for a computer analysis
system was given by Venables and Christie (1980, Fig. 1.16), and programs have
been made available in BASIC (e.g., Spinks, Dow, & Chiu, 1983) and in
FORTRAN (e.g., Foerster, 1984). More recently, custom-made solutions are used
is some laboratories based on computing environments such as MATLAB.
A program for the detection and parameterization of SCRs, written by F. Schaefer
according to recommendations given by the present author and extensively probed
in our laboratory, is described in the Appendix of this book.

The analysis of an EDA signal that has been recorded with high-resolution
A/D converters may generate a problem never seen in hand scoring from paper
recordings. The system will probably quantitatively evaluate very small changes
that look like EDRs but stem from filtered artifacts generated by the measurement
device. If the A/D conversion is performed with 16 bits, (Sect. 2.1.4), 216 — 65,536
steps will be available. If for the AC-coupled SCR, a recording range of 20 pS is
chosen, the A/D conversion will result in 0.001 uS being represented as three steps of
digital information stored in the computer, which can be reliably determined by the
evaluation program. However, such a resolution is far beyond the widely accepted
amplitude criteria of 0.05 or 0.01 puS (Sect. 2.3.1.2 “Choice of Amplitude Criteria”).
Therefore, additional methods for separating real EDRs from possible artifacts
(e.g., resulting from amplifier characteristics; see Sect. 2.1.4) have to be evaluated.
As apossible solution for such a distinction, Foerster (1984) and Thom (1988) used a
minimal ascent of 0.08 puS/s (Sect. 2.3.1.3) as an additional criterion for the identifi-
cation of an EDR, in addition to an amplitude criterion of 0.01 pS.

*"The conversion rate depends on the A/D converter used in the computer system. Thus, Venables
and Christie (1980) recommend 20 Hz, while Foerster (1984) used 16 Hz, which makes no
difference in accuracy with respect to the phasic changes that occur in the electrodermal signal.
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Because of the above-mentioned high-resolution performed by A/D conversion,
separate recording of the AC-coupled EDR in addition to the EDL is no longer
necessary. Given 16 bit A/D conversion and 100 puS recording range, which would
cover all SCLs that appear under normal circumstances (Sect. 2.5.2.1 “Tonic Skin
Conductance Measures”), a change of 0.01 uS would result in six steps of the
stored digital information and could be reliably detected. However, for the sake
of visual inspection during recording, and since some EDA couplers provide
AC-coupling of the signal as an option for recording EDRs, uncoupling of EDR
from EDL as described in Sect. 2.1.3 (e.g., by a “backing-off” circuit) is still in use.
In this case, the EDL might get lost if only one EDA channel is stored. A subsequent
reconstruction of the EDL from the AC-coupled signal stored in the computer
requires the following steps:

1. The short time constant used during recording may be replaced by transforming
it to a longer one (e.g., 10-100 s), which eliminates the deformation of the signal
that resulted from AC-coupling (Foerster, 1984; Thom, 1988).

2. The appropriate EDL values are added to the retransformed EDR curve. If the
EDL is not recorded as a continuous curve, but as a sequence of pulses
(Sect. 2.2.4.1), a higher conversion rate of, for example, 250 Hz, must be applied
to obtain the exact pulses. The EDL curve may then be restored from these
pulses (Foerster, 1984).

Since those calculation procedures may result in some inaccuracies, Foerster
(1984) preferred the AC-coupled EDR signal for the parameterization procedure.
However, if transformations are to be performed later — which requires level
information (Sect. 2.3.3.2) — a reconstruction of the EDL curve will be necessary.
It should be noted that nowadays several recording systems provide an autoscale
function which ensures an optimal range for observing EDRs.

For a thorough control of artifacts (Sect. 2.2.3.3), an interactive computer
evaluation of EDA has been proposed by Thom (1988). During the computer
analysis of the EDR signal, as many "EDRs” as possible are detected which fulfill
the above-mentioned amplitude and minimal ascent criteria, and those being
artifact prone are shown on a high-resolution video display. In these critical
cases, the experimenter’s decision is required whether or not this is an EDR
(following a recommendation by Venables & Christie, 1980), and artifact-
correcting procedures are offered by the program. The computer program in the
Appendix of this book allows identifying and excluding artifact prone responses
during its interactive evaluation procedure. A precursor of this program had been
applied by Schneider, Schmidt, Binder, Schaefer, and Walach (2003) who devel-
oped a rule-based guideline for identifying potential respiratory artifacts, using a
feature which allows for parallel display of EDA and respiration during interactive
EDR evaluation (see Sect. 2.3.4.1).

As possible solutions for the nagging problem of evaluating overlapping EDRs
(Sect. 2.3.1.2 “Amplitudes of Exosomatic Responses Recorded with Direct
Current”), several mathematical procedures to be applied during off-line computer
analysis have been suggested lately (e.g., Lim et al., 1997), which will be described
in Sect. 2.3.1.5.
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2.2.4.3 On-Line Computer Analysis

An on-line computer analysis of all information which the EDA signal contains
requires a great amount of run time for data collection, analysis and storage of
this single signal. Therefore, in most applications, a subsequent off-line analysis is
preferred, as described in the previous section. Additionally, an interactive evalua-
tion as strongly recommended by the present author may hardly be performed
on-line, since it would require the complete attention of an experimenter. However,
an immediate signal evaluation is inevitable for applications like biofeedback
(Sect. 3.1.2.3). If the information used for biofeedback should go beyond the
plain EDL, which shows only slow changes, an on-line evaluation of each EDR
would have to be performed. This would require an intermediate storage of a certain
time window in a data buffer, which might lead to additional temporal delays in
feedback. Also, a quick decision of whether or not a recorded change is due to
an artifact would be required. Similar problems have been dealt with when using
on-line EDA evaluation during the interaction with computers or even virtual
agents (Sect. 3.5.1.1) and in adaptive automation (Sect. 3.5.1.2).

Fried (1982) used time series analysis as proposed by Lathrop (1964) for an on-line
analysis of the EDA. He was able to show a very good correlation between the
measures obtained and the EDR amp. An on-line procedure for the evaluation of
skin impedance developed by Almasi and Schmitt (1974) is described in Sect. 2.2.3.3.

A further development of these methods of on-line computer analysis should
take into account the considerations concerning the Gestalt of an EDR. This has
been discussed in Sect. 2.3.1.3 “Recovery Parameters” with respect to modeling the
recovery limb. In addition, the minimal ascent criterion mentioned in the previous
section is not sufficient to make the on-line computer evaluation of the EDR similar
to eyeball detection, which is normally performed by the experimenter.

2.2.5 Sources of Artifacts

Previous sections have already mentioned several possible sources of artifacts and
made suggestions how to avoid them. The following sections will provide a more
thorough discussion of artifacts in EDA recording. Artifacts are defined as changes
in the recorded biosignal which do not stem from the signal source in question.
Instead, they may result from the recording procedure (Sect. 2.2.5.1) or from
physiological responses in systems other than the electrodermal one (Sect. 2.2.5.2).

2.2.5.1 Artifacts Stemming from Recording

As in any biosignal which is directly recorded as electrical activity from the body
surface, a main source for artifacts is the power line noise resulting from the AC
frequency input for non-battery operated recording devices, which — depending
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on the country — can be either 50 or 60 Hz. This kind of noise may be reduced
to a great extent by means of shielding and/or connecting to the floating reference
wire (Sect. 2.1.4). Sometimes, twisting of electrode cables is recommended to
prevent their differential antenna effects. Another way to reduce high-frequency
noise is low-pass filtering prior to amplification, which may be performed with
different time constants (e.g., between 0.25 and 2 s; equivalent to frequency limits
between 0.64 and 0.08 Hz, respectively). However, this may lead to a visible
deformation of fast-recovering EDRs, as described in Sect. 2.1.4. Some amplifiers
also provide so-called “notch” filters, which selectively block a narrow frequency
band around 50 or 60 Hz, which frees electrodermal recording from most power-
line noise. Recording artifacts may also arise if EDA is measured in a magnetic field
(Sect. 2.2.3.5) or in field studies outside the laboratory, as frequently conducted in
engineering psychophysiology (Sect. 3.5.1).

Since the influence of noise increases with amplification, constant voltage
recordings are more artifact prone compared to constant current recordings, since
they require higher amplification (Sects. 2.1.1 and 2.6.2). Special problems with
filtering may also arise in the AC recording of EDA (Sect. 2.1.5).

In endosomatic EDA recording (Sect. 2.2.3.1), additional noise may result from
insufficient connection to a floating reference wire (Sect. 2.2.3.1) or from increased
transient resistance between skin and the reference electrode (Sect. 2.2.1.2). This
can be improved by an additional treatment of the electrode site with subsequent
reattachment of the electrode. Similar artifacts may result when electrodes detach
from the skin or when there are problems stemming from cable contacts.

Additional sources of artifacts, most likely in endosomatic EDA recording, are
drifts caused by bias potentials (Sect. 2.2.2.2), which inseparably superimpose
themselves on the SP signal. Drifts that may result from electrode polarization
can be eliminated by changing the polarity during recording (Sects. 2.2.2.2 and
2.2.3.2). Section 2.2.6.1 outlines how drifts that arise during long-term recordings
can be prevented. Post-hoc removal of drifts by means of high-pass filtering is
not uncritical, since it will also eliminate slow EDL changes that might be
psychophysiologically relevant.

2.2.5.2 Physiologically Based Artifacts

The most important physiological source of artifacts in EDA recording is movement.
This includes not only skin movements beneath the electrodes, but also muscular
activity being exerted not directly underneath electrodermal recording sites.
Therefore, to provide an optimal artifact-free EDA recording, gross body
movements should be avoided during recording. It is best to tell the study partici-
pant to sit or lie quietly, to relax and to try to avoid movements, especially those of
the limbs from which EDA is recorded. Thus, artifacts which arise from pressure
or stretching of the skin at the recording site and from changes in skin blood flow
can be prevented (Sect. 2.4.2.1). Fixating the electrode wires with tape at some
distance from the electrode, allowing slack in the connection, can prevent artifacts
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resulting from the wires being pulled. Edelberg (1967, p. 38) pointed to the
following four main sources of movement artifacts:

1. Disturbance of the electrolyte concentration near the solid-liquid electrode
interface.

2. Change in the intimacy of contact between electrode and skin.

3. Pressure-induced local changes in SR (Ebbecke-waves, Sect. 1.1.2).

4. Movement of the appendage across an electromagnetic field.

Quantitative relationships between skin stretching at the volar side of the
forearm and elicited EDA artifacts have been established by Burbank and Webster
(1978). Whereas mechanical skin tension reached a plateau during stretching,
SP continued to increase with an increase of stretching. However, SZ, which had
been simultaneously measured with 10 Hz AC, showed no change with stretching.
Odman (1981) used a similar arrangement for investigating the immediate conse-
quence of a reduction of skin stretching in one individual. He also observed
different courses of SP and SZ, with SP being more prone to stretching artifacts
than SZ. Hence, endosomatic recordings are likely to be more influenced by
stretching than exosomatic ones.

Millington and Wilkinson (1983) found a reduction of both sweat rate and salt
loss (both sodium and potassium) when pressure was applied to the skin, which
might have been due to an increased ductal reabsorption while sweat gland activity
continues. It is likely that these processes also influence EDA (Sect. 1.3.4.2).

Apart from peripherally elicited artifacts, body movements may directly lead
to EDRs via the premotor cortical and basal ganglia CNS pathway (EDA2
in Fig. 1.6; Sect. 1.3.4.1 “Three Different CNS Originating Pathways for EDA”).
Thus, an increase of the NS.EDR freq. is to be expected during periods of work
(Sect. 3.5.1) and also during speech activity (Sect. 2.2.5.2). Tongue-biting, which is
used as a method to “beat the test” in lie-detection (Sect. 3.5.2), will elicit an EDR.
Additionally, study participants may elicit voluntary EDRs by a deep inhalation
and subsequent holding of their breath (e.g., Hygge & Hugdahl, 1985). Stern and
Anschel (1968) investigated the action of different respiratory patterns on the SRR
amp. and on cardiovascular measures in 20 study participants. They observed
increasing electrodermal changes with more frequent and/or deeper inspiration.
Therefore, the respiration curve should be recorded in addition to EDA recording,
to enable a later elimination of artifacts caused by irregular respiratory activity
(Fig. 2.23, Sect. 2.3.4.1; see also the computer program in the Appendix).

Whether EDRs as concomitants of motor actions and respiration have to be
regarded as artifacts, or whether changes in the latter physiological variables and
in EDA can be interpreted as covarying indicators of a psychophysiological phe-
nomenon under investigation, depends mainly on the question being investigated
(see also Schneider et al., 2003). Such a covariation of measures may be present, for
example, in orienting- and defensive-responses (Sect. 3.1.1.2), where both an EDR
and a deep inspiration might be reactions to a high-intense stimulus. In such a
case, regarding the EDR as being merely a respiratory artifact would be not
appropriate. A similar consideration might apply in case of strong emotion-eliciting
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or stress-inducing stimuli (Sect. 3.2.2). However, in case of low-intensity stimulation
and during stimulus-free recording periods such as baselines, study participants
should be instructed to avoid not only body movements but also irregular respiratory
activity, in order to enable an artifact-free electrodermal recording. Needless to say
that speech activity should be avoided during electrodermal recording whenever
possible.

Another source of physiological artifacts is the influence of temperature on
EDA recording, which will be discussed in Sect. 2.4.2.1. A special case of physio-
logically-based artifacts is the possible interference from ECG which may appear
in SP recordings, if electrodes are attached to sites with a relatively large distance,
or if common ground electrodes are used (i.e., those connected to a floating
reference wire; Sect. 2.2.1.1).

2.2.6 Techniques of Electrodermal Recording in Specific Contexts

The EDA recording methods described in Sects. 2.2.1-2.2.3.3 constitute standard
techniques. However, some relatively seldom-treated questions require specific
EDA recording techniques, which will be described in the following sections.

2.2.6.1 Long-Term Recording

Several types of psychophysiological investigations — for example, studies of
extended sensory isolation, circadian rhythms including sleep (Sect. 3.2.1.3), and
long-haul traffic operations (Sect. 3.5.1.2) with and without ambulatory monitoring
(Sect. 2.2.3.4) — require that EDA electrodes be left in place undisturbed for an
extended period, up to several days.

A major problem in long-term recordings is that electrodes may fall off. This can
be prevented by additional fixing of electrodes being attached with adhesive tape
rings (Sect. 2.2.2.1) by means of rubber bands or adhesive tapes (Sect. 2.2.1.2).
Normally, such an additional fixation should be avoided because of the pressure
artifacts which may result (Sect. 2.2.5). However, such a risk must be balanced
against the risk of electrode detachment, which will result in total data loss. Further-
more, the electrode cream should be prevented from leaking from the electrode.
However, the electrode cream may also get lost while being completely absorbed by
the skin, especially in case of relatively moist electrolyte media, which has been
observed by Tronstad et al. (2010) after 24 h in their study described in Sect. 2.2.2.5.

Edelberg (1967) pointed to the following additional problems in long-term
recordings:

1. If a closed electrode/electrolyte system as described in Sect. 2.2.2 is applied,
a gradual buildup of osmotic pressure results from the use of hypertonic
electrode cream. The use of an unsealed system leads to a progressive drying
out of the electrode cream.
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2. Inflammations may occur, especially along the edge of the electrode.*®

3. Discomfort will result if electrodes are fixed by rubber bands or adhesive tape to
the limbs, because of pressure or blood constriction.

4. Maceration of skin may occur after long exposure to an aqueous electrode
cream.

5. In long-term exosomatic DC recording, a progressive de-anodization of the
cathodal electrode and a progressive depression of SR have been observed.

Edelberg (1967, p. 40) described a recording method which allows EDA
electrodes to be left in place for more than 10 days and avoids the problems
mentioned above. He used silver cloth electrodes forming a partially closed system,
held in place with a nonadhesive elastic bandage. The cloth was soaked with a
solution of 78% glycerol having a total concentration of 0.6% NaCl (which is
0.1 M) or 1 of 90% polyethylene glycol-400 with the same NaCl concentration.
That electrolyte had been found to be in vapor equilibrium with ambient air at 65%
relative humidity.

Using this method (i.e., replenishment of the electrolyte) in seven participants
for 12—14 days, Edelberg (1967) found in only 2 of his 16 test sites problems with
inflammation and minor skin eruptions along the edge of the electrodes. However,
compared to freshly attached electrodes, the EDR amp. decreased from an average
of 96% at the beginning to 74% at the end of the long-term recording period.
Furthermore, if replenishment of the cream was not possible at least every 48 h, the
constant current methodology appeared to be superior to constant voltage recording
(Sect. 2.6.2). Finally, if sites had been in place for 9 through 11 days in another
five participants, they showed only slight activity during recording with constant
voltage. However, when switched over to a constant current system, their response
amplitude increased from 15 to 60% of the respective control site responses.
Therefore, in cases where daily or 48-h replenishment of the electrolyte is not
possible, constant current should be preferred during long-term recordings.

Zipp et al. (1980) investigated the effect of different NaCl concentrations in
long-term AC measurements from sites on the back of 12 participants. An increase
of the NaCl content led to a faster stabilization of the system (after 30 min), as
compared to a decrease of SZL which lasted hours when lower NaCl concentrations
were applied. However, the authors observed more severe skin irritations with
higher NaCl concentrations.

According to Venables and Christie (1973), skin macerations will constitute a
more severe problem in endosomatic compared to exosomatic recording, since in
the latter case the different effects of corneal hydration may neutralize each other:
on one hand, SCL will increase because of increased humidity, while on the other
hand, a decrease in SCL will result from mechanical pore closure (Sect. 1.4.2.3).
Using 5% KCI cream for SP recordings in five participants, Venables and Christie

38 After gentle removal of their electrodes being for 24 h in place, Tronstad et al. (2010) took
photographs of the skin areas that were blindly assessed by a dermatologist for skin irritation by
different electrode creams. Only some signs of very faint erythema were observed, the degree of
which was always lower than on the skin areas under the adhesive tape.
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(p- 58) observed a marked reduction in SPR amp. during recordings of less than 1 h
duration compared to freshly prepared control sites. The low-basal skin potential
level (BSPL) (Sect. 2.3.2.1), however, appeared relatively uninfluenced by hydra-
tion. As a consequence, Schneider and Fowles (1978) recommended using a less
hydrating mixture made from Unibase and glycol for endosomatic recording, and
Unibase without glycol for exosomatic recording (Sect. 2.2.2.5). A mixture
of Unibase and glycol was also held suitable for long-term recordings. However,
Unibase is no longer available (see Footnote 22 in Sect. 2.2.2.5).

Turpin et al. (1983) continuously recorded SC from 12 participants for 7 h,
evaluating three periods of resting and RT task performance of 10 min duration
each. With a week’s distance, they compared two electrolytes in counterbalanced
order: (1) a nonhydrating polyethylene glycol cream and (2) a hydrating methylcel-
lulose cream. As a control for daytime effects, fresh electrodes were attached to two
fingers of the same hand which were not used for long-term recordings and
differences between these and the probe sites were investigated. The hydrating
cream yielded significant reductions in NS.SCR freq. and in SCR amp. as compared
to the nonhydrating polyethylene glycol cream.

Whether or not a problem of polarization will appear in exosomatic DC record-
ing depends on the actual recording time. Thus, intermittent recording may be
performed, even when electrodes are left in place during the entire course of an
experiment. However, if continuous recording is a requirement (e.g., during sleep
studies; Sect. 3.2.1.3), either AC recording should be used (Sect. 2.2.3.3), or the
polarization of DC should be changed regularly during recording (Sect. 2.2.2.2).

During sleep, a marked increase in SRL is likely to occur (Sect. 3.2.1.3). This
may lead to additional problems if constant current is used, because relatively high
voltages will be necessary to maintain the intended current density, which can
possibly lead to tissue damage (Sect. 2.6.2). Edelberg (1967, p. 42) proposed a
solution which utilizes the endosomatic potential produced by the skin to measure
its own resistance. If two SP electrodes, between which an initial potential Uy, is
measured, are suddenly shunted by means of an external resistor Rg, the potential
Uy recorded with a high-impedance amplifier will drop to Us. The internal resis-
tance R of the SP generator in the skin can be calculated according to (2.10a):

Uy~ Us

R
0 Us

Rs (2.10a)

However, considerable switching artifacts may arise if SP measurement is
performed in conjunction with EEG recordings. Therefore, Edelberg (1967)
described an alternative technique that couples SP with SY measurement. Because
of its more general usability, the appropriate method is described separately in the
next section.

It should be pointed out that an application of procedures for correction of drifts,
which occur during long-term recordings, will require the recording of control
values by using additional freshly prepared control sites (Sect. 2.3.4.3).
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2.2.6.2 Recording Simultaneously with Different Techniques

Some scientific questions (e.g., direct comparisons of different EDA recording
techniques; Sects. 2.6.1-2.6.3) may require simultaneous recording of EDA
using different methods. In these cases, the inputs of the amplifiers used must be
galvanically separated to avoid cross currents (Sect. 2.1.4).

A method of simultaneous recording of skin potential and skin admittance had
been described by Edelberg (1967, p. 42). Between one of two SP electrodes and the
amplifier, a low-impedance source of low-level and low-frequency AC (e.g., l0 mV
at 20 Hz) is interposed. This voltage will divide itself between the subject and
the amplifier in proportion to their impedances (Sect. 2.1.1). If an AC-coupled
amplifier (Sect. 2.1.3) whose output is rectified is used with a time constant of
0.05 s, the SPL part of the signal will be blocked and the SCL part can be calculated
according to (2.10b):

Ys
Yo — Vs

SCL =

Ca (2.10b)

where at C is the amplifier input conductance, Yy is the deflection produced by the
AC source when the subject leads are short-circuited, and Yy is the deflection with
the subject in series. According to the present author’s experience, it is not easy to
obtain artifact-free recordings using AC and DC measurement techniques simulta-
neously, since the AC signal which is applied to the skin at one site superimposes
the DC-recorded signal, even contralaterally. One technique to overcome this
problem is continuously switching between these recording methods, which also
allows the same site to be used for both methods. The disadvantage is that switching
skin to a different EDA coupler will always result in an adaptation of the gain
process, dependent on the filter characteristics of the amplifier system, which
constitutes a time consuming procedure. Parallel recordings of SP and exosomatic
DC measurements on contralateral sites are possible without such problems.

To ensure that different measurement techniques do not influence each other,
they should be used together with a substitute circuitry formed either by resistors
alone (e.g., Boucsein & Hoffmann, 1979), or by resistors together with capacitors,
according to the electrical model of skin as depicted in Fig. 1.18 (Sect. 1.4.3.3).
Also, possible influences stemming from other physiological variables recorded at
the same time should be carefully controlled (Sect. 2.2.5.2).

Recently, Grimnes, Jabbari, Martinsen, and Tronstad (2011) used a special
recording method for combining SY with SP recordings from an active electrode
at a palmar site together with a large indifferent electrode connected to a physio-
logical NaCl bath in which the forearm was immersed. Their recording system used
a small AC current, enabling the DC potential and SY to be recorded simulta-
neously at the same site. They found SPRs with diphasic sharp edges which did
not appear in the SYR waveforms. Furthermore, the SPRs were more robust with
respect to movement artifacts than the SYRs.
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2.2.6.3 Recording with Dry Electrodes or Liquid Electrolytes

Today’s standard technique of electrodermal recording, i.e., using electrodes
together with humid electrolytes as described in Sect. 2.2.2, may cause the follow-
ing problems, as pointed out by Muthny (1984):

1. The moistening of skin by the electrolyte cream may lead to an EDL drift over
time and additionally make the system less sensitive to EDRs (Sect. 2.2.6.1).

2. Polarization which appears at the boundaries of the electrode/skin system may
be reduced to some extent when appropriate electrodes and electrolytes are used
(Sect. 2.2.2.2). However, since polarization can never be totally eliminated, an
oscillation of the electrode/skin system may appear which may last even for hours.

3. There might be uncontrolled and as yet unexplored interactions between
electrodes, electrolytes and skin, which may influence the measurement in an
uncontrolled manner.

Fowles (1974) suggested the swelling of the stratum corneum being the main
reason for the effects observed with skin moistening, as outlined under (1). On one
side, moistening leads to an increase in SCL, while on the other hand ductal pores
are mechanically closed, causing a decrease in EDR amp., since the ducts are no
longer in use as electrical shunts between skin surface and sweat gland membranes
(Sects. 1.4.2.3 and 2.2.6.1).

To prevent changes in EDA which may arise from moistening of the skin, dry
electrodes have been used by several authors. However, Millington and Wilkinson
(1983) point to the existence of mechanisms for ionic transport in dry corneum
(Sect. 1.4.2.1). Additionally, sweat will act as an electrolyte between dry electrodes
and the skin surface, which makes recording conditions even more uncontrollable
(Muthny, 1984). Thomas and Korr (1957) artificially dried out the skin with heat to
prevent against this effect.”

Dry electrodes have to be used in case of parallel recordings of EDA and skin
vaporization. Thus in an appropriate investigation described in Sect. 2.4.1.1,
Rutenfranz and Wenzel (1958) used dry electrodes made from V2A-steel nets,
which appeared, however, to be polarizable. Hence, Zipp and Faber (1979) devel-
oped a dry electrode made from platinum/platinum-Mohr, which has low polariza-
tion proneness, similar to that of Ag/AgCl electrodes. The electrode was provided
in a ventilated chamber and attached with a constant pressure of 0.5 kPa to the skin.
In recordings performed with one participant, these authors found no marked
differences in the amplitudes of the oscillations over time of the SYL between
their dry electrode and a conventional humid Ag/AgCl electrode. However, their
comparisons of EDRs obtained with the different methods were not stringent, so the
asserted advantage of their dry electrode method remains somewhat doubtful.

3 Recently, omitting of an electrode cream became rather common in EDA recording devices for
applications outside the laboratory (Sects. 2.2.3.4 and 2.2.6.3). However, it must be kept in mind
that such a system will be unstable for an unknown period of time, since the humidity built up by
sweat under dry electrodes will cause a drift towards an increase of skin conductance.
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EDA recording with liquid electrolytes had been used, for example, in deter-
mining the influence of locally acting drugs or cosmetics on the peripheral mecha-
nism of EDA (Sect. 3.5.3). Edelberg (1967, p. 12) described such a method, which
had been used in a similar manner by Lykken and Rose (1959) for measuring EDA
in rats, which Edelberg combined with a special masking technique. First, the
recording site on the finger was covered with a disc of pressure-sensitive tape.
Second, the entire finger, including the nail, was covered with rubber paper cement,
whereat two thin coatings were more effective than a single thick layer. Third, when
the cement was almost dry, the covering of the recording site was removed. Two
fingers prepared like this were immersed in separate baths, each of which was
connected via an agar-KCl salt bridge (Sect. 2.2.2.5) to a chamber with an Ag/AgCl
electrode in 1 M KCl solution. The salt bridge’s end was immersed into a perforated
plastic tube forming a barrier, thus preventing contamination of the contact
electrolyte with the KCL.

Another method to measure EDA using liquid electrolytes has been used at
forearm sites by the Yamamoto group (cf. Yamamoto et al., 1978, Fig. 5). They
applied a plastic tube with two open ends vertically to the skin, which had
been filled with an electrolyte made of 91.6% polyethylene glycol, 0.9% NacCl,
and 7.5% water (by weight), in which an Ag/AgCl electrode was immersed.
Because of the negative effects on EDA elicited by impeded blood circulation,
the tube was not fixed with the use of adhesive tape or rubber bands, but instead
through the use of histoacrylic glue (Sect. 2.2.2.1).

2.2.6.4 Other Specific Electrode Arrangements

This section outlines several infrequently employed recording techniques, using
more than two electrodes or unusual types of electrodes. In addition to the con-
struction of Ag/AgCl chamber electrodes, Venables and Martin (1967a) gave a
description of how to manufacture sponge electrodes, which should be less prone
to error potentials and to electrode drift (Sects. 2.2.2.2 and 2.2.5.1). Therefore,
their use might be appropriate for endosomatic rather than exosomatic EDA
recording (Grings, 1974).

A two-element electrode had been described by Lykken (1959a), consisting of
an inner circle surrounded by a concentric ring, both made from zinc, and isulated
against each other. Two of these electrodes were applied, and the measurement
current was brought to the skin via the outer rings, while the inner rings were used
for recording. Since the current flow through the inner rings was rather low,
no polarization occured. Edelberg (1967), Montagu and Coles (1968), and Grings
(1974) suggested not to transfer the principle of the two-element electrode to
constant current measurement. The latter might be performed by the use of
comparator circuitry.

A similar principle of measurement was used by the four-line microelectrode,
proposed by Campbell et al. (1977), which has a total width of 0.11 mm. The two
outer electrode lines were connected with the voltage source, while recording was
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performed via the two inner electrode lines (cf. also Millington & Wilkinson, 1983,
p. 129). These microelectrodes allow recording from a very small single site
and may be used to investigate resistivity at any point in the stratum corneum
(Footnote 42, Sect. 1.4.2.2).

More than two electrodes have been used for AC measurement of EDA with
higher frequencies: Edelberg (1971) and Yamamoto et al. (1978) used a three-
electrode technique, while Salter (1979) and Thiele (1981a) used four electrodes in
AC recording. Grimnes (1983) and Tronstad et al. (2010) applied a three-electrode
configuration for SY recording, to obtain unipolar measurements of the skin surface
conductance density below the active electrode. The AC injecting electrode was
connected via an additional operational amplifier to a remote reference electrode,
thereby providing a potential below the reference electrode which balances the
applied AC voltage and thus eliminates the contribution from the AC injecting
electrode and the underlying SY to the measurement. Further discussions of the
technical implications for multielectrode recordings are given by Schwan (1963)
and by Salter (1979, pp. 36 ff.).*

2.2.7 Summary of Recording Techniques

EDA recording is normally performed at palmar sites, with the use of an inactive
reference electrode on the upper forearm in endosomatic recording (Fig. 2.6,
Sect. 2.2.1.1). While the reference site has to be pretreated to reduce the electrical
resistance between surface and inner tissue, no such treatment is necessary for the
active recording sites, both in endosomatic and exosomatic measurement, although
some authors recommended such a procedure (Sect. 2.2.1.2).

The following recording techniques will be referred to as “standard methodol-
ogy” in the present book: DC recording with constant voltage of 0.5 V (Sect. 2.6.2)
or constant current not exceeding 10 pA/cm?® (Sect. 2.2.3.2), using Ag/AgCl
chamber electrodes with 0.5-1 cm? area (Sect. 2.2.2.3), filled with an isotonic
NaCl cream, based on a neutral medium (Sect. 2.2.2.5) and fixed by means of
double-sided adhesive collars (Sect. 2.2.2.1) on skin sites, which should be neither
pretreated (except for the inactive site in SP recording, see Sect. 2.2.1.2) nor washed
with water and soap.*' After being used, electrodes are rinsed carefully with
distilled water to avoid damage of the Ag/AgCl layer. When not in use, electrodes
may be short-circuited and stored in NaCl solution, but dry storage will do in most
cases as well (Sect. 2.2.2.4). No such standard technique for exosomatic recording

“OFor a multiple-electrode recording technique using electrical impedance spectroscopy, see
Footnote 50, Sect. 1.4.3.3.

4! Small deviations from this standard methodology will be mentioned in the text, larger ones in
footnotes.
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using AC has been established as yet, however, the use of ¢ values (i.e., phase
angles) instead of EDR amp. obtained with DC constant current or constant voltage
technique might be a direction to go for the future (Sects. 2.2.3.3 and Sect. 2.3.1.2
“Amplitudes of Exosomatic Responses Recorded with Alternating Current”).

There are specific features of the EDA signal to be considered for obtaining a
reliable and artifact-free recording (see Sect. 2.1). Experimenters should be aware
of these problems, comparing the features of their own equipment with those of
the apparatus described in Sect. 2.2.3.1.

Recording methods, whether they use paper or electronic storage, should take
the wide range of the electrodermal signal into consideration (Sect. 2.2.4.1).
Recording of EDRs requires a high resolution, and care must be taken not to lose
data by exceeding the boundaries of the recording channel. Computerized systems
for recording and for data evaluation are available now (Sects. 2.2.4.2 and 2.2.4.3,
see also the Appendix of the present book). Ambulatory monitoring and EDA
recording within a magnetic field have made great progress now but still require
special precautions (Sects. 2.2.3.4 and 2.2.3.5).

In the most frequently applied exosomatic DC recording of EDA, interference with
power-line noise is less problematic than for other biosignals (Sect. 2.2.5.1). However,
physiologically produced artifacts, especially those from movements and respiratory
activity during recording, have to be considered (Sect. 2.2.5.2). Artifact-correcting
procedures in computer evaluation of EDA are time consuming (Sect. 2.2.4.2).
Therefore, artifact-free recordings should be attempted whenever possible.

2.3 Analytic Procedures

As usual for biosignals, parameters have to be extracted from electrodermal
recordings prior to statistical evaluation. In comparison with higher frequent signals
like ECG, EMG or EEG, recording of EDA is based on relatively slow-changing
physiological processes. The evaluation of phasic changes focuses mainly on
irregularly appearing single events, rather than on patterns that may be charac-
terized by changes in frequency and/or amplitude. Hence, there is no point in
applying procedures like power spectrum or Fourier analyses for obtaining
parameters from electrodermal recordings.

The first stage of parameterization is the extraction of phasic and tonic values
from the recorded signal. Since the evaluation of one kind of tonic parameter, i.e.,
the NS.EDR freq., requires knowledge of how to obtain phasic parameters, the latter
ones will be treated first (Sect. 2.3.1) and thereafter tonic parameters (Sect. 2.3.2).
Two successive subsections in the present section outline further possibilities of
data treatment prior to statistical evaluation: transformations and artifact removal
(Sects. 2.3.3 and 2.3.4).
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2.3.1 Parameters of Phasic Electrodermal Activity

The phasic fraction of the EDA signal is labeled “response,” although there is not
always a distinct relationship between a stimulus and an EDR (Sect. 1.1.1).
However, most phasic changes of EDA show a rather characteristic course or
Gestalt (Sect. 2.3.1.3 “Recovery Parameters”), which enables the experimenter to
separate them from artifacts with sufficient reliability. Unfortunately, algorithms
for the detection of an EDR Gestalt are not simply obtainable for computer analysis
(Sect. 2.2.4.3). Therefore, visual control of the signal during an interactive evalua-
tion is highly recommended (Sect. 2.2.4.2).

2.3.1.1 Latency Times and Windows

Electrodermal responses have relatively long latencies compared to other
biosignals, for example event related potentials (ERPs) or changes in HR. Latencies
of exosomatic EDRs (EDR Iat.) are normally between 1 and 2 s, but may be
prolonged up to 5 s in cases of skin cooling (Edelberg, 1967).

The latency of the first SPR component is about 300 ms shorter than the SCR lat.
(Venables & Christie, 1980).** There are many discussions of the appropriate time
window for an EDR following a distinct stimulus and hence for the possible range
of latencies. Edelberg (1972a) suggested a window between 1.2 and 4 s, regarding
1.8 s as a characteristic value in comfortable ambient temperature. Venables and
Christie (1980), who considered EDR lat. exceeding 4 s being too long, proposed a
window between 1 and 3 s as being rather conservative but suitable in most cases
(Fig. 2.21, Sect. 2.3.2.2).

Levinson and Edelberg (1985, Table 4) reported a synopsis of all EDR latencies
published in the journal Psychophysiology between 1977 and 1982. According to
this synopsis, windows between 1 and 4 s and between 1 and 5 s were the most
frequently used ones. These authors recommended the calculation of a specific
time window for each experiment, taken from the range of the EDR lat. of all
participants to the first applied stimulus. They reported windows between 1.0 and
2.4 s from their own laboratory.

Stern and Walrath (1977) proposed an individual standardization of the
time window, using the individual modal value, and limiting the window to
40.5 s of this value. Venables and Christie (1980) also recommend this kind of
standardization, however, only in cases of atypical EDRs, for example, those
obtained from older study participants (Sect. 2.4.3.1) or from patients (Sect. 3.4).

42 Nishiyama, Sugenoya, Matsumoto, Iwase, and Mano (2001), in their study described in Foot-
note 17, Sect. 1.3.2.1, observed that sudomotor bursts as recorded by microneurography were
followed by SPRs with latencies of 1.33 & 0.33 s.
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In some individuals, it is difficult to obtain stimulus-dependent EDRs and hence
EDR latencies at all, since they display such a high frequency of nonspecific phasic
electrodermal changes (Sect. 2.3.2.2). Also, in many cases the lack of exact criteria
for appropriate windows or their inadequate application may have led to a mis-
interpretation of nonspecific EDRs as specific EDRs (Levinson & Edelberg, 1985).

Other authors (e.g., Thom, 1988) used the point of the EDR maximum
to calculate the EDR Ilat. instead of the EDR onset. In this case, the rise time
(Sect. 2.3.1.3 “Parameters of Ascent”) has to be subtracted for comparison with
common latency values.

Another problem that arises in the evaluation of EDR lat. is the often indistinct
onset of an EDR. In this case, calculating the first derivative may be helpful
(Sect. 2.3.1.3 “Parameters of Ascent”), which, however, presupposes data being
electronically recorded. If paper recording is used, latencies can only be obtained in
a reliable manner if the paper speed is at minimum of 10 mm/s.

Additionally, skin temperature should be recorded if it is intended to compare
EDR latencies from different investigations (Sects. 2.4.2.1 and 2.5.2.3), since
20-50% of the EDR lat. is dependent on the acetylcholine transport in the periph-
ery, which in turn varies with temperature (Sect. 1.3.2.1).

2.3.1.2 Amplitudes

The amplitude is the most frequently used measure to describe a single EDR.
Evaluation of amplitudes (EDR amp.) should be performed using certain criteria
for their minimum value (section “Choice of Amplitude Criteria”) and for the
correct treatment of superimposed EDRs (Fig. 2.16).

A further complication may arise from the inconsistently use of the term “EDR
magnitude.” Unfortunately, several authors, i.e., Venables and Christie (1980),
recommended the use of the term magnitude instead of amplitude. However,
for the sake of unambiguity, “magnitude” should be restricted to a special kind of
missing data treatment, being described in Sect. 2.3.4.2, which takes into account
zero response to stimuli which is included in averaging, thus leading to a mean
magnitude which is different from the mean EDR amp., being calculated as
arithmetic mean of all observed EDR amp.

Amplitudes of Endosomatic Responses

While the exosomatic EDR is always monophasic, as pointed out in the next
section, endosomatic EDRs may be mono- , bi- or even triphasic, for reasons
which were previously discussed in Sect. 1.4.2.3.
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Fig. 2.14 Different types of SPRs: mono- , bi- , and triphasic forms. Higher values mean greater
negativity of the active with respect to the passive recording site (Sect. 2.2.1.1)

Figure 2.14 shows examples of different kinds of SPRs. As proposed by
Forbes (1964), the first negative deflection is labeled a-wave, the positive deflection
b-wave, and the second negative deflection c-wave or y-wave.*> Monophasic
SPRs may also be positive instead of being negative as usual. Since the observed
SPR is always composed of two underlying processes, the evaluation of SPR amp.
remains problematic (Venables & Christie, 1980; for a further discussion see
Edelberg, 1967, p. 48). In biphasic SPRs, some authors prefer an amplitude
evaluation from the negative to the positive peak instead of evaluating a negative
and a positive deflection from the prestimulus level; however, there is not
enough evidence that this constitutes an appropriate evaluation (Venables &
Christie, 1973).

SPR amp. are recorded in mV. Results from several experiments which made
use of SPR amp. evaluations are given in Sect. 2.5.1.1. The advantage of
endosomatic recording, which incurs from being free from any external current
applied to the system, is outweighed by the ambiguity of the endosomatic EDR
amp. evaluation.

“3The convention for graphical representation is, as in the neurophysiological tradition of EEG
recording, “negative up” (Venables & Christie, 1980).
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Fig.2.15 Anideal type-1 DC recorded exosomatic EDR and the parameters to be obtained from it
(see text for explanations)

Amplitudes of Exosomatic Responses Recorded with Direct Current

Exosomatic EDRs are always monophasic as shown in Fig. 2.15. A given stimulus
will — after a certain latency (Sect. 2.3.1.1) — lead to a deflection which constitutes
an increase in SC or a decrease in SR, depending on the recording technique
(Sects. 2.1.1 and 2.1.2). The SCR amp. is measured in puS, whereas the SRR amp.
is measured in kQ (Sect. 1.4.1.1). The Gestalt of an exosomatic EDR shows a
relatively steep onset and a flatter recovery, i.e., the rise time of an EDR is shorter
than its recovery time (Sect. 2.3.1.3 “Recovery Parameters”).

The evaluation of a single EDR amp. may become problematic in case
of overlapping (i.e., superimposed) EDRs. These are typical for states of
high arousal (Sect. 3.2.1.1), in individuals being high in electrodermal lability
(Sect. 3.3.2.2), during EDA conditioning (Sect. 3.1.2.1) or during parallel
recordings of EDRs and ERPs (Sect. 2.3.1.5). The degree to which a subsequent
EDR is distorted depends on the amplitude and proximity of a preceding EDR
(Grings & Schell, 1969). Figure 2.16 shows two examples of superimposed EDRs.
They are labeled — in opposition to the ideal “type 1 in Fig. 2.15 —as “type 2” and
“type 3.” In cases of superimposed responses, where there is evidence for an
incomplete response (i.e., if the recovery of the first EDR does not fall beyond
at least half of EDR amp.), evaluation method “A” in Fig. 2.15 can be used to
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EDR type 2, evaluation method A EDR type 3, evaluation method C

EDR type 2, evaluation method B EDR type 3, evaluation method B

Fig. 2.16 Examples of overlapping (superimposed) exosomatic EDRs of type 2 and 3, and
methods of evaluating the appropriate amplitudes (see text for explanations)

extrapolate the first EDR.** The amplitude of the second EDR is then obtained by
measuring the vertical distance from its peak to the extrapolated recovery line of
the first response (Hagfors, 1964).

Evaluation method “B” in Fig. 2.16 is much easier to perform and has been
widely regarded as standard (see the evaluation method used in the Appendix).
Edelberg (1967, p. 46), who electrically stimulated the distal stump of the cat’s
plantar nerve, demonstrated that such an evaluation will lead to sufficiently exact
results in most cases.

While in type-2 recordings there are always two distinct EDRs to be detected,
this is not the case in type-3 overlaps, especially if there is no return subsequent to
the first peak of the curve, but instead another ascent. To avoid any bias, one has
to fix appropriate criteria before starting the evaluation, i.e., whether an EDR course
is to be regarded as a single EDR (evaluation method “C” in Fig. 2.16) or as two
superimposed EDRs (evaluation method “B”), being recommended by Edelberg
(1967, Fig. 1.16d). It is also possible to evaluate the three types of EDRs separately
(Thom, 1988).

Foerster (1984), in his computer evaluation program (Sect. 2.2.4.2), used a
criterion of distance to the secant line to distinguish between a hump that is formed
by superimposed EDRs and another one that might be due to artificial deflections.
A formalized hump detection procedure is used by the computer program in the
Appendix of this book for identifying superimposed EDRs. Mathematical solutions
for evaluating superimposed EDRs will be described in Sect. 2.3.1.5.

“* An illustration of two subsequent EDRs, from both of which all EDR parameters can be obtained
without extrapolation because the recovery of the first EDR goes beyond half of its amplitude is
shown in Fig. 18.3 of Boucsein (2005).
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Table 2.1 Dependency of the minimum amplitude criterion on amplification and channel width
in paper recording

Expected values Resolution

Corresponding value to 1 mm
deflection, given a channel width of:

Method Upper and lower limit Range 40 mm 200 mm

SC 10-30 pS 20 puS 0.5 uS 0.1 uS
1020 pS 10 uS 0.25 uS 0.05 uS

SR 100-500 kQ 400 kQ 10 kQ 2kQ
20-100 kQ 80 kQ 2 kQ 0.4 kQ

Choice of Amplitude Criteria

Before starting with the evaluation of the electrodermal signal, a criterion should be
fixed concerning the minimum deflection in pS or kQ, which has to appear to
register an EDR. Such a criterion is largely dependent on the resolution of the
recording, which in turn depends on the signal’s expected range and its amplifica-
tion. Table 2.1 provides examples of the amplification’s dependency on the ampli-
tude criterion. Given that 1 mm is the minimum deflection being reliably detectable
by hand evaluation and the normal polygraph recording channel width is 40 mm,
a range for recording of SC between 10 and 30 puS will restrict the possible
amplitude criterion to values being not smaller than 0.5 pS. However, if electro-
dermal reactivity is so low that the range may be restricted to values between 10 and
20 pS without the danger of SCRs exceeding this range (Sect. 2.2.4.1), an increase
of amplification may occur and, in turn, the amplitude criterion can be lowered to
0.25 pS. If a compensation recorder with 20 cm channel width is in use instead
of the above-mentioned polygraph, the resolution will become 5 times as high,
which — with a 20 pS range — will lead to a minimum amplitude criterion of 0.1 pS,
and with a 10 pS range to a 0.05 pS criterion. An appropriate example for SR
recording is given in the lower part of Table 2.1.

As already pointed out in Sect. 2.2.4.2, an A/D conversion with subsequent
computer parameterization of the electrodermal signal may allow for much higher
resolution than paper recording and hand evaluation. If it is attempted to make these
different evaluations comparable, the same amplitude criterion should be chosen
for both hand- and computer evaluation. This may lead to disregarding very small
EDRs, which could be evaluated with computer parameterization instead of using
traditional hand scoring.

In some scientific contexts, e.g., in schizophrenia research, electrodermal non-
reactivity has to be defined, which requires a fixed amplitude criterion
(Sect. 3.4.2.2). As can be inferred from Table 2.1, values recommended in these
contexts (e.g., 0.05 uS by Gruzelier & Venables, 1972; or 0.4 kQ by Zahn, 1976)
require relatively high amplification, and hence might not be attained by electro-
dermal recording devices using paper output (Sect. 2.2.4.1).
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Moreover, the question of whether or not a specific amplitude criterion makes
sense cannot be answered without knowledge and inclusion of the signal-to-noise
ratio of the recording system.* As pointed out in Sect. 2.1.4, the frequently used
decoupling of EDR with higher amplification may lead to effective signal-to-noise
ratios below 20 dB. Given a total range of 20 S, as in line 1 of Table 2.1, and a
signal-to-noise ratio of 20 dB, it is possible that changes produced by noise reach
values of 2 uS. This can be calculated using a transformation of the equation
provided in the sixth paragraph of Sect. 2.1.4. Thus, it might not make sense in
this case to lower the amplitude criterion below the appropriate value.

Because of the possible level dependency of the EDR (Sect. 2.5.4.2), Edelberg
(1972a) proposed a relative amplitude criterion of 0.1% of the initial SRL for
counting SRRs. He also recommended resetting the amplitude criterion again, if
changes in SRL exceed 10%. However, it has become more common to prefer an
amplitude criterion which remains constant throughout the whole recording time.
For such a case, Edelberg recommended a 0.1 pS criterion for SCRs, whereas
Venables and Christie (1980) chose the above-mentioned criteria of 0.05 pS for
SCRs and 0.4 kQ for SRRs. Given today’s A/D converter resolutions (Sect. 2.2.4.2),
it is possible to lower the amplitude criterion to 0.01 puS.

While the SCR is independent from the contact area between skin and electrode,
this area plays an important role in SRR because of its influence on current density
(Sect. 2.2.3.2). Therefore, several authors provide their SR results related to the
electrode area as specific resistances in kQ-cm? (Sect. 2.3.3.1).

Edelberg (1972a) pointed to a method of EDR evaluation which might be used if
a signal cannot be unambiguously defined, using the difference between a
prestimulus and a poststimulus EDL. Those EDLs are obtained either as mean or
as minimum-to-maximum values of a certain period, e.g., 15 s before and after
stimulus onset.

Amplitudes of Exosomatic Responses Recorded with Alternating Current

Since the output signal of AC-recorded EDA is rectified (Sect. 2.1.5), the
appropriate EDRs can be evaluated in the same manner as shown for DC-recorded
EDRs in Fig. 2.15 (section “Amplitudes of Exosomatic Responses Recorded with
Direct Current”). Due to the recording technique and/or subsequent transformations
used, evaluations are performed in kQ in case of a SZR or in uS in case of a SYR.
If the phase angle ¢ is recorded continuously in addition to impedance or admit-
tance, it is possible to analyze the phase angle’s course in time in a similar manner
to the courses of R and X or B and G, respectively, which are computed according to
the appropriate equations given in Sect. 1.4.1.3.

45 A declaration of the signal-to-noise ratio, which is obvious in audio devices, is often lacking in
descriptions of polygraph amplifiers.
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An example of evaluating an AC-recorded EDR is given by Boucsein et al.
(1989, Fig. 4) using the recording device described in Fig. 2.13 (Sect. 2.2.3.3).
The authors found very similar, though mirror-imaged, courses of Z and . This
similarity remained after a transformation into values of R and X. However, if a
transformation into values of G and B was performed, EDR-like changes of the
signal could only be observed in conductance but not in susceptance, even with high
resolution. This provides evidence for the hypothesis that the major changes during
an EDR take place in the parallel resistance R, (Fig. 1.18, Sect. 1.4.3.3), which can
be inferred from Fig. 1.20 (Sect. 1.4.3.3).

The use of the phase angle ¢ as phasic EDA-AC measure has been suggested
by Schaefer and Boucsein (2000), since ¢ is independent of both the measurement
technique applied and the existing EDL (Sects. 2.1.5 and 2.2.3.3). In terms of the
nomenclature employed in Table 1.1 (Sect. 1.1.1), the phasic response could be
labeled S¢R, and all the appropriate supplementary abbreviations in Table 1.1
would be applicable as well. For example, SpR amp. would be the amplitude
of a deflection, SR lat. would be the latency from stimulus onset to the point of
time when the deflection started, S¢R ris.t. and SR rec.tc or S¢R rec.t/2 would
correspond to rise time, 63% recovery or 50% recovery. The frequency of the
nonspecific SpRs could be labeled NS.S¢R freq. However, Table 1.1 was not
amended accordingly, since SR has not yet been used in that way outside of the
present author’s laboratory.

If a continuous recording of EDA using more than one AC frequency is
attempted, as described in Sect. 2.1.5, the depiction of the course of an EDR could
be plotted in the form of loci (Fig. 1.10, Sect. 1.4.1.3), which might be extended
for incorporating the time dimension, parallel to what is used in 3D EEG
recordings.

2.3.1.3 Shape of Electrodermal Responses

The major electrodermal parameters which describe the shape of an EDR were
depicted in Fig. 2.15 (Sect. 2.3.1.2). The following sections describe how to obtain
those as well as additional parameters of ascent (section ‘“Parameters of Ascent”)
and descent (section “Recovery Parameters”) for an EDR.

Parameters of Ascent

To obtain reliable values for EDR rise times (EDR ris.t.), it is necessary to
unambiguously define its onset and its peak, since EDR ris.t. is defined as the
time span between response onset and response peak (e.g., Venables & Christie,
1980). The point of response onset, which separates EDR lat. from EDR ris.t., is
much less reliably obtainable than the time point of an EDR peak, especially if the
EDR begins to ascend as a flat curve. Edelberg (1967) recommended the use of a
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Fig. 2.17 Examples of different forms of an EDR ascent, which have different rise times and
maxima of their incline, depending on the EDR amplitude

first derivate, which passes the zero line if the curve shows maxima or minima.*®
Unfortunately, this method provides only unambiguous values for the peak of an
EDR, since its onset is normally not a minimum in the EDA curve, but an upward
deflection from a more or less steady line. Hence, Foerster (1984), in his computer
program for EDA analysis (Sect. 2.2.4.2), detected the turning point of the ascent as
a first step, going back to the point where the incline goes under 1% of its maximum
value, and defined this point as EDR onset.*’ Instead, the computer program
described in the Appendix of this book uses the gradient of incline to decide
when to start an EDR evaluation. This may become problematic if an EDR is less
ideally formed than the curve depicted in Fig. 2.15. To avoid such a problem,
Thom (1988) recommended defining rise time as the time the curve needs to pass
between 10 and 90% of the amplitude.

When hand evaluation of paper-recorded EDA is performed, response onset and
peak are obtained with the aid of graphical methods (Sect. 2.2.4.1). As with the

46 The first derivate has been used by Biro and Stukovsy (1993) in an evaluation of paper-recorded
SRRs to 1 kHz, 100 dB, 550 ms tones from 300 male participants. Besides the SRR amp. evaluated
from the original curve, several amplitude, time, and reaction shape parameters were exploited
from the first derivate. A factor analysis of all parameters revealed a response shape factor, an
amplitude factor and a latency factor, which altogether accounted for 84.6% of the total variance.
“7Thom (1988) used a criterion of 10% instead, because the application of the 1% criterion is
difficult if numerous electrodermal fluctuations appear.
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evaluation of latency times, the accuracy of EDR ris.t. is dependent on recording
paper speed (Sect. 2.3.1.1).

An additional measure of ascent, which can, however, only be obtained with
sufficient reliability by means of computer evaluation, is the EDR’s maximum
incline (e.g., Foerster, 1984; Thom, 1988). Figure 2.17 shows hypothetical forms of
an EDR ascent, combining characteristics of amplitude, rise time and maximum
incline. The maximum incline can be used to describe the Gestalt of an EDR ascent,
which becomes more S-shaped as the maximum incline increases. Figure 2.17 also
shows that — given the same amplitude — a negative correlation between rise time
and maximum incline of an EDR ascent is to be expected.

Recovery Parameters

In most cases it will not be possible to determine the exact point in time when an
EDR is terminated. As depicted in Fig. 2.15 (Sect. 2.3.1.2), the decline may end
more or less asymptotically. Additionally, due to EDL shifts that might occur
during an EDR, the end point is very likely not to reach the pre-response level of
the EDL in cases of DC coupling or when time constants in AC-coupled systems are
long (Sect. 2.1.3).

In order to obtain measures for EDR recovery, Darrow (1937b) used the half-life
concept as applied to radioactive matter. Half-life indicates the time span after
which one-half of the available amount of a radioactive substance decays. Trans-
ferring this concept to an EDR, its amplitude is regarded as the “total amount,” and
its half-life, or EDR rec.t/2, is the time from response peak to the point where the
curve falls below one-half of the EDR amp. (Fig. 2.15).

In the following equation, the height of the EDR amp. is indicated by A,*® and
the velocity of an EDR recovery can be calculated — according to the appropriate
function in a radioactive matter — as follows:

dA

T TA (2.11a)
at which 7 is the time constant, and the minus sign indicates that the EDR is
recovering. If a quantity is proportional to its own change, as is the case for A in
(2.11a), this always indicates an exponential course of the quantity with respect to
time (Sect. 1.4.1.2). Such a time course can be described in terms of electro-
physiology as a capacitor’s discharge within a RC-circuit (see (1.10a), Sect. 1.4.1.2):

A=Ay e (2.11b)

Ap is the initial value of A (i.e., the EDA at the response peak) which can be
shown when substituting r = 0, because ey = 1.

“8 A is measured in mV for SP, in pS for SC and SY, and in kQ for SR and SZ.
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To obtain the time constant 7 in s, # must be substituted by 7 in (2.11b). This leads
to an exponent of —1, and because e = 1/e, it follows:

Ao Ao

_Ao_ Ao 3678 A 2.11
e 27182, 03678 Ao (2.11¢)

The time, which corresponds to the time constant t, is reached when the EDR
has descended to about 0.37 of its maximum value A (i.e., the EDR has recovered
by about 63%). Thus, calculating the EDR rec.tc leads directly to the time constant
for EDR recovery (Sect. 1.4.1.2).

The half recovery time, EDR rec.t/2, in the following indicated by A, is
calculated using (2.11b), in which ¢ is substituted by 4 and A by Ay/2 (i.e., half of
the maximum amplitude A):

%:%[m (2.11d)

Dividing both sides of (2.11d) by Ay and forming the reciprocal values leads to:
=2 (2.12)

At both sides of (2.12), natural logarithms are formed, which results in:

2 2.13)
T

Multiplying both sides by 7 gives:
A=1n2t = (0.6931...7) (2.14)

Venables and Christie (1973, p. 96) recommended to use 0.7 as an approximate
value in their equation for calculating EDR rec.t/2 out of the time constant t,
corresponding to (2.14): 4 = 0.7z.

However, the form of the decline of an EDR curve, as depicted in Fig. 2.15
(Sect. 2.3.1.2), cannot sufficiently be approximated through a simple e-function as
in (2.11b). This has been demonstrated by Stephens (1963) who performed a
comparison of empirically determined SRR decline curves with theoretical courses.
He too came to the conclusion that, especially with high initial values, a simple
exponential curve does not correspond to but only approximates the SRR decline
curves. Instead, a superposition of several e-functions with different time constants
will be necessary, as exemplified in Fig. 2.18.%

The determination of the time constants for the three e-functions used in
Fig. 2.18 was performed empirically from several SC and SP curves of an experi-
mental subject. The displayed curve shows the response to a square pulse of 1.4 s

4 The curve was kindly made available by F. Foerster, University of Freiburg, Germany.
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Fig. 2.18 Simulated SCR curve which results from the summation of three e-functions (see text
for explanations)

duration (Sect. 1.4.1.4), where a combination of two e-functions with time
constants of 0.2 and 6.0 s was used for the decline, and an e-function witht = 0.1 s
was used for the incline. The simulated SCR curve in Fig. 2.18 gives a SCR ris.t. of
1.8 s and a SCR rec.t/2 of 4.4 s, which is a good approximation of a typical SCR
course such as shown in Fig. 2.15.%°

The incomplete approximation of EDR decline curves through a single
e-function with a negative exponent questions the value of the approximation of
the inexactly determined recovery time by means of the parameter EDR rec.tc.
Furthermore, the relationship between the recovery time calculated like this and the
EDR rec.t/2 remains equivocal, as the necessary preconditions are only approxi-
mate. This problem is also present in Edelberg’s (1970) proposed use of graphic
matching methods, so-called curve matching, as an alternative to the EDR rec.tc
calculation. Through the insertion of resistors of differing resistances in a simple
RC-circuit, a group of comparison curves can be produced, which the steepest point
on the measured EDR decline curve should be compared with. The time constant of
the RC-circuit that most closely approximates the EDR decline curve should then
serve as estimation for the EDR rec.tc. The comparison may be performed using
transparent templates. This method can also produce a form parameter for decline
in those cases where the recorded EDA curve only attains 20-30% recovery.
Edelberg (1971) identified a range from 1 to 15 s, with typical values between 4
and 6 s, for the time constants of the EDR decline curve (Sect. 2.5.2.4).

50Refined mathematical modeling of EDR curves had been performed by Hunt (1977), who
developed an equation based on overlapping Gaussian distributions to fit the course of SRRs,
and by Schneider (1987). Schneider fitted a three-compartment model to the recorded SC curve
(personal communication) which includes the physical properties of the duct filling, the active
membrane response in the duct walls, and the corneal hydration (Sect. 1.4.2). Schneider could
show that a typical SCR can be modeled by assuming a roughly triangular input signal and
choosing as an impulse response a sum of two exponentials with time constants of approximately
2 and 20 s, respectively. More recently, several authors came forward with similar proposals for
the mathematical modeling of overlapping SCRs which are generated by short ISIs (Sect. 2.3.1.5).
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Fig. 2.19 Simulated SCR curve, as obtained by the interpolation between four empirically
determined points of an SCR by using cubical splines (see text for explanations)

However, it is not a prerequisite for the calculation of EDA recovery measures,
e.g., for the EDR rec.t/2, that the decline forms a base for a recovery process which
can be described with one or more e-functions. Such characteristic decline values
can be built for steadily falling curves as long as the curve declines. For example, a
good approximation of the SCR can be obtained by an interpolation from the EDR
onset point, the maximum and half-way decline points, and the extrapolated total
decline point, with the use of cubical splines (Ahlberg, Nilson, & Walsh, 1967). The
problem here is the definition of the starting point, because the interpolation method
cannot simulate naturally occurring steep slopes. Using cubical spline interpolation
would lead to a subzero deflection following the start of the response, which was
calculated, but not depicted, for the curve displayed in Fig. 2.19.

The simulated SCR curve depicted in Fig. 2.19 is based upon the empirical
values of an experimental subject, calculated by the aid computer analysis
(Sect. 2.2.4.2; see also Thom, 1988). The SCR amp. equals 0.303 uS, the distance
between the point of onset and the calculated peak point is 2.125 s, and the SCR rec.
t/2 is 3.602 s. The point of time for the theoretical termination of the SCR is defined
as approximately the triple of the SCR rec.t/2. The curve shown in Fig. 2.19 is an
empirical interpolation by means of a third-grade function group in relation to the
decline.

As long as systematic comparisons of the different methods of determining the
EDR decline measures and more exact mathematical functions for the observed
EDR decline forms are lacking, the evaluation might be supported by
considerations of practicality. Undoubtedly, for the paper evaluation, the determi-
nation of EDR rec.t/2 is easier than that of the EDR rec.tc. Furthermore, the half
point is more easily obtained than the 63% recovery point. Since the decay of
radioactive matter which in fact follows an e-function is nevertheless expressed in
half-life time, the present author does not see a convincing reason for using EDR
rec.tc instead of EDR rec.t/2 (see also the computer program in the Appendix). In
case of curvilinear writing, as used in some polygraph systems, it must be noted that
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Fig. 2.20 Approximated area (shaded) under the EDR curve (see text for explanations)

the recording itself distorts the form parameter especially when its range exceeds
the middle third of the writing channel’s width (Edelberg, 1970).

The incompleteness of matching negatively accelerated e-functions to observed
EDR curve declines has implications for discussions in later sections. It is partly the
independence of the time constant T from the initial value of such a decay process
that provides the basis for the assumption of independence between EDR rec.tc and
EDR amp. (Sect. 2.5.2.5). The arguments used by Sagberg (1980) for the differing
recovery of SC and SR values (Sect. 2.6.2) are also based on an assumption that the
decline forms of SCR and SRR are well enough approximated through a single
e-function.

Frequently neither EDR rec.tc nor EDR rec.t/2 can be determined, because
another EDR has already started before a corresponding recovery point is reached
(Fig. 2.16 in Sect. 2.3.1.2 “Amplitudes of Exosomatic Responses recorded with
Direct Current,” EDR type 2). In that case, Fletcher, Venables, and Mitchell (1982)
recommended calculating the EDR rec.t/4 instead of EDR rec.t/2. Using samples of
more than 1,000 participants in total, correlations between SCR rec.t/2 estimated
from the log SCR rec.t/4, and the actually measured log SCR rec.t/2 were around
r = 0.90. Using SCR rec.t/4 instead of SCR rec.t/2, these authors were able to
obtain a 23% increase in the number of SCRs for which decline measures could be
calculated. Waid (1974) used the SRR rec.t/3 and also significantly increased the
number of SRRs with calculable recovery values.

If the EDR rec.t/2 was not obtainable, Foerster (1984) determined the tangent
in the turning point of the decline of the curve. The intersection point of this
tangent with the parallels of the time axis at half amplitude can be used for the
extrapolation of the fall times for the turning point, which however must be
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evaluated separately from the other recovery times (see also the computer pro-
gram in the Appendix).

It has yet to be demonstrated that such an evaluation of the recovery of relatively
rapidly overlapping EDRs provides homogeneous, reliable, and valid information.
It should at least be attempted to ensure that the forms of the calculated EDRs are in
fair concordance with that of an individual normative EDR, which is obtained within
arecording period without any overlaps. Since ascent and descent times show a clear
correlative connection (Sect. 2.5.2.4), Venables and Christie (1980) considered
the replacement of calculating the EDR recovery by an alternative calculation of
the EDR ris.t. as a measure of response shape (section “Parameters of Ascent”).
Mathematical solutions for the treatment of overlapping (superimposed) EDRs have
been recently proposed, thus opening the possibility for a treatment of missing
recovery times as part of the deconvolution techniques (Sect. 2.3.1.5).

Several authors prefer the use of recovery rate instead of recovery time
(see Sect. 2.3.3.3). Recovery rate is expressed as Q gained per second during
EDR rec.t/2 (Mednick & Schulsinger, 1968).

2.3.1.4 Area Measurements

Traxel (1957) suggested using an extended concept of electrodermal recovery for a
further description of the EDR. He assumed that not only the peak amplitude but
also the EDA recorded at each point during the course of an EDR might be regarded
as a value for the “strength of affect” (Sect. 3.2.2.1). Consequently, he proposed the
calculation of an integral which corresponds to the area under the curve between the
starting and end points of the EDR, which could serve as measure for the entire
“quantity of affect” as follows:

F= [t" A(f) d (2.15a)

J1y

where F represents the area under the curve between ¢, (starting point) and ¢, (end
point), and A (¢) represents the EDR amp. at the time point ¢ (Fig. 2.20).

Since it is practically impossible to determine #, exactly (Sect. 2.3.1.3 “Recovery
Parameters”), Traxel recommended approximating the area under the curve by
multiplying the EDR amp. by the time T the curve exceeds half of the amplitude
(see the shaded rectangle in Fig. 2.20):

F = ApaxT (2.15b)

where F is the approximate area and A« the maximum deflection, i.e., the EDR
amp. According to Traxel (1957), the correlation between this approximation and
the area measured with a planimeter was r = 0.91 for 50 SRRs. Schonpflug,
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Deusinger, and Nitsch (1966) generally questioned the validity of area measures
because of the dependency between amplitudes and temporal measures of the EDR
(Sect. 2.5.2.5). In contrast, Liier and Neufeldt (1967, 1968) demonstrated that a
moderate correlation between the EDR amp. and the half-life period”' does not lead
to a decrease in the validity of the area measures, since it may have even more
validity than each of them alone. In general, area measures for evaluating EDRs
were not much used the international psychophysiological literature.

Recently, Bach, Friston, and Dolan (2010) proposed an area evaluation based on
a convolution model of how sudomotor bursts may cause fluctuations in SC (see
Sect. 2.3.1.5). They regarded the SCL-corrected time integral, or the area under the
curve, as reflecting the number and strength of sudomotor nerve discharges, thus
reflecting the status of the sympathetic branch of the ANS.>* To provide an as much
as possible assumption-free approach, the area under the SC curve (AUC) was
calculated according to (2.15c):

tn
AUC = J SC(¢)dr —SCL = cna + e (2.15¢)

fo

at which c is a constant, n is the number of responses with their mean amplitude &,
and e is an error term that absorbs random fluctuations and any violations of time-
invariance and linearity assumptions. Bach et al. (2010) analyzed a data set with
1,153 NS.SCRs taken from an experiment with 40 males who anticipated a public
speech (Sect. 3.2.2.2), obtaining rather high correlations of their AUC measure with
the NS.SCR freq. (r = 0.71) and the mean NS.SCR amp. (+ = 0.81), which were
both scored by an independent, conventional evaluation method. If number and
mean amplitudes of NS.SCRs were multiplied, their correlation with the AUC
reached r = 0.94, coming close to short-term reliabilities of tonic SC measures
(Sect. 2.5.2.1 “Tonic Skin Conductance Measures”). The authors performed an
additional analysis, demonstrating that their AUC measure rendered somewhat
superior to the product of number and mean amplitudes with respect to
differentiating speech anticipation from baseline conditions. They concluded that
the time integral may provide a better quantification of the underlying autonomic

5! The half-life period is defined by these authors — in contrast to the nomenclature used in section
2.3.1.3 under “Recovery Parameters” — as the time the curve remains over the half amplitude (7/2)
in Fig. 2.20. It therefore includes the time characteristics of the ascent as well.

521n their mathematical model, sudomotor nerve discharges were regarded as Dirac impulses (see
Sect. 1.4.1.4). According to the convolution theorem, the Fourier transformed SC — SCL signal
time series equals the product of the Fourier transformed nerve discharges with the Fourier
transformed response function (see equation (3) in Bach et al., 2010). This means that the
sudomotor nerve discharge frequency will have its greatest impact on the SC spectral power if it
matches the peak frequencies of the response function. If the spectral power of the response
function is known, it will be possible to recover the sudomotor nerve firing frequency according to
equation (5) in Bach et al. However, unknown noise and response variability may prevent such an
approach.
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arousal (Sect. 3.2.1.1) than the NS.SCR freq. and its mean amplitude alone or
their product.

Due to a rather small data basis, the specific validity of measures reflecting the
area under the EDR curve cannot yet be unambiguously determined but will need
further research.

2.3.1.5 Mathematical Solutions for Overlapping EDRs

Since EDA has been increasingly recorded together with ERPs or even during fMRI
recordings (Sect. 2.2.3.5), mathematical solutions have been provided for deter-
mining characteristics of overlapping (superimposed) EDRs (see Fig. 2.16, Sect.
2.3.1.2 “Amplitudes of Exosomatic Responses Recorded with Direct Current”)
which result from stimulus sequences with rather short ISIs. A possible solution
for a computer-based treatment of overlapping SCRs has been suggested by Lim
et al. (1997). Their modeling was based on the assumption of the stereotypical
nature of the SCR waveform within each subject.”® They proposed a curve-fitting
four- to eight-parameters model for decomposing skin conductance into its tonic
and phasic components, the aim of which is to obtain the “pure” SCR (excluding the
SCLs and the residuals from a previous SCR if present). This “pure” SCR wave-
form can be mathematically described by combining two distinct functions — a
sigmoid function and an exponential decay function — in a sigmoid-exponential
four-parameter model as follows:

gl—((f—Tosl)/fd) )16
M U = Ty 7 @10

in which the four parameters are: g; = gain; T,s; = response onset time; ¢, = rise
time constant; and 7y = decay time constant. For ¢ < T, the value of f;; will be 0.
Different terms have to be added if a single SCR is superimposed on a fixed SCL; or if
a SCR occurs on a decaying limb of a previous response (EDR type 2 in Fig. 2.16); or
if two overlapping SCRs occur on a decaying slope (see Lim et al., 1997, p. 107).
A computer program is used to automatically scan the entire date file (Sect. 2.2.4.2)
and to detect SC trough- and peak-latencies and their amplitudes for a rough estimate
of the initial model parameters. Thereafter, the waveforms are visually inspected,
providing the opportunity to accept or modify the automatically generated initial
values before curve-fitting is committed. After 10-30 iterations, success of the fit
should be apparent by visual inspection. If not, the initial values may be modified

33 The appropriateness of this assumption is questionable. In general, mathematical models have
not yet overcome the general problem that EDRs reveal so different shapes. Even if the model fits
the majority of the empirically observed EDR recoveries, there is still a remainder of forms which
differ so much from the identified standard that models may fail in evaluating them adequately.
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again until a satisfactory fit is achieved. The fitted curves were demonstrated to be
almost indistinguishable from their respective raw response complexes.

Finally, the SCRs being free of the complication of an overlap can be quantified.
The method was applied by Lim et al. (1997) to more than 60 SC segments, each
containing one SCR or two overlapping SCRs on a sloping baseline elicited by 80 dB
tones with ISIs as short as to 1.32 s, obtained from 20 normal participants and
recorded with standard methodology, following evaluation method B for EDR type
2 in Fig. 2.16. In comparison with a standard evaluation method, their decomposi-
tion methodology yielded a significant mean amplitude increase of 14% and an
increase in peak latencies of 140 ms. The reason for the enlargement of amplitudes
becomes obvious from comparing the two alternatives in the left-hand side of
Fig. 2.16, since evaluation method A, which was used by the algorithm of Lim
et al.’s model, will automatically result in higher amplitudes than evaluation method
B. The latency increase can be regarded as a consequence of removing the disguising
effect of the preceding SCR’s tail on the onset of the subsequent SCR.

The method was applied by Lim et al. (1999a) to SCR recordings (obtained with
standard methodology) from 50 participants (25 of each gender) during an auditory
odd-ball paradigm with constant ISIs of 1.32 s. All 10-s epochs which contained an
SCR within 1-3 s following each of the 40 targets were evaluated for each partici-
pant. Epochs containing composite SC signals and/or overlapping SCRs were
decomposed into phasic and tonic components by the curve-fitting computer pro-
gram developed by Lim et al. (1997). For each target stimulus, the SCL and the
“pure” peak amplitude and peak latency of the first SCR associated with a certain
stimulus were mathematically determined. The resulting parameter values of all
SCRs were grouped into bins for the 40 target stimuli and subaveraged, leaving
missing values out. Finally, a SCR waveform was constructed from the parameter
values for each target. A total of 1,421 SCRs (or 71% of the targets) were obtained
from all 50 participants. A clear habituation of the SCR amp. emerged during
repeated presentation of the target stimuli, showing an exponential decline with
time (Sect. 3.1.1.3). The authors observed highly significant negative correlations
between log SCR amp. and EEG-alpha activity (r = —0.64), EEG-beta activity
(r = —0.61), and the N200 amplitude (r = —0.50). Lim et al. (1999a) suggested
that the N200 component may have reflected the progressive consolidation of
Sokolov’s (1963a, 1963b) “neuronal model” (Sect. 3.1.1), the peripheral correlate
of which was the diminishing of the SCR amp. It should be noted that such a direct
comparison of SCR amp. with an ERP parameter would barely have been possible
with the use of traditional SCR evaluation methodology.

The Lim et al. (1997) evaluation method has been successfully applied by
Williams et al. (2004) in a study with 22 participants (7 females, 15 males) viewing
four blocks of fearful alternated with four blocks of emotional neutral faces in an
fMRI. All stimuli were presented with ISIs of 0.75 s SC data were acquired with
standard methodology simultaneously with fMRI data, an amplitude criterion of
0.05 puS was used for the detection of SCRs, and a time window between 1 and 3 s
after stimulus onset for the beginning of a stimulus related SCR was applied.
Despite the rather short ISIs, fear and neutral stimuli could be significantly
differentiated by means of SCR amp., which gives some hint on the validity of
this evaluation method.
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To overcome the problem arising from the necessity of a visual curve inspection
and the linked subjective choices being inherent in Lim et al.’s (1997) method,
Alexander et al. (2005) proposed an automated scoring for individual SCRs which
converts the SC signal into a time series with a shorter time constant. Their rationale
was that sweat gland activity results from discrete bursting episodes of the
sudomotor nerves, and that the time constant of these bursting episodes is much
shorter than the recorded SCR. The authors used a biexponential function to model
this relationship. They considered the SC time series to be governed by the
following differential equation:

&y dy
q(1) = (vom1) 5 + (f0 + 1) -+ (1) (2.16b)

t dr
where y(f) is the measured SC, and ¢(¢) is the driver function, which the authors
consider to reflect the activity of the sudomotor nerve. The larger time constant g is
descriptive for the decaying tails of SCRs, whereas the shorter time constant 7,
governs the rise time in response to a peak in the driver. In case t, approaches zero,
i.e., a SCR does not originate during the recovery of a previous SCR, equation (2.16b)

approximates the formula for an RC-circuit (cf., (1.8) in Sect. 1.4.1.2).

The SCR is suggested to be generated by a nerve impulse at + = 0. Equation
(2.16b) defines the SC signal y(¢) as the convolution of the driver function ¢(f) with
the biexponential function rendered in (2.16¢):

y(1) = &) — g0 (2.160)

In terms of electrophysiology, the time course of each of the two exponential
functions resembles the discharge of a capacitor within a RC-circuit (cf., equations
(1.10a) and (2.11b)).>*

The evaluation method of Alexander et al. (2005) consists of three steps: (1)
performing a deconvolution of the SC signal in order to obtain the driver function,
(2) isolating single peaks in the driver function, and (3) convolution of the peaks
identified in the driver function with the biexponential function (2.16c) for
reconstructing the individual SCRs. For a minority of SCRs, i.e., where the driver
does not conform to the standard function as depicted in figure 1 of Alexander et al.,
or where the driver signal contains overlapping peaks, an iterative procedure is
applied to the sequence of potential peak intervals, until no further changes occur.
Alexander et al. applied their evaluation method to a large data set obtained from
735 participants from various countries, aged between 6 and 82 years. They were
presented auditory stimuli with ISIs of 1 s in an odd-ball paradigm designed for
ERP recording. Skin conductance was measured with standard methodology and
sampled at 2 ms intervals. They found their method being not overly sensitive to the
values of parameters which affect the apparent time constant of the driver signal.

54 As already demonstrated by Boucsein (1988, 1992), a sufficient approximation of a typical SCR
can be attained by a combination of two e-functions for the descent and another e-function for the
ascent (see Fig. 2.18, Sect. 2.3.1.3).
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For 74 and 1, optimal values of 2.0 and 0.75 were obtained, which worked well for
all SC time series in the database.

The Alexander et al. (2005) method was further applied in a study on a
rule-plus-exception category learning task by Davis, Love, and Maddox (2009).
Forty-four participants viewed pictures of beetles, the features of which had to be
classified according to a complicated set of category structures. The duration from
stimulus onset to the response prompt varied randomly between 2 and 6 s. Recording
techniques were not reported, except the amplitude criterion for SCRs, which was
set to 0.05 pS. Participants who performed better in the learning task exhibited a
large difference in anticipatory SCRs between rule-following and exception
responses, as compared to poorly performing participants. The authors concluded
that anticipatory SCRs were governed by the response type instead of being strictly
stimulus bound. In general, the Alexander et al. (2005) evaluation method was
shown to be useful in an experimental setting in which multiple stimuli were
presented in tight sequences.

Another proposal for computer-aided analyses of overlapping SCRs resulting
from short ISIs has been published by Bach, Flandin, Friston, and Dolan (2009),
who criticized the not fully described and hence not testable implicit assumptions
about the shape of the SCR in the above-described models and their restriction to
SCR amp., its peak latency, and the area under the curve (Sect. 2.3.1.4). They
suggested an alternative approach which compared the observed SCR time series as
a whole to predicted time series, derived from a general linear time-invariant
convolution model, which is akin to the analysis of event-related BOLD responses
from fMRI data (see Sect. 2.2.3.5). Bach et al. regarded the SCR at a given time
point ¢ as the output of a finite linear time-invariant filter. Their assumptions about
the nature of the SCR were:

1. The shape of SCRs can be described by an impulse response function, which is
regarded as constant within an individual and level of an experimental factor,”
whereas the SCR amp. varies as a function of the input.

2. The amplitude of two overlapping SCRs constitutes the sum of two single SCR
amp., i.e., the SCR at a given time elicited by two (or more) stimuli is the sum of
SCRs which would have been elicited by each stimulus individually.

3. The SC signal turns to zero at some time point after each SCR as a consequence
of the finite property of the filter, which can be approximated by high-pass
filtering the SC signal that removes slow SCL changes.”®

55 This is an assumption which is not in line with the variability in SCR shape observed by various
researchers (cf. Benedek & Kaernbach, 2010) (see also Footnote 53).

36 In the present author’s view, this assumption does not meet what can be observed in the majority
of EDRs, which do not return to the SCL prior to their onset, even in case of nonsuperimposed
SCRs (Sect. 2.3.1.3 “Recovery Parameters”). Bach et al. (2009) artificially attained such a return to
zero by applying high-pass filtering, thus removing slow components of the SCR which may
reflect important processes resulting from moistening the corneum (Sect. 1.4.2.3).
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The input function of the model has been regarded as a series of impulses which
correspond to the onsets of specified experimental events. The authors presented
data from three experiments for demonstrating the robustness of their assumptions.
Their conclusion was that their method was capable of de-convolving SCRs to loud
noise bursts with ISIs as short as 3 s, and of testing a priori hypotheses about
parametric trial-to-trial effects of adaptation, thus being viable for analyzing SCRs
in both long and short ISI paradigms.

The most recently published approach on the decomposition of superimposed
SCRs by Benedek and Kaernbach (2010) was not only based on mathematical
modeling but also took into account a particular model of the electrodermal system,
i.e., the “poral valve model” (Edelberg, 1993) which has been described in Sect.
1.4.3.2. Benedek and Kaernbach proposed that the SCR shape could be ascribed to
two different underlying physiological processes: (1) an unconditional diffusion
process which would cause a rather flat SCR, and (2) a pore-opening process, having
the property to add a steep peak to this basic SCR shape. Therefore, the Benedek and
Kaernbach model allows for taking the empirically observed variability of SCR
shapes into account, which constitutes an apparent advantage over the Bach et al.
(2009) evaluation method (cf. their assumption (1)).

Benedek and Kaernbach’s quantitative approach to the slow process (1) is based
on a diffusional model of the dynamics of sweat concentration in the corneum,
which is assumed being governed by the laws of diffusion (Edelberg, 1993;
Schneider, 1987). The model dynamics is described by the so-called “Bateman
function” being well known from pharmacokinetics, where a biexponential func-
tion as rendered in (2.16¢) has been used to quantitatively describe the course of the
drug concentration observed in a body compartment, being a result of its first-order
invasion into and its first-order evasion out of this compartment. No comparable
clear assumptions for the pore-opening component (2) could be made. Based on
their mathematically formulated two-compartment diffusion model, Benedek and
Kaernbach decomposed the SC signal into a tonic and a number of separate phasic
components. However, their systematic analyses of empirically obtained SC data
with standard 1D deterministic deconvolution as already used by Alexander et al.
(2005), employing the biexponential function of (2.16¢) with varying parameters
for the two 7-values was not able to deal with varying SCR shapes. In particular,
such a standard deconvolution for peaked SCR shapes showed a negative bend after
the main deflection (i.e., going beyond the SCL before the beginning of the SCR),
thus violating the assumption of nonnegativity.

Therefore, Benedek and Kaernbach (2010) suggested applying a mathematically
derived nonnegative deconvolution procedure, the results of which do not differ
from those of the standard deconvolution in case of flat SCRs. Notwithstanding, in
case of peaked SCRs, their nonnegative deconvolution results in a compact positive
SCR, followed by a smaller positive remainder (see the bottom of their Fig. 2).
They interpreted the compact part as being due to the diffusional processes in the
corneum, whereas the remainder has been attributed to the pore-opening process
(see the description of Edelberg’s, 1993 model in Sect. 1.4.3.2). The authors applied
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their evaluation procedure to SC” data gathered from 48 participants (29 females,
19 males) who were subjected to 13 noise bursts (95 dB, 140 ms with 20 ms linear
ramps, ISIs between 4 and 32 s) delivered over earphones. Seven participants who
failed to show significant SCRs to at least 50% of the stimuli were excluded from
evaluation. The procedures for estimation of tonic SC components, nonnegative
deconvolution process, segmentation of compact parts and remainders of the SCRs,
and the recomposition of the original SC curve from these components were
deliberately described by the authors.

All data were evaluated automatically and successfully decomposed into a
slowly varying SCL component superimposed by sequences of SCRs. SCR amp.
were found to increase with increasing ISI length.”® As could have been expected,
short ISIs resulted in stronger superposition of SCRs. Even with ISIs as short as 4 s,
the event-related driver impulses (see (2.16b)) resulting from the nonnegative
deconvolution did not show any overlap or distortion caused by the preceding
SCR. However, the authors acknowledge that comparisons with standard SCR
evaluations have still to be performed.

In summary, the various mathematically based deconvolution methods offer
considerable progress in the evaluation of overlapping SCRs which are very common
to stimulus sequences with short ISIs. However, they all have in common that — once
the basic evaluation procedure has been determined — EDA data are parameterized
fully automatically. This surely saves evaluation time compared with the traditional
evaluation of superimposed EDRs, but it also bears the disadvantage of losing the
contact to the original EDA signal, thus overlooking critical events such as types of
artifacts which cannot be automatically detected (Sect. 2.2.5). Therefore, for the time
being, semiautomatic interactive evaluation procedures should be at least applied in
parallel to highly automated evaluation procedures.

2.3.2 Parameters of Tonic Electrodermal Activity

There are two reasons for discussing tonic EDA values after the description of
phasic parameters. First, the tonic parameters discussed in Sect. 2.3.2.2 are derived
from phasic ones; therefore, the phasic parameters must be known beforehand.
Second, the level values discussed in Sect. 2.3.2.1 are, at least for the most widely
used exosomatic measurement, of less practical significance than the specific and

57 A nonstandard recording method has been applied, using a 10 V source in series with a 13.2 MQ
resistor over dry Ag/AgCl electrodes of 10 mm diameter. SC data were sampled at 32 Hz and 24
bit A/D conversion. As an amplitude criterion, 0.01 puS was applied. To improve distributional
characteristics, data were logarithmically transformed (Sect. 2.3.3.3).

58 An increase of SCR amp. with increasing ISI length was also found by Breska, Maoz, and Ben-
Shakhar (2011), who compared ISIs ranging from 16 to 24 s (mean 20 s) with ISIs shortened by
50% in a within-subjects design with 36 participants (19 females, 17 males).
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nonspecific EDRs, as they are less reactive to variations of experimental conditions.
Therefore, many investigators did not perform an evaluation of the EDL.

2.3.2.1 Electrodermal Level

The determination of genuine EDLs is not as easy as it might appear at first glance.
Although an EDL score can be determined at any given time point, a true level
score can only be obtained in case no EDR being in progress. While the usual time
constants for the ascent of the EDR are around 0.5 s and for the descent of the EDR
around 4-6 s (Sect. 2.3.1.3 “Recovery Parameters”), time constants between 10 and
30 s must be considered for changes in EDL. If the chosen evaluation point turns out
falling within the range of an EDR, this point may be shifted in time without
significantly affecting the reliability of the obtained EDL. Such a temporal dis-
placement is easy to perform during an evaluation of paper recordings
(Sect. 2.2.4.1). However, this is not the case if computer analysis is automatically
performed (Sects. 2.2.4.2 and 2.2.4.3). In such a case, a distortion of EDL scores by
ongoing EDRs can be avoided with the use of averaging techniques. This is done
by forming the average EDL of all artifact-free scanning points within a sufficient
interval (e.g., 10 s). However, the inferred EDL is likely to be overestimated in
states of high arousal (Sect. 3.2.1.1), due to the increased number of EDRs.” To
avoid this overestimation of the EDL, the minimum EDL during a certain time
interval might be identified during an automatic, noninteractive computer analysis.
However, such an automatic evaluation method cannot be fully recommended,
since bogus minima may be caused by movement artifacts (Sect. 2.2.5.2).

More exact values are provided by averaging all EDL scores measured immedi-
ately before the beginning of each EDR. These are available from the calculation of
the EDR amp. (Sect. 2.3.1.2 “Amplitudes of Exosomatic Responses Recorded with
Direct Current,” Fig. 2.15), whereupon the EDLs at the beginning of overlapping
(superimposed) EDRs (Fig. 2.16) must be excluded. Sufficiently reliable data can
be expected from such a process only if enough EDRs appear during the interval
in question.

Christie and Venables (1971) proposed another EDL score for endosomatic
EDA evaluation, which they called low-BSPL (Sect. 2.2.6.1). Lykken, Rose,
Luther, and Maley (1966) observed interindividual differences for the minimum
SPL even in fully relaxed individuals; Venables and Christie (1980) conjectured, on
the basis of theoretical considerations and investigations from their research group,
that the BSPL corresponds to the membrane potential E5 in the Fowles model
(Fig. 1.17 in Sect. 1.4.3.2). This BSPL, which is obtainable after a long resting period
from fully habituated individuals, can be regarded as the individual minimum score of

59 The same is true for the EDL values which are calculated from the decoupled AC curve of
overlapping impulses (Sects. 2.1.3 and 2.2.4.2).
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Fig. 2.21 Separation of specific and nonspecific EDRs. TW/ Time window for specific EDRs;
TW?2 time window for the NS.EDRs. / and 6 are specific EDRs following prior stimulation, 3 and 4
are NS.EDRs in the interval between both stimuli, 2 and 5 could not be evaluated as either specific
or nonspecific EDRs

the SPL and can be used for setting the time point in the recording for obtaining the
minimum SCL for range correction (Sect. 2.3.3.4 “Range Corrections”).

2.3.2.2 Tonic Parameters Derived from Phasic Changes

As mentioned in Sect. 1.1.1, electrodermal recording yields phasic changes which
are not traceable to specific stimuli and therefore are known as “electrodermal
spontaneous fluctuations” or “nonspecific EDRs.” If internal or external stimuli
cannot be ascertained, any emerging EDRs are regarded as being an expression of
tonic EDA. Thus, the frequency of the nonspecific EDRs (NS.EDR freq.) with
respect to a fixed time interval, usually 1 min, constitutes an additional tonic
EDA measure, which plays an important role in research into arousal, stress, and
emotions (Sects. 3.2.1.1 and 3.2.2).%°

There are ample reasons for assuming that the EDL (Sect. 2.3.2.1) and the NS.
EDR freq. constitute autonomous parameters of tonic EDA. Venables and Christie
(1980) summarized the hitherto published investigations comparing the SRL and
NS.SCR freq. and concluded that — although these two tonic measures are
correlated — each of them can still feature differential validity; an aspect which
will be discussed in Sect. 3.2.1.1 in greater detail.

If NS.EDRs are to be determined during a recording phase in which defined
stimuli appear, EDRs being traceable to specific stimuli must not be considered for
evaluating NS.EDRs. As a conservative rule, EDRs which appear up to 5 s after the
beginning of an intentional or unintentional stimulus should not be regarded as NS.
EDRs. Additionally, the termination of a stimulus can act as a trigger for a specific
EDR as well. Therefore, as Fig. 2.21 shows, only EDRs beginning later than 5 s

60 Edelberg (1967) proposed using the frequency of changes in the EDL within a certain time span
instead of the NS.EDR freq. as an indicator of arousal, a method which has not yet been applied to
the present author’s knowledge.
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after the termination of a stimulus should be evaluated as nonspecific to avoid the
inclusion of specific EDRs.

Another method of determining NS.EDRs being free of specific EDRs and
artifacts was described by O’Gorman and Horneman (1979). They recommended
dividing the EDA recording into 10 s segments. Subsequently, all segments in
which movement and breathing artifacts are detected (Sect. 2.2.5.2), together with
all segments which directly follow these segments, should be excluded from
further evaluation. The remaining artifact-free 10 s segments are divided into
those in which “large” NS.EDRs appear (i.e., EDR amp. higher than 1% of the
EDL), and those in which “small” NS.EDRs appear (i.e., EDR amp. smaller than
1% of the EDL). Thereafter, the number of both types of segments is related to the
total number of artifact-free intervals. However, the possibility of discovering
small NS.EDRs is highly dependent upon amplification (Sect. 2.3.1.2 “Choice of
Amplitude Criteria”).

A particular problem in determining the NS.SPR freq. from endosomatic recordings
is that they may contain biphasic and triphasic SPRs (Sect. 2.3.1.2 “Amplitudes of
Endosomatic Responses”). Therefore, SPRs quickly following each other as under
high arousal cannot be separated with certainty (Venables & Christie, 1980).

Depending on the experimental conditions under which data are obtained,
correlations between NS.EDR freq. and mean NS.EDR amp. may vary consider-
ably. Zimmer (2000) found these measures being highly correlated under resting
conditions (+ = 0.80) but significantly less correlated during an imagination phase
(r = 0.58).

In addition to the frequency measures, the mean of all NS.EDR amp. (mean NS.
EDR amp.) can be computed as an additional parameter of tonic EDA. For certain
interpretations, the mean NS.EDR amp. which allows for determining the total
amount of nonspecific changes in EDA, constitutes an indicator with its own
differential validity (cf. Table 3.2, Sect. 3.5.1). The standard deviation of NS.
EDR amp. could be used as an additional tonic parameter as well; however, to
the present author’s knowledge, no specific validity aspect has been yet determined
for it. Besthorn, Schellberg, Pfleger, and Gasser (1989) used the variance of the
SCR amp. over the whole stimulation time as a tonic EDA measure in continuous
audiovisual stimulations lasting from 1.5 to 3 min.

One measure that also principally falls into the category of tonic EDA
parameters is the so-called EDA magnitude, which is, however — due to the
inclusion of zero responses is discussed in connection with the missing data
handling — discussed in Sect. 2.3.4.2.

2.3.3 Transformation of Electrodermal Parameters

In general, the usefulness of data transformation has been treated controversial in
the literature on statistics and methodology. Levey (1980), who gave a comprehen-
sive discussion of this topic, stated that the necessity for transformations should be
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ideally backed up by known or assumed properties of the system under investiga-
tion. However, the transformations that are commonly used in EDA research are
seldom based on physiological or system-theoretical considerations. Instead,
transformations of EDA raw data are normally based on statistical considerations
(e.g., Edelberg, 1972a; Venables & Christie, 1980).

The adequateness of transformational procedures should be assessed by an
analysis of whether or not the particular transformation results in improving the
validity compared to the original EDA parameter, the criterion for which should be
an improved representation of the underlying psychophysiological processes. Since
there is no rationale for generalizations beyond specific experimental contexts
(Levey, 1980), the question of whether statistical analysis should be carried out
with transformed data or with raw data still cannot be answered in general.

2.3.3.1 Taking the Electrode Area into Account

A transformation that is especially useful in the application of the constant current
technique is the calculation of scores related to the electrode area, called specific
EDA scores (Sect. 2.2.3.2). As a result of the reciprocal relationship between
resistance and conductance, the specific resistance is expressed in kQ cmz, while
the specific conductance is expressed in pS/cm? (Edelberg, 1967).°" On the basis
of the differing principles of measurement as outlined in Sect. 2.1.1, it can be shown
that the calculation of specific resistance is of greater importance than the calcula-
tion of specific conductance. If the constant current method is used and a model of
parallel resistances/conductances is adopted, an increase of the electrode area
would imply that the current is divided by an increasing number of pathways
(Sect. 1.4.3.1). Although the current is limited in total, the current per pathway
decreases, since the effect of the applied constant current is dependent upon the
current density and thereby upon the electrode area. In case of the constant voltage
method, by contrast, the electrode area plays no such role, since with an increase in
the number of parallel pathways the voltage applied on any pathway remains
constant (Sect. 2.6.2).

In spite of this, Lykken and Venables (1971) supported reporting SC scores as
specific conductance as well, because they have empirically found a linear relation-
ship between the electrode area and the SC. However, Venables and Christie (1980),
relying on data reported by Mitchell and Venables (1980), concluded that no such
linearity exists between the SCL or SCR amp. and the electrode area, because an
increase of the electrode area above 0.8 cm? does not appear to increase conductance
(Sect. 2.2.2.3). Therefore, they do not endorse relating SC scores to the electrode
area. Instead of calculating the specific conductance, the size of the electrodes
should be provided for purposes of comparison. In contrast, Mahon and Iacono

8! Following the same rationale, impedance and admittance values might be related to the
electrode area. Such kind of transformation is not common in endosomatic recording.
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(1987) found a linear relationship between electrolyte/skin contact areas, which
they varied in size in six steps from 0.131 to 0.786 cm?, and the SCL/SCR amp.
Thus, they also supported reporting the specific conductance. No data are available
concerning a possible dependency of the form parameters of EDA upon the elec-
trode area.

2.3.3.2 Transforming Resistance into Conductance Units

In an attempt to follow the recommendation of Lykken and Venables (1971) for
preferring the constant voltage method in exosomatic EDA recording, many authors
who continued to use the constant current method felt obliged to transform their
obtained SR units into SC units prior to further statistical evaluation. During
computerized EDA evaluation (Sects. 2.2.4.2 and 2.2.4.3), this can be easily
performed by transforming the SRL into the SCL for each point sampled, using
(1.4a)in Sect. 1.4.1.1. However, if the parameterization has already been performed
based on the SR recording, transformation into conductance units becomes more
complicated. According to (1.5a) in Sect. 1.4.1.1, the SRL scores at the onset of the
respective responses must be known in order to convert the SRR amp. into a SCR
amp. For simplification, the square of the SRL score at the onset of the response is
used as the denominator instead of the product from the SRL scores of the response
onset and its maximum. This is possible because the difference between both SRL
scores is usually small compared to the absolute SRL values. This conversion
follows (2.18a) in Sect. 2.3.3.4 “Evaluating EDR with Respect to EDL.”

Hagfors (1964) pointed to the possibility of alterations in the ranking of the
amplitudes which may result from transforming the SRR amp. into the SCR amp.,
in case of the corresponding EDRs are based on differing EDLs. Moreover, the
conversion of SR into SC units can also lead to different results with respect to the
EDR amp. However, within the range of stimulation usually applied in psycho-
physiological experiments, SCR amp. being calculated from SRR amp. obtained by
constant current recording can be expected to yield results comparable to SCR amp.
being recorded directly by using constant voltage.®”

On the other hand, form parameters may not show the same kind of invariance to
resistance-conductance transformations. Sagberg (1980) has empirically and theo-
retically demonstrated that the SCR rec.tc must be shorter than the corresponding
SRR rec.tc. However, he used a single e-function for modeling EDR recovery, the
rationale for which remains questionable (Sect. 2.3.1.3 “Recovery Parameters”).

%2 This has been demonstrated by Boucsein, Baltissen, and Euler (1984) using both recording
methods in parallel during the application of 2-s white noise stimuli with intensities between 60
and 110 dB.
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2.3.3.3 Improving Distributional Characteristics

In order to improve the distributional characteristics of EDA data, especially with
respect to skewness, logarithmic transformations are primarily used. While Edelberg
(1972a) and Venables and Christie (1973) regarded log transformations of SC scores
as unnecessary because of their relatively normal distributions, Venables and Christie
(1980) advocated a different point of view based on voluminous data sets from three
large-sample investigations. They found clear improvements in both skewness and
slope through the log transformations of the SCL scores. These improvements were
also seen for SCR amp. if the log transformations were performed following the
determination of the amplitudes, but not if the amplitudes were calculated based on
log transformed raw scores (i.e., as the difference between the log SCL at the peak
response and the log SCL at the response onset). Venables and Christie also
investigated the unusual log transformations of latency, rise time, and recovery
measures of the SCR. They found clear improvements in the distributional
characteristics by means of these transformations for SCR rec.t/2 but not for SCR
lat. and SCR ris.t. Why just a log transformation leads to a normalization of the EDA
data cannot be statistically determined (Levey, 1980).

Two mathematical considerations with respect to the problem of using log
transformations should be made:

1. If stimulus-dependent EDRs are evaluated and, as in experiments on habituation
(Sect. 3.1.1.3), zero responses are to be expected, it should be taken into
consideration that the log SCR amp. of a zero response is mathematically not
defined. Venables and Christie (1980) suggested that in this case a 1 should be
added to all SCR amp. scores before the log transformation is performed.

2. To transform SR scores which have already been logarithmically transformed
into SC scores, the following transformation should be used (Edelberg, 1967):
log G = —log R, which follows from G = 1/R. Since G is expressed in puS and
R in kQ (Sect. 1.4.1.1), and log 1,000 = 3, then according to (1.4a):

log G [uS] =3 — log R [kQ] (2.17)

Another method being widely used for the improvement of distributional
characteristics is the square root transformation (Grings, 1974). Such a transfor-
mation is capable to normalize a Poisson distribution for rare events, which has
been observed in many physiological processes (Levey, 1980). Within EDA evalu-
ation, it has been mostly applied to SCR amp. scores.

Both square root and log transformations are sometimes used in addition to other
transformations (e.g., relating EDA to the electrode area; see Sect. 2.3.3.1). A distri-
butional normalization of the EDR amp. can also be attained through a standar-
dization to z scores (Sect. 2.3.3.4 “Transformation into Standard Values”).

Several authors subjected EDR recovery times to a reciprocal transformation
for obtaining the recovery speed (Sect. 2.3.1.3). This so-called recovery rate results
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in a stronger deviation from the normal distribution compared to the recovery measures,
so that areciprocal transformation of the recovery times cannot be recommended taking
this distributional argument into account (Sect. 2.5.2.4).

2.3.3.4 Reduction of Interindividual Variance

Several transformations, which can be performed prior to further statistical treat-
ment of EDR data stemming from different individuals, lead to a reduction of the
interindividual variance. Among the reasons for their use are: (1) the supposed
baseline dependence of the EDR data (Sect. 2.5.4.2), (2) the aim of expressing the
respective EDR in terms of the individual response range, and (3) matching the
distribution of the EDRs from various individuals in order to achieve better
preconditions for a group analysis.

The methodological and statistical implications of these transformations are
discussed here only insofar as they can be regarded as being specific for EDA.
For further discussion, the reader is referred to the respective statistical literature.

Evaluating EDR with Respect to EDL

A simple rationale for calculating EDR scores which take the respective EDL
into account is forming a quotient from the EDR amp. and the EDL immediately
before the beginning of an EDR. This quotient can also be expressed as percentage:
EDR amp./EDL.100% (Traxel, 1957). Edelberg (1967, p. 47) purported that such a
transformation would be unnecessary in case of SC-recordings, because according
to (1.5a) in Sect. 1.4.1.1, AG (i.e., the SCR amp.) already takes regard of the
resistance level in the denominator. However, Edelberg’s claim — being based on
the assumption that SC is to be regarded as the sole adequate measurement unit
(Sect. 2.6.5) — does not acknowledge that the same is applicable to AR, since the
conductance level is already represented in the denominator, as can be seen in (1.5b).

A further relationship can be derived from (1.5a), as suggested by Edelberg
(1967): since the difference between R, and R, is relatively small in comparison to
the absolute values of R; and R, themselves, R} can be used as an approximation
instead of the product of both values in the denominator of (1.5a) in Sect. 1.4.1.1.
The relatively small difference between R, and R, justifies replacing R, by R for the
sake for simplicity, which yields:

AR
AG = —— (2.182)

Both sides of (2.18a) are multiplied by R, and on the left-hand side R is replaced
by 1/G, according to (1.2b):
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(2.18b)

Equation (2.18b) shows that the relative variations of the conductance and
resistance are approximately equal in their absolute values. Therefore, the
corresponding transformations lead to the same data independent of whether the
raw scores were recorded as conductance or resistance values.

Range Corrections

Transformations which reduce interindividual variance so that each value is set in
proportion to the intraindividual range are known as range correction procedures.
The “correction” is based on the assumption that the part of interindividual physio-
logical differences which does not relate directly to the psychophysiological
processes can be eliminated (Levey, 1980). A precondition for this procedure is
the calculation of the intraindividual range of maximum reactivity. Paintal (1951)
determined the maximum possible EDR amp. by applying a strong electrical
stimulus and dividing each single EDR amp. by the so obtained maximum amplitude
(Paintal index, cf. Edelberg, 1972a). Lykken and Venables (1971) recommended
inflating a balloon until it bursts in order to determine the maximum SCL. It remains,
however, questionable whether these two techniques approximate the ideal of
recording the maximum physiological reactivity free from psychological influences.
Lykken, Rose, Luther, and Maley (1966) provided the following formula for range
correction:

SCL; — SCL i
SCL! = ! mn 2.19
" T SCLyax — SCLin (2.192)

in which SCL; is the uncorrected level value and SCL! the range corrected level
value at the time point i, while SCL,,,« is the highest possible value and SCL,,;, the
lowest possible value for the particular individual. The determination of the mini-
mum value is much more difficult than that of the maximum value. Venables and
Christie (1973) suggest using the SCL obtained as BSPL (Sect. 2.3.2.1), which,
however, requires simultaneous recordings with both exosomatic and endosomatic
techniques (Sect. 2.2.6.2).

The determination of a minimum value appears not to be a problem, at least in
theory, for the EDR amp., as the minimum EDR can be regarded as a nonexistent
EDR. Accordingly, Lykken and Venables (1971) derive the range correction for the
SCR amp. from (2.19a), in which SCL,;;, = 0 has been inserted as follows:

SCR;
R, = ! 2.1
SCR, SCR 1ax (2.19b)
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In Equation (2.19b), SCR! is the corrected and SCR; the uncorrected skin
conductance response, while SCR,, is the maximum possible SCR amp. Follow-
ing the method proposed by Venables and Christie (1973), the maximum SCR amp.
can be determined during the experiment by means of an application of loud tones
or electrical stimuli, or by taking a deep breath. In addition, the OR to the first
stimulation of a habituation procedure will also usually emerge the maximum EDR
of the experiment (Sect. 3.1.1.3).

Additional problems have been anticipated for the use of range corrections.
Grings (1974) demonstrated that the range, especially in small samples, is usually
an unreliable value which is highly dependent upon the situational conditions of the
respective experiment. Sagberg (1980) has shown that range correction is not
invariant throughout transformations of SR into SC values and vice versa. Ben-
Shakhar (1985) demurred that the greatly extended resting period necessary for the
determination of the minimum EDL, together with manipulations for the determi-
nation of the maximum EDR amp. and/or the highest EDL, may invalidate the whole
experiment.

Transformation into Standard Values

The problem of determining individual EDR maxima being a prerequisite for range
correction as described in the previous subsection can be bypassed, if
standardization is based upon the individual mean and standard deviation of
EDRs instead of their range. The raw scores can then be turned into standard values
by means of an appropriate transformation.

For a transformation of the EDR amp. into z scores (e.g., Ben-Shakhar, Lieblich,
& Kugelmass, 1975), means and standard deviations of the recorded EDRs are
calculated for each particular individual. Then a standard value is calculated for
each EDR amp. as follows:

Xip — X

(2.20a)

Zik =
Si

where X, is the raw score and z;; the standard value of the individual i for the EDR;
with the mean X and the standard deviation s; of all EDRs of the individual ;.

The z scores are normally distributed with an average of 0 and a standard
deviation of 1. It is common to transform z scores into T scores as follows:

Ty = 50 + 10z (2.20b)

The T scores are normally distributed with a mean of 50 and a standard deviation
of 10; therefore, minus signs drop out.
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Using data from 147 participants, Ben-Shakhar (1985) performed systematic
comparisons between SCRs in raw score form calculated from SRRs and range-
corrected as well as z-transformed electrodermal response scores. He observed that
the response scores obtained through standard transformations differentiated most
clearly between meaningful and neutral stimulus conditions, a finding which he
ascribed to the z-transformed average individual reactivity being more representa-
tive than the rather unreliable maximum individual reactivity which was used for
calculating range-corrected scores. However, in a study using simulated EDA data,
Stemmler (1987) showed that the design applied by Ben-Shakhar, together with
the z-score calculation and the inferential statistics used for the determination
of the differences between experimental conditions, resulted in a positive bias
for the method of standard transformation. Therefore, the generalizability of
Ben-Shakhar’s argument remains questionable.

Using Autonomic Lability Scores

Lacey (1956) suggested a method of standardization for psychophysiological
response scores which considers the respective baseline values (section “Evaluating
EDR with Respect to EDL”) and undertook a standard transformation (section
“Transformation into Standard Values”). These so-called autonomic lability scores
(ALS) form response scores, where the component, which is predictable by means
of linear regression from the level score, is ruled out. Thus, they can be regarded in
principle as scores adjusted by covariance analysis (Grings, 1974).

In order to calculate the ALS scores, all 7 EDRs obtained from an individual i in
a sequence k = 1,...,n are collected together, as in the standard transformation
described in the previous subsection. However, instead of using the EDR amp., the
EDL at the response onset, i.e., X;, and the EDL at its maximum, i.e., Y, are
determined for each single EDR (i.e., Y; — X;x = EDR amp;). According to
Lacey, the score sequence X;; constitutes the baseline values, while the sequence
Y.« constitutes the response scores. Between both score sequences, the correlation
(ryy); is calculated for each individual i. The values X;; and Y;; are transformed into
standard values (z,);x and (z,); using their respective means, i.e., X and y, and their
standard deviations (s,); and (s,);, according to (2.20a). An ALS score is calculated
for each EDR £ of an individual i as follows:

(2)i = ()i (z)i
1 - (”xy)iz

ALS; =50+ | 10

(2.21)

These ALS scores are, like the T scores in (2.20b), normally distributed with a
mean of 50 and a standard deviation of 10, and are linearly independent from the
baseline values of the respective individual.
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The calculation of ALS scores presupposes a large number of EDLs per individ-
ual, since a correlation between baseline and response scores must be determined
for each participant in a study.®® In addition, Johnson and Lubin (1972) pointed out
that ALS scores have an advantage over raw scores with respect to reliability and
validity only if the so-called Law of Initial Values (LIV) holds true, which will be
discussed in Sect. 2.5.4.1.

Levey’s (1980, p. 621) opinion on the application of ALS scores to SCRs may
serve as an example of the problems which are raised by transformations in general
(see the introductory remarks in Sect. 2.3.3) and of the problems of ALS trans-
formations in particular. Levey reappraised the results of an investigation published
by Germana (1968) showing that ALS and log EDR amp. transformations differ
from each other in nearly the same way as both differ from the EDR amp. raw
scores. Levey (1980) argued against the ALS correction, as it only corrected the
baseline effects, and recommended log transformation instead, which he regarded
as being derivable from theoretical considerations and modeling.

2.3.4 Removing Artifacts and Treatment of Missing Data

In spite of exact control of measurement techniques, the behavior of individuals
and/or the environmental conditions during EDA measurement can lead to the
recording of artifacts (Sect. 2.2.5) in the EDA data, which must be eliminated before
further statistical treatment. Therefore, identification of artifacts, as described in
Sect. 2.3.4.1, plays a significant role after the parameterization of the EDA signal,
because the experimenter must choose between correcting or discarding such data
which might have been a result of an artifact or not.

The gaps created by missing data (e.g., if the electrodes are detached;
Sects. 2.2.2.1 and 2.2.5.1) necessitate subsequent treatment (Sect. 2.3.4.2). A formal
missing data treatment may be necessary in the EDA evaluation, even if the stretch
of data in question does not need to be deleted, e.g., in case of expected EDRs fail to
appear due to genuine zero responses, as during advanced habituation (Sect. 3.1.1.3),
in extinction (Sect. 3.1.3.1), or with electrodermal nonresponders (Sect. 3.4.2.2).

2.3.4.1 Identification of Artifacts During Recording
The detection of artifacts in the EDA signal necessitates a visual inspection of the

data sequence by the experimenter, even if an automatic parameterization is
performed by means of laboratory computers (Sect. 2.2.4.2). To facilitate this

63 ALS scores can be standardized not only intraindividually over the different EDRs, but also
interindividually for each response over all participants. In the latter case, both score sequences
X and Y are calculated using the EDRs of all participants to the same stimulus.
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Fig. 2.22 Examples of artifacts in an EDA recording sequence (see text for explanations)

procedure, all artifacts created by changes of amplification factors and/or calibration
as well as movement (insofar as they can be identified from the record) should be
noted during the recording.

Figure 2.22 shows some typical artifacts in an EDA recording segment.
A change of the amplification factor causes a transient response which appears as
a jump in the recording, followed by an exponential adaptation to a new baseline.
This process might not be terminated until the occurrence of the following EDR,
thus obscuring its course (as indicated by the dashed line in Fig. 2.22). Jumps in the
EDA curve can also result from movements of the electrodes or the area to which
they are attached (Sect. 2.2.5.2), shown as an artifact jump in Fig. 2.22. Since these
usually do not result from an exponential adjustment, the EDR; in Fig. 2.22 can
be unequivocally evaluated, in contrast to the EDR;. Computer programs can
automatically recognize and correct such jumps (Foerster, 1984) or enable
correction during the interactive work with the video screen display (Thom, 1988).
Andresen (1987), having used an interactive artifact correction with a large data
series, advocated its use in spite of being time consuming. The present author prefers
a semiautomatically method for artifact removal as suggested by the computer
program in the Appendix of this book. Calibration marks can influence evaluability,
especially if they are produced during the rise time or the response maximum of an
EDR. They must be eliminated before automatic evaluation can be performed.

EDRs which exceed the recording range, such as the EDRj; in Fig. 2.22, have to
be excluded from evaluation. They can appear, for example, as part of an orienting-
or defensive-response to an unexpected, strong stimulus (Sect. 3.1.1.2). Although in
this particular case they are not artifacts with respect to the goal of the investigation
(Sect. 2.2.5.2), the questionable recording sequence must be excluded from param-
eterization. Such EDRs also appear subsequent to strong respiratory activity (e.g.,
sighing) or gross physical movement. Escapes from the recording range can be
avoided either by choosing a larger recording range (e.g., through less amplifica-
tion) or by using automatic reset procedures (e.g., Thom, 1988).
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Fig. 2.23 EDA artifact identification by using the respiration curve. TW Time window of a
respiratory artifact, suggested 1-3 s after the start of an inspiration. As the EDR; does not begin
within the time window, it does not result from a respiratory artifact, while the EDR, does

An EDA artifact can be detected by visually inspecting both EDA and respiratory
curves, as shown in Fig. 2.23.%* No connection with inspiration can be seen with the
EDR; in Fig. 2.23. However, the EDR,, which follows a sufficiently long latency
period in the time window after an exceptional deep breath, has to be treated most
probably as a respiratory artifact. Problems of interpretation arise, if the inspiration
and the EDR in a corresponding time window can be regarded as covariant
indicators of an orienting- or defensive-response (Sect. 3.1.1.2). In such a case, the
EDR cannot be regarded merely as an artifact, but it is also not really independent
from breathing. But even in case of non-stimulus conditions, EDRs correlated with
respiratory irregularities constitute a problem (Sect. 2.2.5.2). Artifacts resulting
from the study participant’s speech activity cannot be easily determined, since the
relationship of speech activity to single EDRs is less clearly detectable than in
respiratory activity.

Low-pass filtering (Sect. 2.1.4) can be used as an easy-to-apply method of
artifact removal from EDA recordings, since the EDR constitutes a rather slow-
changing signal. By means of low-pass filtering, unusual steep rises stemming from
artifacts such as pressure exerted on the electrodes (Sect. 2.2.2.1) will be automati-
cally eliminated; however, an appropriate choice of the filter characteristics will be
critical here.

A more refined method had been proposed by Wilhelm and Roth (1996) for EDA
recordings from ambulatory monitoring (Sect. 2.2.3.4). They developed a compu-
terized evaluation method for the detection of SCR artifacts resulting from changes
in electrode/skin contact due to the movement of fingers to which the electrodes
were attached. The detection of artifacts based on their unusual steep rise times.

%4 The computer program described in the Appendix of this book allows for a display of the
respiratory signal together with the EDA curve to be evaluated.
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The authors plotted bivariate distributions of SCR ris.t. with both SCR amp. and
SCR rec.t/2 to identify outliers falling outside a range of 20% change in slope of the
regression. These outliers were regarded as artifacts and were removed from the
raw data before their further evaluation.

Unfortunately, an automatic removal of respiration-based artifacts is not so easy
to perform. Schneider et al. (2003) analyzed 26 EDA recordings of 25 min length
each, taken from an earlier study, by means of the computer program described in the
Appendix of the present book, which allows for simultaneous display of EDA and
respiration recordings. Respiration-related EDRs were independently rated by three
experimenters. They used a criterion catalog for detecting respiration-based artifacts
in the EDA recordings, which referred to features of typical EDRs as shown in
Fig.2.15 (Sect. 2.3.1.2 “Amplitudes of Exosomatic Responses Recorded with Direct
Current”) and Fig. 2.21 (Sect. 2.3.2.2). For the criteria in the catalog, interrater
reliabilities were calculated from two experiments with 14 and 12 participants of
both genders under resting conditions. The reliabilities were between » = 0.82 and
0.95, thus being sufficiently high. After discarding the respiration-related EDRs
from the material, frequencies and mean amplitudes of NS.SCR dropped to about
50% of the originally detected amounts. This pointed to a substantial common
variance of EDRs and respiratory activity. In any case, removal of possible respiratory
artifacts from EDA recordings remains a rather time-consuming venture, because of
complex inter- and intraindividual differences in the link between both measures.

2.3.4.2 Missing Data Treatment and EDR Magnitude

Missing data can be handled during EDA parameterization in the same way as in
other biosignals. If the statistical package to be used does not feature missing data
procedures, appropriate supplements of the data sets with missing data should be
implemented subsequently to the procedure of parameterization.

For missing data treatment, a time window grid could be applied to the data,
thereby defining the smallest window for the statistical evaluation. Depending on
the experimental design, this window can range from 5 s to 1 min. For obtaining the
NS.EDR freq., EDRs in each interval have to be counted (Sect. 2.3.2.2). If no EDRs
appear within a certain window, it is normally a case of zero responses (see below)
and not of missing data. If only a part of the window under evaluation is so error-
prone that it is impossible to parameterize it, a weighted mean may be calculated,
taking the ratio of an estimable time span to the total window into consideration.
If too big a part of the window has to be excluded from evaluation, the score of
either the preceding or the subsequent window may be inserted, as long as no clear
change of the situational condition has occurred between those.

While such corrections as a rule can be usefully made in the case of lost EDL
scores, their application in case of lost NS.EDRs is more equivocal because the
appearance of spontaneous EDRs is an unpredictable event. Therefore, it is not
possible to act from the assumption of an approximately equal distribution of EDRs
in neighboring time windows of the same length. Thus, records of a particular study
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participant containing large portions of missing data should be totally excluded
from the statistical evaluation of NS.EDRs.

Missing data corrections for stimulus-dependent EDRs cannot be recommended,
neither being performed intraindividually, due to the possible appearance of habit-
uation (Sect. 3.1.1.3), nor across individuals in a group, due to the large interindi-
vidual differences.

A parameter that is often calculated for the description of electrodermal habitua-
tion processes, taking into account expected stimulus-dependent EDRs which did
not emerge, is the EDR magnitude.”> The inclusion of such “zero responses”
presupposes that it is possible to clearly define when EDRs are to be expected within
the course of an experiment, which also requires exactly defined and recorded
stimuli. The EDR magnitude is normally used in an interindividual averaging
procedure (e.g., to determine the average response strength to a certain stimulus in
a habituation series), but it might also be used as an intraindividual measure as well
(e.g., to obtain the total reactivity of an individual to a series of stimuli).

Which measure, mean amplitude or mean magnitude, will be the more adequate
one for determining the average strength of EDRs, remains debatable. Using the
EDR magnitude avoids the difficulty of defining zero responses (e.g., see Sect.
3.4.2.2), and will create the same sample size in each ANOVA cell for further
statistical analysis (Venables & Christie, 1980). On the other hand, the magnitude
measure confounds frequency of response and response strength which are not
necessarily covarying (Prokasy & Kumpfer, 1973). Both methods of missing data
treatment may produce considerably differing results. For example, if habituators
and nonhabituators are combined, different habituation courses will be obtained
when using the interindividual mean EDR amplitude instead of the more commonly
used mean magnitude, since the mean magnitude will yield an overall habituation,
while calculating the mean amplitude will result in a habituation followed by an
increase of response strength in later trials.*®

2.3.4.3 Correction for EDL Drift

The retroactive correction for drift in the EDA signal is only possible if control
scores are obtained during data recording. One possibility is performing a regular
setting of calibration marks (Sect. 2.2.4.1). A drift has appeared if the signal curve
alters when the same calibration resistance is repeatedly applied while amplification
is held constant. All kinds of drift correction are costly in terms of calculation and

55 Several authors used the term “EDR magnitude” instead of “EDR amplitude” (Sect. 2.3.1.2).
Therefore, care should be taken in ascertaining just which method of evaluation was used in the
respective publications.

66 Mathematically this is a type of missing data treatment, as nonappearing EDRs, or EDRs which
remain below an amplitude criterion (Sect. 2.3.1.2 “Choice of Amplitude Criteria”) are taken into
account in evaluation. The EDR magnitude (more precisely, the mean EDA magnitude) is
calculated by dividing the sum of the evaluated EDR amp. by the number of occasions in which
EDRs might have been expected.
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prone to high uncertainty. However, in the case of long-term runs (Sect. 2.2.6.1),
such corrections are usually indispensable.

Drift resulting from electrode polarization during exosomatic DC recording can
be detected by changing the polarization during long-term recording phases. For
endosomatic recording, drift correction is impossible (Sect. 2.2.5.1).

Both body temperature and ambient temperature can be used for EDL drift
correction. In this case, Grings’ (1974) empirically determined value of 3% SRR
increase/°C decrease can be used. In case the temperature drift results from the
recording device used, the amplifier can be allowed to run free of an input signal for
the same length of time as the experiment’s recording period, and the resulting
recorded SCL “signal” is used for correcting the drift in the recorded EDA data.

A pragmatic reduction of drift due to any cause can be made using the trend
validation methods proposed by Stemmler (1984). Here, EDL differences to refer-
ence phases of identical structure (e.g., simple resting periods), which shortly
precede or follow the experimental conditions under investigation, are obtained,
and a linear interpolation in real time is calculated.

2.3.5 Summary of Analytic Procedures

Depending on the problem under investigation, different parameters of phasic and
tonic EDA can be extracted from the recorded signal. The most commonly used
phasic measure is the EDR amp. (Sect. 2.3.1.2), for which an amplitude criterion
must be defined, because of possible individual differences in the amplification
factors used (Sect. 2.3.1.2 “Choice of Amplitude Criteria”). The next most com-
monly extracted phasic measures are form parameters of recovery, predominantly
the half recovery time (Sect. 2.3.1.3 “Recovery Parameters”). Parameters of ascent
are less frequently used (Sect. 2.3.1.3 “Parameters of Ascent”). If the EDRs are
elicited by defined stimuli, latency times can be determined, as long as the temporal
resolution is high enough (Sect. 2.3.1.1). Several mathematical solutions for the
deconvolution of overlapping (superimposed) EDRs because of tight stimulus
sequences have been recently proposed (Sect. 2.3.1.5). As a tonic measure, the
frequency of non-stimulus-specific EDRs (Sect. 2.3.2.2) is preferred over recordings
of the EDL (Sect. 2.3.2.1). Evaluating the NS.EDR freq. requires a separation of
nonspecific from specific EDRs, by using an adequate time window (see Fig. 2.21).

Transforming resistance into conductance units, following the suggestion for
standardization made by Fowles et al. (1981), is overwhelmingly the most common
transformation practice in use. Additionally, a range correction recommended by
Lykken and Venables (1971) is also frequently used for the reduction of interindi-
vidual variance. In all cases, it should be determined whether the intended trans-
formations are really necessary and helpful with respect to possible improvements
of reliability and validity.

Identification and elimination of artifacts and drifts should be treated with
diligence, for which records of other biosignals can be helpful (Sects. 2.3.4.1 and
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2.3.4.3). If missing data problems or genuine zero responses are present, the mean
EDR magnitude can be calculated instead of the mean EDR amp. (Sect. 2.3.4.2).
Unfortunately, some authors continue to use the term “EDR magnitude” instead of
mean EDR amp., which adds ambiguity to publishing EDR analyses.

In summary, a variety of EDA parameters can be extracted, and their number
may be increased through possible transformations. Suggestions for the choice of
parameters in each context are given in Sect. 2.5 and in the corresponding passages
in Chap. 3 of the present book. In most cases, only a small range of parameters are
used in applied EDA recording, whereas an abundance of parameters might be used
for research purposes.

2.4 External and Internal Influences on Recordings

This section deals with factors that should be controlled as possible sources of
variance in EDA recording. These include environmental conditions (Sect. 2.4.1)
and influences from other physiological factors (Sect. 2.4.2), such as age, gender,
heredity, and ethnic differences (Sect. 2.4.3).

Potential confounding factors that arise in the following two sections as well as
in Chap. 3 of this book are the variety of recording techniques used by different
investigators. Technical details will be reported in footnotes, except for studies
using the standard methodology as summarized in Sect. 2.2.7. This will allow the
reader to make her/his own judgment on the generalizability of results from the
studies reported in the present book.

2.4.1 Climatic Conditions

Investigations into the influence of climatic factors on EDA are mostly concerned
with ambient air temperature, while recordings of other factors which determine
climatic effects (e.g., humidity) are sparse. A person feels comfortable in what is
known as the thermoneutral zone, in which neither shivering nor evaporative heat
loss through sweating occurs (Thews, Mutschler, & Vaupel, 1985). For a sitting and
lightly dressed person, the comfortable temperature is between 25 and 26°C, if the
wall and air temperatures are equal and the relative humidity is 50%. The comfort-
able temperature drops to 22°C during the performance of office work. Venables
and Christie (1973) allowed a range of the laboratory temperature between 20 and
30°C, at which the vasomotor control of body temperature is fully functioning.
However, they recommended that a low temperature should not be preferred, since
participants in psychophysiological experiments are mostly inactive and become
more quickly cool than active participants in a field study. The resulting lower body
temperature is very likely to cause a reduction in electrodermal reactivity
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(Sect. 2.4.1.1). Therefore, they suggested covering inactive study participants with
a light sheet, even in summer.®’

24.1.1 Ambient Temperature

Investigations into the dependence of EDA upon ambient temperature have either
taken the outside air temperature (e.g., seasonal differences) or the laboratory temper-
ature into account. Temperature influences on EDA were demonstrated by Venables
and Christie (1980) in their Mauritian study with 640 participants aged between 5 and
25 years. Positive correlations between r = 0.20 and 0.40 were obtained between
ambient temperature and SCL, as well as negative correlations in the same range
between temperature on the one hand and SCR amp., SCR lat., and SCR rec.t/2 on the
other hand.®® However, those correlations only appeared in participants that were
older than 5 years. Such a lack of correlations had been also found in an investigation
performed simultaneously with 1,800 three-year old children.

Several older studies reviewed by Rutenfranz and Wenzel (1958) and Venables
and Christie (1973) point to clear differences between EDA in summer and in
winter months. Venables and Christie suggest that the cause of this yearly swing is a
hormonal change in reaction to heat effects, since pituitary adrenocortical
hormones may influence both eccrine sweating and the electrolytic structure of
epidermal tissue.®”

An interaction between seasonal and room temperature effects on EDA’” had been
observed by Neumann (1968). In three experiments with 11 adults and 26 children
(aged between 6 and 11 years), using different sites on the hand and the forearm, she
investigated the connection between log SRL and room temperature variations of
between 18.3 and 40°C at different times throughout the year. She observed differing
SRL patterns from the recording sites in winter and summer, as well as during an
extended heat spell. In particular, the palmar SRL was relatively low in winter,
intermediate in early summer and high during the heat spell. Experimental heating

%7 This is understandable if one notes that Venables and Christie give 21°C as the correct
temperature for a European laboratory, which is in the present author’s experience somewhat
too low. Instead, in his own laboratory, the present author maintained a constant temperature of
23°C and 50% relative humidity.

%8 The authors reported that they had to raise the laboratory temperature to an unusually high 30°C,
since at lower temperatures the Mauritians displayed hardly any EDRs.

% In addition, functional and morphological changes in eccrine sweat glands have been observed
in vitro and in vivo during heat acclimatization in three patas monkeys by Sato, Owen, Matthes,
Sato, and Gisolfi (1990).

7Recorded as SR by means of a modified Wheatstone bridge (Fig. 2.3, Sect. 2.1.3), converted into
log resistance values (Sect. 2.3.3.3). The recording device allowed for up to 20 active electrodes
being connected in rapid succession. Recording sites were: fingertips, middle and proximal
phalanges of the fingers, several palmar (including thenar and hypothenar) sites, the dorsal side
of the hand, the wrist, several volar, and one dorsal point on the forearm.
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and cooling led only partly to the expected effects of increase and decrease of
the SRL, which differed dependent on both the recording site and the season. In
any case, the SRL was lowest when the temperature — independent of all other
conditions — was raised to an average of 35°C. Children showed less differentiated
patterns than the adults.

In a repeated-measurement design with seven participants, Conklin (1951)
investigated the relationship between three different room temperatures (21.9,
26.9, and 29.5°C) and the SCL measured at three different sites (wrist, forehead,
and palm).”' He observed that, as temperature decreases, the SCL decreased
significantly. No significant differences between the recording sites were observed.

Rutenfranz and Wenzel (1958) also reported a clear connection between tem-
perature increase and SRL decrease. They studied five participants for several
weeks on a treadmill in a climate chamber in which the relative humidity was
60—-65% and the wind speed at constant 0.5 m/s, whereas air temperature and the
radiation temperature of the walls varied simultaneously between 15 and 36°C.
By means of AC recording, they found that the SZL increased with lowering the
temperature, while the skin capacitance decreased. Interindividual differences were
more pronounced at lower temperatures than at higher ones.

Significant correlations between the SCL measured with dry electrodes and the
effective room temperature were also found by Venables (1955), however, only
with a sample of neurotic individuals (N = 52) but not with their healthy controls
(N = 210), and only with temperatures exceeding 20°C. The direction of the
correlations changed from r = —0.48 during motor exercise to r = 0.51 during a
resting period.

Wenger and Cullen (1962) summarized the results of three investigations,
reporting correlation coefficients between the palmar log SCL and the room
temperature of » = 0.22 for female participants and of » = —0.09 and —0.15 for
male participants. They took this as an indication of a gender-specific temperature
effect. However, corresponding recordings from the forearm gave the same positive
correlations between SCL and temperature for female and male participants
(Sect. 2.4.3.2).

In a study with 21 participants, Wilcott (1963) observed a SRL decrease during
an increase of the room temperature up to 65.5°C. Additional variations of the
SRRs in amplitude and shape which he observed were not conclusive, as his
stimulus conditions under different temperatures were not comparable. Grings
(1974) reported a SRL decrease of 3%/°C; a value which had also been reported
for skin temperature variations by Edelberg (1972a). While the SRR amp. may rise
with decreasing temperature, it clearly decays when lower temperatures (e.g., 20°C)
are present over longer periods of time.

Effects of temperature on the SPL differ according to the type of electrode and
electrolyte concentration (Grings, 1974). Positive and negative components of the

! This study was performed with electrodes that were mechanically pressed to the skin.
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SPR are influenced in different ways by room temperature, since the positive SPR
decreases together with the temperature, while in turn the negative SPR component
emerges more clearly.

In a habituation experiment with 96 participants, Fisher and Winkel (1979)
obtained significant correlations between the outside temperature and the SCR amp.
as well as the NS.SCR freq., however, they regarded these influence as small enough
to decide against performing an accordant correction of their data. Waters, Koresko,
Rossie, and Hackley (1979), who were in particular interested in middle- and long-
term covariations between EDA and meteorological variables (Sect. 2.4.1.2), found in
their 336 participants only a significant connection between temperature and SCL with
long-term observations (1 week or a month) but not with phasic EDA measures.
In their study described in Sect. 2.2.6.1, Turpin et al. (1983) recorded SC together with
room temperature in 12 participants during 7 h working days, determining inter- and
intraindividual correlations with hourly intervals. They obtained a significant correla-
tion of r = 0.61 between room temperature and NS.SCR freq. and almost as high
a correlation of 7 = 0.53 between room temperature and SCL, but only as interindi-
vidual correlations. The corresponding intraindividual correlations were between
r = 0.81 and —0.50, being on average not significant. The authors traced this to
differing climatic conditions on different days of their investigation.

Since there is an overall clear dependency of EDA upon the room temperature
and the seasonal temperature, these variables should at least be recorded. Further-
more, the ambient temperature should be held as close as possible to a constant
23°C. Keeping an EDA investigation within seasonal limits is also definitely
recommended.

2.4.1.2 Other Environmental Conditions

Negative correlations between both SCL and SCR and relative humidity were
reported by Venables and Martin (1967a) and by Grings (1974). In the Venables
(1955) study mentioned in the previous section, negative correlations between SCL
and relative humidity were found when the latter was between 54 and 66%.
Contrarily, both higher and lower values of relative humidity resulted in positive
correlations.””

Results from Wenger and Cullen’s (1962) study pointed to gender-specific
differences in the correlations between humidity and SCL (as with temperature;
see previous section). However, these differences were relatively small, as were the
correlations between SCL and humidity (+ = —0.23 for females and r = —0.11
for males).

Fisher and Winkel (1979) could not determine any significant connection
between EDA and humidity. Waters et al. (1979) observed significant connections

72 The dry electrodes used in this study may have contributed to this inconsistency.



2.4 External and Internal Influences on Recordings 193

between humidity and SCL, in their short- and middle-term study, and between
humidity and the square root of the SCR amp. as well as a habituation index, in
their middle- and long-term study (for more details of both studies, see previous
section).

Venables and Christie (1980) obtained several positive correlations between
relative humidity and SC with the 5- to 20 year-olds (from » = 0.20 to 0.40) in
their Mauritius study (Sect. 2.4.1.1). No such correlations appeared with the older
adults. However, these correlations were found for their different age groups in
different SC parameters (SCL, SCR amp., SCR lat. and SCR rec.t/2), which
complicates possible conclusions about the influence of humidity on SC. The
same held for the connection between air pressure and SC parameters (cf.
Venables & Christie, Table 1.7). Altogether, air pressure does not appear to
influence EDA significantly. Only Wenger and Cullen (1962) obtained significant
correlations of r = (.27 between air pressure and SCL for their male participants,
and Waters et al. (1979) found a corresponding effect in their long-term study.
Fisher and Winkel (1979) could not confirm correlations between EDA and air
pressure.

On the other side, Waters et al. (1979) who calculated multiple correlations
between their EDA parameters and three meteorological variables (i.e., outside
temperature, air humidity and pressure) came to the conclusion that EDA was
influenced by these variables over short-, middle- and long-term periods. Within
one-half of their participants (N = 169) they calculated predictors of EDA
parameters by means of meteorological variables. Those were positively correlated
with the measured SCL scores and the square-root transformed SCR amp. scores
within the other half of the participants in middle- and long-term observation.
However, the percentage of EDA variance explained by meteorological conditions
was only 6-9%.

In general, possible influences of meteorological variables on EDA are difficult
to demonstrate, since these variables cannot be easily experimentally manipulated.
If marked climatic changes can be expected during the course of an experiment,
meteorological variables should be recorded for control purposes.

2.4.2 Physiological Influences

In the following sections, influences of physiological processes that are intimately
related to sweat gland activity and hence may influence EDA will be described. They
are also connected with thermoregulation, whose contribution to elicitation of the
EDA has already been discussed in Sect. 1.3. A systematic treatment of relationships
between EDA and various other physiological measures is beyond the scope of the
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present book. Where those will be of particular interest, those relationships will be
reported in the appropriate sections of Chap. 3.7

As all physiological processes being under ANS control, EDA is subject to a
circadian influence (Sect. 3.2.1.3). Therefore, for example, the relationship between
EDA and temperature parameters may be obscured by circadian factors. Venables
and Christie (1973) have shown that the daily courses of SC and body core tempera-
ture show a similar progress, while the circadian rhythm of the finger temperature
progresses, with its lowest point in the afternoon, mirror-inverted to that of the body
core temperature. Rutenfranz (1958) observed with two participants, using both DC
and AC recordings over 24 and 29 days, not only one but two SC minima, occurring
around 10 a.m. and 7 p.m.

Infradian rhythms may also influence EDA, such as body temperature
fluctuations associated with the menstrual cycle. With ovulation, the basal body
temperature (measured in the morning under basal metabolic rate conditions)
suddenly rises by about 0.5°C and remains at this level until next menstruation,
due to an effect of progesterone on the temperature regulation (Thews et al., 1985).
Hot flushes which appear as the most widely reported menopausal women symptom
in Western culture may also be at least partly dependent on changes in the
production of sex hormones and their action upon skin (Sect. 2.4.3.1).

2.4.2.1 Skin Temperature and Skin Blood Flow

Skin temperature can be recorded by means of thermistors (i.e., thermosensitive
elements) attached to the skin or by measuring the heat radiation via infrared
sensors. Compared to the EDA signal, changes in skin temperature are relatively
slow (Boucsein, 2001).

All temporal measures of EDA show reciprocal relationships to skin temperature,
i.e., EDA lat. as well as EDR ris.t. increase if skin temperature decreases (Maulsby &
Edelberg, 1960), which can be explained by the temperature dependency of the
acetylcholine transport mechanism (Sect. 1.3.2.1). Venables and Christie (1980,
Table 1.8), investigating 260 eleven-year old children, obtained also negative
correlations between skin temperature and SCR latency, risetime, and recovery
parameters. However, these correlations where small, ranging from r = —0.19 to
—0.30. While neither SCL nor SCR amp. were correlated with skin temperature in
this study, Maulsby and Edelberg (1960) found a 3% increase of SRL for each

73 One interesting result should be mentioned here: Christie and Venables (1971) observed
negative correlations between the BSPL (Sect. 2.3.2.1) and the T-wave amplitude (TWA) in the
ECG, from investigating 21 male participants lying down (r = —0.70) and from another 15
participants in a sitting position (r = —0.61). The authors suggest the extracellular potassium
ionic concentration as being the cause for both an increased TWA and an increased negativity of
the BSPL. Furedy and Heslegrave (1983) suggested that the TWA constitutes an index of
excitatory sympathetic activity. Since the EDA is a valid index of sympathetic excitation, a high
correlation between TWA and EDA could have been expected.
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degree decrease in finger temperature between 40 and 20°C (see Edelberg, 1972a;
also Sect. 2.4.1.1). In addition, the relationship between log SRL and skin tempera-
ture was found to be linear. With another sample of seven participants, Maulsby and
Edelberg obtained inverse relationships between SRR amp. and skin temperature in
the range of 5%/°C as a result of abrupt temperature changes. The observed changes
in electrodermal reactivity recovered within 2—8 min after the temperature change,
and thereafter actually displayed a reverse trend in several participants. While
recommending a correction of the SRL according to skin temperature, Maulsby
and Edelberg (1960) advised against a corresponding correction of SRR parameters
due to heterogeneity and instability of the observed effects.

Lobstein and Cort (1978) investigated the effects of variation in skin temperature
over the entire body on the SCR. They enveloped each of their 14 supine participants
in a plastic suit, except for the face and one hand, and warmed the air inside, until the
average skin temperature recorded from six sites increased from 26.0 to 37.1°C.
Under each temperature condition, SCR parameters in response to three tones with
signal characteristics were obtained and averaged. The authors found a significant
increase of SCR amp. and a significant decrease of SCR lat. with increasing temper-
ature, but could not demonstrate an influence on SCR rec.t/2. From their results,
which were obtained under much better controlled conditions than those of Maulsby
and Edelberg (1960), the necessity for correcting the EDR amp. with respect to
changes in skin temperature can be derived even for small temperature variations.

The possible significance of skin temperature for SP recording was also pointed
to by Venables and Sayer (1963). Due to the distance between recording sites
(Sect. 2.2.1.1), the skin areas for the active and inactive electrodes may display
different temperatures, leading theoretically to deviations of 1 mV/5°C in the range
from 20 to 35°C. However the authors could not statistically demonstrate such a
relation in an empirical study. Deltombe, Hanson, Jamart, and Clérin (1998)
recorded skin temperature by using a digital infrared thermometer immediately
before and after a series of electric stimulations given for eliciting SPRs (so-called
sympathetic skin responses (SSRs); see Sect. 3.5.4) in ten participants (four
females, six males). Mean SPR lat. and peak-to-peak amplitudes (Sect. 2.3.1.2
“Amplitudes of Endosomatic Responses”) were obtained from al four limbs. After a
baseline recording at a mean room temperature of 26°C, the right arm was
immersed for 10 min in 14°C water. Thereafter, six series of four electric stimuli
were applied. The test was repeated 1 week later with cooling the right hand only.
The SPR lat. decreased at a rate of 0.088 s/°C within a temperature range of
26-35°C. This rate was higher in the whole arm cooling than in hand cooling
only. The SPR amp. decreased with skin cooling. The authors concluded that skin
temperature should be recorded as a control measure during SPR recording.

Simultaneous recording of SYL (with a three-electrode lock-in amplifier system),
skin blood flow (using laser Doppler flowmetry), and skin temperature (with the aid of
a thermistor) by means of a combined probe from a single palmar site has been
developed and probed in 12 participants by Quiao, Morkrid, and Grimnes (1987).
During the decrease of blood flow, corresponding changes in conductance and capaci-
tance (Sect. 1.4.1.3) were observed. Skin temperature varied so slowly that hardly any
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correspondence between stimulation (i.e., deep inspirations, sound stimuli of 1 kHz,
80 dB, and 80 dB white noise pulses) and temperature changes was observable.

Summarizing, the rather few systematic studies on the relationship between
EDA and skin temperature indicate that EDA parameters can be considerably
influenced by increases or decreases in skin temperature, thus suggesting possible
corrections of EDA results.

In the majority of psychophysiological investigations, skin blood flow has been
recorded by means of photoplethysmograpy, the results of which are mostly
expressed in pulse volume amplitude changes (Boucsein, 2001). Skin blood flow
is predominantly determined by vasoconstrictory influences from the sympathetic
branch of the ANS. Additional vasodilatatory influences were also discussed (Janig,
1990). Pulse volume amplitude responses have been used as standard measures in
research on orienting- and defensive-responses (Sect. 3.1.1.2). It should be noted
that skin blood flow is a major determinant of skin temperature. Both measures are
substantially correlated but not linearly related to each other (Boucsein, 2001).

Only a very small number of investigations of the influence of skin blood flow on
EDA have been performed. Summarizing the hitherto available results, Muthny
(1984) concluded that in a few cases excessively high or low blood flow to specific
areas could affect both endosomatic and exosomatic EDA, whereas in other
investigations no dependence of EDA upon skin blood flow could be found.
Thus, not least because of these unexplained contradictions, vasomotor activity is
no longer regarded as a significant factor of influence for EDA today (Sect. 1.1.2).
Possibly, the sometimes observed connection between the skin blood flow and EDA
can be traced to the relationship between vasomotor activity and sweat gland
activity in thermoregulation (Sects. 1.3.3.2 and 1.3.5). Although the connection
between skin blood flow and electrodermal phenomena appears to be rather unsys-
tematic, disturbances of the blood flow should be avoided in all cases, therefore,
wrapping of the electrode with adhesive tape to recording limbs such as fingers for
fastening the electrode should be avoided if possible (Sect. 2.2.2.1).

2.4.2.2 Evaporative Water Loss and Skin Moisture

Although sweat gland activity is for sure one of the most important factors in the
origin of electrodermal phenomena (Sect. 1.4.2.3), there is no perfect correlation
between EDA and sweating, so that they must be treated as two separate biosignals.

Edelberg (1972a, Table 9.2) summarized the results from eight older studies
which have measured both sweat secretion and EDA with a variety of methods.
While as a rule between-subjects correlations were below r = 0.50, within-subjects
correlations exceeded r = 0.85. However, in a study performed by Edelberg (1964)
with 12 participants, intraindividual correlations between amplitudes of SRR or
SCR and skin vaporization as measured by resistance hygrometry (i.e., directing a
stream of dry air over a skin area of 1 cm?) showed medium-size correlations of
r = 0.24 and 0.30.
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An independence of EDA and sweat gland activity was also reported by Wilcott
(1964) as a general result from three studies with a total of 26 participants. During
mental strain, the water vapor content of a dry nitrogen current blown across the
skin was recorded, together with alternating SP and SR readings. In addition,
atropine (an anticholinergic agent) was applied iontophoretically to the skin of
five participants. The differences in recovery to this procedure, between both exo-
and endosomatic EDA on one hand and skin evaporation on the other hand, was an
indicator for independence of electrodermal and sweat gland activity measures.

Muthny (1984) performed a series of three studies on the covariation between
EDA and sweat gland activity with a total of 70 participants. Blowing a dry air
current with a constant 2 mL/s across a 5 cm? palmar skin area, vapor release was
recorded with an evaporimeter (Muthny, Foerster, Hoeppner, Mueller, &
Walschburger, 1983). SP- and SC-recordings were taken simultaneously from
adjacent skin sites. Different habituation series and stress tasks (i.e., cold pressor
test, arithmetic performance under noise, anticipation of giving a speech, and
taking a blood sample) were investigated. In addition, the direct effects of locally
applied (either injected or iontophoretically inserted) atropine as well as neostig-
mine (a parasympathomimetic agent which facilitates cholinergic transmission) on
EDA and sweat gland activity, as measured by skin vapor release, were
investigated. The latency of the so-recorded phasic sweat gland activity was on
average 1.1 s longer than the SCR lat. This result demonstrated that no outpouring
of sweat on the skin surface is necessary for eliciting an SCR (Sect. 1.4.2.3).
Consistent with previous reports (Edelberg, 1972a), within-subjects correlations
were much higher (median r = 0.88) than those between-subjects (from r = (0.23
to 0.64), indicating marked differences of interindividual variances in both
biosignals (Muthny, 1984).

Various methods have been used to determine the amount of sweat secretion
(Boucsein, 2001), e.g., gravimetric methods, where a humidity-sensitive film is
attached to the skin, the ninhydrin test, during which sweating areas are colored by
means of an agent that reacts with the amines in the sweat (Schliack & Schiffter, 1979),
or other colorimetric techniques such as so-called finger-sweat prints (Silverman &
Powell, 1944). By means of the latter method and the aid of a magnifying glass, the
number of active (i.e., completely filled) sweat glands per skin area can be estimated
(Malmo, 1965).74 Thomas and Korr (1957), studying six participants, obtained within-
subjects correlations ranging from » = 0.44 to0 0.96 between sweat gland counts, which
were recorded photographically, and the SCL. Johnson and Landon (1965), in
their study described in Sect. 2.4.3.3, used a technique developed by
Thomson and Thomson (1952), in which a plastic ink impression of the skin is
transferred to cellophane-tape and studied microscopically with a magnification of

74 In this preparation, the active sweat glands appear as holes, since the plastic film does not attach
to water (i.e., sweat on top of the open pore), which can be counted. This method had been
discussed as a cheap alternative to recording tonic EDA, labeled “palmar sweat index” (Turpin &
Clements, 1993) but was rather seldom used to date.
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25 or more.”” Their intraindividual correlations between SCL’® and the number of
active glands varied between r = 0.29 and 0.79, thus being on average not as high as
those reported by Thomas and Korr (1957). Kohler, Vogele, and Weber (1989) used a
fixation solution containing polyvinyl formaldehyde being removed with a cellophane-
tape strip from the finger to count the active sweat glands under a microscope. They
obtained with 20 participants a correlation between the occurrence of palmar sweating
and the SCL change during a stress-inducing film of » = 0.71; all other correlations
were not significant.

There is some evidence that tonic measures of skin moisture such as sweat gland
counts yield a consistent relationship to tonic EDA parameters. However, the
phasic sweat gland activity cannot be reliably obtained with the hitherto available
methods for measuring skin moisture. For this purpose, refined methods to quantify
evaporative water loss would be necessary.

2.4.3 Demographic Characteristics

From the demographically determined individual differences which can contribute to
differing behavior of the electrodermal system, age- and gender-differences are the
most carefully investigated ones (Sects. 2.4.3.1 and 2.4.3.2), whereas possible
influences of ethnic factors and heredity on EDA were more infrequently studied
(Sect. 2.4.3.3).

2.4.3.1 Age Differences

The first unambiguously age-related changes in the adult human skin appear
between the third and fourth decade of life. However, influences from physical
aging processes are frequently outweighed by those stemming from long lasting
exogenous factors such as weather and climatic conditions (e.g., solar radiation; see
Fenske & Lober, 1986). In the fourth decade, a decrease in skin thickness and
elasticity is likely to occur. In addition, insensible perspiration (Sect. 1.3.3.2)
diminishes relatively suddenly after the 60th year of life, presumably due to
decreasing skin blood flow (Leveque, Corcuff, de Rigal, & Agache, 1984). Potts,
Buras and Chrisman (1984) inferred from changing effects of mechanical strain
imposed on the dorsal skin of the left hand of 16 male participants aged between 24
and 63 years, that aged skin has lower water content in the stratum corneum than
younger skin.

75 EDA was measured as SRL with a 2.54 cm? dry silver disk electrode and transformed into SCLs.

"EDA was measured as SR through Ag/AgCl sponge electrodes of 1 cm diameter with an “inert”
electrolyte using 40 pA current and a Wheatstone bridge, being transformed to SC values.
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While the epidermis and dermis are still firmly interlocked in young people
(Sect. 1.2.1.2), this binding loosens with age, both the epidermis and the
dermal-epidermal interface flatten and the barrier function of the epidermis can
be reduced. Furthermore, decreases in the number of active eccrine sweat glands
and the sweat quantity per gland occur (Fenske & Lober, 1986; Balin & Pratt,
1989), as well as a reduction of the sweat’s salt content (Pollack, 1985). The
epidermal ridges on the palmar and plantar surfaces of the ridged skin (Sect.
1.2.2) get partly lost, whereby the area for the mitosis of the basal epidermal cells
decreases in relationship to the area of the horny cell layer (Sect. 1.2.1.1). There-
fore, a higher mitosis rate per square centimeter would be required to compensate
the loss of keratinocytes (Steigleder, 1983).

A diminishing amount of sweating per gland with increased age was reported for
males but not for females by Morimoto (1978),77 while Silver, Montagna, and
Karacan (1965) found a decrease in both the number of active glands and in the
output per gland with aging for both genders. Millington and Wilkinson (1983)
mentioned two possible changes in old age that may influence sweat gland activity:
the deterioration of an intrinsic glandular condition resulting in a limitation of
responses to all kinds of stimuli, and an extrinsic factor affecting the sensitivity to
cholinergic stimulation in general.

Dependencies of tonic EDA parameters on age have been demonstrated in
several studies. Barontini, Lazzari, Levin, Armando, and Basso (1997) recorded
SCL from 60 participants of both genders, who were divided into three age groups
of 20 participants each (21 — 40, 41 — 60, and 61 — 80 years), during supine resting,
standing and hyperventilation. SCLs were significantly lower in older than in younger
participants during resting (r = —0.42) and hyperventilation (r = —0.41). Decreased
sympathetic activity could not have accounted for these results, since blood samples
of norepinephrine yielded opposed age effects. In general, a decrease of SCL is
observed in old age, the reason for which is not well understood. Edelberg (1972a)
held that the epidermal changes in aged skin would be too small to explain the
observed increase in skin resistance. However, considerable changes in relationships
between electrodermal phenomena and EDA-related properties of skin appear during
aging. With 12 young participants of both genders (mean age 25.3 years), Catania,
Thompson, Michalewski, and Bowman (1980) obtained a correlation of r = 0.74
between the number of active sweat glands as measured by means of finger-sweat
prints (Sect. 2.4.2.2) and the SCL during resting, recorded with standard methodology
and Beckman cream from the preferred hand. On the contrary, a group of 12 older
participants (mean age 69.5 years) showed a much lower correlation of r = 0.22.

To investigate the effects of age on corneal hydration, Garwood, Engel, and
Quilter (1979) recorded SC and SP in 12 young and 12 old participants (mean ages
30.8 and 75.5 years), applying KCl electrolytes with varying moisture. The induced

" 1n their comparison of eight postmenopausal older females (52—-62 years) with eight younger
females (20-30 years) during exercise under dry heat, Anderson and Kenney (1987) observed a
lower sweating rate in the older group, which reflected a diminished output per heat-activated
sweat gland rather than a decrease in the number of sweat glands recruited.
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change in corneal hydration did not affect the SCL in both young and old participants,
but affected the SPL. Whereas, a monotonic relationship between SPL and hydration
existed in the young participants, so that the most negative SP appeared with the
smallest hydration, the old participants displayed an increase of negativity of the SP
together with increasing hydration instead. The authors explained their results with an
increase in the epidermal potential component and a decrease in sweat gland potential
in old age, which is a consequence of the sweat gland ducts’ decay during aging.
These findings were confirmed in another investigation by Garwood, Engel, and
Kusterer (1981) with 25 young and 37 old male participants.

Surwillo (1969), recording SP in 58 young (23-53 years) and 64 old (54-85
years) males during 15 min of an attention demanding task, revealed that mean
SPLs were in the same range in both groups, fitting the normal distribution better in
old as compared to young males. However, Surwillo (1965) reported a low but
significant correlation of » = —0.23 between age and SPL from the same set of
data. A significant decrease of NS.SPR freq.”® with age had been found by Surwillo
and Quilter (1965) in 132 males between the ages of 22 and 85.

Investigations of phasic EDA parameters yielded a general decrease of electro-
dermal reactivity in old age. This may be partly due to pronounced age-related
changes in the hypothalamus (Andrew & Winston-Salem, 1966), leading to addi-
tional differences in the central triggering of ANS reactions which may interact
with peripheral physiological differences of old as compared to young individuals
(Edelberg, 1971). Botwinick and Kornetsky (1960), Shmavonian, Yarmat, and
Cohen (1965), and Shmavonian, Miller, and Cohen (1968) obtained a decrease of
electrodermal reactivity during classical conditioning (Sect. 3.1.2.1) with elderly
individuals. In addition, Zelinski, Walsh, and Thompson (1978) observed a
decrease of the SCR amp. in a group of very old participants, in contrast to young
and less old participants, during a memory test. However, conflicting results have
also been reported. Furchtgott and Busemeyer (1979) could not find differences in
the change of SC’° during mathematical exercises and memory tests with 67 male
participants (23-87 years), divided into four age groups. Eisdorfer (1978)
summarized several studies performed by his group, reporting more electrodermal
reactivity in older individuals if they were emotionally challenged, but not during
learning tasks or under relatively nonthreatening conditions. Garwood et al. (1979)
could also not demonstrate an influence of age on the SCR in various reaction time
(RT) tasks in their above-mentioned investigation.80

78 Recorded with pure silver spiral electrodes that were chlorided electrolytically.

7 Recorded as SR with 46 pA from palm vs. forearm with 1 cm? Ag/AgCl electrodes held in place
by an elastic band, using cellulose sponge holders soaked with saline as electrolyte.

80To the present author’s experience, electrodermal nonreactivity in elderly study participants
may be a result of too low ambient temperatures and hence generally reduced sweat gland activity
(Sect. 2.4.1.1). Therefore, care should be taken for creating comfortable climatic conditions for
elderly participants, e.g., by raising the laboratory temperature several degrees or covering their
body with a light blanket.
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Plouffe and Stelmack (1984) compared ED-ORs (Sect. 3.1.1) to pictures of
simple objects with either familiar or unfamiliar word names from 30 young
(17-24 years) and 30 elderly (60-88 years) females. The young group showed a
higher SCL during a baseline period as well as larger SCRs (recorded with standard
methodology, but using K-Y gel) as compared with the old group. Furthermore, the
older females displayed larger SCR amp. to items which they recalled in a
subsequent recognition memory test, particularly to recalled unfamiliar-named
items. This points to a differential sensitivity of the SCR to information processing
(Sect. 3.1.3.1) in young and old people, whose nature remains unexplored (i.e.,
whether being more CNS or more peripherally determined).
